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Abstract  

Solid oxide fuel cells (SOFCs) have attracted much attention because of their 
potential of providing an efficient, environmentally benign, and fuel-flexible power 
generation system for both small power units and for large scale power plants. However, 
conventional SOFCs with yttria-stabilized zirconia (YSZ) electrolyte require high 
operation temperature (800-1000°C), which presents material degradation problems, as 
well as other technological complications and economic obstacles. Therefore, numerous 
efforts have been made to lower the operating temperature of SOFCs. The discovery of 
new electrolytes for low-temperature SOFCs (LTSOFCs) is a grand challenge for the 
SOFC community. 

Nanostructured materials have attracted great interest for many different applications, 
due to their unusual or enhanced properties compared with bulk materials. As an example 
of enhanced property of nanomaterials, the enhancement of ionic conductivity in the 
nanostructured solid conductors, known as “nanoionics”, recently become one of the 
hottest fields of research related to nanomaterials, since they can be used in advanced 
energy conversion and storage applications, such as SOFC. So in this thesis, we are 
aiming at developing a novel nanocomposite approach to design and fabricate ceria-based 
composite electrolytes for LTSOFC. We studied two ceria-based nanocomposite systems 
with different SDC morphologies. 

In the first part of the thesis, novel core-shell SDC/amorphous Na2CO3 
nanocomposite was fabricated for the first time. The core-shell nanocomposite particles 
are smaller than 100 nm with amorphous Na2CO3 shell of 4~6 nm in thickness. The 
nanocomposite electrolyte shows superionic conductivity above 300 °C, where the 
conductivity reaches over 0.1 S cm-1. The thermal stability of such nanocomposite has 
also been studied based on careful XRD, BET, SEM and TGA characterization after 
annealing samples at various temperatures, which indicated that the SDC/Na2CO3 
nanocomposite possesses better thermal stability on nanostructure than pure SDC. Such 
nanocomposite was applied in LTSOFCs with an excellent performance of 0.8 W cm-2 at 
550 °C. The high performances together with notable thermal stability make the 
SDC/Na2CO3 nanocomposite as a potential electrolyte material for long-term SOFCs that 
operate at 500-600 °C. 

In the second part of the thesis, we report a novel chemical synthetic route for the 
synthesis of samarium doped ceria (SDC) nanowires by homogeneous precipitation of 
lanthanide citrate complex in aqueous solutions as precursor followed by calcination. The 
method is template-, surfactant-free and can produce large quantities at low costs. To 
stabilize these SDC nanowires at high operation temperature, we employed the concept of 
“nanocomposite” by adding a secondary phase of Na2CO3, as inclusion which effectively 
hindered the grain growth of nanostructures. The SDC nanowires/Na2CO3 composite was 
compacted and sintered together with electrode materials, and was then tested for SOFCs 
performance. It is demonstrated that SOFCs using such SDC nanowires/Na2CO3 
composite as electrolyte exhibited better performance compared with state-of-the-art 
SOFCs using conventional bulk ceria-based materials as electrolytes. 
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1 Introduction 

World energy demand has been increasing continually and is projected for a strong 

growth by 50 percent from 2005 to 2030.1 As the main resources of world’s energy supply, 

the current hydrocarbon fuels such as oil, coal and natural gas bring two major problems 

along. The first is that the resources are limited and the second is that they have been 

accused of causing global warming due to the emissions of carbon dioxide.2 In order to 

solve these problems, clean sources of energy,3 such as hydrogen, which don't produce 

pollutants or greenhouse gases are needed. As an energy converter of hydrogen fuel, fuel 

cells harness the chemical energy of hydrogen to generate electricity by combining 

hydrogen and oxygen, which are considered more efficient, quiet, and pollution-free in 

comparison with other power sources.4  

Nanotechnology, a broad and interdisciplinary research field involving solid state 

physics, solid state chemistry, solid state ionics, materials engineering, medical science, 

etc., is considered to be one of the most important future technologies.5 Nanotechnology 

makes it possible to design and create new materials with enhanced properties, by 

manipulating matter at the nanometer scale, using building blocks with dimensions in the 

nano-size range. Nanostructured materials have a significant fraction of grain boundaries 

with a high degree of disorder of atoms along the grain boundaries (or particle surfaces), 

and a large ratio of surface area to volume. One of the most important characteristics of 

nanomaterials is the dependence of properties upon the size in nanoscale region, i.e. “size 

effect”, for example the “quantum size effect” where the electronic properties of solids are 

altered with great reductions in particle size. Shapes of nanoparticles also play a role in 

determining properties, such as reactivity and electronic spectra.6  

As an example of enhanced property of nanomaterials, the enhancement of ionic 

conductivity in the nanostructured solid conductors, known as “nanoionics”,7,8 recently 

become one of the hottest fields of research related to nanomaterials, since they can be 

used in advanced energy conversion and storage applications,9 e.g. solid oxide fuel cell 

(SOFC),7,10-13 a promising, efficient and environmentally benign technology. In this thesis, 

ceria-based nanostructured composite materials with different morphology are studied and 

applied as electrolyte for low-temperature SOFC. 
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1.1 Fuel cell 

Fuel cells are electrochemical devices that convert the chemical energy of a reaction 

directly into electrical energy by electrochemically combining a gaseous fuel and an 

oxidizing gas via an ion-conducting electrolyte.14-17 The basic physical structure of a fuel 

cell consists of an electrolyte layer in contact with a porous anode and cathode on each 

side. A fuel cell has electrochemistry mechanisms similar to a battery; however, a fuel cell 

uses externally supplied fuels, while a battery consumes internal fuels to generate 

electricity. A fuel cell can produce electricity continuously as long as the fuel is supplied; 

by contrast a battery needs to be recharged once the internal fuel is used up. The 

conversion efficiency of fuel cells is not limited by a Carnot cycle and 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. 

The first fuel cell was invented in 1839 by Sir William Robert Grove, known as 

“Father of the Fuel Cell”.18 He found that by arranging two platinum electrodes with one 

end of each immersed in sulfuric acid solution and the other ends separately sealed in 

containers of oxygen and hydrogen, a constant current would flow between the electrodes. 

This "gas battery" is the basis of a simple fuel cell. The term “fuel cell” was then coined 

in 1889 by Ludwig Mond and Charles Langer,19 who attempted to build the first practical 

fuel cell and attained 6 amps per square foot at 0.73 volts. In 1959, Francis Thomas Bacon 

demonstrated an alkali cell stack, the first practical 6 kW hydrogen-air fuel cell to power a 

welding machine,20 and this fuel cell was licensed to provide electrical power for the 

Apollo project. From 1980s, several types of fuel cells were developed with main focus 

on transportation sector as well as portable power applications. 

A variety of fuel cells are in different stages of development. The major successful 

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), classified by type of electrolyte materials they use. Fig. 1-1 

illustrates the basic principle of the above five kinds of fuel cells. Major differences of the 

various cells are shown in Table 1-1.21  
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Fig. 1-1 Scheme of basic principle of different kinds of fuel cells. 

Table 1-1 Comparison of Different Types of the Fuel Cell  

 PEMFC AFC PAFC MCFC SOFC 

Electrolyte 
Ion Exchange 
Membranes 

Mobilized or 
Immobilized 

KOH 

Immobilized 
Liquid H3PO4 

Immobilized 
Liquid Molten 

Carbonate  
Ceramic 

Operating 
Temperature 

40 – 80 °C 65°C – 220 °C 205 °C 650 °C 
600 – 

1000 °C 

Charge 
Carrier 

H+ OH– H+ CO3
2- O2- 

Anode Pt on carbon 
Pt, transition 

metals 
Pt on carbon Ni Ni/ceramics 

Cathode Pt on carbon 
Pt, transition 

metals 
Pt on carbon NiO perovskite 

External 
Reformer for 
CH4 fuels 

Yes Yes Yes No No 

Product 
Water 
Management 

Evaporative Evaporative Evaporative 
Gaseous 
Product 

Gaseous 
Product 

Product Heat 
Management 

Process Gas 
+ Liquid 
Cooling 
Medium 

Process Gas + 
Electrolyte 
Circulation 

Process Gas + 
Liquid cooling 

medium or 
steam 

generation 

Internal 
Reforming + 
Process Gas 

Internal 
Reforming + 
Process Gas 

Load

Anode Electrolyte Cathode

SOFC

MCFC

AFC

PAFC

PEMFC

O2-

OH-

CO3
2-

H+

H+

AirFuel

Nitrogen,
unconverted 
oxygen

unconverted combustion 
and reaction gasses

O2

CO2

O2

O2

O2

O2

H2O

H2O
H2

CO
H2

H2

H2

H2

H2O

CO
H2O
CO2

H2O
CO2

600 - 1000 oC

650 oC

65 - 220 oC

205 oC

40 - 80 oC
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The applications for fuel cells are mainly on mobile or stationary applications.15,17 

The mobile applications primarily include transportation systems and portable electronic 

equipment, while stationary applications primarily include combined heat and power 

systems for both residential and commercial needs.15 On transportation application, all the 

world leading car manufacturers have designed at least one prototype vehicle using fuel 

cells. In addition, miniature fuel cells could replace batteries for electronic products such 

as cellular telephones, portable computers, and video cameras. The primary stationary 

application of fuel cell technology is for the combined generation of electricity and heat, 

for buildings, industrial facilities or stand-by generators. 

1.2 Solid oxide fuel cell (SOFC) 

1.2.1 General Introduction of SOFC 

 

Fig. 1-2 Scheme of the operating principle of a solid oxide fuel cell. 

Solid oxide fuel cell (SOFC) is characterized by having a solid ceramic electrolyte 

(hence the alternative name, ceramic fuel cell), which is usually a metallic oxide.16,22 The 

basic components of SOFC are a cathode, an anode and an electrolyte. The cathode and 

anode are electrodes where half-cell reactions take place. At the cathode, where oxidant, 

normally oxygen in the air is supplied, oxygen is reduced to oxygen ions. Then the 

oxygen ions are transported through the solid electrolyte under electrical load, to the 

anode, where they react with the hydrogen fuel to form water. Thus the final products of 

SOFC are electricity, heat and water. The process is shown schematically in Fig. 1-2. The 

Anode

Solid electrolyte
Oxygen ion conductor

Cathode

Oxygen (Air), O2

electrons
e-

O2 + 4e- 2O2-

O2-

Hydrogen fuel, H2

H2 + O2- H2O + 4e-

load
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half-cell reactions at the cathode and anode can be expressed using Kröger-Vink Notation 

as follows, where ••
OV  is the oxygen ion vacancy and ×

OO  is the oxygen ion in the 

electrolyte: 

Cathode Reaction: 
•• ×

2 O O1/2 O (g) + 2e  + V O                                                       (1) 

Anode Reaction: × ••
2 O 2 OH (g) + O  H O (g) + V  + 2e                                             (2) 

So the overall reaction can be expressed as: 

2 2 2H (g) + 1/2 O (g)  H O (g)                                                                                (3) 

The relatively high operating temperature of SOFC allows for highly efficient 

conversion to power, internal reforming, and high quality by-product heat for 

cogeneration. The most important feature of SOFC is fuel flexibility, i.e. in principle it 

can utilize a variety of fuels, such as hydrocarbon fuels, bio-ethanol, bio-gas, etc., without 

the need for external reforming.23-25 Unlike low temperature fuel cells like PEMFC, SOFC 

does not rely on noble metal catalyst, so that CO can be used as a fuel rather than a poison. 

These capabilities have made SOFC an attractive emerging technology for stationary 

power generation system. 

1.2.2 Materials for SOFC components 

1.2.2.1 Electrolyte 

The electrolyte is the principal component of importance for SOFC.26 An ideal SOFC 

electrolyte should have the following characteristics: high ionic conductivity; low 

electronic conductivity; good thermal and chemical stability in relation to the reactant 

environment and the contacting electrode materials; closely matched TEC between the 

electrodes and contacting components; fully dense structure to maximize conductivity and 

minimize reactant cross-over; be low cost and environmentally benign.27-30 Currently 

fluorite structure materials, such as zirconia-based oxides and ceria-based oxides, and 

perovskite LaGaO3 based materials are widely used as electrolytes for SOFC. Fig. 1-3 

shows how the specific ionic conductivity of different solid oxide electrolytes varies with 

temperature.22  
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Fig. 1-3 Specific ion conductivities of selected solid oxide electrolytes. (Ref. 22) 

 

Vacancies randomly distributed throughout the oxide sublattice are an essential 

element required for oxygen-ion conduction in SOFC electrolyte materials.31 The fluorite 

oxides are the classical oxygen ion conductors, with the general formula of AO2, where A 

is a tetravalent cation. This structure is a face-centered cubic arrangement of cations with 

oxygen ions occupying all the tetrahedral sites (shown in Fig. 1-4 a), leading to a large 

number of octahedral interstitial voids. Thus this structure is a rather open one and rapid 

ion diffusion might be expected.22 The addition of lower valence cations produces oxygen 

vacancies, resulting in improved oxygen ion conductivity. Zirconia (ZrO2) has the fluorite 

  

Fig. 1-4 (a) Crystal structure of the fluorite (AO2) oxide, the yellow spheres represent the oxygen 
sites; (b) The perovskite (ABO3) structure, where the red sphere represents A cation, the green 
spheres represent the B cations, and the small blue spheres are oxygen ions. 

(a) (b) 
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structure and has been studied extensively for SOFCs electrolytes.32,33 Yttria stabilized 

zirconia (YSZ) is the most widely used electrolyte for SOFCs, which has good chemical 

and physical stability as well as negligible electronic conductivity. Addition of 8 mol% of 

yttria i.e. (ZrO2)0.92(Y2O3)0.08 (8YSZ) leads to the highest oxide ion conductivity. Scandia 

stabilized zirconia (SSZ) also attracts some attention due to their improved conductivity. 

Doped ceria (DCO), also with the fluorite structure, is considered to be a promising 

electrolyte for low temperature SOFC.34,35 Samarium doped ceria (SDC) and gadolinium 

doped ceria (GDC) are the most extensively studied ceria based electrolytes, with the 

maximum ionic conductivity occurring at 10–20 mol% dopants. Compared to YSZ, DCO 

has a high conductivity and lower activation energy below 800 °C. However, DCO suffers 

from the partial reduction of Ce4+ to Ce3+ in reducing atmosphere and at high temperature 

(>600 °C), which leads to undesirable structural change, as well as electronic conductivity 

that reduces performance due to electronic leakage currents between the anode and 

cathode. Therefore, the operation of SOFCs with a DCO electrolyte is considered most 

effective in the 500–600 °C temperature range. 

Perovskite is another type of oxygen ion conductor, which has the ABO3 

stoichiometry. Typically, the A-site cation is large, such as a rare earth, and will be 12-

coordinated by the anions in the lattice (as shown in Fig. 1-4 b). The B-site cation is 

typically smaller and six-coordinate, forming BO6 octahedra. There are two cation sites in 

the perovskite oxides upon which to substitute lower valence cations, leading to a much 

wider range of possible oxygen ion conducting materials. Until now lanthanum gallate is 

the most widely studied perovskite conductor that is stable in air and hydrogen.36-38 

Lanthanum gallate with strontium doping on the A-site of the perovskite and magnesium 

on the B-site could be used at temperatures as low as 600 °C.39 A favored composition in 

terms of ionic conductivity is La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM). However, LSGM is 

substantially more expensive than ceria based electrolytes, and it has also proved difficult 

to prepare pure single phase electrolytes of LSGM. Besides, challenges of matching the 

thermal expansion coefficients, mechanical strength, and chemical compatibilities need 

further development. 
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1.2.2.2 Anode 

The role of an anode in SOFC is electro-oxidation of fuel by catalyzing the reaction, 

and facilitating fuel access and product removal. Therefore, the anode materials should 

meet several requirements:40-43  

1) Stability in reducing environment;  

2) Sufficient electronic and ionic conductivity;  

3) Porous structure;  

4) Thermal expansion coefficient (TEC) matching with electrolyte materials;  

5) High catalytic activity.  

These requirements together with elevated operating temperature limit the choice of 

the anode materials to nickel and the noble metals. The vast majority of SOFCs have a 

nickel anode because of its low cost compared to precious metals. The most commonly 

used anode materials are cermet composed of nickel and solid electrolyte, such as Ni-YSZ, 

Ni-SDC, aiming at maintaining porosity of anode by preventing sintering of the Ni 

particles and giving the anode a TEC comparable to that of the solid electrolyte. The 

threshold for electrical conductivity is about 30 vol% nickel.42 The conductivity of the 

anode depends on its microstructure, in particular the size and particle size distribution of 

the solid electrolyte and nickel particles, and the connectivity of the nickel particles in the 

cermet. There is growing interest in developing ceramic anodes as alternatives to 

cermets.44 Recently lanthanum-substituted strontium titanate (La-SrTiO3) with nominal 

oxygen over-stoichiometry has been studied and shown to have very high electronic 

conductivity and methane oxidation catalytic activity.45  

1.2.2.3 Cathode 

Cathode in SOFC carry out several roles: reduction of molecular oxygen, transport of 

charged species to the electrolyte and distribution of the electrical current associated with 

the oxygen reduction reaction.40,46-48 Therefore, the cathode materials should meet the 

following requirement: 

1) Stability in oxidizing environment;  

2) Sufficient electronic and ionic conductivity;  

3) Porous structure and stable at high temperature;  

4) Comparable TEC to that of electrolyte materials; 
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Numerous doped oxides have been studied as cathode materials for SOFC. 

Strontium-doped lanthanum manganite (LSM), La1-xSrxMnO3, with intrinsic p-type 

conductivity, is the most commonly used cathode material for YSZ based SOFC 49,50 The 

conductivity of La1-xSrxMnO3 varies with strontium content, with an apparent optimum 

strontium level. Another perovskite material that has been extensively studied as a 

cathode material for SOFC is doped lanthanum cobaltite, LaCoO3.
51 The conductivity can 

be increased by substituting cations on the lanthanum and cobalt site. La1-xSrxCo1-yFeyO3-δ 

(LSCF), for example, has been identified as promising materials in terms of both ionic 

and electronic conductivity.52 Furthermore, there are a number of new materials that have 

been proposed as cathode materials for SOFC operating at lower temperature. These 

include perovskite-type materials [(Sm,Sr)CoO3, (Ba,Sr)(Co,Fe)O3-δ], layered perovskite-

related structures (Lan+1NinO3n+1) and double perovskites (GdBaCoO5+δ), all of which 

have shown encouraging performance at lower temperatures.53  

1.2.3 Challenges and limitations of SOFC 

High temperature SOFC (HTSOFC), which operates in the temperature region of 

850–1000 °C, has been successfully demonstrated by developers such as Siemens 

Westinghouse and Rolls-Royce.22 However, this high temperature presents not only 

material degradation problems, but also technological complications and economic 

obstacles.54,55 From standpoint of cost, expensive high temperature alloys are used to 

house the cell, and expensive ceramics are used for the interconnections, increasing the 

cost of the SOFC substantially.55 Besides, material degradation is another critical issue so 

that SOFC is prohibitive for broad commercialization. For example, the high operating 

temperature leads to sintering of the nickel particles, which deteriorates the anode 

porosity and catalytic activity.56 Therefore, reducing the operation temperature of SOFC 

to the so-called intermediate temperature (IT) range of 600–800 °C, or even low 

temperature range of below 600 °C, is a grand challenge in SOFC field.57-59  

By lowering the temperature of operation, a wider range of materials can be used that 

allow cheaper fabrication. Lower temperature operation also affords more rapid start-up 

and shut-down, reduced corrosion rate of metallic components, improved durability, more 
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robust construction through the use of compressive seals and metallic interconnects as 

well as the advantage of greatly simplified system requirements.57  

1.3 Development of low-temperature SOFC 

The development of intermediate-temperature SOFC (ITSOFC) or low-temperature 

SOFC (LTSOFC) is now a world tendency for SOFC commercialization. However, with 

decreased operating temperature, the internal resistance of SOFC increases tremendously, 

which results in decrease on the performance of the cell. Therefore, how to decrease the 

internal resistance of SOFC is the key point for LTSOFC. There are several factors 

leading to SOFC internal resistance: first and foremost, it’s from the large resistance of 

electrolyte, due to low oxygen ion conductivity of current electrolyte materials. Second, 

polarization resistances of electrodes, especially cathode, are magnified with the decrease 

of temperature.57  

There are two main routes by which SOFCs can be operated at lower temperatures, 

while still attaining comparable performance to the higher temperature technology. The 

dimensional thickness of the electrolyte can be reduced, so reducing the area specific 

resistance of the fuel cell, and/or materials development can bring about the same result 

by improving the ionic conductivity of the electrolyte at lower temperatures and bring 

about improvements in the performance of electrodes.57-59  

In recent years, there has been an enormous increase in the application of thin film 

technologies on SOFC to reduce its internal resistance in order to decrease the operation 

temperature.60-65 There are several advantages on synthesizing SOFC electrolyte 

components by thin film processes, e.g. ohmic losses can be reduced, sintering 

temperature can be decreased and interfaces can be easily controlled. By using a thin 

electrolyte layer, the electrolyte can no longer mechanically support the cell. Instead an 

anode/substrate is usually used for supporting the cell. So far many work has been done to 

deposit an yttria stabilized zirconia (YSZ) electrolyte film using various physical or 

chemical thin film technologies, such as electrophoretic deposition (EPD),61 spin coating 

method,62 radio-frequency (RF) sputtering,63 atomic layer deposition (ALD),64 pulsed 

laser deposition (PLD),65 etc. However, there are still some drawbacks on these methods, 

such as long production period, very high cost, difficulty on scaling up, as well as 
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difficulties on control of film growing, which make it hard to realize the 

commercialization of LTSOFC. 

Another practical way to exploit LTSOFC is exploring new electrolyte materials with 

enhanced ionic conductivity, as well as compatible anode and cathode materials, which is 

the main topic of the thesis and will be well depicted in Chapter 1.4. 

1.4 R&D of new electrolyte materials for LTSOFC 

1.4.1 Nanotechnology approach 

The conductivity of micro-sized polycrystalline electrolyte is contributed from both 

grain-interior and grain-boundary. The specific grain-boundary resistivity is known to be 

two to three orders of magnitude higher than the grain-interior resistivity. This blocking 

effect comes from the oxygen vacancy depletion near the grain-boundary.66 Therefore, 

many efforts have been taken on engineering of grain-boundary to lower its resistance, 

thus to improve the performance of polycrystalline electrolytes. 

However, ion transport across or along grain boundaries in solids with nanometer-

sized grains may differ distinctly from that in conventional polycrystalline solids.66,67 

Nanostructured materials are distinguished from current polycrystalline materials by the 

size of the structural units that compose them, which results in enhanced properties 

compared with bulk materials. One important example is the enhancement of ionic 

conductivity in the nanostructured solid electrolytes, known as “nanoionics”,7,8 which has 

been rapidly recognized as an emerging new scientific area and widely applied on 

rechargeable lithium-ion batteries, gas sensors and solid oxide fuel cells (SOFCs).9 The 

enhancement of ionic conductivity in nanoionics was explained by predominance of 

grain-boundary conductivity, because of faster diffusion than bulk and larger volume 

fraction of grain boundary in nanostructured electrolytes.67  

Some works have been done to study the enhanced oxide ion conductivity of 

nanostructured electrolyte for SOFCs. For example, Martin G. Bellino et.al observed the 

total ionic conductivity of nanostructured, heavily doped ceria solid electrolyte increases 

about one order of magnitude compared to microcrystalline materials.11,12 Conductivity 

enhancement has also been found in nanostructured YSZ materials; e.g. H. L. Tuller et.al 

prepared YSZ thin films with nanometric sized grains and enhanced oxygen ion 
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conductivities were observed when compared to bulk YSZ.68 In addition, oxygen 

diffusivity in the grain boundaries of YSZ was found to be about 3 orders of magnitude 

higher than in single crystals.13 Nanoionics, as a combination of nanotechnology and 

ionics, have pioneered a new direction in the solid state ionic research field. 

Furthermore, from the point of view of morphology effect of nanomaterials, the grain 

boundary of nanostructured ionic conductors can be tuned by manipulating their nano-

architecture. For example, as one of the attractive nanomaterials with unique chemical and 

physical properties, 1D nanowires may achieve higher ionic conductivity compared to 

their nanoparticles analogues, due to their longer continuous grain-boundary from high 

aspect ratio. Therefore, study on performance of nanostructured electrolyte with respect to 

the shape or size effect are of great significance and will open up a new area in R&D of 

new electrolyte materials for LTSOFC. 

However, in many ionic conductor applications, nanomaterials normally bear high 

operating temperature or a consolidation stage to fabricate the dense specimen, especially 

in SOFCs. So despite those beneficial properties, nanomaterials are usually quite unstable 

at high temperature, since their high surface energy can lead to grain growth, which is the 

main drawback that prevents nanomaterials to be used for high temperature devices. This 

is also realized by other researchers and is the reason that measurement of conductivity 

was conducted only at low temperature in their studies.11,12,68 Therefore, long-term 

stability of nanostructured ionic conductor needs much consideration for applications . 

1.4.2 Composite approach 

Composite electrolytes are basically physical mixtures consisting of two or more 

solid phases that possess different ionic conductivity properties.69 This kind of composite 

materials usually show enhanced conductivity, but the effects are not simply additive; 

rather they are synergistic in the sense that the overall conductivity is significantly higher 

than in both of the constituent phases. The conductivity enhancement effects of composite 

electrolyte were first reported on LiI:Al2O3 composite in 1973 by C. C. Liang,70 that the 

incorporation of Al2O3 substantially increased almost 50 times of the Li+ ion conductivity 

for LiI. Since then, enormous work has been done to study the enhancement effects of 

diverse composite system, such as insulator-conductor systems (dispersing an insulating 
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oxide like Al2O3, SiO2 in a moderate ion conductor like Li+, Cu+, and Ag-halides),71-76 or 

conductor-conductor system (Ag+ conductivity enhancement in AgBr-AgI; nano-sized 

ionic CaF2/BaF2 heterostructures).77-80 This conductivity enhancement, the so-called 

composite effect, is suggested to be due to high ionic conductivity in the interface region 

between components.81,82  

In recent years, composite effect has also been utilized on developing new 

electrolytes materials for LTSOFC. In 2000, Bin Zhu et al. reported for the first time the 

ceria-based composite electrolyte for SOFC, since then plenty work has been done to 

develop functional electrolytes for SOFC by composite approach.83-87 These composite 

materials commonly consist of two-phases; host phase (ceria-based oxide) and second 

phase (various salt, proton conductor, etc.). Many efforts have been made on various 

ceria-based composite ceramics, such as SDC (samarium doped ceria), GDC (gadolinium 

doped ceria) and YDC (yttrium doped ceria) etc. incorporated with different salts and 

hydrates, such as chlorides, fluorites, carbonates, sulphates and hydrates (as shown in 

Table 1-2).88-95 The ceria–based composite electrolyte has displayed high ionic 

conductivity of 10−2–1 S cm−1 and excellent fuel cell performance of 300–1100 mW cm−2 

at 400–600 °C, which increased about one to two magnitudes on conductivity compared 

to conventional single-phase electrolyte, like YSZ, GDC, etc. Development on ceria–

based composite electrolyte has opened up a new horizon in the LTSOFCs research field. 

Table 1-2 Conductivity and FC performance of ceria-based composite electrolyte 

Doped Ceria Salt 
Conductivity 

(S cm-1) 
Performance 

(W cm-2) 
Temperature 

(°C) 

GDC 20wt%(1LiCl: 1 SrCl2) 0.015-0.21 0.10-0.58 400-660 

GDC 15wt%NaOH 0.02-0.45 0.10-0.62 380-620 

GDC 22wt%(2Li2CO3:1 Na2CO3) 0.01-0.80 0.20-0.78 400-660 

SDC 20wt%(1LiCl: 1 SrCl2) 0.02-0.24 0.10-0.60 400-660 

SDC 15wt%NaOH 0.03-0.50 0.20-0.66 380-620 

SDC 22wt%(2Li2CO3:1 Na2CO3) 0.002-0.90 0.2-1.0 400-660 

SDC 40mol%Li2SO4 0.01-0.40 0.20-0.54 450-650 

YDC 20wt%(1LiCl: 1 SrCl2) 0.01-0.18 0.10-0.52 400-660 

YDC 15wt%NaOH 0.02-0.40 0.20-0.58 380-620 

YDC 22wt%(2Li2CO3:1 Na2CO3) 0.01-0.78 0.20-0.70 400-660 
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With the enhanced ionic conductivity, ceria–based composite electrolytes could 

achieve good performance as long as electrode materials are compatible. So far the 

mixture of NiO and composite electrolyte has been widely used as the anode materials; 

while (La,Sr)CoO3, (Sm,Sr)CoO3, or lithiated NiO are commonly used cathode materials. 

Table 1-2 gives the summary of the conductivity and the relevant FC performance for 

various ceria-based composite electrolytes.85 Many fuels, like biomass, nature gas, coal 

gas, alcohol and ammonia were directly fed and operated for the ceria-based composite 

electrolyte IT/LT-SOFCs. Table 1-3 lists typical FC performances using the ceria-based 

composite materials operated for various fuels.85  

Table 1-3 Performances of SDC-carbonate composite electrolyte cells with various fuels 

Fuel Performance (W cm-2) Temperature (°C) 

Hydrogen 0.92 600 

Natural gas (10% H2) 0.68 660 

Coal gas (syngas) 0.72 660 

Biomass gas (syngas) 0.45 600 

Methanol 0.35 600 

Ethanol 0.31 600 

Acetone 0.11 660 

Alcohol (Marketing type) 0.1-0.3 620 

Ammonia 0.62 620 

 

The enhanced oxygen ion conductivity is preliminarily explained by interface 

conduction mechanism.85,86,96 Compared with single phase electrolyte (SDC, YSZ), 

composite electrolyte contains lots of interface regions between the two constituent 

phases. The interface supplies high conductivity pathway for ionic conduction, which 

have the capacity to increase mobile ion concentration than that of the bulk. There are 

highly conducting contributions in parallel due to space charge zones near phase 

boundaries. The defect concentrations are much higher in these zones than that in the bulk, 

which accounts for higher ionic diffusivity and mobility than bulk. 
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1.5 Motivation and objectives 

As mentioned previously, nanotechnology approach and composite approach are two 

important ways to develop new electrolyte materials with enhanced ionic conductivity for 

low-temperature SOFC. Both of them have advantages and drawbacks: nanostructured 

ionic conductors possess enhanced ionic conductivity due to predominance of grain 

boundary, but their stability at high temperature is a serious issue; ceria-based composite 

materials created a big breakthrough in LTSOFCs field while the detailed conduction 

mechanism of composite materials is still not clear. However, if combining the 

advantages of these two approaches, there will be a synergistic effect. For nanostructured 

ionic conductors, grain growth can be effectively suppressed by putting another phase into 

interparticle region; while for composite materials with nanostructure, the grain boundary/ 

interface conduction is dominant in overall transport, which will give rise to an enormous 

conductivity enhancement. Therefore, nanocomposite approach will be a novel effective 

way to develop electrolyte materials for LTSOFC, which will not only improve composite 

electrolyte performance but also contribute to the study of conductivity mechanism. 

So in this thesis, we are aiming at developing a novel nanocomposite approach to 

design and fabricate ceria-based composite electrolytes for LTSOFC. Based on the grain 

boundary/interfacial effect, both size and morphology of the host particles will influence 

the volume of grain boundary/interface, which will further affect the ionic conductivity of 

the composite electrolytes. For this purpose, we studied two ceria-based nanocomposite 

systems with different SDC morphologies. First, core–shell nanocomposite consisting of 

SDC nanoparticles and amorphous Na2CO3 shell were fabricated and applied as 

electrolyte in low-temperature SOFC. Furthermore, the thermal stability of the core-shell 

SDC/Na2CO3 nanocomposites was studied and its long-term durability was evaluated. 

Second, a novel synthetic route for one dimensional SDC nanowires were developed, and 

the detailed formation mechanism of SDC nanowires were investigated. Then low-

temperature SOFCs using SDC nanowires/Na2CO3 nanocomposite as electrolyte were 

demonstrated. 
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2  Experimental 

2.1 Core-shell SDC/Na2CO3 nanocomposite 

2.1.1 Fabrication of core-shell SDC/Na2CO3 nanocomposite 

The Ce0.8Sm0.2O1.9 (SDC) sample was synthesized via coprecipitation method using 

sodium carbonate as the precipitant. All the chemicals are used as received without further 

purification. The stock solution was made by dissolving the cerium nitrate hexahydrate 

(Ce(NO3)3·6H2O, 99.9%, Chempur, Karlsruhe, Germany) and samarium nitrate 

hexahydrate (Sm(NO3)3·6H2O, 99.9%, Sigma-Aldrich) in distilled water with a molar 

ratio of Ce3+:Sm3+ = 4:1, and the total concentration of cation (Ce3+ and Sm3+) was 0.5 M. 

Aqueous solutions of sodium carbonate (Na2CO3, 99.5%, Merck) with a concentration of 

0.5 M were used as the precipitant.  

In a typical synthetic procedure, 50 ml mixed salt solution was dripped at a speed of 

5 ml min-1 into 150 ml precipitant solution under vigorous stirring at room temperature to 

form a white precipitate. The resultant suspension, after homogenizing for 1 h, was 

filtered via suction filtration. The precipitate cake was washed repeatedly with distilled 

water, followed by drying at 80 °C to obtain SDC precursor. 

The SDC/ Na2CO3 nanocomposite was prepared by a wet mixing method. As-

prepared SDC precursor was mixed with Na2CO3 solution (2 M) under vigorous stirring 

with weight ratio of SDC:Na2CO3 = 4:1. The mixture slurry was dried at 80 °C in air for 

24 h, calcined at certain temperature in air and immediately cooled to room temperature to 

form SDC/Na2CO3 composite with Na2CO3 weight content of 20%. 

2.1.2 Thermal stability test of core-shell SDC/Na2CO3 nanocomposite 

The SDC precursor and its mixture with Na2CO3 were prepared as the above route. 

Then the mixture of SDC precursor and Na2CO3 was calcined at 500 °C for 2 h and 

quenched in air to room temperature to form SDC/Na2CO3 composite. As a reference, 

pure SDC sample was also prepared by calcinations of precursor at 500 °C in air for 2 h. 

The SDC/Na2CO3 composite sample was then annealed at 600 °C and 700 °C for 2 h 

and 24 h for the thermal stability test, as well as pure SDC sample for comparison. The 
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temperature was limited to 700 °C, since SOFCs based on the SDC/Na2CO3 composite 

electrolyte are seldom operated above 700 °C. Crystallite sizes, particle sizes and surface 

areas of the above annealed samples were calculated or measured by XRD, SEM, and 

BET respectively, to compare the thermal stability of Na2CO3 coated and uncoated SDC 

sample. 

2.2 SDC nanowires based nanocomposite 

2.2.1 A novel synthetic route for SDC nanowires 

A novel chemical synthetic route for the synthesis of SDC nanowires was 

demonstrated by homogeneous precipitation of lanthanide citrate complex as precursor 

followed by calcination. Briefly, stoichiometric amounts of Ce(NO3)3·6H2O and 

Sm(NO3)3·6H2O were dissolved in deionized water to obtain a 0.2 M solution (total moles 

of cations per liter of solution); similarly 0.6 M citric acid solution was prepared. Equal 

volumes of metal ion and citric acid solutions were mixed in a beaker, adjusting the pH 

value to 2.0 by the addition of 5 M NaOH solution. Then the beaker was sealed and 

heated to 90 °C in an oven. After 24 h reaction, some white deposit was formed in the 

beaker. The deposit was then collected by centrifugation and washed with water and 

ethanol for several times, followed by drying at 120 °C in vacumm oven overnight to 

obtain a precursor. The precursor was then calcined at 400 °C for 3 h in a furnace to 

obtain the SDC nanowires.  

2.2.2 Fabrication of SDC nanowires/Na2CO3 nanocomposite 

The SDC nanowires/Na2CO3 nanocomposite was prepared by a wet mixing method. 

As-prepared SDC sample was mixed with Na2CO3 solution (2 M) under vigorous stirring 

with Na2CO3 weight ratio of 20 wt%. The mixture slurry was dried at 80 °C in air for 24 h, 

annealed at 600 °C in air for 2 h and immediately cooled to room temperature to form the 

SDC nanowires/Na2CO3 composite. 

2.3 Characterization 

The materials at the different processing steps are characterized by different means of 

characterization. 
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Thermodynamic modelling was performed by Medusa software to simulate aqueous 

solution reaction. 

Powder X-ray diffraction (XRD) patterns of the samples were collected on a Philips 

X’pert pro super Diffractometer with Cu Kα radiation (λ=1.5418 Å). The average 

crystallite size, D, can be evaluated from the peak broadening of the diffraction pattern, 

based on the following Scherrer’s equation. 

0.9

cos
D


 


 

Where β is the pure diffraction line width, full width at half maximum, expressed in 

radians in terms of 2θ at angle θ, and λ is the X-ray wavelength. 

A Zeiss Ultra 55 digital field emission scanning microscope (FE-SEM) equipped 

with energy-dispersed X-rays analysis (EDX) was used to examine the morphology, size 

distribution and elemental composition of samples. The specimen was prepared by 

dripping nanoparticle suspension in ethanol or acetone onto aluminum sample holder 

followed by drying in a vacuum oven at 70 °C overnight. To view the inner texture of the 

sample and perform the phase identification, transmission electron microscopy (TEM), 

selective area electron diffraction (SAED), high-resolution transmission electron 

microscopy (HRTEM) and electron energy loss spectroscopy (EELS) analysis were 

performed on a JEOL JEM-2100F field-emission microscope using an accelerating 

voltage of 200 kV. The specimen for TEM imaging was prepared by dropping the 

suspension of nanoparticles on a carbon-coated 200 mesh copper grid, followed by drying 

the sample under ambient conditions. 

The precursor samples were subjected to thermogravimetric analysis (TGA) to study 

the thermal decomposition process, with a heating rate of 10 °C min-1 in synthetic air 

using TA TGA Q500. The differential scanning calorimetry (DSC) analyses were carried 

out using TA DSC Q2000 to investigate thermal behavior of samples, at a heating rate of 

10 °C min-1 in synthetic air atmosphere. 

Surface areas of samples were determined using the Brunauer−Emmett−Teller (BET) 

method from the low-temperature adsorption of nitrogen, performed at −196 °C after 

degassed at 350 °C for 12 h. 
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2.4 Single cell fabrication and electrochemical measurements 

2.4.1 Conductivity measurement 

For conductivity measurement, the composite electrolyte powder was uniaxially 

pressed at 300 MPa to form a 13 mm diameter green pellets by a manual hydraulic press. 

The green pellets were then sintered at 600 °C in air for 1 h. After sintering, both sides of 

the disks were grounded and polished to obtain the desired thickness and to produce faces 

that were flat and parallel to one another. Then, silver paste was applied as electrode onto 

both sides of the pellets and heated at 600 °C for 40 min. Conductivity of samples was 

measured by electrochemical impedance spectroscopy (EIS) in the temperature range 

between 300 and 600 °C, using a two-electrode configuration. The measurements were 

conducted in the frequency range from 5 Hz to 13 MHz using a computerized HP 4192A 

LF Impedance Analyzer with an applied signal of 20 mV. A K-type thermocouple was 

positioned adjacent to the sample in order to monitor sample temperature. 

 

Fig. 2-1 A typical impedance plot for a polycrystalline sample with equivalent circuit. 

AC impedance spectroscopy is widely employed on solid electrolyte to obtain 

information related to the electrical behaviour of both the bulk (grain interiors) and the 

grain boundaries.97 The electrical conductivities of polycrystalline materials are greatly 

influenced by their microstructures, i.e. the properties of grain and grain boundary. Grain 

boundaries are the crystallographic mismatch zones whose properties are determined by 

mismatch of the lattices, impurities (or second phase segregation), space charge, 

microcracks, or a combination of all of these. In many polycrystalline materials grain 
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boundaries provide a region of relatively rapid mass transport compared to the bulk 

properties of the crystallites. A typical impedance plot for a polycrystalline sample with 

equivalent circuit is illustrated in Fig. 2-1. For a sample with a length of L and cross 

section area of A, the bulk conductivity, σb, and the grain boundary conductivity, σgb, can 

be expressed as σb = L/ARb and σgb = L/ARgb, where Rb and Rgb are respectively the bulk 

and grain boundary resistance. Then, the total electrical conductivity, σT, can be 

calculated from equation 1/σT = 1/σb + 1/σgb. 

2.4.2 Fuel cell fabrication and performance test 

 

Fig. 2-2 Schematic of testing holder for fuel cell measurement. 

The single cells were fabricated using the co-pressing process. Equal volume of 

electrolyte and commercial NiO powder were first mixed to prepare anode material. The 

cathode powder was composed of lithiated NiO (50 vol.%) mixed with electrolyte (50 

vol.%). The anode, electrolyte and cathode were uniaxially pressed into a pellet with 

diameter of 13 mm at a pressure of 300 MPa and then sintered at 600 °C for 30 min in air. 

Finally, both anode and cathode surfaces were painted by silver paste as current collectors 

for fuel cell measurements. In the fuel cell test procedure, a stainless steel sample holder 

was used to test the cell at 450 to 600 °C, shown in Fig. 2-2. The effective working area of 

the pellet was 0.64 cm2. Hydrogen and synthetic air were used as fuel and oxidant 

respectively. The gas flow rates were controlled in the range of 80 to 120 ml min-1 at 1 

atm pressure. 
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3 Results and discussion 

3.1 Core-shell SDC/Na2CO3 nanocomposite electrolyte 

3.1.1 Morphology and structure studies 

X-ray powder diffraction (XRD) pattern reveals the phase and purity of as-obtained 

sample. Fig. 3-1 shows the XRD pattern of as-prepared SDC/Na2CO3 nanocomposite. All 

the peaks could be readily indexed to the cubic fluorite-type structure CeO2 (JCPDS 34-

0394). The calculated lattice constant was 5.433Å, which is larger than the lattice constant 

of pure CeO2 (5.411 Å). This confirms that the samarium atoms have been doped into the 

crystal lattice of CeO2. But no peak has been observed associating with Na2CO3, though 

the content of Na2CO3 is 20%, which possibly means Na2CO3 exists as amorphous in the 

nanocomposite.  

 

Fig. 3-1 XRD pattern of as-prepared SDC/Na2CO3 nanocomposite. 

The morphology of as-prepared nanocomposite investigated by SEM is shown in Fig. 

3-2 (a). The image reveals that the nanocomposite consists of particles smaller than 100 

nm and show faceted and occasionally irregular shape. Further details of nanostructure for 

as-prepared nanocomposite were investigated by TEM as showed in Fig. 3-2 (b). The 

large contrast difference between the inner and the outer indicates that the nanocomposite 

has a core-shell structure. It is clearly shown that SDC nanoparticles are surrounded by a 

uniform Na2CO3 thin layer of 4~6 nm. The dominant lattice fringes can be seen in the 

core; the distance between parallel fringes is equal to the spacing of the {111} planes in 

SDC. No lattice fringe can be observed in Na2CO3 shell layer which further confirms that 
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Na2CO3 is amorphous. Simultaneously the interface between core and shell is also seen 

clearly. Above analyses confirm that as-prepared nanocomposite particles have core-shell 

nanostructure with single crystalline SDC core and amorphous Na2CO3 shell. 

  

Fig. 3-2 (a) SEM image and (b) TEM image of as-prepared SDC/Na2CO3 nanocomposite. 

3.1.2 Thermal stability study 

As a nanostructured material, the core-shell SDC/Na2CO3 nanocomposite may have 

the deficiency on maintaining its unique structure under elevated temperature. Therefore, 

in order to develop long-term operation SOFCs technology, the thermal stability and 

operation durability of the nanocomposite needs to be investigated. The thermal stability 

test of the SDC/Na2CO3 nanocomposite sample was investigated by annealing it at 500 °C, 

600 °C, and 700 °C, as well as the pure SDC sample as a reference. Crystallite sizes, 

particle sizes and surface areas were calculated or measured by XRD, SEM, and BET, to 

compare the thermal stability of Na2CO3 coated and uncoated SDC sample. 

Fig. 3-3 shows the variation on average crystallite sizes of SDC phase in 

SDC/Na2CO3 composite and pure SDC samples after annealing at various temperatures, 

determined by XRD diffraction peaks using Scherrer equation. After annealing at 500 °C, 

the mean crystallite sizes of two samples are relatively close to each other, 12.6 nm and 

14.2 nm respectively. Additional annealing at 600 °C and 700 °C of SDC/Na2CO3 

composite sample caused slightly increases in crystallite sizes of SDC phase to ca. 14.7 

nm and ca. 17.3 nm, respectively; while for pure SDC sample, high temperature annealing 

led to distinct crystallite sizes increases. The good maintenance of average crystallite sizes 

for SDC phase in SDC/Na2CO3 composite can be attributed to significant diffusion barrier 

(a) (b)
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effect98 of amorphous Na2CO3, which restrains interparticle diffusion of SDC particles, 

demonstrating a notable thermal stability after Na2CO3 coating. 

 

Fig. 3-3 Average crystallite sizes of SDC phase in SDC/Na2CO3 composite and pure SDC samples 
after annealing at various temperature 

Surface area measured by BET is another evidence to confirm the thermal stability of 

SDC/Na2CO3 composite. The BET characterization results of the coated and uncoated 

SDC samples are summarized in Table 3-1. After annealing at 500 °C for 2 h, both 

SDC/Na2CO3 composite and SDC samples remain high BET surface area of 92.4 m2 g-1 

and 89.0 m2 g-1, respectively, due to decomposition reaction of precursor. Then surface 

area of SDC sample drops sharply with increasing annealing temperature, due to 

agglomeration of particles under high temperature. However, SDC/Na2CO3 composite 

sample can still keep relatively high surface area of 81.6 m2 g-1 after annealing at 600 °C. 

Additional annealing at 700 °C of SDC/Na2CO3 composite sample caused sharp decrease 

on surface area, which is probably because soften process99 of amorphous Na2CO3 

enhances the mobility of Na2CO3 phase and leads to filling of interparticle pores, but still 

the surface area (34.1 m2 g-1) is almost two times higher than pure SDC sample. 

Table 3-1 BET surface areas of SDC/Na2CO3 composite and SDC samples annealed at various 
temperatures. 

Samples 
BET surface area (m2 g-1) 

500 °C 600 °C 700 °C 

SDC/ Na2CO3 92.4 81.6 34.1 

SDC 89.0 53.5 19.2 
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The SEM images of samples after annealing at 700 °C shown in Fig. 3-4 confirm the 

thermal stability of Na2CO3 coated SDC composite. Compared to the SDC/Na2CO3 

nanocomposite calcined at 500 °C (shown in Fig. 3-2 a), annealing at 700 °C has little 

effect on its morphology; clear grain-boundary still can be distinguished and the particle 

size still keeps below 100 nm. In contrast, for the pure SDC sample, annealing at 700 °C 

leads to severe agglomeration and grain growth. After annealing at 700 °C for only 2 h, 

the grain-boundary of SDC particles can hardly be distinguished, and it’s becoming much 

worse when annealing for 24 h. Accordingly, the diffusion barrier role of amorphous 

Na2CO3 shell on preventing SDC grain growth is verified by the thermal stability test 

results. The adjacent amorphous Na2CO3 shell obstructs the interparticle contact and 

diffusion of SDC particles, protects the high-energy surfaces, so that SDC/Na2CO3 

nanocomposite exhibits remarkable thermal stability. 

 

Fig. 3-4 SEM image of : (a) uncoated SDC annealed at 700 °C for 2 hours; (b) uncoated SDC 
annealed at 700 °C for 24 hours; (c) SDC/Na2CO3 nanocomposites annealed at 700 °C for 2 hours; 
(d) SDC/Na2CO3 nanocomposites annealed at 700 °C for 24 hours. Scale bar: 200 nm. 

The stability of Na2CO3 phase in composite is also a critical issue to be concerned, 

since there is some doubt that volatilization or decomposition might happen at operating 

temperature, resulting in deterioration of fuel cell output.88 Fig. 3-5 shows the TGA curve 
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of the as-prepared SDC/Na2CO3 nanocomposite. There is a slight weight loss from 

starting temperature to ca. 400 °C, which is attributed to evaporation of adsorbed water. 

No weight loss happened from 400 °C to 800 °C under ramp heating process, suggesting 

that there is no volatilization or decomposition reaction occurs between 400 °C to 800 °C. 

A sharp weight loss happens after 800 °C, demonstrating that Na2CO3 salt starts to 

volatilize from 800 °C. Therefore, TGA result proves that Na2CO3 phase exists steadily in 

the SDC/Na2CO3 composite within the whole operation range of low-temperature SOFCs 

(400-600 °C). 

 

Fig. 3-5 TGA curve of as-prepared SDC/Na2CO3 nanocomposite. 

3.1.3 Superionic conductivity 

Fig. 3-6 (a) shows the DSC analysis of core-shell SDC/Na2CO3 nanocomposite. A 

widen endothermic process in a range of 200 to 300 °C can be clearly observed. Within 

this temperature range, SDC or crystalline Na2CO3 does not exhibit any thermal transition, 

so the thermal response could be corresponding to the soften process and glass transition 

of amorphous Na2CO3. 

Fig. 3-6 (b) shows temperature dependence of ionic conductivity for SDC/Na2CO3 

nanocomposite electrolyte, as well as that of pure SDC. It can be seen that there is a sharp 

leap around 300 °C, where it could be related to glass transition temperature and the 

conductivity reaches over 0.1 S cm-1 above 300 °C. The remarkable conductivity of the 

SDC/Na2CO3 nanocomposite electrolyte can not result from either SDC or Na2CO3 phase 

based on conventional ionic conduction bulk mechanism, since individual SDC and 

Na2CO3 are nearly insulators at around 300 °C. Therefore, it implies a new conduction 
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mechanism of the SDC/Na2CO3 nanocomposite beyond bulk conduction effects, which 

accounts for several orders of magnitude higher conductivity than that of pure SDC 

indicated in Fig. 3-6 (b). 

 

Fig. 3-6 (a) DSC curve of as-prepared SDC/Na2CO3 nanocomposite and (b) temperature 
dependence of conductivities for as-prepared SDC/Na2CO3 nanocomposite compared to that of 
pure SDC. 

The conduction mechanism of the SDC/Na2CO3 nanocomposite electrolyte may be 

understood by solid state ionic theory. Compared with single phase electrolyte (SDC, 

YSZ), composite electrolyte contains lots of interface regions between the two constituent 

phases. The interface supplies high conductivity pathway for ionic conduction, which 

have the capacity to increase mobile ion concentration than that of the bulk. A case study 

of nanocomposite electrolyte has been taken to discuss interfacial ion interaction, the 

interface electric field and the corresponding oxygen ion activation energy.96 The 

theoretical value of activation energy for oxygen ion migration was calculated as 0.2 eV, 

which is comparable with that obtained from the conductivity measurements of as-

prepared SDC/Na2CO3 nanocomposite as 0.3 eV (Fig. 3-6 b). The conductivity of 

nanocomposite electrolyte is presumably dominated by interfacial oxygen ion conduction 

rather than bulk conduction, which results in low activation energy and high oxygen ion 

conductivity.  

3.1.4 Fuel cell performance and durability test 

I-V and I-P characteristics of a single cell using as-prepared core-shell SDC/Na2CO3 

nanocomposite as electrolyte at various temperature are shown in Fig. 3-7 (a). Under 

prerequisite of sufficient open circuit voltage of 1.0 V, the maximum power density of 0.8 
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W cm-2 has been achieved at 550 °C. Compared with the thin-film SDC single cell 

reported by Shao et al.,100 the core-shell SDC/Na2CO3 nanocomposite fuel cells show 

better performances at 450-550 °C, indicating that the nanocomposite electrolyte has great 

potential value for low-temperature SOFC technology. 

  

Fig. 3-7 (a) I-V and I-P characteristics and (b) durability test of a single cell based on core-shell 
SDC/Na2CO3 nanocomposite electrolyte. 

Fig. 3-7 (b) shows the durability test result of cell based on SDC/Na2CO3 

nanocomposite as electrolyte. During the initial operation period, the fuel cell exhibited a 

minimum performance; within 50 min operation the performance of the cell increases 

gradually and then a relatively steady output was delivered, due to the activation of the 

electrode catalysts and interfaces between the electrodes and electrolyte.88,89 Then the cell 

was operated constantly at 550 °C for more than 12 h; despite a slight degradation after 12 

h operation, an average power density output of 0.62 W cm-2 was delivered. This high 

performance at low temperature depends mainly on the high ionic conductivity of the 

composite electrolyte, which is realized by unique interfacial oxygen ion conduction of 

two-phase composite materials. In conclusion, the notable durability not only verified 

thermal stability of the SDC/Na2CO3 nanocomposite and its potential for low-temperature 

SOFCs, but also demonstrated that nanocomposite approach is an effective and practical 

approach to develop nanostructured fast ionic conductor for long-term SOFCs technology. 

(a) (b)
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3.2 SDC nanowires/ Na2CO3 nanocomposite electrolyte 

3.2.1 Synthesis Mechanism of SDC nanowires 

Citric acid (H3Cit) is an important reagent in our new synthetic route for SDC 

nanowires. It is a polyprotic acid, which can take various deprotonated ionic forms (H2Cit-, 

HCit2-, and Cit3-) in aqueous solution, depending on pH. Due to chelate formation, these 

carboxylates are known to form stable coordination complexes with various metal ions.101 

The stable metal ion precursor solutions are perfect to be used for generation of 

homogeneous nucleation sites, leading to the growth of special nano-architectures.  

Fig. 3-8 illustrates the general approach of synthesizing lanthanide oxide nanowires 

by using citric acid. In brief, the synthesis of SDC nanowires is based on the formation of 

lanthanide citrate complex nanowires as precursor upon the transformation of chemical 

equilibrium with elevated temperature: cerium/samarium citrate complex nanowires were 

first obtained as precursor by a homogeneous precipitation reaction at 90 °C; afterwards 

calcinations of the precursor resulted in SDC nanowires where the shape is inherited from 

the precursor. 

We started with a one-phase solution containing the lanthanide ions (Ln3+) and H3Cit. 

The pH was kept low in order to protonate Cit3- to prevent immediate precipitation of 

Ln(Cit) and Ln(OH)3, which are the only 2 possible precipitate forms of Ln3+ series in our 

system. Thermodynamic modeling was performed to study the distribution of overall 

species formed in the system in the entire pH range of 0-14, which assists to optimize the 

selection of pH and related concentrations for precipitation of different lanthanides. We 

take Ce3+ as an example of lanthanides for the formation of Ce(Cit) nanowires. As shown 

in Fig. 3-9, pH was adjusted to 2 at room temperature, where the citrate species are 

mainly in the heavily protonated form, H3Cit (~ 70% of total [H3Cit]) and H2Cit- (~ 5%); 

 

Fig. 3-8 A schematic illustration of the synthesis of lanthanide oxide nanowires. 
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and complexed with Ce3+ (~ 25%). Although Ce citrate complex also include other 

complex series than Ce(Cit), such as [Ce(HCit)]+, [Ce(Cit)2]
3-, and [Ce(HCit)2]

-, etc.,102 

only Ce(Cit) is considered here to simplify the study since it is the dominant complex 

form. This pH value was specifically chosen in order to keep Ce(Cit) in a proper 

concentration close to saturation. When the temperature was elevated to 90 °C, the 

endothermic deprotonation process for citrate was favored according to the Van’t Hoff 

law (Eq. 1), resulting in formation of more dissociated Cit3- and proton. The pH drop of 

the resultant solution from 2.0 to ca. 1.2 has been monitored, confirming the dissociation 

mechanism during aging process at 90 °C. 

2

1 2 1

1 1
ln

K H

K R T T

   
    

     
(1)

When the concentration of Ce(Cit) exceeded the saturation concentration, nucleation 

began which further promoted the equilibrium towards the precipitation in Eq. 2. 

3 3- ( )( )Ce Cit Ce Cit s     (2)

The formation mechanism of these precursor nanowires is probably due to highly 

anisotropic structure of Ce(Cit).103 Then, by calcinations of lanthanide citrate nanowires 

precursor, oxide nanowires are obtained accordingly where the shape is inherited from the 

precursor. 

 

Fig. 3-9 Thermodynamic modeling diagram showing the distribution of the fraction of citrate 
species as a function of pH at 25 oC. (Initial conditions are: [Ce3+] = 0.1 M, total [H3Cit] =0.3 M). 
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3.2.2 Characterization of lanthanide citrate precursor 

Phase identification of the citrate precursor was carried out using typical XRD (Fig. 

3-10). The XRD pattern of cerium/samarium citrate complex shows a very complicated 

phase structure, but there is no direct crystallographic data on cerium citrate. However, as 

cerium is chemically and structurally very similar to La, by analogy we might consider 

cerium citrate isostructural with La citrate. A recent paper on La citrate reports a 

monoclinic crystal structure.101 XRD pattern of as-synthesized Sm doped cerium citrate 

precursor shows very high resemblance to that of La citrate indicating a similar 

monoclinic crystal structure. More detail crystallography structure will be investigated. 

Fig. 3-11 SEM image of (a) Ce/Sm citrate complex nanowires. (b) A single citrate nanowire. 

Scanning electron microscopy (SEM) image of the precursor reveals quite uniform 

1D nanowires structure of the citrate complex with very high aspect ratio. It can be clearly 

seen that the length of all the citrate nanowires are more than 15 μm, as shown in Fig. 

 

Fig. 3-10 XRD pattern of Sm doped cerium citrate complex precursor. 

  

(a) (b)
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3-11 (a). A closer SEM image of a single nanowire indicates the diameter of the citrate 

complex nanowires is approximately 200 nm. As suggested previously, the formation 

mechanism of these precursor nanowires is probably due to highly anisotropic structure of 

lanthanide citrate. 

 

Fig. 3-12 TGA analysis of Ce/Sm citrate complex precursor 

The thermal behavior of the citrate complex precursor was investigated by 

thermogravimetric analysis (TGA), as shown in Fig. 3-12. The initial weight loss of 2.5% 

from room temperature to 200 °C is due to adsorbed water. A weight loss of 48.6% was 

obtained from 200 to 400 °C, which corresponds to the conversion of Ce0.8Sm0.2(Cit) to 

Ce0.8Sm0.2O1.9. The observed weight loss is in a good agreement with the theoretical 

weight loss of 47.9%. Thus the calcination reaction can be expressed as in Eq.3. 

0.8 0.2 6 5 7 2 0.8 0.2 1.9 2 2( ) 4.7 6 2.5Ce Sm C H O   O  Ce Sm O   CO   H O     (3)

This result reveals that the SDC nanowires can be obtained by calcination of as-

synthesized Ce0.8Sm0.2(Cit) precursor at 400 °C, and also confirms the composition of 

precursor is cerium/samarium citrate complex Ce0.8Sm0.2(C6H5O7). 

3.2.3 Morphology and structure study of SDC nanowires 

X-ray diffraction (XRD) pattern of the calcination product is presented in Fig. 3-13 

(a), all observed peaks of as-synthesized SDC nanowires are indexed to the cubic fluorite-

type structure CeO2 (JCPDS No. 34-0394) with a lattice constant of 5.434 Å. The lattice 

constant is slightly larger than the lattice constant of pure CeO2 (5.411 Å), since the 

inclusion of larger sized Sm3+ ion leads to lattice expansion of ceria. This confirms that 
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the Sm3+ ions have been doped into the crystal lattice of CeO2. The average crystallite size 

of SDC nanowires calculated by Scherrer’s equation is ~7 nm. 

 

Fig. 3-13 Phase identification and morphology characterization of SDC nanowires. (a) XRD 
pattern of the as-prepared SDC nanowires. (b) SEM image of the as-prepared SDC nanowires. (c) 
HRTEM image of inner zone of SDC nanowires and the inset of (c) is the SAED pattern of an 
individual nanowire. (d) EELS spectra of SDC nanowires showing energy loss edges of Sm (N4,5), 
Ce (N1, M4,5) and O (K). 

Scanning electron microscopy (SEM) image (Fig. 3-13 b) reveals that as-synthesized 

SDC nanowires are uniform with a high aspect ratio. The length of nanowires is more 

than 10 µm and the diameter ranges from 100 nm to 200 nm. High-resolution TEM 

(HRTEM) micrograph taken from inner zone of the nanowire (Fig. 3-13 c) shows the 

texture of a single nanowire as poly-crystalline with recognizable boundaries or voids. 

The average crystallite size is calculated as 7±1 nm from several HRTEM micrographs, 

which matches well with that calculated from XRD. The selected area electron diffraction 

(SAED) pattern recorded on a single nanowire verifies the poly-crystalline nature (shown 

in inset of Fig. 3-13 c). Electron energy loss spectroscopy (EELS) results, shown in Fig. 

3-13 d, confirms that the nanowires are comprised of only Sm (N4,5), Ce (N1, M4,5) and O 

(K). The intensity of Ce (M4) line is observed to be higher than that of Ce (M5), indicating 

that the oxidation state of cerium in the SDC nanowires is mainly +4, according to the 

analysis of the fine structure of M4 and M5 lines of cerium by Manoubi et al.104  
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3.2.4 Characterization of SDC nanowires/Na2CO3 nanocomposite 

In chapter 3.1.2, it has been clearly demonstrated that SDC nanostructures have been 

well-preserved even at 700 °C by adding an amorphous Na2CO3 as inclusion, which 

means that “nanocomposite” strategy allows some nanostructures, which are thermally 

unstable to be applied in high temperature applications such as SOFC. Here, the same 

inclusion material, Na2CO3 at 20 wt% content, was added to stabilize SDC nanowires at 

elevated temperature. The SDC nanocomposites were then annealed at 600 °C for 2 h and 

fast-cooled for the formation of amorphous Na2CO3. The XRD pattern of SDC 

nanowires/Na2CO3 nanocomposite is shown in Fig. 3-14. There is no extra peak than SDC 

phase, indicating the amorphous nature of Na2CO3 in the nanocomposite as planned.  

 

Fig. 3-14 XRD pattern of as-prepared SDC nanowires/Na2CO3 nanocomposite 
 

The composition of as-prepared SDC nanowires/Na2CO3 nanocomposite determined 

by energy dispersive X-ray spectroscopy (EDX) is shown in Fig. 3-15. Na, Ce, Sm, C and 

O elements were detected, without any other impurities. The calculated atomic ratio of Na: 

 

Fig. 3-15 EDX analysis of as-prepared SDC nanowires/Na2CO3 nanocomposite. 
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Ce: Sm by EDX element analysis is 38: 37: 9, which confirms the composition and the 

content of SDC (80 wt%) and Na2CO3 (20 wt%), fitting well with the designed/targeted 

composition. 

3.2.5 Fuel cell test and electrochemical study 

 

Fig. 3-16 A schematic illustration of the SOFC showing materials and thickness of each 
component, and a picture of a real SOFC. 

A single fuel cell was fabricated using as-synthesized SDC nanowires/Na2CO3 

nanocomposite as electrolyte to evaluate its electrochemical performance. The SDC 

nanowires/Na2CO3 nanocomposite (electrolyte) was compacted together with common 

commercial NiO powder (anode) and lithiated NiO powder (cathode) by a co-pressing 

process, followed by sintering at 700 °C to get a well-adhered trilayer pellet, as shown in 

Fig. 3-16. The thickness of each layer could be readily controlled by varying the amounts 

of materials used. Fig. 3-17 (a) shows a typical cross-section SEM micrograph of as-

fabricated single cell. The electrolyte layer of the SDC nanowires/Na2CO3 nanocomposite 

is about 200 μm thick and appears to be fully dense without noticeable connected pores, 

while the anode and cathode layer displays distinctly porous structure. As shown in Fig. 

3-17 (b), the electrolyte layer is comprised of dense clusters of almost parallel SDC 

nanowires, indicating that the nanostructure of SDC nanowires have been well-preserved 

even after annealing at 600 °C, co-pressing under pressure and sintering at 700 °C. 

Another function of amorphous Na2CO3 inclusion, as described in previously, is the 

softening effect of amorphous Na2CO3 under fuel cell operation temperature, which could 

further enhance densification of solid electrolyte layer to prevent any gas leakage.  
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Fig. 3-17 (a) Cross section SEM image of a single cell based on SDC nanowires/Na2CO3 
nanocomposite electrolyte and (b) a closer view of the electrolyte layer. 

 

Fig. 3-18 I-V and I-P characteristics of a single cell based on SDC nanowires/Na2CO3 composite 
electrolyte with a thickness of 200 μm at various temperatures. 

Fig. 3-18 exhibits the current-voltage characteristics and corresponding power 

densities for a single cell based on the SDC nanowires/Na2CO3 nanocomposite electrolyte 

at various temperatures. The maximum power densities (Pmax) of 160, 316, 417 and 522 

mW cm-2 have been achieved for the fuel cell at 450, 500, 550 and 600 °C, respectively. 

The performance of as-fabricated SOFC based on SDC nanowires/Na2CO3 

nanocomposite electrolyte is much better than the single cell based on the state-of-the-art 

Gd-doped ceria (GDC) electrolyte of similar thickness (Pmax of 130 mW cm-2 at 550 °C, 

220 mW cm-2 at 600 °C).105,106 The mechanism of the better performance can be ascribed 

to enhanced ionic conductivity of nanocomposite. The conductivity enhancement of 

nanocomposite is not simply additive; rather it is a synergistic effect in the sense that the 

overall conductivity is significantly higher than both of the constituent phases, a 

surprising finding which can be ascribed to interfacial conduction. The interface supplies 
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high conductivity pathway for ionic conduction, which have the capacity to increase 

mobile ion concentration than that of the bulk. Furthermore, the notable performances 

verify that that nanocomposite is an effective way to design promising electrolyte 

materials for low-temperature SOFCs. 

However, the grain-boundary/interface of the SDC nanowires determined by their 

structure needs to be further optimized by aligning these nanowires, since they are now 

randomly assembled. This may explain the slightly lower performance of the SDC 

nanowires/Na2CO3 electrolyte as compared to the core-shell SDC/amorphous Na2CO3 

nanocomposite electrolyte (chapter 3.1.4). Furthermore, the power density output of 

single cell made of SDC nanowires/Na2CO3 composite electrolyte will be further 

improved by decreasing thickness of electrolyte layer. 
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4 Conclusions 

In conclusion, nanocomposite approach has been successfully applied to develop 

solid electrolyte materials with enhanced ionic conductivity for low-temperature SOFC.  

Firstly, novel core-shell SDC/amorphous Na2CO3 nanocomposite has been 

successfully fabricated with the particle size smaller than 100 nm. The thickness of 

amorphous Na2CO3 shell is 4~6 nm. Superionic conductivity was observed for the 

nanocomposite electrolyte, where the conductivity reaches over 0.1 S cm-1 above 300 °C. 

Notable thermal stability of such nanocomposite has also been confirmed, since the 

crystallite sizes, BET surface areas, and morphology of SDC/Na2CO3 maintained much 

better than pure SDC sample. The nanocomposite was applied in LTSOFC with an 

excellent performance of 0.8 W cm-2 at 550 °C, and good durability of 0.62 W cm-2steady 

output at 550 °C over 12 h operation, which is much improved compared to the current 

single phase electrolyte. The high performances together with notable thermal stability 

make the SDC/Na2CO3 nanocomposite as a potential electrolyte material for long-term 

SOFC that operate at 500-600 °C. 

Secondly, SDC nanowires have been successfully synthesized by a novel economical 

method, using citric acid as precipitating/complexing agent for direct formation of 

nanowires in aqueous solutions. The synthesis mechanism has been well investigated, and 

this template and surfactant-free method which can produce large quantities of nanowires, 

can be regarded as a new synthetic strategy for fabrication of nanostructured lanthanide 

compounds. The “nanocomposite” approach using Na2CO3 has been successfully adopted 

to enhance the thermal stability of SDC nanowires at high operation temperature of SOFC. 

The single SOFC based on SDC 1D nano-architectures has been fabricated and 

demonstrated for the first time. The maximum power densities of 417 and 522 mW cm-2 

at 550 and 600 °C have been achieved, which is much better than SOFC using 

conventional bulk ceria-based materials as electrolytes, demonstrating its great potential 

for low-temperature SOFC applications. 
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Future work 

In the future, there are mainly two parts of work need to be investigated, regarding to 

electrolyte and electrode materials for low-temperature SOFC.  

On electrolyte materials, future work will be focused on how size and morphology of 

host particles (SDC) affects the properties of nanocomposite. Based on the interfacial 

effect, size and morphology of the host particles will influence the volume of interface. 

Particles with different size require different amount of second phase material to obtain 

optimized volume of interface. Therefore, three or even more orders of host particle size 

will be synthesized and studied. The influence of host particles with varied morphology 

will be studied in the same way. The aim of this part is to fabricate larger volume of 

superionic conductivity path, i.e. interface, through size and morphology of host phase, 

which will not only increase electrolyte performance but also prove the mechanism. 

On electrodes, compatible electrode materials for nanocomposite electrolyte will be 

developed for low-temperature SOFC, either through development of new materials or 

fabrication of improved structures. For example, ceria-based matrix with porous structure 

will be synthesized as electrodes and catalyst materials like NiO, CuO will be loaded to 

matrix then, since porous structure of mixed conducting electrodes are desirable for fast 

transport of ionic and electronic defects through the solid phase, rapid flow of gases 

through the pores, and for efficient electrochemical reactions at the interface. 
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