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Abstract 
Solid oxide fuel cells (SOFCs) are considered as one of the most promising power 

generation technologies due to their high energy conversion efficiency, fuel flexibility 
and reduced pollution. The current SOFCs with yttria-stabilized zirconia (YSZ) 
electrolyte require high operation temperature (800-1000 °C), which not only hinders 
their broad commercialization due to associated high cost and technological 
complications. Therefore, there is a broad interest in reducing the operating temperature 
of SOFCs. The key to development of low-temperature SOFCs (LTSOFCs) is to explore 
new electrolyte materials with high ionic conductivity at such low temperature (300-
600 °C). 

Recently, ceria-based composite electrolyte, consisting of doped cerium oxide mixed 
with a second phase (e.g. Na2CO3), has been investigated as a promising electrolyte for 
LTSOFCs. The ceria-based composite electrolyte has shown a high ionic conductivity 
and improved fuel cell performance below 600 °C. However, at present the development 
of composite electrolyte materials and their application in LTSOFCs are still at an initial 
stage. This thesis aims at exploring new composite systems for LTSOFCs with superior 
properties, and investigates conductivity behavior of the electrolyte. Two composite 
systems for SOFCs have been studied in the thesis. 

In the first system, a novel concept of non-ceria-salt-composites electrolyte, LiAlO2-
carbonate (Li2CO3-Na2CO3) composite electrolyte, was investigated for SOFCs. The 
LiAlO2-carbonate electrolyte exhibited good conductivity and excellent fuel cell 
performances below 650 oC. The ion transport mechanism of the LiAlO2-carbonate 
composite electrolyte was studied. The results indicated that the high ionic conductivity 
relates to the interface effect between oxide and carbonate. 

In the second system, we reported a novel core-shell samarium-doped ceria 
(SDC)/Na2CO3 nanocomposite which is proposed for the first time, since the interface is 
dominant in the nanostructured composite materials. The core-shell nanocomposite 
particles are smaller than 100 nm with amorphous Na2CO3 shell. The nanocomposite 
electrolyte was applied in LTSOFCs and showed excellent performance. The 
conductivity behavior and charge carriers have been studied. The results indicated that H+ 
conductivity in SDC/Na2CO3 nanocomposite is predominant over O2- conductivity with 
1-2 orders of magnitude in the temperature range of 200-600 °C. It is suggested that the 
interface in composite electrolyte supplies high conductive path for proton, while oxygen 
ions are most probably transported by the SDC nano grain interiors. Finally, a tentative 
model “swing mechanism” was proposed for explanation of superior proton conduction. 
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Symbols 
xa  Chemical activity of substance x 

e′  An electron 

E  EMF or open circuit voltage 
0E  EMF at standard temperature and pressure, and with pure reactants 

F  Faraday constant, the charge on one mole of electrons, 96,485 Coulombs 

G  Gibbs free energy (or negative thermodynamic potential) 

0GΔ  
Change in Gibbs free energy at standard temperature and pressure, and with pure 
reactants 

g  Gibbs free energy per mole 

fHΔ  Formation enthalpy change 

I  Current 
j  a complex number with value of 1−  

OO×  Oxygen ion in the electrolyte 

P  Power 

xP  Partial pressure of gas X 
0P  Standard pressure, 100 kPa 

R  Molar or ‘universal’ gas constant, 8.314 J K−1 mol−1, also electrical resistance 

T  Temperature 

t  Time 

V  Voltage 
••

OV  Oxygen ion vacancy 

σ  Conductivity 

Tε  Thermodynamic efficiency  
η  Efficiency 
ϕ  Phase angle 

ω  Angular frequency 

fμ  Fuel utilization coefficient 

Z ′  Real part of the impedance 

Z ′′  Imaginary part of the impedance 
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1 Introduction 
A major challenge, facing our planet today, relates to the problem of anthropogenic-

driven climate change and its inextricable link to our global society's energy needs. To 

maintain economic prosperity and quality of life, a sustainable energy system is required, 

which can meet the conflicting demands for increased supply and energy security, whilst 

maintaining cost–competitiveness and reducing climate change. Hydrogen and fuel cells 

are seen as possible key solutions for the 21st century.1 H2 is an attractive alternative to 

carbon-based fuels. It can be produced from diverse resources, both renewable (hydro, 

wind, solar, biomass, etc.) and non-renewable (coal, natural gas). Hydrogen, as an 

important energy carrier similar to electricity, offers a crosscut from electricity to 

transportation fuels and energy storage, which is of special importance for a future 

dominated by renewable energies. Fuel cells (FCs) harness the chemical energy of 

hydrogen to generate electricity by combining hydrogen and oxygen, enabling clean 

efficient production of power and heat.2 However, the largest barriers for hydrogen 

energy now are the high cost of fuel cell technologies and the need for fuel production 

and supply infrastructure.3 

1.1 Solid Oxide Fuel Cell 
Fuel cells are electrochemical devices that convert chemical energy in fuels 

(hydrogen) directly into electrical energy. A fuel cell is electrochemically 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. Fuel cells are not limited by thermodynamic limitations of heat engines 

such as the Carnot efficiency; therefore, they have much higher efficiency than current 

thermo-mechanical methods. In addition, fuel cells produce power with minimal pollutant. 

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

devices.4-7 

Fuel cells are classified by the type of electrolyte used in the cells, including proton 

exchange membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel 
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cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC).8 By 

far SOFC attracts much research interest throughout the world for its potential market 

competitiveness, including highest efficiency, fuel-flexibility, low price, and long life 

expectancy.9-12 

1.1.1 General Introduction of SOFC 

Solid oxide fuel cells can be considered as the “most efficient” devices yet invented 

for conversion of chemical fuels directly into electrical power. It is characterized by the 

use of a solid oxide material as the electrolyte, which acts as a conductor of oxygen ions. 

There are three basic components of SOFC: a porous anode, an electrolyte, and a porous 

cathode.13,14 The operation of the solid oxide fuel cell is straightforward (Figure 1-1). 

Typically, oxygen atoms are reduced on the porous cathode surface by electrons. The 

oxygen ions diffuse through the electrolyte to the fuel rich and porous anode, where they 

react with the fuel (hydrogen) and give off electrons to an external circuit. Thus, the final 

products of SOFC are electricity, heat and water. The 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:15 

 
Figure 1-1  Scheme of a typical solid oxide fuel cell. 
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Cathode Reaction:  
•• ×1

2 O O2 O (g) + 2e  + V O′ ⎯⎯→  (1-1) 

Anode Reaction:  
× ••

2 O 2 OH (g) + O  H O (g) + V  + 2e  ′⎯⎯→  (1-2) 

The overall reaction is: 

1
2 2 22H (g) + O (g)  H O (g)⎯⎯→  (1-3) 

SOFC normally operates at very high temperatures, typically between 800 and 

1,000 °C. At these temperatures, SOFCs do not require expensive platinum catalyst 

material, as is currently necessary for lower temperature fuel cells such as PEMFCs, and 

are not vulnerable to carbon monoxide catalyst poisoning.7 Because of these high 

temperatures, light hydrocarbon fuels, such as methane and alcohol, can be used as fuel 

as they are, which can be internally reformed within the anode. For example, methanol  

3 2 2 2CH OH + H O  3H  + CO  ⎯⎯→  (1-4) 

SOFCs can also be fueled by externally reforming heavier hydrocarbons, such as 

gasoline, diesel, or biofuels. Such reformates are mixtures of hydrogen, carbon monoxide, 

carbon dioxide, steam and methane, formed by reacting the hydrocarbon fuels with air or 

steam in a device upstream of the SOFC anode.16-18 SOFC power systems can increase 

efficiency by using the heat given off by the exothermic electrochemical oxidation within 

the fuel cell for endothermic steam reforming process. Internal reforming also leads to a 

large decrease in the balance of plant costs in designing a full system.19,20 

Solid oxide fuel cells have a wide variety of applications from use as auxiliary 

power units in vehicles to use as stationary power generation with outputs from 100 W to 

2 MW.21,22 Theoretical efficiency of a SOFC device can exceed 60 percent.23 The high 

operating temperature makes SOFCs suitable candidates for application with heat engine 

energy recovery devices or combined heat and power, which further increases overall fuel 

efficiency. 
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1.1.2 Thermodynamic description of SOFC 

1.1.2.1 Open circuit voltage 

In a fuel cell, the change in Gibbs free energy of formation, ΔGf, gives the energy 

release. This change is the difference between the Gibbs free energy of the products and 

the Gibbs free energy of the inputs or reactants.15 

,products ,reactants =   f f fG G GΔ −  (1-5) 

To make comparisons easier, it is convenient to consider these quantities in their 

‘per mole’ form. These are indicated by ¯ over the lower case letter, for example, 

2H O( )fg is the molar specific Gibbs free energy of formation for water. Consider the basic 

reaction for the hydrogen/oxygen fuel cell, equation (1-3), we have 

2 2 2
 = ( )    ( )  ( )H O H Of f f fg g g gΔ − −  (1-6) 

However, the Gibbs free energy of formation is not constant; it changes with 

temperature and state (liquid or gas). If the process is ‘reversible’, then all this Gibbs free 

energy is converted into electrical energy. (In practice, some is also released as heat.) We 

can use this to find the reversible open circuit voltage (OCV) of a fuel cell. If E is the 

voltage of the fuel cell, then the electrical work done moving this charge round the circuit 

is 

Electrical work done  charge voltage 2FE= × = −  (1-7) 

where F is Faraday constant. 

If the system is reversible (or has no losses), then this electrical work done is equal 

to the Gibbs free energy released fgΔ . So 

 = 2fg F EΔ − i  (1-8) 

Thus 

 = 
2

fg
E

F
−Δ

 (1-9) 

This fundamental equation gives the electromotive force (EMF) or reversible OCV 

of the hydrogen fuel cell. 

In fact, the Gibbs free energy changes in a chemical reaction vary with temperature. 
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Equally important, though more complex, are the changes in Gibbs free energy with 

reactant pressure and concentration. 

Consider a general reaction such as 

J + K  Mj k m⎯⎯→  (1-10) 

The Gibbs free energy change can be written as a function of activity, a , as follows 

0 J K

M

 = ln
j k

f f m

a ag g RT
a
⋅

Δ Δ −  (1-11) 

where 
0

fΔg  is the change in molar Gibbs free energy of formation at standard pressure.  

In the case of the hydrogen fuel cell reaction, equation (1-3), the equation (1-11) 

becomes 
1
2

2 2

2

0 H O

H O

 = lnf f

a a
g g RT

a
⋅

Δ Δ −  (1-12) 

By substitute it into equation (1-9), we obtain 
1 1
2 2

2 2 2 2

2 2

0
H O H O0

H O H O

 =   ln  =  + ln
2 2 2

f a a a ag RT RTE E
F F a F a

⋅ ⋅−Δ
+  (1-13) 

where E0 is the EMF at standard pressure. The equation shows how increasing the 

activity of the reactants increases the voltage. Since SOFC works at high temperature, we 

can assume all the gas behaves as an ideal gas, so 

2 2 2

2 2 2H O H O0 0 0,  , H O H OP P P
a a a

P P P
= = =  (1-14) 

If all the pressures are given in bar, then P0 = 1 and the equation simplifies to 
1
2

2 2

2

H O0

H O

 =   + ln
2

P PRTE E
F P

⋅
 (1-15) 

1.1.2.2 Efficiency 

The maximum efficiency is determined by intrinsic fuel properties. Thermodynamic 

efficiency, εT, is defined as electrical energy produced compared with the formation 

enthalpy change ( fΔh ), so there is a limit to the efficiency. The maximum electrical 

energy available is equal to the change in Gibbs free energy,15 so 
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fT fg hε = Δ Δ  (1-16) 

The operating voltage of a fuel cell can also be very easily related to its efficiency. 

Voltage efficiency can be defined as 

T rE Eε =  (1-17) 

where, E is the operating cell voltage and Er the reversible voltage. However, in practice 

it is found that not all the fuel that is fed to a fuel cell can be used. Some fuel usually has 

to pass through unreacted. A fuel utilization coefficient can be defined as 

mass of fuel reacted in cell
mass of fuel input to cellfμ =  (1-18) 

The overall efficiency (η) of solid oxide fuel cell is therefore given by 

100%f
r

E
E

η μ= ×  (1-19) 

1.1.3 SOFC components  

1.1.3.1 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 requirements for SOFC 

anode materials are good chemical and mechanical stability in reducing environment, 

high ionic and electronic conductivity, porous structure and good chemical and thermal 

compatibility with electrolyte and interconnect materials, high surface oxygen exchange 

kinetics and good catalytic properties for the anode reactions etc.24-27 

The traditional anode of SOFCs is a “cermet” made of metallic nickel and solid 

electrolyte skeleton, such as Ni-Yttria stabilized zirconia (Ni-YSZ), Ni-Samarium doped 

ceria (Ni-SDC).18 The electrolyte serves to inhibit sintering of the metal particles and 

provides a thermal expansion coefficient comparable to that of the electrolyte. The anode 

has a high porosity (20~40%) allowing mass transport of reactant and product gases is 

not inhibited. 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 a growing interest in 

developing ceramic anodes as alternatives to cermets.28 Recently lanthanum-substituted 
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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.29  

1.1.3.2 Cathode 

In SOFCs, the cathode functions as the site for the electrochemical reduction of 

oxygen. To this effect, the cathode must have: high electronic and ionic conductivity; a 

matched thermal expansion coefficient (TEC) and chemical compatibility with the 

electrolyte and interconnect materials; adequate porosity to allow gaseous oxygen to 

readily diffuse through the cathode to the cathode/electrolyte interface; stability under an 

oxidizing atmosphere; and high catalytic activity for the oxygen reduction reaction.30-32 

Numerous doped oxides have been studied as cathode materials for SOFC. 

Strontium-doped lanthanum manganite (LSM), La1-xSrxMnO3 is the most commonly used 

cathode material for YSZ based SOFC.33,34 Another perovskite material that has been 

extensively studied as a cathode material for SOFC is doped lanthanum cobaltite, 

LaCoO3.35 The conductivity of these materials can be increased by substituting cations on 

the lanthanum and cobalt site. La1-xSrxCo1-yFeyO3-δ (LSCF), has been identified as 

promising materials in terms of both ionic and electronic conductivity.36 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 promising performance 

at lower temperatures.37 

1.1.3.3 Electrolyte 

The electrolyte of SOFC is a dense layer of ceramic that should possess high enough 

ionic conductivity, which determines the power output of SOFC. This part is a crucial 

topic in this thesis, so it will be discussed in detail in Section 1.2. 

1.1.4 Development of low temperature SOFC 

High temperature SOFCs (HTSOFCs), typified by developers such as Siemens and 

Rolls-Royce,38 operate in the temperature region of 850–1000 °C. There are several 
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disadvantages of HTSOFCs due to its high operating temperature. Firstly, the high 

temperature decreases the cell lifetime and increases the cost of materials, since 

expensive high temperature alloys are used to house the cell, and expensive ceramics are 

needed for the interconnections.14,39 Secondly, the high efficiency of HTSOFCs is 

achieved by integration with gas turbines, which limits their use only for large-scale 

stationary applications.14,40 Therefore, such SOFCs are not attractive for commercial 

application at present. Recently, research interests have been directed to develop SOFC 

with lower operating temperature.41-43 

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

while allow cheaper fabrication, particularly in relation to interconnecting and structural 

components. Lower temperature operation offers more rapid start-up and shut-down, 

reduced corrosion rate of metallic components, more robust construction through the use 

of compressive seals and metallic interconnects as well as the advantage of greatly 

simplified system requirements. A lower operating temperature also ensures greater 

overall system efficiency and a reduction in the thermal stresses in the active ceramic 

structures, leading to a longer expected lifetime of the system.41-43  

Although there are a lot of advantages of low temperature fuel cells (LTSOFCs), 

there is a coming major challenge. As the operating temperature decreases, the ionic 

conductivity of the traditional electrolyte (YSZ) decreases exponentially and the ohmic 

loss of electrolyte becomes considerable. When temperature is lowered from 800 to 

400 °C, the ionic conductivity is reduced by nearly three orders of magnitude. To be 

applied in SOFCs, a minimum requirement of ionic conductivity is 10-2 S/cm. The 

traditional electrolyte material (YSZ) cannot fit this request. So, recently the key point of 

LTSOFCs research is to develop suitable electrolyte materials. 

There are two main strategies to overcome the problem with SOFC operated at lower 

temperatures, while still supplying sufficient ionic conductivity of electrolyte and 

attaining performance comparable to the higher temperature technology. First, the 

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

resistance of the fuel cell.44-49 Second, exploring and developing new electrolyte materials 

with high ionic conductivity can also reduce the area specific resistance at lower 
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temperatures and bring about improvements in the performance of electrodes. 

1.2 Electrolyte of SOFC – Solid ionic conductor 
The electrolyte is the principal component of importance for SOFC.11 An ideal 

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

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

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

electrodes and contacting components; fully dense structure to maximize conductivity 

and minimize reactants cross-over; low cost and environmentally benign.17,50-52 

1.2.1 Conventional bulk ionic conductors 

1.2.1.1 Oxygen ion conducting oxides 

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

oxides, and perovskite LaGaO3 based materials are most commonly used oxygen ion 

conductors for SOFC. Figure 1-2 shows how the specific oxygen ionic conductivity of 

different solid oxide electrolytes varies with temperature.53 

The fluorite oxides are the classical oxygen ion conductors, with the general formula 

of AO2, where A is a tetravalent cation. This crystal structure is a face-centered cubic 

arrangement of cations with oxygen ions occupying all the tetrahedral sites, leading to a 

 
Figure 1-2 Specific ion conductivities of selected solid oxide electrolytes (Ref. 53).  
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large number of octahedral interstitial voids. The addition of lower valence cations 

produces oxygen vacancies, resulting in improved oxygen ion conductivity. Zirconia 

(ZrO2) has the fluorite structure and has been studied extensively for SOFCs 

electrolyte.54,55 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 oxygen ion conductivity. Scandia stabilized zirconia (SSZ) also attracts some 

attention due to its improved conductivity. 

Doped cerium oxide (DCO), also with the fluorite structure, is considered to be a 

promising electrolyte for low temperature SOFC.56,57 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.58,59  

Oxides with the perovskite structure, which have the general formula ABO3, are one 

of the most versatile classes of solid oxide materials. Until now lanthanum gallate 

(LaGaO3) is the most widely studied perovskite conductor that is stable in air and 

hydrogen.17,38,60-62 Perovskites can be doped to generate extrinsic vacancies. For example, 

LaGaO3 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.62 A favored composition in terms of 

ionic conductivity is La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM). The conductivity is a function of 

the elements in the structure, the size of those elements, and the degree of order of 

disorder in the structure. Systems with larger cations and with a greater degree of disorder, 

especially with respect to the oxygen vacancies, have exhibited higher conductivities.63 

1.2.1.2 Proton conducting oxides 

Proton-conducting oxides are also possible electrolytes for SOFCs.38 Since the 

proton is the smallest positive ion, its mobility is high and good ionic conductivity may 
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be obtained at low temperature in certain materials. Proton conductivity in oxide 

electrolytes at high temperatures was first reported by Iwahara et al. using BaCeO3-based 

compositions, with high conductivity obtained by doping BaCeO3 with rare earth cations 

on the Ce sites.64,65 However, proton conductivity in doped BaCeO3 is still smaller than 

oxygen ion conductivity in LaGaO3 or SDC and the chemical stability of BaCeO3, 

particularly in CO2, is poor.66 

Compounds like SrCeO3 or BaCeO3 are not good conductors by themselves. 

However, after doping with aliovalent cations, such as Y or Yb, electron hole appears. 

When this oxide is exposed to humidified air, the mechanism of proton transport involves 

the interaction between water molecules and oxygen vacancies:67  
•• × •

2 O O OH O(g) + V + O  2 (OH )⎯⎯→  (1-20) 

The proton is then transported due to hydrogen hopping between two neighboring oxygen 

atoms. Figure 1-3 shows a comparison of the proton conductivity in selected 

perovskites.38 In general, proton conduction increases in the order BaCeO3 > SrCeO3 > 

SrZrO3 > CaZrO3. On the other hand, chemical stability decreases in the opposite order. 

The improvement of chemical stability is the key requirement for application of all 

proton-conducting ceramics as SOFC electrolytes.  

Alkaline earth zirconates such as calcium, strontium or barium zirconates show, in 

general, better chemical and mechanical stability than the analogous cerates, but lower 

 
Figure 1-3 Comparison of proton conduction in perovskite oxide (Ref. 38). 
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protonic conductivity. When trivalent cations are doped on the B-site, some of the 

zirconates show pure protonic conductivity in hydrogen atmosphere at high temperature 

(600–1000 °C) 68,69. However, very significant differences, which seem to be related to 

synthesis conditions, exist in reported conductivities of zirconates.69-73 The n-type 

conductivity was found to be relatively high under reducing conditions in barium cerate 

and other cerates, while almost negligible in the zirconates.74 Therefore, a solid proton 

conductor that combines the high chemical stability of the zirconates and the high 

conductivity of the cerates is very interesting to study.75,76 Perovskites with Ba at the A-

site and trivalent cation substitution for cerium and zirconium at the B-site are now an 

important issue, subject to extensive investigation due to their high durability and good 

protonic conductivity. However, the development of low-temperature SOFCs based on 

oxide proton conductors is still in its infancy. For example, the conductivity of present 

materials are still in a low-level range at low temperature. 

1.2.2 Novel composite ionic conductor 

1.2.2.1 Ionic conduction in composite conductors 

Composite materials are basically physical mixtures consisting of two or more solid 

phases that possess different physical properties77, such as enhanced mechanical 

properties, thermal conductivity or ionic conductivity. For the ionic conductivity, 

composite electrolytes usually show strongly 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,78 where the incorporation of Al2O3 substantially increased, almost 50 times, the 

Li+ ion conductivity for LiI. Since then, enormous work has been done to study the 

enhancement effects of diverse composite systems, such as insulator-conductor systems 

(dispersing an insulating oxide like Al2O3, SiO2 in a moderate ion conductor like Li-, Cu-, 

and Ag-halides),79-84 or conductor-conductor system (Ag+ conductivity enhancement in 

AgBr/AgI; nano-sized ionic CaF2/BaF2 heterostructures).85-88 This conductivity 

enhancement, known as composite effect, is suggested to be due to high ionic 

conductivity in the interface region between components.89,90 
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One key geometrical parameter for the ionic conductivity enhancement of composite 

electrolytes is the effective specific contact area in the interface region.91,92 In the case of 

spherical second particles, the composite conductivity is a direct function of the second 

particle size. Therefore, using smaller second particle sizes (i.e., higher surface area) 

could lead to improved ionic conductivity. The other key point is the phase distribution. 

Depending on the processing conditions, several inhomogeneities, e.g., agglomeration of 

second particles, porosity effects, etc., may be introduced, leading to a much lower 

efficiency with respect to the transport of the mobile ionic species.93 

So far it has become clear that the deliberate introduction of interface,94 i.e. 

fabrication of composite electrolyte, is a powerful method for modifying the 

electrochemical properties of materials for a great deal of energy-related applications, e.g. 

Li-ion batteries, fuel cells, electrochemical sensors, permeators, etc. Therefore, composite 

electrolytes are expected to have a substantial role in future materials research. 

1.2.2.2 Composite conductors as electrolytes for SOFC 

In recent years, a novel category of SOFCs electrolyte materials have been 

developed in order to develop functional electrolytes for LTSOFC applications, which 

were named as ceria-based dual-phase composite electrolytes.95-99 These materials consist 

of two-phases; host phase (ceria-based oxide) and second phase (various salt, proton 

conductor, etc.). Many efforts have been made on investigation of on various ceria-based 

composite ceramics, such as SDC, GDC and yttrium doped ceria (YDC) etc. incorporated 

with different salts and hydroxides, such as chlorides, fluorites, carbonates, sulphates and 

sodium or potassium hydroxides as shown in Table 1-1.95 The ceria–based composite 

electrolyte has displayed high ionic conductivity of 10−2-1 S cm−1 and good fuel cell 

performance of 300–1100 mW cm−2 in the temperature range of 400 to 600 °C, which 

increased about one to two orders of magnitude on conductivity compared to 

conventional single-phase electrolyte, like YSZ, GDC, etc. 100-107 Development on ceria–

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

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

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

various ceria-based composite electrolytes.95 Many fuels, like biomass, natural gas, coal 

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

electrolyte LTSOFCs. Table 1-2 lists typical FC performances using the ceria-based 

composite materials operated for various fuels.95 

The enhanced oxygen ion conductivity is preliminarily explained by interface 

conduction mechanism.95,97,108 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 has 

Table 1-1 Conductivity and FC performance of ceria-based composite electrolyte.95 

Doped Ceria Second phase (Salt) Conductivity 
(S cm-1) 

Performance 
(W cm-2) 

Temperature 
(°C) 

Gd doped Ceria 20wt%(1LiCl: 1 SrCl2) 0.015-0.21 0.10-0.58 400-660 
Gd doped Ceria 15wt%NaOH 0.02-0.45 0.10-0.62 380-620 
Gd doped Ceria 22wt%(2Li2CO3:1 Na2CO3) 0.01-0.80 0.20-0.78 400-660 
Sm doped Ceria 20wt%(1LiCl: 1 SrCl2) 0.02-0.24 0.10-0.60 400-660 
Sm doped Ceria 15wt%NaOH 0.03-0.50 0.20-0.66 380-620 
Sm doped Ceria 22wt%(2Li2CO3:1 Na2CO3) 0.002-0.90 0.20-1.00 400-660 
Sm doped Ceria 40mol%Li2SO4 0.01-0.40 0.20-0.54 450-650 
Y doped Ceria 20wt%(1LiCl: 1 SrCl2) 0.01-0.18 0.10-0.52 400-660 
Y doped Ceria 15wt%NaOH 0.02-0.40 0.20-0.58 380-620 
Y doped Ceria 22wt%(2Li2CO3:1 Na2CO3) 0.01-0.78 0.20-0.70 400-660 

Table 1-2 Performances of SDC-carbonate composite electrolyte cells with various fuels.95 

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 
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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. 

1.3 Objectives 
So far, the composite electrolyte materials developments for SOFC applications have 

been at initial stage, and are limited to the ceria-based composites. It is necessary to 

explore new type of functional materials for either pure scientific interest for a deeper 

understanding of conduction mechanism of the two-phase composite electrolytes, or for 

better performances (especially long-term stability) in applications. In this thesis, we 

aimed at developing a novel composite approach to design and fabricate high ionic 

conductivity electrolytes for LTSOFC (<600 oC) and investigating the conduction 

behavior and mechanism based on recent composite materials. Two kinds of composite 

material systems have been studied in this work, one is LiAlO2 based composite material 

and the other is traditional ceria based composite material in nanostructure. In the first 

section, we employed LiAlO2 instead of doped-ceria and prepared non-ceria-based 

composites as electrolyte, which not only help us develop long-term stable composite 

materials, but also help to confirm the interface effect in the composite electrolyte. Based 

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

volume of interface, which will further affect the ionic conductivity of the composite 

electrolytes. For this purpose, in the second section, core–shell nanocomposite consisting 

of SDC nanoparticles and amorphous Na2CO3 shell were fabricated and applied as 

electrolyte in low-temperature SOFC. Furthermore, the charge carriers and conduction 

mechanism for the superionic conductivity have been studied. 
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2 Experimental 

2.1 Material preparation 

2.1.1 Fabrication of LiAlO2/carbonate composite 

Commercial LiAlO2 powder and various contents (20, 30, 40, 50 wt.%) of binary 

carbonates (62 mol% Li2CO3 and 38 mol% Na2CO3) were mixed. The mixtures were 

ground and sintered at 680 °C for 1 h. The composite anode and cathode were the same 

materials, which composed of NiO and CuO mixed with the electrolyte (volume ratio: 

1:1). 

2.1.2 Fabrication of SDC/Na2CO3 nanocomposite 

The Ce0.8Sm0.2O1.9 (SDC) was synthesized by carbonate coprecipitation method. 

Ce(NO3)3·6H2O and Sm(NO3)3·6H2O were dissolved in distilled water with a molar ratio 

of Ce3+:Sm3+ = 4:1 to form a 0.5 M solution; then the solution was dropwise added into 

0.5 M Na2CO3 solution under vigorous stirring to form a white precipitate at room 

temperature. The precipitate was then filtered, washed for three times by 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 slurry mixture was dried at 80 °C in air for 24 h, calcined at 700 °C in air for 1h and 

immediately cooled to room temperature to form SDC/Na2CO3 composite with Na2CO3 

weight content of 20%. 

2.2 Materials Characterization 
The materials at the different processing steps are characterized by different 

techniques. 

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

X’pert pro super Diffractometer with Cu Kα radiation (λ=1.5418 Å). A Zeiss Ultra 55 

digital field emission scanning microscope (FE-SEM) equipped 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 investigate 
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the inner texture of the sample and perform the phase identification, transmission electron 

microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) were 

performed using a JEOL JEM-2100F field-emission microscope with 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. 

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. 

2.3 Electrochemical characterization 

2.3.1 Ionic conductivity of electrolyte 

2.3.1.1 Electrochemical impedance spectroscopy (EIS) 

The EIS technique in general involves the measurement of current through a solid 

electrolyte cell when a sinusoidal voltage of low amplitude is applied.109 Also for a linear 

system, the magnitude of the response is directly related to the electrical stimulus for any 

given frequency. Hence, in a linear system, the applied potential is given by: 

( ) exp( )E t E j tω= Δ  (2-1) 

The current output of the system is also sinusoidal and has the same angular 

frequency ω, but differences in amplitude and phase from the voltage signal may occur 

depending on the elements in the circuit and can be represented by: 

( ) exp( )I t I j tω ϕ= Δ +  (2-2) 

where φ is the phase angle, ΔΕ is the amplitude of the voltage and ΔI the amplitude 

of the current signal. For a pure resistor, the phase shift is zero. 

Since Ohm's law holds true in the time or the frequency domain, the impedance of a 

circuit consisting of resistors, capacitors and/or inductors is the ratio of the voltage signal 

divided by the current flowing through the circuit. The impedance of the circuit Z(ω) at 

any frequency ω, can be represented in both polar and Cartesian form and has both the 

magnitude Z and the phase angle φ. 
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( )( ) exp( ) cos sin
( )

E tZ Z j Z jZ Z jZ
I t

ω ω ϕ ϕ ′ ′′= = − = − = −  (2-3) 

where j is a complex number with value of 1− , Z′ and Z″ are real and imaginary parts 

of the impedance. 

In this work, EIS analyses were performed in air, using either a computerized 

Hewltt-Packard HP4274A or HP4192 LCR-meter. The measured frequency range covers 

from 1Hz to 1MHz with an applied signal of 50 mV. The temperature is manually 

controlled in a range of 200 to 650 oC. 

2.3.1.2 Four-Probe D.C. technique 

The setup of d.c. conductivity measurement is shown in Figure 2-1. Platinum paste 

was applied on both surfaces of electrolyte pellets as electrodes, followed by firing at 

700 °C for 30 min. The four-probe setup consists of aligned platinum ring electrodes on 

both sides of pellet as current probes, while a pair of aligned Pt points placed at the center 

of Pt rings work as voltage probes, as shown in the cell sketch in Figure 2-1. The distance 

of voltage probes and current probes is about 1mm. Two copper rings were employed as 

both current collectors and mechanical support for voltage probes, connecting with 

sample holder and electrolyte pellet by platinum paste. Two platinum wire leads were 

 
Figure 2-1  A schematic illustration of setup applied for d.c. conductivity measurement, and the 
four-probe electrodes design. The bottom view of electrolyte pellet is the same as the top view. 
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connected to each current probe through the ceramic tube in the copper ring at both sides 

of the pellet. The exposed part of sample was sealed by Pyrex® glass powder. Anode gas 

(5% H2, 95% N2) or cathode gas (synthetic air, 21% O2, 79%N2) were supplied 

continuously on both sides of the electrolyte to measure proton and oxygen ion 

conductivity. 

A block diagram of the measurement setup is shown in Figure 2-2. The equipment 

consists of a constant current source (EG&G 366 potentiostat), digital voltmeters, 

temperature monitor, temperature controller and desktop computer. The supplied current 

is controlled manually. All the current settings used for conductivity measurements are 

recalibrated and the values corresponding to a given setting are read from a HP 3478A 

multimeter within the computer program. These values are only slightly different (within 

± 0.1%) from those on the settings in the constant current source. The voltage drop across 

the potential probes is measured with a RadioShack 22-168 programmable electrometer. 

The meter used for monitoring voltage can be controlled remotely through an RS232C 

 
Figure 2-2  Schematic diagram of the four-probe d.c. conductivity measurement apparatus. 
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interface. The temperature is measured by a PicoTC-08 thermocouple data logger, and 

the thermocouple is contacted to the sample holder which insure the temperature of 

sample is under controlled. The furnace is controlled by a Velleman K8056 relay. 

Temperature monitor cooperates with furnace controller and both of them are operated 

via a RS232C interface. Since heating temperature lag between the temperature sample 

and furnace, the temperature of sample holder is controlled in a range of ±3 °C at given 

setting. Type T thermocouples are used for measuring and controlling the temperature. 

All the equipment is interfaced to an desktop computer and operated by the homemade 

software developed by Labview® (See Figure A-1 of Appendix I). The raw data is 

displayed on the screen and stored in a file.  

2.3.2 Electronic conductivity of electrolyte 

The ion blocking method (sometimes also referred to as the DC polarization or the 

Wagner asymmetric polarization cell method) pioneered by Hebb110and Wagner111 is the 

most extensively used method for determining very low electronic conductivity of ionic 

solids and has been detailed by a number of authors.112,113 The cell arrangements 

employed in this technique are as follows:  

(-) cation reversible electrode/ mixed conductor/ ion blocking electrode (+) (2-4) 

or; 

(-) ion-blocking electrode/ mixed conductor/ anion reversible electrode (+) (2-5) 

The method involves application of a small DC voltage signal to the solid ionic 

conductor sandwiched between a reversible electrode and an inert electrode, which 

blocks the flow of ions (termed the ion blocking electrode). The reversible electrode has a 

known chemical potential and the applied DC voltage generates a chemical potential 

gradient across the solid material. Under steady state conditions no ionic current flows 

due to the presence of the ion blocking electrode. The residual current is carried only by 

the electrons or holes. 

The ion blocking cell employed for the measurement is shown in Figure 2-3. 

Electrolyte material was pressed (300 MPa) into a pellet with 13 mm diameter and 1.5 

mm thickness, Pt paste (homemade) was painted on the both surfaces of the sample pellet 

and fired at 600 °C in air. The sample with Pt electrodes was attached to a stainless steel 
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holder using ceramic paper ring for sealing. The top side is reversible electrode connect 

with gas atmosphere, while the bottom side is blocked with platinum foil as blocking 

electrode. This whole holder with cell was placed in an electric furnace, the temperature 

of which was controlled by means of an electronic controller to within ± 3 °C. The DC 

polarization measurement was performed with potentiometer (EG&G 366 potentiostat). 

The applied voltage (E) varied from 0.01 to 1.0 V. When the voltage was applied to the 

sample, the oxygen/hydrogen gas inside of the sealed holder is exhausted through sample 

toward the outer side. In the steady state, the oxygen/hydrogen chemical potential at the 

inner Pt electrode/sample interface is reduced against the outer Pt electrode (reversible 

electrode). However, the oxygen ion/proton flow is blocked at the inner electrode because 

of the applied potential difference. The measured current should be electronic current, 

governed by electrons or holes in the sample. The temperature is detected and controlled 

by the same setup used in four-probe d.c. technique. 

2.3.3 Discharge performance of SOFC 

In a typical experiment, the anode was made of NiO mixed with the electrolyte and 

the cathode was based on mixture of lithiated NiO and the electrolyte. The anode, 

nanocomposite electrolyte and cathode materials were uniaxially pressed at 250 MPa to 

 
Figure 2-3  Schematic diagram of Hebb-Wagner ion blocking cell used in the present study. 
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form a sandwich structure by a pressing procedure. Finally, both anode and cathode 

surfaces were painted by silver paste as current collectors for fuel cell measurements. The 

fuel cell with the active area of 0.64 cm2 was tested at 450 to 580 °C, where hydrogen 

and air were used as fuel and oxidant respectively. The gas flow rates were controlled to 

be in the range of 80 to 120 ml min-1 at 1 atm pressure. 

The setup of fuel cell performance measurement is showed in Figure 2-4. The 

electronic equipment consists of load controller, digital voltmeters, digital current meter, 

temperature monitor, temperature controller and desktop computer. The computer 

software has been written to control all main instrument functions and for data acquisition 

and manipulation by Labview® (See Figure A-1 of Appendix I). The raw data is 

displayed on the screen and stored in a file. The load applied consists of 7 constant 

resistors which are in rang of 4.7 Ω to 0.2 Ω, which are controlled by the programmed 

Labview® software. The supplied different loads are decided by inserting different 

resistors into the parallel circuit. The current is read by a HP 3478A multimeter within 

the computer program. The voltage across the load is measured with a RadioShack 22-

 
Figure 2-4  Schematic diagram of single cell performance (I-V) measurement. 
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168 programmable electrometer. The meters used for monitoring current and voltage can 

be controlled remotely through GPIB and RS232C interface. The temperature is detected 

and controlled by the same setup used in four-probe d.c. technique.  
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3 Results and discussion 

3.1 LiAlO2/carbonate composite electrolyte 
The LiAlO2/carbonate composite electrolyte was synthesized by a simple physical 

mixture method, using LiAlO2 commercial product. XRD pattern of LiAlO2 confirms that 

the material used in this experiment is the typical γ-type LiAlO2. The a.c. conductivities 

of LiAlO2 based composite electrolytes with different carbonate contents vary from 10-5 

to 10-1 S cm-1 in the temperature range of 400–650 oC which were obtained from 

impedance analysis. 

3.1.1 Fuel cell performance of LiAlO2/carbonate composite electrolyte 

I–V and I–P characteristics at 650 oC for the fuel cells with composite electrolyte of 

LiAlO2 and different concentrations of carbonate are presented in Figure 3-1. From I-V 

curve, the open circuit voltages (OCV) are almost 1.0 V, except for the electrolyte with 

20% carbonate content. This indicates that these composite electrolytes can form a 

relative gas tight electrolyte membrane to avoid gas crossover, since the carbonates in the 

composite electrolyte soften at 650 oC and expanded or fill everywhere if pores exist in 

the electrolyte. However, when the content of the carbonate is 20%, the carbonate content 

may be insufficient to form continuous filler, thus some amount of residual pores in the 

composite electrolyte should lead to a little gas crossover, resulting in a lower OCV. 

 
Figure 3-1 Cell voltage and power densities as function of current densities for the single cell
with the composite electrolyte with various carbonate contents and LiAlO2 at 650 oC. 
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From the I–P characteristics, the maximum output power densities of the fuel cell 

increased with the content of the carbonate, when the carbonate content is 40%, the 

maximum output power density reaches 466 mW/cm2, and then it decrease sharply when 

the carbonate content is 50%. This demonstrates the fuel cell with new composite 

electrolyte can function perfectly only using air as oxidant, instead of the cathode system 

gas for MCFCs. 

Figure 3-2 shows the discharging curves of the fuel cells at 650 oC using the 

electrolyte with 40% carbonate. At the beginning of the discharge curves, some 

polarization is observed, but after about 5 min the cells display a constant output under 

the average current density of 130~140 mA/cm2. The tests were kept for about 30 min 

with a discharging plateau. The stable high current output implies a good ionic transport 

and conduction.  

3.1.2 Conduction mechanism discussion 

The above results indicate that ion transport mechanisms of the fuel cell tested is 

different from that of MCFCs which use LiAlO2-carbonate as electrolyte and 2-
3CO  as 

charge carrier. It should be pointed that there is an essential difference in ion transport 

mechanisms of SOFC and MCFC. The MCFC is based on the molten carbonate 

electrolytes, in which the 2-
3CO ions are charge carrier, and the ionic transport is governed 

 
Figure 3-2  Discharging curves for the fuel cells with various electrolytes at 650 oC using the 
electrolyte with 40% carbonate. 
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by 2-
3CO ion transport process. In our fuel cells, proton or oxygen ion conduction 

becomes predominating process to perform the fuel cell function, but 2-
3CO  ion 

contribution can be neglected since there is no 2-
3CO  ion source (CO2). In addition, it is 

reported that proton conductions take place in the two-phase interface via cationic 

vacancy.103 However, non-ceria composite were also different from the ceria based 

composite. Oxygen ion conductions could pass through the SDC phase in the ceria 

composites, but not through LiAlO2. If there is some O2- conduction in such non-ceria 

salt composite, the oxygen ions may only be conducted through the interfaces between 

LiAlO2 particles and carbonate phase. The mechanism of oxygen ion in non-ceria salt 

composites will be different from those of ceria-salt composites. 

At present stage, the detailed mechanism of the oxygen ion and proton conduction in 

these non-ceria-salt materials is still not clear. The nature of the interfaces, the conducting 

mechanism between the two phases of the LiAlO2 and salts, and the ionic transport 

process for the oxygen ion or protons at the composites are not fully understood. More 

fundamental studies are currently undertaken. 

3.2  SDC/Na2CO3 nanocomposite electrolyte 
Ceria-salt-composites have been developed as functional electrolytes for the 

application of IT/ LTSOFCs during the past decade. The previous research work 

emphasized more on the SOFC performance test rather than elaborate structure 

fabrication, so the detailed conduction mechanism of composite materials is still not clear. 

On the other hand, considering the interface conductivity effect, nanostructured material 

can have more interface region which will further improve the composite electrolyte 

performance. In this section, core-shell nanocomposite materials consist of SDC core and 

amorphous Na2CO3 shell was fabricated, and the charge carrier behavior of composite 

electrolyte and conductivity mechanism are discussed. 

3.2.1 Characterization of core-shell SDC/Na2CO3 nanocomposite 

The crystal structure of as-prepared SDC/Na2CO3 nanocomposite was examined by 

XRD and the pattern is shown in Figure 3-3(a). There is no peak is observed which can 

be associating with Na2CO3, although the content of Na2CO3 is 20%, which reveals that 
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carbonate phase is in amorphous state. The particle size and morphology of SDC/Na2CO3 

nanocomposite have been determined by SEM and shown in Figure 3-3(b). SEM image 

clearly 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 and shown in Figure 3-4(a). The large contrast difference indicates that the 

nanocomposite consists of particles with a core-shell structure. It is clearly shown that 

SDC nanoparticles are surrounded by a uniform Na2CO3 thin layer of 4~6 nm. The 

HRTEM image further displays the microstructure in Figure 3-4(b). The dominant lattice 

fringes are seen clearly 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 Na2CO3 is amorphous.  

  
Figure 3-3   XRD pattern and SEM image of as-prepared SDC/Na2CO3 nanocomposite. 

  
Figure 3-4  (a) TEM image and (b) HRTEM image of as-prepared SDC/Na2CO3 nanocomposite. 

(b) (a) 
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Figure 3-5 shows the result from DSC analysis of core-shell SDC/Na2CO3 

nanocomposite. An endothermic process in a range of 200 to 300 °C can be clearly 

observed in the DSC trace. Within this temperature range, SDC or crystalline Na2CO3 

does not exhibit any thermal transition, so the thermal response could be corresponding to 

the softening process and glass transition of amorphous Na2CO3. 

3.2.2 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 Figure 3-6. Under 

prerequisite of sufficient open circuit voltage of 1.0 V, the maximum power density of 

0.8 W cm-2 has been achieved at 550 °C. Compared with the thin-film SDC single cell 

 
Figure 3-5  DSC curve of as-prepared SDC/Na2CO3 nanocomposite. 

 
Figure 3-6  I-V and I-P characteristics and of a single cell based on core-shell SDC/Na2CO3 
nanocomposite electrolyte. 
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reported by Shao et al.,114 the core-shell SDC/Na2CO3 nanocomposite fuel cell shows 

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

potential value for low-temperature SOFC technology. 

Figure 3-7 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.100,101 Then the 

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

after 12 h operation, an average output power density of 0.62 W cm-2 was obtained. This 

high performance at low operating temperature depends mainly on the high ionic 

conductivity of the composite electrolyte, which is realized by unique interfacial ionic 

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. 

 
Figure 3-7  Durability test of a single cell based on core-shell SDC/Na2CO3 nanocomposite 
electrolyte. 
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3.2.3 Conduction behavior of composite electrolyte 

Figure 3-8 shows the total conductivity of the SDC/Na2CO3 nanocomposite 

electrolyte obtained from three different techniques. It can be clearly seen that the 

conductivity measured by four-probe d.c. technique (summing up the proton conductivity 

and oxygen ion conductivity) is much closer to that derived from the slope of fuel cell I-

V curve which represents actual fuel cell performance,115 whereas the conductivity of the 

SDC/Na2CO3 nanocomposite measured from EIS shows much higher values because of 

contributions from other ions, like Na+, CO3
2-. In d.c. measurement, only ions associated 

with fuels (O2- and H+) can contribute to the measured conductivity, and others that are 

not actually contributing to the fuel cell performance are blocked in a “static status”.  

Figure 3-9 displays the temperature dependence of conductivity for SDC/Na2CO3 

nanocomposite electrolyte under 5% H2 and air atmosphere, as determined by the four-

probe d.c. measurements. Under hydrogen atmosphere only proton conductivity ( +H
σ ) 

makes a significant contribution to the overall conductivity, while electronic conductivity 

can be neglected; similarly the conductivity measured in air is the oxygen ion 

conductivity ( 2-O
σ ). It is obvious that +H

σ  of SDC/Na2CO3 nanocomposite electrolyte is 

predominant over 2-O
σ  with 1-2 orders of magnitude higher over the whole temperature 

range. From proton conductivity curve (-●-), a conductivity transformation around 300 oC 

 
Figure 3-8 Conductivity of SDC/Na2CO3 nanocomposite electrolyte obtained from d.c. 
measurement (summing up the proton conductivity and oxygen ion conductivity), a.c. impedance 
spectroscopy and derived from fuel cell I-V curve. 



 
Ionic Conducting Composite as Electrolyte for Low Temperature Solid Oxide Fuel Cells 

Functional Materials Division, KTH, 2010      31 

was observed corresponding to activation energy of 0.272 eV above 300 oC and 1.018 eV 

below 300 oC as calculated, which is related to the glass transition of carbonate as 

mentioned before. Whereas for oxygen ion conductivity (-▲-), a nearly constant slope is 

obtained within the whole temperature range, corresponding to an activation energy of 

0.896 eV, which is comparable to that of the heavily doped nanostructured ceria 

electrolytes reported be M. G. Bellino et al.116 This clearly demonstrates that the interface 

introduced by carbonate in the SDC/Na2CO3 nanocomposite greatly promotes the proton 

conduction, but not for oxygen ion transportation which is still conducted within the SDC 

phase. The interfaces/grain boundaries introduced by using carbonate as inclusion 

supplies “express” paths for proton transport since proton has a higher limit of ionic 

diffusivity and mobility than O2-, giving more room for enhanced transportation. 

3.2.4 Conduction mechanism discussion 

It is widely accepted that hydrogen bonding is almost involved in all species of 

proton conductors as a common and important characteristic.117,118 Strong hydrogen 

bonding is frequently considered to be a precursor of proton transfer reaction; however, 

long-range proton transport also requires rapid bond breaking and forming processes, 

which is only expected to occur in meta-stable hydrogen bonded systems.118 Recently, 

proton conduction behavior was also found in the grain boundary of nanostructured oxide 

 
Figure 3-9 Conductivity of SDC/Na2CO3 nanocomposite electrolyte under 5% H2 and air 
atmosphere measured by four-probe d.c. technique. 
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conductor, i.e. doped ceria,119,120 YSZ.120-122 Based on the above discovery and 

knowledge, we attribute the superior protonic conduction of the SDC/Na2CO3 

nanocomposite system to the meta-stable hydrogen bonds formed on the surface of SDC 

nanoparticles. The oxygen ion conduction takes place through the interior grain of SDC 

thus the interference between proton conduction (major) and oxygen ion conduction 

(minor) is expected to be minimum. The introduction of the inclusion/secondary phase, 

i.e. sodium carbonate, is essentially important to make the protonic conductor superior 

and different from the reported single-phase nanostructured SDC (orders of magnitude 

higher). Since pure sodium carbonate is not a protonic conductor, it must be a synergistic 

effect by the interface of SDC nanoparticles and sodium carbonate, resulting in the 

superior protonic conduction. At low operating temperatures (400-600 °C), the SDC 

nanoparticles will be surrounded by sodium carbonate with high mobility of carbonate 

ions,123 constructing a unique two-phase (Ce-O, C-O) interfaces, which we believe is the 

proton pathway.  

The exact mechanism of the proton transportation in the interface of SDC with the 

interaction of sodium carbonate is very difficult to find out, we propose an empirical 

“swing model” to interpret the proton conduction mechanism in our nanocomposite 

system. As illustrated in Figure 3-10, when proton is transported to the composite 

electrolyte, it may form meta-stable hydrogen bond with oxygen ions from both SDC 

surface and 2-
3CO  group. When the operating temperature is higher than the glass 

transition temperature of amorphous carbonate phase, the mobility and rotation 

Figure 3-10 “swing model” pathway for proton conduction in SDC/ Na2CO3 nanocomposite. 
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movement of 2-
3CO group are boosted, which facilitates rapid breaking and forming of 

hydrogen bond in the interface region, leading to effective long-range proton 

transportation, where continually rotating carbonate groups serve as a “bridge” for proton 

to move from one hydrogen bond to another. Above glass transition temperature of 

amorphous carbonate phase, the coverage of 2-
3CO group on the surface of ceria 

nanoparticles is also promoted, forming more proton pathways. Another possible route is 

that H+ transportation is though the 2-
3CO groups acting as “bridge” for proton movement 

by the enhanced bending and stretching of C-O bonds at elevated temperature. The 

vibration of the C-O bonds helps to break the weakly formed hydrogen bond between 
2-
3CO group and Ce-O on the ceria surface [–C–Oδ-···Hδ+···Oδ-–Ce–], while the vibration 

of the C-O bonds facilitates the formation of a new hydrogen bond between the 2-
3CO

group and the adjacent Ce-O on the ceria surface, in this way,  H+ is transported though 

the C-O, Ce-O interface. To further verify the “swing model”, further studies are needed, 

including the molecular dynamic calculations. 
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4 Conclusion 
In conclusion, a new concept of composite electrolyte has been developed and 

fabricated for LTSOFCs application. 

First, a novel non-ceria-based composites has been successfully prepared and 

applied as electrolyte in LTSOFCs. The SOFCs using new LiAlO2-carbonate composites 

exhibited excellent electrochemical performance when hydrogen and air were used as 

fuel and oxidant. When the content of the carbonate reached 40%, the maximum output 

power density of 466 mW/cm2 was achieved at 650 oC. When discharged at current 

density around 140 mA/cm2, a stable discharge plateau can be obtained. Since the air was 

used as oxidant, the contribution of 2-
3CO  ion transport can be neglected. This work 

strongly demonstrates that the high ionic conductivity of oxide/ carbonate composite is 

mainly related to the interface effect between oxide and carbonate. 

In the second part of the thesis, we successfully applied nanotechnology to engineer 

the composite materials for LTSOFCs. Novel core-shell SDC/Na2CO3 nanocomposite 

was synthesized with the particle size smaller than 100 nm. The core-shell SDC/Na2CO3 

nanocomposite shows high ionic conductivity above 300 °C, and the conductivity reaches 

over 0.1 S cm-1. Such high conductive nanocomposite electrolyte has been applied in low 

temperature solid oxide fuel cells, and displayed an excellent performance of 0.8 W cm-2 

at 550 °C. The conductivity behavior of the nanocomposite electrolyte has been studied 

as well. The d.c. measurements reveal that the proton conductivity in the nanocomposite 

electrolyte is 1-2 orders of magnitude higher than oxygen ion conductivity in the 

temperature range of 200-600 oC, which confirms proton conduction accounts for the 

significantly enhanced ionic conductivity, resulting in the excellent fuel cell performance. 

It can be further concluded that the interface introduced by adding sodium carbonate 

phase supplies high conductive paths for proton transport, whilst oxygen ions are most 

probably transported within SDC phase. An empirical “swing model” has been proposed 

for the mechanism of superior protonic conduction.  
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Future work 
In the furture , there are mainly two parts of work need to be investigated, regarding 

the further performance improvement of composite electrolyte and more thorough study 

of interfacial conductivity mechanism of comsposite conductor. 

To improve performance of composite electrolyte, firstly, further work will pay 

more attention on nano effect in nanocomposite, which will be mainly foused on how size 

and morphology of host particle (SDC) affects the properties of nanocomposite. Secondly, 

fabrication methods of composite electrolyte will be considered. Until now, the 

composite materials are prepared by simple mixing process where homogeneity cannot be 

well controlled. Therefore, some techniques, such as freeze drying method, will be 

employed to improve the homegeneity of composite. Furthermore, thin film technique 

will be used to fabricate composite electrolyte pellets, which will reduce the resistance 

and enhance the power density output. 

To study interfacial conduction mechanism, some modeling/simulation will be 

established based on current experimental results and theoretical calculation will be 

conducted. The work will not only reveal the fundamental conduction mechanism, but 

also help optimizing the material design and architecture.  
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