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Solid oxide fuel cell (SOFC) is an electrochemical device that converts chemical 

energy into electric power with high efficiency. Traditional SOFC has its disadvantages, 

such as redox cycling instability and carbon deposition while using hydrocarbon fuels. 

It is because traditional SOFC uses Ni-cermet as anode. In order to solve these 

problems, ceramic anode is a good candidate to replace Ni. However, the conductivity 

of most ceramic anode materials are much lower than Ni metal, and it introduces high 

ohmic resistance. How to increase the conductivity is a hot topic in this research field. 

 

Based on our proposed mechanism, several types of ceramic materials have been 

developed. Vanadium doped perovskite, Sr1-x/2VxTi1-xO3 (SVT) and Sr0.2Na0.8Nb1-



 

 

xVxO3 (SNNV), achieved the conductivity as high as 300 S*cm-1 in hydrogen, without 

any high temperature reduction. GDC electrolyte supported cell was fabricated with 

Sr0.2Na0.8Nb0.9V0.1O3 and the performance was measured in hydrogen and methane 

respectively. Due to vanadium’s intrinsic problems, the anode supported cell is not easy. 

Fe doped double perovskite Sr2CoMoO6 (SFCM) was also developed. By carefully 

doping Fe, the conductivity was improved over one magnitude, without any vigorous 

reducing conditions. SFCM anode supported cell was successfully fabricated with 

GDC as the electrolyte. By impregnating Ni-GDC nano particles into the anode, the 

cell can be operated at lower temperatures while having higher performance than the 

traditional Ni-cermet cells. Meanwhile, this SFCM anode supported SOFC has long 

term stability in the reformate containing methane. 

 

During the anode development, cathode improvement caused by a thin Co-GDC layer 

was observed. By adding this Co-GDC layer between the electrolyte and the cathode, 

the interfacial resistance decreases due to fast oxygen ion transport. This mechanism 

was confirmed via isotope exchange. This Co-GDC layer works with multiple kinds of 

cathodes and the modified cell’s performance is 3 times as the traditional Ni-GDC cell. 

With this new method, lowering the SOFC operation temperature is feasible. 
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Chapter 1: Introduction of Solid Oxide Fuel Cell 

1.1 Introduction to Different Types of Fuel Cell 

A fuel cell is a device that directly converts chemical energy to electricity and heat. 

Compared to the combustion engine and electric generator, which also utilize fuels to 

produce energy, fuel cells are highly efficient, have less pollution to the environment, 

and without any noise. Other renewable energies such as solar and wind, are not 

sustainable, as they are only functional when there is sunshine or wind. Even though 

they can be coupled with energy storage device like batteries, it cannot solve all 

problems due to battery capacity, lifetime issues and add-on cost in equipment and 

maintenance. Based on these reasons, fuel cells are now a hot topic in the new energy 

research field as it can be a continuous power supply as long as there is fuel. 

 

There are several types of fuel cells: Proton exchange membrane fuel cell (PEM fuel 

cell), alkali fuel cell, molten carbonate fuel cell and solid oxide fuel cell. All of these 

fuel cells consist of an electrolyte to conduct ions, an anode to oxidize fuels and a 

cathode to accept the oxidizer. PEM fuel cells and alkaline fuel cells have ionic 

conductive polymer membrane and can be operated at low temperature (< 100oC), but 

there is difficulty in the water management. Additionally, PEM fuel cells require noble 

metals as the catalyst which increases the manufacturing cost and alkaline fuel cells 

suffer from low power density. Molten carbonate fuel cells (MCFCs) and solid oxide 

fuel cells (SOFCs) have to be operated at high temperature (above 600oC), but high 

temperature operation doesn’t require the use of a noble metal as a catalyst and the 
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efficiency is higher than both PEM and alkaline fuel cells. In the figure below, it is 

shown that MCFCs need both oxygen and carbon dioxide as oxidizers, which limits its 

application. So SOFCs are a better choice among these types of fuel cells. SOFCs can 

directly use air as the oxidizer with high power output and efficiency. Usually, 

whatever type it is, fuel cells utilize hydrogen gas as the fuel but it is relatively 

expensive. Researchers are focusing on utilizing other fuels like natural gas, diesel, and 

other hydrocarbons, as well are lowering the operation temperature. These are key 

hurdles for fuel cells that prevent them from becoming a widely used technology today.

 

Figure 1.1 Four Types of Fuel Cells 
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1.2 Structure of SOFC 

The SOFC structure usually has three layers: ionic conductive electrolyte between the 

electronic-ionic mixed conductive anode and cathode.  A suitable electrolyte should be 

high in ionic conductivity but has low electronic conductivity and the electrolyte must 

be stable in both oxidizing and reducing atmospheres at high temperatures. Typically, 

the ionic conductivity criteria of the electrolyte is above 0.01 S*cm-1
 at operating 

conditions, otherwise there is too much resistance. Some well known electrolytes, such 

as yttrium stabilized zirconia (YSZ), gadolinium doped ceria (GDC) and lanthanum 

strontium magnesium gallate (LSGM) have to be operated above 700oC, 550oC and 

700oC respectively.1,2 Considering the operation temperature, conductivity and 

material cost, GDC is now a good candidate for future research.  

 

When optimizing the electrodes, many aspects have to be considered: stability, 

electronic conductivity, ionic conductivity, catalytic activity, chemical & mechanical 

compatibility with the electrolyte. Among these issues, conductivity and catalytic 

activity are most important. The electrolyte’s conductivity is lower than the electrodes’, 

so the electrolyte must be relatively thin to minimize the resistance. To maintain the 

mechanical strength, thick electrode supported SOFCs are now well established. This 

thick supporting electrode must have very high electronic conductivity. Usually, a 

suitable electrode has conductivity higher than 10 S*cm-1 under fuel cell operation 

conditions.  Between the anode and cathode, the cathode side has higher activation 

energy, which means higher polarization resistance, thus an anode supported cell is the 

best configuration. The example of anode supported cell is shown above.3 
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Figure 1.2 Fuel Cell Configuration with Anode Function layer 

 

Because most of the reaction takes place at the triple phase boundary (TPB), extending 

the length of TPB can greatly increase the active sites. Therefore, an anode functional 

layer (AFL) with higher surface area but matched ionic-electronic conductivity is 

introduced between the anode and electrolyte. The details will be discussed in 1.3 

 

1.3 Microstructure and Polarization Resistance 

The performance of the fuel cell depends on many things. Besides the intrinsic 

properties of the electrode and electrolytes, the microstructures also have a big effect 

on SOFC. In this section, there is one important term “Triple Phase Boundary” –TPB. 

As we know, a good electrode should have good ionic conductivity, electronic 

conductivity, catalytic activity, stability, etc. Even though we could carefully design a 

good material, it is difficult to meet all the criteria to be a state-of-art master piece. 

Most of the time, it is not easy to find a material that has both high ionic conductivity 
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and electronic conductivity. To solve this problem, the simplest way is to make a 

composite, a mixed network of electronic and ionic conductors, for example, Ni-YSZ 

and Ni-GDC. There is a scheme shown below. 4 

 

Figure 1.3 Microstructures of Ni-YSZ 

 

In this case, nickel conducts electrons and YSZ conducts oxygen ions. The red lines in 

the figure shows the boundaries of Ni phase, YSZ phase, and gas phase, which is the 

TPB mentioned before. The reaction,𝑂𝑂
𝑋 → 𝑉𝑂

𝑜𝑜 + 2𝑒′ + 1/2𝑂2, only takes place at the 

boundaries. Therefore, microstructure plays a key role. As TPB is the active site for the 

reaction, extending the length of the triple phase boundary should be considered in the 

fabrication process. This is why anode function layer is added between anode support 

layer and electrolyte. Anode function layer (AFL) is a thin layer less than 20 μm with 

fine pores and small grains size. It has a long TPB and the electronic and ionic 

conductivity are calculated and matched with each other. With adding this layer, the 

fuel cell performance can be improved.5-10
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The total resistance of anode can be concluded in 4 parts as follows, 

RAnode = RGas Difussion (Rg) + RSurface Adsorbtion/Diffusion (RAD)+ RCharge Transfer (RCT)+ ROhmic 

RGas Difussion and ROhmic are functions of: 

• Microstructure (porosity & phase fraction, tortuosity, connectivity) 

• Conductance (solid phase conductivity or gas phase diffusivity) 

RSurface Adsorbtion/Diffusion are functions of: 

• Microstructure (surface area/volume) 

• Kinetics (surface coverage, surface diffusivity) 

RCharge Transfer is a function of: 

• Microstructure (LTPB, surface area/volume) 

• Kinetics (Oxygen reduction rate) 

Usually RAD is hard to separate from RCT in the impedance measurement and we 

consider RCT is the total polarization resistance in general. To quantify the resistance of 

each part, a symmetric cell setup is applied. Symmetric cell is an electrolyte supported 

cell with both sides painted with analyzing electrodes. The cell is tested under designed 

operation conditions and the impedance is measured. Typically, we can obtain two arcs 

in the Nyquist plot, just like what is shown in Figure 1.4 11. From zero to the first 

intersect is the ohmic part which includes electrolyte and electrode ohmic resistance. 

The first arc represents the charge transfer, which is related to the catalytic activity. In 

this figure, Ni-YSZ has smaller polarization resistance than Co-YSZ because Ni is a 

better catalyst for hydrogen. The second arc is the concentration polarization, in other 
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words, it means Rg. The concentration polarization is related with gas diffusion in the 

electrodes, determined by porosity, pore morphology, and gas flow rate. 

 

Figure 1.4 Impedance of Ni/Co-YSZ/YSZ/Ni/Co-YSZ Symmetrical cell 

 

TPB can be extended by increasing the porosity and decreasing the particle size. 

Additionally, a thicker anode function layer also contains more triple phase boundaries. 

With increasing length of TPB, RCT is decreases. However, large AFL thickness 

hampers the gas diffusion, resulting to large concentration polarization, which is 

represented by the second impedance arc in the plot above. These competing factors 

result in a tradeoff. With thick AFL and small pore size, RCT decreases but Rg increases. 

To find the best configuration is the most important work in the AFL fabrication. Sang 

Hoon Hyun12, Anil V. Virkar 13 (Figure 1.5 shown below), K. Chen7, among others 

have analyzed the Area Specific Resistance (ASR) of AFLs with different thickness. 

In Ni-YSZ or Ni-GDC cells, the effective thickness of the AFL is much lower than that 

of the anode support. To obtain enough mechanical strength, anode support or anode 

substrate is above 300μm, but the AFL is ideally around 50μm and if carefully tailoring 
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the ionic conductivity, 10-20μm is enough. Beyond that level, RCT reaches to a plateau. 

After that, as can be imagined, increasing thickness, increases Rg and the total 

performance decreases.  

 
Figure 1.5 Rct of Different Ni-YSZ function Layer Thickness 

 

Another aspect to consider is that small pore size also increases the TPB but makes gas 

diffusion difficult. K.T. Lee etc.14 fabricated Ni-GDC AFL with different initial NiO 

loading, which means different porosity. He demonstrated that the AFL porosity really 

affects the ASR and 60% NiO shows the best performance. 

 

1.4 Problems with Current Ni-Cermet Anode 

For traditional SOFC anode materials, porous Ni-YSZ and Ni-GDC composites are 

often fabricated to achieve both high ionic conductivity and electronic conductivity. 

However, even though nickel is highly electronically conductive and catalytically 

active, there are problems with it such as volume change during thermal cycling, carbon 
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deposition while using hydrocarbon fuels 15-19 and low sulfur tolerance.20,21
 Here is the 

pictures that can explain the redox instability with details, showing in the figure below10
 

 

Figure 1.6 Redox Cycling of Ni-YSZ Cell 

 

After sintering the Ni-YSZ cell, we can get the dense NiO-YSZ dense composite 

supported SOFC. When the cell is exposed in reducing atmosphere at high temperatures, 

which is the fuel cell operation condition, NiO gets reduced to Ni metal. This process 

goes with volume shrinkage of NiO phase due to different molecular weight and density 

between NiO and Ni. The volume change gives around 25% porosity which is good for 

SOFC, because the porosity allows the fuel to diffuse into the cell and react at the triple 

phase boundaries. Ni here is the electronic conductor and catalyst for hydrogen 

oxidation reaction. However, during long term operation, Ni gets coarsened, 

agglomerated and deformed. The Ni network starts to lose connection, decreasing the 

electronic conductivity and the overall catalytic activity is lowered with smaller surface 

area. At this point, the cell performance is deteriorated. However, the worst scenario is 

that if the fuel supply is cut off or the temperature drops accidentally, Ni get oxidized 

again to form NiO. The volume expansion introduces a lot of internal stress and the 

cell dies from cracking electrolyte, showing in the figure above.  
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Hydrogen is relatively expensive, so everyone is trying to find alternative fuels with 

low cost. SOFC has the capability to use hydrocarbons. The oxygen ion moves from 

cathode side to anode side, and in principle it can oxidize variety types of fuels. Thus, 

SOFC is fuel flexible. But when the hydrocarbons are directly used as fuel, like 

methane, it causes problems in Ni-Cermet SOFCs. Our lab prepared a Ni-GDC cermet 

supported cell, using 20 μm GDC as electrolyte and 20 μm La0.6Sr0.4Co0.2Fe0.8O3 

(LSCF)-GDC as cathode. The cell ran in humidified methane at 650oC for 100 hours. 

After that the cell sealant was opened and carbon deposition at the anode side was 

observed (Figure 1.7) 

 

Figure 1.7 Carbon deposits at anode side after staying humidified methane for 100 

Hours. Carbon deposited at the anode side 

 

Carbon covers the anode, decreasing the reaction active sites and block the gas 

diffusion pass way. The cell performance drops and dies finally. Ni can not only 

catalyze hydrocarbon oxidation reaction, it also breaks the C-H bond and forms carbon. 
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Considering these issues, conductive ceramics is accepted as an exciting alternative to 

nickel in the world, in that it is more redox stable and doesn’t catalyze carbon formation 

reaction. Nevertheless, the conductivities of ceramics are much lower than nickel, 

which are deleterious to the performance of SOFCs. Our idea is to find a new 

electronically conductive ceramic material which meets both the conductivity and 

stability requirements. 
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Chapter 2: Principles of Designing Conductive Ceramics 

2.1 General Conduction Mechanism  

Common ceramics are insulators, so some effort should be done to improve the 

conductivity and shift material from insulator to conductors, finally achieving 10 S*cm-

1, which is the requirement of SOFC anode. 

 

Typical conductive ceramic materials are semi-conductors. When doped with an 

aliovalent element, there are free electrons (n type) or free electronic holes (p type) in 

the lattice, and these electrons and electronic holes are charge carriers which make the 

ceramic conductive.22 But the materials in SOFCs are different. They don’t have free 

electrons or electronic holes. The charge carriers really depend on the oxygen partial 

pressure. When the oxygen partial pressure increases or decreases, the crystal lattice 

accepts or releases oxygen, which generates electrons or electron holes. The figure 

below is a theoretical brouwer diagram.23 

 

Figure 2.1 Theoretical Brouwer Diagram 
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The diagram is based on the defect chemical equilibrium 

𝑁𝑢𝑙𝑙 →  𝑒′ + ℎ𝑜 

𝑂𝑂
𝑋 → 𝑉𝑂

𝑜𝑜 + 2𝑒′ + 1/2𝑂2 

𝑂𝑂
𝑋 → 𝑉𝑂

𝑜𝑜 + 𝑂𝑖
′′ 

2[𝑉𝑂
𝑜𝑜] + 𝑝 = 2[𝑂𝑖

′′] + 𝑛 

When oxygen partial pressure is high, p type conductivity is dominant according to the 

Brouwer diagram. Some materials can show high conductivity within this region, and 

they might be candidates for SOFC cathode. Examples are LaxSr1-xMnO3 (LSM) with 

different ratios of lanthanum to strontium, which have the conductivity between 100 

S*cm-1
 to 300 S*cm-1 24-26 and LaxSr1-xCoyFe1-yO3 (LSCF) with the conductivity from 

125 S*cm-1 up to 1000 S*cm-1, depending on the temperature and atmosphere. 27-31 

 

In contrast to the cathode, anode materials are operated within low Po2 region. In this 

region, electrons and oxygen vacancies are dominant charge carriers. If the material is 

electronically conductive, it is called an n-type conductor. The conductivity can be 

expressed as follows, 

σ = e u n 

σ = electronic conductivity 

e = charge of single electron 

u = mobility of electrons 

n = concentration of charge carriers 

In this relationship, the charge of an electron is constant (1.6·10-19 C). To increase the 

intrinsic conductivity, The electron concentration and mobility should be improved. 
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While a reducing atmosphere is present, the metal oxide starts to lose oxygen to form 

oxygen vacancies and electrons.  

𝑂𝑂
𝑋 → 𝑉𝑂

𝑜𝑜 + 2𝑒′ + 1/2𝑂2 

As we can imagine, the more oxygen it loses, the more free electrons will form, which 

means potentially high conductivity.  But the stability of the material must also be 

considered. When the ceramic is gradually releasing oxygen, it means the original 

structure is gradually breaking down. At a certain level, the material decomposes 

irreversibly, which must be prevented in the SOFC, because it may cause cracking 

during operation. The intermediate temperature fuel cell operation condition is between 

500oC and 700oC and the oxygen partial pressure is usually below 10-20 atm. It is quite 

a challenge to maintain stability for most metal oxides. Considering these factors, a 

perovskite type ceramic material is a good choice because it is relatively more stable 

than other structures and has a good potential to achieve high conductivities. 

 

2.2 Electron Hopping Mechanism  

In perovskite structure, the most prevalent conduction mechanism is electron hopping 

mechanism. 32 A perovskite has the ABO3 formula with large cation at the A site and 

small cation at the B site. The A site cation has the coordination number of 12 and the 

B site cation has the coordination number of 6, which forms oxygen surrounded B site 

octahedrals. This structure can tolerate oxygen vacancies and because of these densely 

packed B-site octahedrals. The stability and conductivity is higher than those of other 

structures.  Here SrTiO3 is used as an example for the further discussion (Figure 2.2) 
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Figure 2.2 Structure of Perovskite SrTiO3 

 

When this material is exposed to reducing atmosphere at high temperatures. The 

following reduction takes place.  

𝑂𝑂
𝑋 →  𝑉𝑜

𝑜𝑜 + 2𝑒 +
1

2
𝑂2    (1) 

𝑒 + 𝑇𝑖𝑇𝑖
𝑋 → 𝑇𝑖𝑇𝑖

′    (2) 

(1)+(2) 

𝑂𝑂
𝑋 + 2𝑇𝑖𝑇𝑖

𝑋 →  𝑉𝑜
𝑜𝑜 + 2𝑇𝑖𝑇𝑖

′ +
1

2
𝑂2    (3) 

During reduction, the lattice oxygen is removed by hydrogen or hydrocarbons at anode 

side, leaving one oxygen vacancy and two localized electrons. In strontium titanate, 

titanium has multivalences (4+ state and 3+ state). The electron can incorporated into 

the nearby Ti4+ and form Ti3+. So the overall reaction can be re-written as Eq (3). The 

lattice oxygen is removed and the valence of titanium shifts from 4+ state to 3+ state. 

And then, electrons hop from one Ti site to another Ti site, which is electron hopping 

mechanism.  

𝑇𝑖𝑇𝑖
′ → 𝑇𝑖𝑇𝑖

𝑋 + 𝑒    (4) 
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𝑒 + 𝑇𝑖𝑇𝑖
𝑋 → 𝑇𝑖𝑇𝑖

′     (5) 

Because electrons must combine with the cation, the B site should consist of 

multivalent cations that can change its valence state. The B site cation is “reduced” by 

charge carriers and the charge carriers hop among these B site cations to achieve 

conductivity. The more easily the valence changes (easily shift from high valence state 

to low valence state, and from low valence state to high valence state), the higher 

mobility it achieves. For a typical n-type conductor, which requires that the valence 

state can decrease during operation. Such candidate cations include: Ti4+, Nb5+, Mo6+, 

W6+, V5+, Sn4+, Eu3+, etc. P-type conductors are the opposite. While oxygen partial 

pressure increases, oxygen incorporates into the lattice and generates electron holes. 

Electron holes combine with the B site cation to increase its valence state. In other 

words, the cation is oxidized. Similar to n-type conductors, electron holes hop among 

those B site cations during operation conditions. Examples are LSCF 33,34 and LSM 35
. 

In these cases, when an oxidizing atmosphere is present, Co2+, Fe3+ and Mn3+ shift to 

Co3+, Fe4+ and Mn4+. With these valances shifting up and down, the materials could 

show high conductivities. P-type B site candidates are Fe3+, Mn3+,Co2+/3+, Cr3+
 etc. 36-

38  By carefully tailoring the composition, it seems feasible to make a perovskite 

material to meet the requirements of conductivity and stability.  

 

2.3 Current Ceramic Anode materials 

There are some ceramic anode materials that can be alternative to nickel metal.39-42 As 

mentioned before, most of these kinds of materials are perovskite which have the high 

conductivity and stability. One candidate is SrTiO3 based materials. Some researchers 
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use niobium doped strontium titanate (SNT or STN) as an anode material for SOFCs. 

SNT has the electronic conductivity of 6.5 S•cm-1 after reduction at 930oC and shows 

good redox stability43. However SNT has to be reduced or sintered in hydrogen at high 

temperatures, which makes it infeasible for intermediate or low temperature solid oxide 

fuel cells.44-47 In such fuel cells, most of the electrolyte is not stable under these severe 

reducing conditions. GDC is a typical electrolyte used in intermediate temperature fuel 

cells, but this ceria based electrolyte can show electronic conductivity in hydrogen at 

high temperatures.48,49This is because of reduction of Ce4+ to Ce3+.  When the 

temperature is even lower (below 600oC), bismuth electrolyte is a good choice because 

it has high ionic conductivity. 50-58 However, bismuth is very easy to get reduced to 

form metallic bismuth.59-62 Besides the electrolyte, regular cathode materials are not 

stable in reducing conditions, like LSCF and LSM63-65.  Either the conductivity 

decreases or the cathode material decomposes during reduction. Considering these, the 

overall fabrication process of a SOFC should be conducted in air instead of reducing 

atmospheres like N2 or H2. Therefore, it comes with one requirement, the anode 

conductivity should show up in fuel cell operation conditions, below 650oC in H2.  

 

Our lab reduced Sr0.875Ti0.75Nb0.25O3 (SNT25) under 10% H2/N2 at 650oC for over one 

day but only got the conductivity around 0.2 S•cm-1, which is too low for the anode. 

The mechanism is Nb5+/Nb4+ and Ti4+/Ti3+ B-site cation valence transition with 

electron hopping showing above. Due to relatively high reduction potential of Nb5+ and 

Ti4+, this transition is not easy below 900oC especially for the Ti4+/Ti3+ transition, 

resulting few charge carriers and high hopping energy barrier. In an SOFC, the 
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electrolyte and cathode have to be sintered in air, which are not compatible with SNT 

owing to the reduction atmosphere sintering. Lanthanum or Yttrium doped SrTiO3 

(LST and YST) is similar to SNT. For example, in yttrium doped SrTiO3 
66,67, titanium 

works as a multivalent cation. Instead of doping at B site, LST and YST dope rare earth 

elements at the A site and partially shift the valence state of Titanium from 4+ to 3+ to 

form Ti4+/Ti3+ pairs. Ti4+ is quite stable, so such a valence shift should be conducted in 

hydrogen at high temperature (around 1000oC). 66,68-70 After reduction, the conductivity 

is up to 1700S*cm-1 (shown in Figure 2.3) 71 but if the material is sintered in air there 

will be a lot of impurities which are difficult to eliminate. Although high conductivity 

can be achieved, the catalytic activity is pretty low, that requires infiltration of catalytic 

active materials such like Ni, Pd and Pt.  

 

Figure 2.3 Conductivity of LST 71 

 

There is another type of material called double perovskite with the structure shown in 

Figure 2.4. It has a general formula of A2BB’O6 with alternative B-octahedral and B’-
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octahedral. In this type of materials, molybdenum based double perovskite Sr2MMoO6, 

and Ba2MMoO6 (M = Mg, Mn, Co, Ni, Fe) show n type conductivity under reducing 

conditions.72-81 For M=Mg,Co,Ni,Mn, the conductivity is below 10 S*cm-1. Only when 

M=Fe, the conductivity is around 200 S*cm-1. However, in order to get single phase 

material, hydrogen sintering to high temperature reduction is necessary, or there is 

SrMoO4 (BaMoO4) impurity present. This impurity is an insulating phase which harms 

the electronic conduction and under fuel cell operation conditions, it undergoes a phase 

change. There is a big volume change in the phase transition. Such a process may also 

crack the structure, and the fuel cell performance is deteriorated.  

 

Figure 2.4 Double Perovskite Sr2FeMoO6 

 

Besides these, there are still other types of materials like La0.7Sr0.3VO3 
82,83 and 

Ba(Sr)SnO3
 84. La0.7Sr0.3VO3 reveals good conductivity (≈100 S•cm-1) after reduction, 

but it also undergoes a phase change during redox cycling and the volume expands and 

shrinks a lot in this process. It has the same stability problem as Ni-Cermet. The barium 

stannate has a conductivity about 20 S*cm-1 under fuel cell operation condition based 
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on our experiment, but it gradually decomposed which makes it impossible to be a good 

anode.  

 

2.4 Ceramic Anode Requirements 

To be a good anode material, some criteria has to be fulfilled. Currently, GDC 

electrolyte is a promising candidate to replace YSZ, because GDC has higher ionic 

conductivity and can be operated at lower temperatures. Therefore, it is important that 

the anode can work well with GDC electrolyte. 

The requirements for an ideal anode material for use with a GDC electrolyte are: 

1) Anode should have the sintering temperature not higher than 1450oC. GDC has a 

sintering temperature around1450oC in air, and if using Bi2O3 
85,86or other 

transition metal oxide 87-89, its sintering temperature can be lowered to 900oC.  

2) Anode should be sintered in air and operated in hydrogen or methane, which 

means it has to be stable in both oxidizing and reducing atmospheres. Before and 

after reduction, the material should be single phase or at least with only very little 

impurities. 

3) No tendency to react with GDC. Chemically and thermally stable with GDC. 

4) Good conductivity. The anode material should have relatively high electronic 

conductivity to be anode support. To make AFL, we should find out the material 

which both have high electronic conductivity and ionic conductivity 

5) Catalytic activity  

6) Low cost and light weight. 
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2.5 Methods of Designing New Ceramic Anode  

Now we know the conduction mechanism and requirements of anode materials. Then 

what shall we do to design a new material? For the ceramic anode materials, 

conductivity and stability are the most important. So new ways should be found to 

develop the material that is stable and also has high conductivity. Based on our 

experiment observations, peroskite has the best potential to achieve high conductivity 

because of it is a densely packed structure and electron hopping distance is short. At 

another aspect, this densely packed structure can increase the stability because the 

columbic force between cations and anions are strong. 

 

In an n-type semiconductor, the conductivity equation can be written as follows, where 

the charge carriers are electrons. Here B is the B-site cation in perovskite structure. 

σe = qe · Ce· ue   (6) 

𝑂𝑂
𝑋 + 2𝐵𝐵

𝑋 →  𝑉𝑜
𝑜𝑜 + 2𝐵𝐵

′ +
1

2
𝑂2   (7) 

𝐵𝐵
′ → 𝐵𝐵

𝑋 + 𝑒    (8) 

𝑒 + 𝐵𝐵
𝑋 → 𝐵𝐵

′     (9) 

To improve the conductivity, either the concentration of electrons (Ce) or the electron 

mobility should be improved.  In order to increase Ce, we should have a B-site cation 

that is easy to get reduced. If the mobility needs improvement, the valence state of B-

site cation should be easy to shift. Therefore, certain criteria has to be set up to screen 

suitable B-site cation in perovskite. 
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Here standard reduction potential is used as the reference to select B-site cations. As 

we know, standard reduction potential can show the how easily the element can get 

reduced in standard conditions. Based on the value of the potential, we can also find 

out the easiness of the reversible reaction. Therefore, we can get information about 

whether a certain element is easy to reduce (related with Ce), and whether the valence 

is easy to change (related to mobility). Even though, the standard condition is different 

from the working condition of a fuel cell and the chemical environments are also 

different, we can still use it to predict material property and narrow down the material 

candidates. Examples are shown in Table 2.190 

Table 2.1 Standard Reduction Potentials of B-site cations in perovskite 

 

The first material is SrTiO3, which is shown in the Chapter 2.2 as the example for 

explaining electron hopping mechanism. Ti4+ has the reduction potential of -0.666V. 

Usually negative reduction potential means the material is more difficult to reduce than 

Example Standard Reduction Potentials (SRP) 

Results 

(Reduced at 650oC) 

SrTiO3 TiO2 + 4H+ + e- Ą Ti3+ + H2O   -0.666V 

few charge carriers, 

insulator 

BaPrO3 Pr4+ + e- Ą Pr3+  3.2V low mobility, 0.1S*cm-1 

SrSnO3 

Sn4+ + 2e- Ą Sn2+ 0.154V 

Sn2+ + 2e- Ą Sn   -0.138V 

tend to decompose 

NaNbO3 Nb2O5 +10H+ + 4e-
Ą2Nb3+ + 5H2O -0.1V conductivity 2 S*cm-1 



 

 

23 

 

hydrogen. Therefore, when the SrTiO3 is exposed in hydrogen, very minimal Ti goes 

to 3+ state, resulting few electrons. As we know, SrTiO3 is an insulator. In BaPrO3, Pr 

has two valence states of 4+ and 3+ , and the reduction potential is very positive. At 

this aspect, there should be high concentration of electrons. However, as a result of this 

highly positive reduction potential, the reversible reaction is too difficult to takes place. 

Pr3+ cannot get oxidized again and go back to Pr4+. When the electrons incorporates 

into Pr4+ and form Pr3+, they are trapped there. Thus, the mobility is low. For BaPrO3, 

the conductivity is only around 0.1S*cm-1
 which is too low to be an anode support. The 

reason is the low mobility. SrSnO3 seems to be a good candidate. The reduction 

potential is positive and not too high, but still it has some other problems. Sn4+ can get 

reduced to Sn2+, but Sn2+ can also be further reduced to Sn0. Sn0 is tin metal phase. 

Under reducing conditions, SrSnO3 possibly decomposes and it may not be a good 

anode material. Until now, researchers are still developing the stannate materials and 

try to make it SOFC anode. 84 At last, it is NaNbO3. Nb5+ can be reduced to lower 

valence state with a reduction potential of -0.1V. It is not a small negative value and 

0.1V promises high electron mobility. We tested this composition at 650oC in 10% H2 

/ N2, and the conductivity is around 2 S*cm-1 that is higher than the other three materials.  

 

As a result, using standard reduction potential can predict the perovskite material 

conductivity. By checking the value of the standard reduction potentials, we can foresee 

the limiting step for electronic conduction, whether it is the low electron concentration 

or the low electron mobility. NaNbO3 has a relatively good conductivity, but it still 

does not reach the anode conductivity requirement, which is 10 S*cm-1. Something 
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should be done to further improve the conductivity. The following chapters will 

introduce some new materials designed based on this method. 
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Chapter 3: Vanadium doped SrTiO3 

3.1 Introduction 

As shown in the previous chapter, SrTiO3 is an insulator, because Ti4+ has a very 

negative reduction potential. Ti4+ is difficult to reduce to Ti3+. In SrTiO3 system, it lacks 

free electrons. Therefore some researchers doped lanthanide into Sr site and reduce the 

compositions at high temperature, examples are shown in Chapter 2. When temperature 

increases, a stronger reduction driving force is applied on the titanate and Ti4+ is easier 

to lower its valence state and give out free electrons. By doing this, Y doped SrTiO3 

can reach 100 S*cm-1 when is reduction temperature is above 1000oC. However, it is 

very sensitive to the temperatures. T Kolodiazhnyi et al. also annealed this sample in 

hydrogen at a lower temperature of 800oC for 1 week. The conductivity is below 

0.1S*cm-1. 91 It means there is equilibrium ratio of Ti3+/Ti4+ and the concentration of 

Ti3+ is high in vigorous reduction conditions, but low in mediocre reduction conditions, 

especially below 800oC. For an IT-SOFC, the operation temperature is much lower 

than 800oC. So these titanates cannot be used as SOFC anode material because the 

conductivity is too low.  At another aspect, we could not pretreat the cell in hydrogen 

above 800oC before letting it run below 650oC, because the electrolyte GDC isn’t stable 

in this vigorous reduction conditions. Ce4+ is easier to reduce to Ce3+ and it introduces 

leakage current and lowers the cell performance.  

 

The problem with SrTiO3 is few free electrons. Our idea it to dope certain cations which 

is easier to reduce. As a result, electrons can be directly generated in fuel cell operation 
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conditions and this titanate may be suitable for IT-SOFC anode. Based on the reduction 

potential, a multivalent cation with positive reduction potential is necessary.  

Considering solubility, the cation can should also have a valence state and a ionic radii 

close to Ti4+ (60pm). As a result, Vanadium may be a good candidate to improve the 

conductivity of SrTiO3. V
5+ has a ionic radii of 54pm and the valence state is 5+, which 

is not far from Ti4+. The reduction potential of V is shown below90 

V2O5 + 6H+ + 2e- Ą VO2+ + 3H2O   0.957 

VO2+ + 2H+ + e- Ą V3+ + H2O  0.337V 

V5+ has a very large positive reduction potential. Even in a mild reduction condition, 

V5+ can very easily go to V4+ and gives out electrons. Moreover, even V4+
 has a positive 

reduction potential, so more electrons will be generated. At last, vanadium metal is not 

easy to form so there is little chance of decomposition. In this way, we can expect V 

doped SrTiO3 should have high conductivity. 

 

3.2 Experiments 

3.2.1 Material Synthesis 

Sr1-x/2VxTi1-xO3 (SVT) was synthesized by conventional solid state reaction. Vanadium 

dopant level x ranges from 20% to 40%. The samples are called SVT20, SVT25, 

SVT30, SVT35 and SVT40. There is Sr deficiency in this composition due to V has 

higher valence state than Ti. To compensate the oxygen excess of doping V at Ti site, 

A site deficiency is necessary. Stoichiometric amounts of SrCO3 (Sigma Aldrich 

99.9%), TiO2 (Inframat Advanced Materials, Rutile, Nano Powder, 99%) and V2O5 
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(Alfa Aesar, 99.6% min) were mixed and ball milled in ethanol for 24h.  The precursors 

were then dried in a 100 °C oven with constant air flow. The powders were calcined at 

1000oC and then ball milled again in ethanol for another 24h and dried. Green bodies 

were pressed under 100MPa and sintered at 1350oC for 4h with a ramping rate of 3oC 

/ hour.  

 

3.2.2 Phase Purity Determination 

To confirm phase purity, X-ray diffraction was performed on the calcined and sintered 

samples respectively, using a Bruker D8 Advance diffractometer with CuKα radiation. 

The degree ranges from 15o to 85o with a step 0.015o/s.  

 

3.2.3 Electronic Conductivity Measurement 

Electronic conductivity was measured with four probe DC method. Sintered pellets 

were cut into bar type samples approximately 20mm x 2mm x 2mm and reduced in 10% 

H2 balanced with N2 at 650oC for one day. Keithley 2400 was used as a current source 

and coupled with Keithley 2000 for voltage measurement. 

 

3.3 Material Properties Discussion 

Calcined and sintered SVT samples were taken X-Ray diffraction by Bruker D8 

Advance diffractometer. After calcination, all compositions show single cubic 

perovskite phases but there are a lot of impurities no matter what the vanadium doping 

level is, shown in Figure 3.1. After indexing, the secondary phases are strontium 
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vanadate, mixed compositions with different Sr and V ratio, such as Sr3V2O8, Sr2V2O7, 

Sr4V2O9 etc. With increasing vanadium amount, the intensity of strontium vanadate 

peaks become stronger. It seems the solubility of V in SrTiO3 is low and V prefers to 

stay outside the perovskite phase. One reason that causes the low solubility may be the 

smaller ionic radii of V5+ (54pm) than Ti4+. In Figure 3.2, we can see the arrangement 

of B site cation and oxygen anion. The ionic radii of oxygen is big, around 140pm in 

solid. If B site cation is big, oxygen anions stay far away from each other. If B site 

cation gets smaller, the oxygen anions move towards to each other and finally at certain 

point, they touch with each other. However, in some cases, B site cation is even smaller 

than this limit. Due to the steric hindrance, oxygen anions cannot move even closer. 

The strong columbic force start to repel them away and the structure is not stable. 

Therefore, if the dopant is way too small, the solubility is low. The limit of B site ionic 

radii can be calculated based on the equation below 

2𝑟𝑂 =  √2 (𝑟𝑂 + 𝑟𝐵) 

Oxygen ionic radii is 140pm in perovskite, so we can obtain the limit of B site cation 

radii is 59pm. According to this, even a 10% V doped sample has an average B site 

ionic radii of 59pm, which is right on the limit.  When the V dopant level increases, the 

composition tends to form secondary phases. At another aspect, V has higher valence 

state than Ti. The chemical property difference can also affect the solubility. 
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Figure 3.1 SVT20-40 X-Ray patterns after calcined at 1000oC for 4h. All 

compositions have strontium vanadate impurities 

 

 

Figure 3.2 B site cation surrounded by bigger oxygen anions. The lower limit of B 

site cation ionic radii rB can be calculated from ro 

 

Surprisingly, after sintered at 1350oC for another 4 hours, the strontium vanadate phase 

disappears. All compositions give cubic perovskite phase with minor impurities, as 

shown in Figure 3.3. It is very important to find out whether high temperature sintering 
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can increase the solubility. During materials synthesis, the right phase formation 

requires a certain temperature. Below that point, there are secondary phases.  

 

Figure 3.3 SVT20-40 X-Ray Patterns after Sintered at 1350oC for 4h. The secondary 

phase intensity decreases. 

 

To confirm whether it is single phase after high temperature sintering, SVT30 was 

selected as an example to check the morphology via SEM and the elements distribution 

via EDS. The sintering temperature has been scanned from 1250oC to 1400oC. As 

shown in Figure 3.4 

 

Figure 3.4 SEM images of SVT30 with different sintering temperatures 
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According to SEM images of SVT30 sintered from 1250oC to 1400oC, only the sample 

sintered at 1400oC has the single phase. While sintered at lower temperatures, there are 

secondary phases sitting in the grain boundaries. Even at 1250oC, big grains are 

observed. It is the main perovskite phase with an average grain size of 10μm and when 

the sintering temperature is increasing, the grain size doesn’t change a lot. However, 

the morphology of the secondary phase appears quite differently at these sintering 

temperatures. At 1250oC, there are fibers filling in the gaps among the main grains. At 

1300oC the secondary phase agglomerates and not evenly distributed. When the 

sintering temperature goes up to 1350oC, the secondary phase becomes ball shape and 

settles in the grain boundaries. We speculate the secondary phase composition changes, 

due to high temperature sintering. Most of V contained compounds have low melting 

point and it is easy to evaporate during sintering and change the stoichiometry. When 

the sintering temperature goes up to 1400oC, no secondary phase is observed, which 

confirms our speculation. At this point, all impurities go way, leaving big gaps among 

the main grains. These gaps have bad effect on conductivity, because they introduce 

high porosity, and the percolation of grains is bad. Conductivity decreases when the 

grain starts to lose connection.92-95 After sintering, the secondary phase is kind of glassy 

phase as X-ray doesn’t give strong signals for these impurities. 

 

It is also necessary to know the compositions of the main phase and the impurities. So 

EDS analysis is brought into the discussion. The bottom image is the element analysis 

for the main grain and the right hand side is for the impurities. The main phase is SrTiO3 

with V dopant. However, the dopant concentration is quite low, which is around 6%. 
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Based on previous calculation, the solubility limit is 10%. In the real case, the value is 

even smaller, probably because of different chemical properties between V and Ti, or 

there is V evaporation during high temperature sintering. For the impurities, the 

composition is abnormal. The oxygen amount is too low to form a regular metal oxide. 

Considering it is impossible to form Sr or V metal after sintering, we can only conclude 

EDS analysis is not accurate for oxygen detection in glassy phase. In spite of this, 

according to Sr to V ratio, we can still find out the glassy phase has a composition close 

to Sr3V2O8.  

 

Figure 3.5 EDS Analysis of SVT30 Surface after Sintered at 1350oC 

 

Linear shrinkages of SVT30 with different sintering temperatures also were also 

measured. From 1250oC to 1350oC, the linear shrinkage increases with sintering 

temperature increases. However, if it reaches 1400oC, the linear shrinkage dramatically 

drops to 18.3% (Table 3.1). When the sintering temperature is lower than 1350oC, there 

are secondary phase present and sitting in the grain boundaries. They can work like a 

binder system to make the main grains compact. At high temperatures, the secondary 
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phase evaporates. The big cubic grains cannot form a good network due to poor 

orientation, as shown in the SEM images. There are a lot of gaps among the grains. The 

relative densities were measured by Archimedes method. The trend is the same as linear 

shrinkage trend. The highest density and shrinkage appear at 1350oC. This is also the 

reason we chose 1350oC as the sintering temperature. The vanadium doping level may 

change the optimized temperature but to keep everything consistent, it was fixed at 

1350oC. 

   

Sintering 

Temperature 
1250oC 1300oC 1350oC 1400oC 

Linear 

Shrinkage 
19.1% 21.0% 22.5% 18.3% 

Relative 

Density 
0.858 0.872 0.877 0.858 

Table 3.1 Linear Shrinkage and Relative Densities of SVT30 under Different Sintering 

Temperatures 

 

At last, electronic conductivity was measured for these samples. All compositions have 

higher conductivity. SVT35 has the best performance, reaching 100 S*cm-1 at 450oC 

(Figure 3.6). They are all better than the base material SrTiO3, thus doping V in to 

SrTiO3 successfully transform an insulator to an electronic conductor. One thing should 

be pointed out is  the solubility for V in titanate is not high. How do these compositions 

achieve such high conductivity? We believe it is a synergistic effect of the main phase 

and the impurities. The secondary phase is close to Sr3V2O8 and it can show high 
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conductivity after reduction. 96 This highly conductive secondary phase fills the gaps 

among the main grains and the overall effect is make the material metallic conductors. 

 

Figure 3.6 Conductivity of SVT with Different Vanadium doping level. 35% V doped 

sample has the highest conductivity and all compositions are metallic conductors. 

 

3.4 Conclusion 

Doping V into SrTiO3 can greatly improve the conductivity. Because V is a cation that 

is easy to reduce, in reducing conditions, doping V can introduce free electrons into the 

materials. When the dopant level is 35%, the conductivity is the highest which is 100 

S*cm-1. However, based on the theoretical calculation, V solubility is low in titanate, 

due to very small ionic radii of V5+. The following X-Ray patterns, SEM images, and 

EDS analysis also prove there are glassy secondary phase. The secondary phases are 

mostly strontium vanadates and they are conductive after reduction. It helps to improve 

the conductivity by filling all gaps among main grains, and also densifies the materials. 

Nevertheless, this mixed composition is harmful for cell fabrication. The secondary 
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phase has a low melting point and it is not stable in stoichiometry. It has high tendency 

to react with other cell components. We tried to fabricate GDC electrolyte supported 

cell with SVT anode, but unexpected material formed and resulted to pinholes under 

fuel cell operation conditions. As a result, to make a working cell, more effort should 

be put on this material, either finding out a buffer layer between SVT anode and GDC 

electrolyte, or carefully controlling the SVT composition and firing procedure. 
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Chapter 4: Strontium and Vanadium co-doped NaNbO3 

4.1 Introduction 

In Chapter 3, it has been proven that doping V into perovskite can improve the 

conductivity by increasing the concentration of free electrons. After V doping, SVT 

material has the conductivity up to 100 S*cm-1. However, even though the 

compositions are good in conductivity, it also reveals some problems. Based on 

calculation and characterizations (SEM, EDS, XRD), the solubility of V in SrTiO3 is 

low, no more than 10%. It is because V5+ is too small and its different chemical 

properties form Ti4+. As a result, there are a lot of glassy phases. The glassy phase may 

help with the conductivity, but it has potential bad effect in cell fabrication process. A 

better material is needed without these problems. 

 

The calculated B site cation ionic radii limit is 59 pm, and V5+ is 54pm. Therefore, if 

the original B site cation is a larger than Ti4+, the average ionic radii can be controlled 

above 59 pm. NaNbO3 is a good candidate in which V can be doped. Nb5+ has the ionic 

radii of 64 pm. Even 30% V doped at B site, the average ionic radii is 61 pm which is 

above the limit. Moreover, Nb and V are in the same group in the periodic table and 

they share the same valence state of 5+, which means the chemical properties are close 

to each other. Accordingly, we can anticipate V has a higher solubility in NaNbO3 than 

that in SrTiO3.  
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Meanwhile, we may also predict that V doped NaNbO3 can have a higher conductivity 

than V doped SrTiO3. Based on the reduction potentials of Ti4+ and Nb5+ 

TiO2 + 4H+ + e- Ą Ti3+ + H2O   -0.666V 

Nb2O5 +10H+ + 4e- Ą 2Nb3+ + 5H2O  -0.1V 

Nb is easier to get reduced than Ti. In addition, the electron mobility is higher in niobate 

than that in titanate. These are the reasons SrTiO3 is a insulator while NaNbO3 can 

show the conductivity of 2 S*cm-1
 at 650oC in hydorgen. By doping same amount of V, 

NaNbO3 system may have better performance.  

 

4.2 Experiments 

4.2.1 Material Synthesis 

Based on different V dopant levels, Sr0.2Na0.8Nb0.9V0.1O3, Sr0.2Na0.8Nb0.8V0.2O3 and 

Sr0.2Na0.8Nb0.7V0.3O3 are called SNNV10, SNNV20 and SNNV30, respectively 

throughout this chapter. All compositions were synthesized by a modified glycine-

nitrate method. Stoichiometric amount of strontium nitrate, sodium nitrate, niobium 

oxalate and ammonium metavanadate were dissolved in de-ionized water separately. 

The solutions were mixed slowly and glycine was added based on glycine to nitrate 

ratio of 1:1. Citric acid was then added until the white precipitate disappears. The 

mixture was stirred and heated on the hot plate at 200oC to evaporate the solvent until 

a viscous gel was formed. Ethanol was sprayed on the gel and manually ignited. After 

a complete combustion, the residues of the reaction were collected and heated at 400oC 

for 2 hours. The precursors were then calcined at 1000oC for 4 hours, with the ramping 
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rate 3oC / min. The calcined powders were ball milled in ethanol for 24 hours and then 

sintered at 1300oC for 4 hours with the ramping rate 3oC/min.  

 

4.2.2 Phase Purity Determination 

To confirm phase purity, X-ray diffraction was performed on the sintered samples, 

using a Bruker D8 Advance diffractometer with CuKα radiation. The degree ranges 

from 20o to 80o with a step 0.015o/s. To examine the stability in reducing atmosphere, 

all samples were reduced and phase purity was determined. 

 

4.2.3 Compatibility Test with Electrolytes 

It is important to examine whether SNNV is compatible with common electrolytes such 

as yttrium stabilized zirconia (YSZ) and gadolinium doped ceria (GDC).  Compared to 

all other compositions, SNNV30 has the highest reactivity with electrolyte due to its 

highest V dopant level. V5+ is small (ionic radii 54pm, coordination number = 6), so it 

is easy to migrate at high temperatures and reacts with other materials. To examine the 

possibility of reaction between the new anode and the electrolyte, SNNV30 is selected 

to confirm the chemical stability with YSZ and GDC. Equivalent weight of calcined 

SNNV30 powder and GDC (YSZ) nano particles were mixed, ball milled in ethanol 

for 24 hours.  The mixtures were dried in oven and heated at 1300oC for 4 hours. The 

heated powders were sent to X-Ray to find out the phase purity.  
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4.2.4 Conductivity Measurements 

Electronic conductivity was measured using four probe DC method. The samples were 

prepared by mixing equivalent amount of SNNV and GDC. The composite powders 

were ball milled in ethanol for 24 hours. Ethanol was then evaporated in oven, and the 

pellets were pressed using hydraulic press. The green bodies were sintered at 1300oC 

for 4 hours, and sample bars were cut to determine the conductivity. Thin silver wires 

were wrapped to the bars and connected with the Keithley 2400  current source. The 

geometry factors were measured between the two voltage leads and the Keithley was 

set at 4 probe mode. All SNNV samples were reduced in 10% H2 /N2 at 650oC for 24h 

and the measurements were done within temperature range from 650oC to 450oC. 

During the intervals of temperature ramping, the resistance values were taken when the 

readings were stabilized. The SNNV-GDC composite conductivity was also 

determined in a similar way.  

 

4.2.5 Electrolyte Supported Cell Fabrication 

SOFC performances were determined on GDC electrolyte-supported cell. A 260μm 

thick GDC electrolyte was prepared by tape casting technique, following a standard lab 

procedure with Polyvinyl Butyral (PVB) as binder, Butyl Benzyl Phthalate (BBP) as 

plasticizer and fish oil as dispersant. Solvent system is ethanol / toluene mixture. The 

tapes were dried and laminated to achieve desired thickness. The button cells were 

punched from the green tape and sintered at 1450oC for 4 hours with alumina settle 

plate as load. SNNV-GDC anode paste was prepared following the standard procedure. 

Equivalent volumetric proportion of SNNV and GDC were mixed. 12μm and 1.8μm 
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Poly(methyl methacrylate) (PMMA)  pore formers were added into the mixture to 

obtain the theoretical porosity of 50 vol.%. The ESL vehicle (ElectroScience 441) was 

added in the mixtures to make a paste of screen printing consistency. The ink was then 

brush painted on the GDC electrolyte. The back side of the electrolyte was deposited 

with LSCF-GDC cathode using blade coating technique. The electrodes deposited 

assembly were dried separately and co-fired at 1050oC for 2 hours. After applying the 

anode paste. By weighing the sample we can know the add-on weight. Because the 

recipe is known, SNNV-GDC powder weight was calculated, which is the anode 

weight. To achieve high catalytic activity and ionic conductivity, nitrate precursor of 

Ni-GDC was infiltrated on the anode side.  The nitrates were burned by heat-treating 

the sample at 400oC between each infiltration cycles. The Ni-GDC loading was 

determined by subtracting the initial weight from the final weight of the sample after 

infiltration. By Comparing the infiltrate weight and anode weight, the loading amount 

was calculated. The final Ni-GDC loading is around 10 wt%. For comparison, GDC 

only infiltrated samples were prepared by the same method, and the GDC loading is 

around 10 wt%. 

 

4.3 Material Properties and Discussion 

SNNV compositions show single perovskite phases as shown in Figure 4.1, however a 

few minor impurities at lower angle between 25o to 30o for high V dopant levels were 

observed, indicating there is a solubility limit of V in NaNbO3. The excess V can exist 

in V5+ oxidation state with small ionic radii (54 pm, coordination number = 6) and high 
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mobility. This can facilitate easy formation of secondary phases such as NaVO3, SrVO3 

or other unknown amorphous phases.  

 

Figure 4.1 XRD Patterns of SNNV10, SNNV20 and SNNV30 after firing at 1300oC 

for 4h. All compositions have perovskite phases with minor impurities at low angles 

with high vanadium doped sample 

 

The structural stability of SNNV in the presence of H2 as reducing gas was studied 

using XRD and the patterns are shown in Figure 4.2.The compositions SNNV10 and 

SNNV20 have good structural stability even in H2 containing gas.  
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Figure 4.2 XRD patterns of reduced SNNV10, SNNV20 and SNNV30. SNNV10 and 

SNNV20 are still single phases. SNNV30 has impurities formed during reduction (* 

unknown impurities) 

 

 

In order to improve the electronic conductivity either the concentration of free electrons 

or mobility of free electrons must be increased. At low PO2, free electrons are generated, 

when lattice oxygen is taken away by reducing gas such as H2, donating two free 

electrons and creating an oxygen vacancy as shown below 

𝑂𝑂
𝑋 → 𝑉𝑂

·· + 2𝑒′ +
1

2
𝑂2     

If the crystalline lattice is easy to lose oxygen, in other words, should the material be 

easily reducible. The dopant V can easily change its valence state from 5+ state to 4+ 

state or even 3+ state under reducing conditions. Thus, doping V in NaNbO3 can favor 

the removal of lattice oxygen, and increase the concentration of free electrons. It is to 
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be noted that, even though oxygen removal improve the conductivity, it has negative 

effect. In the process of removing oxygen, oxygen vacancies are created. Higher the 

oxygen vacancies will compromise the stability of the material, and even cause collapse 

of lattice structure due to lower columbic force between cations and anion. In order to 

stabilize the perovskite structure, it is essential to dope a higher valence cation at the 

Na-site of the NaNbO3 pervoskite and this would compensate the reduction in columbic 

force. Sr cation is doped in the in the Na-site due to their comparable ionic radii. (Sr 

144pm, Na 136pm, coordination number = 12), and the XRD pattern of the resulted 

sample is shown in Figure 4.3. It must be noted that 10% Sr in A-site is not stable in 

hydrogen-containing atmosphere. However, the composition with 20% Sr at A-site is 

stable without decomposition, thus doping certain amount of high valence A-site cation 

can stabilize the lattice structure in reducing gas conditions.   

 

Figure 4.3 Examples of different strontium doped SNNV samples. 20% strontium can 

stabilize the perovskite phase. 10% strontium doped sample totally decomposes after 

reduction 
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At another aspect, the V-doped NaNbO3 also has high electron mobility. According to 

electron hopping mechanism, electron hops among multivalence B-Site cations.  So in 

these compositions, the electron hopping routes can be as follows.  

𝑁𝑏𝑁𝑏
𝑋 + 𝑒′ ⇔ 𝑁𝑏𝑁𝑏

′    

𝑉𝑁𝑏
𝑋 + 𝑒′ ⇔ 𝑉𝑁𝑏

′         

𝑉𝑁𝑏
′ + 𝑒′ ⇔ 𝑉𝑁𝑏

′′          

Here, the multivalent cation is necessary. While B-site cation releases free electron, the 

valence decreases. When the electron incorporates into B-site cation, the valence 

increases. If the valence is easy to shift for the B-site cations, the electron mobility is 

high due to fast hopping process. Niobium and vanadium are all multivalent cations 

and the valence states can change easily. Therefore, perovskites with Nb and V as B-

site cations have high electronic mobility and in turn have high electronic conductivity. 

97,98 

 

After reduction at 650oC in hydrogen, all SNNV samples show high conductivities and 

exhibit metallic behavior. The metallic type conduction is favorable for fabricating 

anode-supported LT-SOFCs shown in Figure 4.4. At 450oC, SNNV30 has the highest 

conductivity around 300 S*cm-1 and 10% V doped sample, SNNV10, has the 

conductivity of 130 S*cm-1.  
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Figure 4.4 Conductivities of SNNV10, SNNV20 and SNNV30 after reduction in 

10%H2 / 90%N2. More vanadium dopant level, higher conductivity. 

 

Due to high mobility of vanadium, it is necessary to determine the reactivity between 

SNNV30 and common electrolytes such as YSZ and GDC. XRD patterns show YSZ 

reacts with SNNV30 at high temperature and forms unknown phases. However, 

SNNV10 and GDC10 do not react with each other to form new phases up to 1300oC in 

air. Figure 4.5 and Figure 4.6 evidently explains that compatibility between GDC and 

SNNV is good. 
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Figure 4.5 High temperature treated (1300oC) nano 8YSZ and SNNV30 mixture. They 

react with each other and form unknown materials 

 

 

Figure 4.6 High temperature treated (1300oC) nano GDC and SNNV30 mixture. No 

reaction between the two compounds 
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Composite anode can decrease the shrinkage differences and thermal mismatch 

between electrolyte and anode during sintering. Conductivities of SNNV10-GDC, 

SNNV20-GDC and SNNV30-GDC were examined and the result is in Figure 4.7. 

Among all SNNV composition, SNNV30 has highest conductivity.  However the 

composites behave differently. SNNV10-GDC has the highest conductivity among all 

composite samples. It may be caused by elements diffusion. Even though SNNV and 

GDC don’t react with each other to form new phases, which may cause stability issues, 

minor elements diffusion may happen at high temperatures, which is quite common in 

fuel cell fabrication. During sintering conditions, vanadium could migrate into GDC 

phase, and it changes the stoichiometry slightly of both SNNV and GDC. As the result, 

the electronic conductivity decreases. Higher vanadium level, higher tendency of 

vanadium diffusion and more deviation from original SNNV compositions. It may 

explain why SNNV10-GDC has the highest conductivity. Further vanadium discussion 

is shown in the cell performance session with EDS analysis. In this way, SNNV10 is 

the best choice for the SOFC anode material compared with SNNV20 and SNNV30. 

The conductivity of SNNV10-GDC is the highest and lower vanadium doping level 

can reduce the potential vanadium inter diffusion between SNNV and GDC. As such, 

it is better to lower the cell fabrication temperature to minimize the vanadium diffusion 

which may result in lower OCV. Diffusion of V into electrolyte has to be prevented to 

fabricate an anode-supported cell. In this chapter we focus on electrolyte supported 

cells to study the electrode properties of SNNV.  
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Figure 4.7 SNNV-GDC composites’ conductivities at different temperatures. It has the 

opposite trend compared with SNNV single material. SNNV10-GDC has the highest 

conductivity 

 

4.4 Performance of Electrolyte Supported Cell 

A 260 μm thick dense GDC electrolyte supported cell with both cathode and anode co-

fired at 1050oC was tested in dry/wet H2 and dry/wet CH4. Initially SNNV-GDC 

samples infiltrated with GDC were examined. The cell performances are shown in 

Figure 4.8. At 650oC, the hydrogen performances of all ceramic cells are 135 mw/cm2 

in wet condition and 180 mw/cm2 in dry condition. Vanadium contained compound can 

be used as catalyst for partially oxidize hydrocarbons 99,100. Based on the literature, 

there is a possibility that SNNV has the capability to catalyze hydrogen oxidation due 

to the various valence state of vanadium. In other words, without metallic catalyst, such 
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as Ni, Pd or Pt, SNNV can be both catalyst and electronic conductor at the SOFC anode 

side with hydrogen as fuel.  However, while hydrocarbons are the fuel, such as CH4, 

the performance is much lower, around 40 mw/cm2
 in dry CH4 and 35 mw/cm2

 in wet 

CH4. The catalytic activity is not high enough to accelerate methane oxidation reaction 

compared with hydrogen. Considering the low vanadium doping level in SNNV10, 

increasing vanadium dopant amount may improve hydrocarbon performance. 

Nevertheless, increasing vanadium amount in the system should be carefully 

considered as the composition conductivity may decrease when increasing vanadium 

dopant level, and high vanadium content may cause fabrication issues. 

 

Figure 4.8 220 μm GDC supported cell with SNNV-GDC anode and LSCF-GDC 

cathode. 10 wt% GDC infiltrated into SNNV-GDC anode. Cell was tested at 650oC in 

H2 and CH4. CH4 performance is much lower than H2 performance. In dry conditions 

the cell works better. 
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Moreover, in the humidified fuel, the cell outputs are lower both in hydrogen or 

methane as the feed, unlike typical Ni-YSZ or Ni-GDC. Raymond J. Gorte also found 

there was a performance drop for their sodium tungsten bronze infiltrated cell in 

humidified hydrogen.101 The reduction in performance was attributed to an ohmic 

resistance increase for sodium tungsten bronze, when the cell is exposed to wet 

atmosphere. Considering SNNV, it may be the same case as we also found there was 

an ohmic resistance increase, shown in Figure 4.9. In other words, there is a possibility 

of some surface reaction between sodium and moisture, forming hydroxide at the 

surface, and overall performance decreases. Based on calculation, a running cell at the 

anode will generate 0.5% to 1% steam in the total flow rate of 100 SCCM, which is 

lower than the humidified 3% H2O containing fuels. We believe these is a critical limit 

of water percentage for a stable running cell, due to the cell output decrease when the 

moisture level goes from 1% (dry condition) to 3% (wet condition).  

 

Figure 4.9 Impedance comparison between SNNV-GDC cells in dry and humidified 

hydrogen at 650oC. An ohmic resistance increase was observed while switching to 

humidified fuel. 
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Considering the low performance in GDC infiltrated cell, we also infiltrated Ni-GDC 

into this SNNV-GDC cell to examine the improvement. When Ni is infiltrated, the 

catalytic activities are both enhanced in dry H2 and dry CH4, especially in CH4. At 

650oC, the PPD in dry H2 is 280 mw/cm2, 50% improvement compared with GDC only 

infiltrated sample. The CH4 performance is 220 mw/cm2, 5 times higher than the no-

nickel cell. At 600oC, the cell can still give out 150 mw/cm2
 and 115 mw/cm2

 in H2 and 

CH4 respectively shown in Figure 4.10. For a low temperature SOFC (< 600oC), the 

infiltration of catalyst is necessary, especially hydrocarbons are used as fuel, because 

low temperature hampers the reaction kinetics.  

 

Figure 4.10 220 μm GDC supported cell with SNNV-GDC anode and LSCF-GDC 

cathode. 10 wt% Ni-GDC infiltrated into SNNV-GDC anode. Cell was tested in dry H2 

and dry CH4. 
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The SEM of the cell cross section is shown in Figure 4.11. The overall thickness of 

electrolyte is around 260 μm, with 21.4μm LSCF-GDC cathode. In order to get good 

performance, infiltration is needed. The morphology of pores in the anode can really 

affect infiltration results. We tried homogeneous size of PMMA, but there are a lot of 

closed pores and the connections between pores are easily blocked by infiltrates, which 

limits further infiltration and the total loading is low. By mixing different sizes of 

PMMAs, the microstructure shows a good pore percolation, resulting to a better 

infiltration and gas diffusion. In Figure 10d, we can see a well dispersed Ni-GDC nano 

particles. 

 

Figure 4.11 SEM images of cell structure. (A) Overall cell structure with thick GDC 

electrolyte, LSCF-GDC cathode and SNNV10-GDC anode. (B) Interface between 

cathode and anode. Cathode thickness is around 20μm. (C) Anode microstructure (D) 

well distributed Ni-GDC nano particles 
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The EDS analysis in Figure 4.12 shows the elements distribution along the anode 

through the electrolyte. Because of low temperature firing (1050oC), Na and Nb are all 

sitting in the anode region, which is a good sign. However vanadium diffusion was 

observed, due to comparatively small ionic radii. It may have potential effect in cell 

performance and we are going to do further analysis in future.  

 

Figure 4.12 EDS analysis of the interface between GDC electrolyte and SNNV10-

GDC anode. No sodium and niobium diffusion but there is vanadium migrate from the 

anode to the electrolyte 

4.5 Conclusion 

Different compositions of SNNV were synthesized via wet chemical method and high 

conductivities were achieved. SNNV10 has the conductivity of 130 S*cm-1
 and the 

composite conductivity is the highest among the three. Because of vanadium diffusion 

at high temperatures, the cell is preferred to be fabricated at relatively lower 

temperatures. While infiltrating Ni-GDC, the GDC electrolyte supported cell has the 
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PPDs of 280 mw/cm2 and 220 mw/cm2
 in dry H2 and dry CH4 respectively at 650oC. 

When the temperature is lowered to 600oC, the PPDs are 150 mw/cm2 and 115 mw/cm2
 

in H2 and CH4 respectively under dry conditions. If there is no nickel as catalyst, the 

SNNV can intrinsically catalyze H2 and has an appropriate output. However, the 

hydrocarbon performance is hampered. Unlike Ni-cermet anode, SNNV has higher 

performance under dry conditions than that under wet conditions mainly because of 

potential instability in high moisture atmosphere. At last, vanadium diffusion is 

observed which may decrease the cell open circuit potential. Low temperature cell 

firing is needed to fabricate anode supported thin electrolyte cell. 
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Chapter 5: Modified Molybdenum Double Perovskite 
 

5.1 Introduction 

In the previous chapters, all materials are based on V dopant because V is easy to reduce. 

It increases the concentration of free electrons. However, there are some unexpected 

problems, like solubility, secondary phase formation, and V diffusion. To make an 

anode supported cell, all these problems should be solved. Due to vanadium’s intrinsic 

properties, these problems are difficult to address. Therefore new materials without 

vanadium has to be developed, not only considering the material intrinsic properties, 

but also fabrication issues.  

 

Molybdenum double perovskite is a good candidate and lot of these materials have 

been developed for fuel cells. But most of the cells are electrolyte supported, because 

of low anode conductivity and fabrication issues.72,102-106 The structure of double 

perovskite is shown in Figure 2.4 in chapter 2. It has ordered B site cations with 

alternative Mo / Me (transition metal) octahedrals. For Mo, the reduction potential is 

shown below, which promises good electron concentration and mobility. 

Mo6+ + 2e- Ą Mo4+   0.164V 

Nevertheless, the conductivity for these double perovskites is quite tricky. When Me = 

Mg, Co, Ni, the compositions can be obtained in air, but the conductivity is lower than 

10 S*cm-1 which is not enough for anode supported cell. This is one reason that these 

materials are usually used in electrolyte supported cells. To obtain a good fuel cell 

performance at low temperatures, anode supported cell is necessary, otherwise there is 
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a huge ohmic resistance. The reason for the low conductivity is the ordered structure. 

In Figure 5.1, we can see the route for electron transport, with the example of 

Sr2CoMoO6.  

 

Figure 5.1 Ordered Sr2CoMoO6 and cation X doped Sr2CoMoO6 with a disordered 

structure. The electron transport route is shortened by doping. 

 

 

In Sr2CoMoO6, when the material is exposed to hydrogen, Mo6+ can be reduced to Mo5+ 

and even Mo4+ to generate electrons. However, Co is fixed at 2+ state in reducing 

conditions and cannot be reduced to an even lower valence state. It means the electrons 

should bypass the Co2+ site and hop between Mo sites. It is a very long distance, as the 

result, the electron mobility is low. To improve the conductivity, the mobility needs 

further improvement. Our idea is to dope another cation X into the lattice. X has 

different valence state from either Co2+ or Mo6+. In addition, cation X has a different 

ionic radii from Co2+ (70 pm) or Mo6+
 (59 pm). The chemical property difference can 
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greatly disturb the ordered structure. The lattice with dopant is also shown in Figure 

5.1. The electron transport route is greatly shortened, in another word, the mobility 

increases. If X is also a multivalent cation, the conductivity can be improved more. 

Here we selected Fe as the dopant. Fe3+ has the ionic radii of 60 pm which is in between 

of Mo6+ and Co2+, and the valence state is also different from Mo6+ and Co2+. Therefore 

it can be expected that doping Fe will increase the degree of disorder. Meanwhile, the 

Fe3+ is able to get reduced to Fe2+ in hydrogen, so it provides extra free electrons and 

mobility.   

 

5.2 Experiments 

5.2.1 Material Synthesis 

Compositions with equal amount of cobalt and molybdenum (SFCM), 

SrFe0.1Co0.45Mo0.45O3, SrFe0.2Co0.4Mo0.4O3, SrFe0.34Co0.33Mo0.33O3 and 

SrFe0.5Co0.25Mo0.25O3 were synthesized via wet chemical method. Stoichiometric 

amount of strontium nitrate (Alfa Aesar 99.0%), iron nitrate nonahydrate (Sigma 

Aldrich 99.95%), cobalt nitrate hexahydrate (Alfa Aesar 98%-102%) and ammonium 

molybdate (para) tetrahydrate (Alfa Aesar 99%) were dissolved in de-ionized water 

separately. The solutions were mixed and citric acid was added into it to keep the PH 

level around 2. Glycine was then added with the glycine to nitrate anion ratio 1:1. The 

mixture was stirred and heated on a hot plate to evaporate all solvent, and a viscous gel 

formed. And then the temperature was brought up to 350oC and an auto ignition took 

place. After the flame was gone, the remaining ashes were crushed, collected and 
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calcined at 1100oC for 4 hours. The powders were pressed via a hydraulic press and 

sintered at 1300oC for 4 hours, so that the dense samples were obtained.  

 

5.2.2 Phase Purity Examination  

The calcined powders were sent to Bruker D8 Advance powder diffractometer for X-

Ray detection. The degree ranges from 20o to 80o with a step 0.03o / second. The 

patterns were compared and check whether they were single perovskite phases. To 

evaluate the effect of cobalt and molybdenum content on phase, SFCMs with unequal 

amount of cobalt and molybdenum were synthesized via the method showing above. 

X-Ray patterns of SrFe0.3Co0.3Mo0.4O3 and SrFe0.4Co0.2Mo0.4O3 were compared with 

SrFe0.2Co0.4Mo0.4O3 to find out whether different Co to Mo ratio can influence phase 

purity. SrFe0.4Co0.2Mo0.4O3 was selected for redox stability test. The sample was 

reduced in 10%H2 / 90%N2 and the X-Ray pattern was compared with the calcined 

sample. 

 

5.2.3 Conductivity Measurement  

Dense pellets were obtained by sintering the pressed green bodies at 1300oC for 4 hours. 

The pellets were cut into bar shape by a diamond blade. Four probe DC method was 

used to measure the conductivities by a Keithley 2400 source meter, with silver wires 

as leads. All samples were reduced in 10% H2 / 90% N2 at 650oC for at least one day, 

and the data was taken when the reading was stable. The reason not using pure 

hydrogen is safety concern. The measuring temperature ranges from 650oC to 450oC 
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and the conductivities were compared to find out the composition for best performance. 

To examine the redox stability, the reduced samples were sent to Bruker D8 Advance 

powder diffractometer again to see whether the composition was decomposed or new 

phases appeared.  

 

5.2.4 Chemical Compatibility with the Electrolyte   

To make an anode supported cell. It is quite important to check whether SFCM is 

chemically compatible with GDC electrolyte. Equal molecular amount of SFCM and 

nano GDC were mixed and ball milled in ethanol for 24 hours. The powders were then 

dried and heated at 1300oC for 4 hours. The heat treated powder was then sent to Bruker 

D8 Advance powder diffractometer for X-Ray detection. The degree ranges from 20o 

to 80o with a step 0.03o / second. The purpose is to find out whether there are new 

phases forming at high temperatures. 

 

5.3 Material Properties and Discussion  

5.3.1 Phase Purity Discussion 

After calcination at 1100oC in air, all compositions have single perovskite phases 

(Figure 5.2) without any impurities. It is a good sign because some of the high 

conductive molybdenum double perovskite should be synthesized in reducing 

conditions, but these SFCMs can be obtained in air. It may work with regular 

electrolytes like GDC, SDC. These compositions could be regard as a mixed phase of 

SrFeO3 perovskite and SrCo0.5Mo0.5O3 double perovskite. Based on the literatures, 
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SrFeO3 is a simple cubic perovskite phase with Fm3m symmetry107 and SrCo0.5Mo0.5O3 

is a distorted tetragonal double perovskite phase with I4/m symmetry. 108,109 When Fe 

dopant is high (50%), the SFCM has the same cubic phase as SrFeO3. While Fe dopant 

amount decreases, the crystal structure is more approaching to SrCo0.5Mo0.5O3. The 

biggest change is a small peak (103,211,121) comes up at 38o, indicating there is an 

octahedral distortion. After firing, Fe in the system has two valence states of 3+ and 4+. 

110 Fe3+ is a small cation with the ionic radii of 60pm and Fe4+ has an ionic radii of 

58.5pm. Therefore, Fe dopant deceases lattice parameter and we can see peaks shift to 

the high angles for high Fe doped samples. 

 

Figure 5.2 SFCM X-Ray patterns after calcination at 1100oC. All Compositions show 

perovskite phase without impurities. 
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All compositions have equal amount of Co and Mo. The reason is that only equal 

amount of Co and Mo can form the single phases. Besides the samples shown in Figure 

5.2, other compositions have been investigated. When Co amount and Mo amount are 

not the same, shown in Figure 5.3, a strong signal of SrMoO4 phase shows up in the X-

Ray pattern. This SrMoO4 phase is harmful to the anode supported cell fabrication, 

because there is volume change during redox cycling. 111 Initial SrMoO4 is an insulator 

with the scheelite structure. After reduction, SrMoO4 can be reduced to conductive 

SrMoO3 pervoskite phase. While undergoing this phase transition, the volume shrinks 

around 28%. It is very similar to Ni-cermet anode. At this point, anode support with 

SrMoO4 may not have redox cycling stability. Therefore, SrMoO4 can only be used as 

infiltrates, instead of anode support. The reason why they form these secondary phase 

can be attributed by the multivalences of Fe. As discussed before, Fe has a mixed 

valence state of 4+/3+ after firing in air and 4+ is the majority. 107
 Hence there is a 

problem. If Mo amount is higher than Co amount, due to the high valence state of Fe4+, 

there will be excess oxygen anion in the lattice according charge neutrality. It is not 

stable and excess Mo can be removed from the perovskite phase and forms SrMoO4. 

Therefore, it is necessary to control the Co/Mo ratio. 
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Figure 5.3 X-Ray Pattern comparison among SFCM with and without matched Co/Mo. 

When cobalt content is lower than molybdenum SrMoO4 impurity comes out. 

 

SrFe0.4Co0.2Mo0.4O3 was selected for redox stability test. By comparing the X-ray 

patterns before and after reduction, no new phases come up, indicating this composition 

is stable in both oxidizing and reducing conditions. After reduction, the peaks shift to 

the low angle. The reduction process removes oxygen anion from the lattice, so the 

repulsion among cations increase while oxygen is decreasing. Meanwhile, reduction 

can also lower the valence state of B site cation, such as Mo6+ / Mo5+
 transition. The 

lower valence cation also has larger ionic radii, and finally the crystal lattice expands.  
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Figure 5.4 X-Ray Patterns of Calcined SrFe0.2Co0.4Mo0.4O3 Powder and reduced 

SrFe0.2Co0.4Mo0.4O3 Dense sample. Before and after reduction, no impurity phase forms 

 

5.3.2 Conductivity Discussion 

Different compositions of SFCMs were reduced and the conductivity was measured via 

Four Probe DC measurement. The results are shown in Figure 5.5.  In the introduction 

part, we hypothesized the reason that SrCo0.5Mo0.5O3 has low conductivity is because 

of the ordered double perovskite structure. This kind of structure can decrease the 

mobility of electrons due to a long hopping distance. The conclusion is that if certain 

dopant is added into the lattice, the degree of disorder will increase and finally improve 

the electron mobility. Here Fe is the dopant ranges from 10% to 50% at B site. From 

the figure we can see a big difference in the conductivity of original SrCo0.5Mo0.5O3 
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and the 10% Fe doped sample (SrFe0.1Co0.45Mo0.45O3).  The undoped sample has the 

conductivity around 1 S*cm-1 while SrFe0.1Co0.45Mo0.45O3 has the conductivity over 30 

S*cm-1 within the whole temperature range. Even though the dopant level is low (10%), 

the conductivity is increased over one magnitude, which confirms our hypothesis.  

 

Figure 5.5 Conductivity of SFCMs at 650oC in 10% H2 / 90% N2 Hydrogen. 

Conductivity of SrCo0.5Mo0.5O3 obtained from literature73 

 

Doping more Fe doesn’t seem to increase the conductivity a lot. SrFe0.1Co0.45Mo0.45O3 

and SrFe0.2Co0.4Mo0.4O3 almost have the same in conductivity. Even though 20% Fe 

doped sample SrFe0.2Co0.4Mo0.4O3 should have higher electron mobility, the Mo 

content is lower. It is kind of tradeoff. Doping Fe can improve the mobility, but also 

lower the concentration of free electrons. The effect is more obvious in high Fe doped 

samples. When the Fe content is higher, the mobility cannot be improved much, but 

the concentration of electrons decrease a lot, due to low Mo content. Therefore, the 
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conductivity drops when the composition has a high level of Fe content. Because 

SrFe0.2Co0.4Mo0.4O3 has high conductivity and it has already been confirmed redox 

stability, this composition (SFCM244) was selected for the cell fabrication 

 

5.4 Electrolyte Supported Cell Fabrication and Performance 

5.4.1 Electrolyte Cell Fabrication 

300μm GDC dense electrolyte was used as the support. The SFCM244 anode was 

prepared by the following method. Calcined SFCM244 ceramic powder and 5μm 

PMMA pore former were mixed with volume ratio 1:1. The ESL vehicle 

(ElectroScience 441) was added in the mixtures to make a paste of screen printing 

consistency. The ink was then brush painted on the GDC electrolyte. The half cell was 

then dried in 100oC oven and fired 1300oC for 4 hours. The LSCF-GDC (equivalent 

weight amount) cathode was prepared in the same way. The full cell was fired at 

1100oC for 2 hours.  

 

To compare the infiltration effect on the cell performance, different infiltration 

solutions were added into the anode side. The solutions were prepared as follows.  

Gadolinium nitrate hexahydrate and cerium nitrate hexahydrate with the molecular 

ratio of 1:9 were dissolved in pure ethanol to get 1M solution. This is the GDC ethanol 

infiltration solution. To confirm the Ni effect on the performance, different Ni-GDC 

infiltration solutions were prepared in the same way, with Ni:GDC molecular ratios of 

1:1, 2:3, 1:2 and 1:7. Here all solutions are 1M and the salts are nitrates. During each 
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interval between infiltrations, a furnace burnout process was performed at 400oC, until 

the final loading is up to 10 wt%. The cells with different infiltrations were tested at 

650oC in wet H2 or CH4 and the performance is examined.  

 

5.4.2 Electrolyte Cell Performance and Infiltration Effects 

The performance shows a big difference between the original cell and the infiltrated 

cells (Figure 5.6).  Mo double perovskite can be directly used as anode material without 

any infiltration and show reasonable power output. However, all these cells are 

operated at high temperatures (~ 800oC) 72,102,112-114 At a high temperature, which is a 

more vigorous reducing condition, the double perovskite is easier to lose lattice oxygen. 

This oxygen loss can increase the electronic conductivity and also increase the ionic 

conductivity due to high concentration of oxygen vacancies. At another aspect, the 

catalytic activity for hydrogen oxidation reaction and hydrocarbon oxidation reaction 

is much higher at high temperatures. Thus this kind of anode configuration is suitable 

for a HT-SOFC.  Nevertheless, in IT-SOFC or even LT-SOFC, this type of anode 

performance dramatically decreases due to lower electronic conductivity, ionic 

conductivity, and catalytic activity. As we can see in the figure, without any infiltration, 

the OCV is also low because of low catalytic activity. The PPD is merely 30 mW/cm2, 

which is too low to be usable. After 10wt % GDC infiltration, the OCV increases and 

the PPD is around 80 mW/cm2, better than the original cell. 650oC is a mild reduction 

condition. There is not much oxygen loss, so the ionic conductivity is low. Even though 

Fe dopant can improve the electronic conductivity, the low oxygen ion conductivity 

limits the cell performance. The infiltrated GDC covers the SFCM244 anode surface 
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and provides extra oxygen ion conductivity. It is also necessary to examine the catalytic 

activity of SFCM244 at 650oC, so the Ni-GDC was infiltrated. We can see the OCV is 

further improved and the PPD is around 150mW/cm2, almost doubled than the GDC 

infiltrated cell. Ni is widely used in the traditional Ni-YSZ and Ni-GDC cells and Ni 

has problems such as redox cycling stability and carbon formation while using 

hydrocarbon fuels. However, Ni nano particles can solve the problems. Instead of 

supporting material in anode, Ni nano particles are only catalyst. The redox cycling of 

these particles do not introduce stress into the anode to cause mechanical failure. At 

another aspect, nano particles can reduce the carbon deposition. Our group infiltrated 

Ni into porous GDC scaffold and cell ran in hydrocarbon without degradation for 300 

hours. 115 GDC has the ability to give out oxygen ions and the oxygen ion can migrate 

on Ni surface for a short distance. This is called oxygen spillover. 116,117 When Ni 

particle is very small, the oxygen is able to migrate all over the Ni surface and react 

with the deposited carbon to form CO/CO2. Therefore, the carbon is removed and the 

cell stability increases in hydrocarbons. When using Ni infiltrates instead of Ni support, 

the cell performance can be improved by large catalyst surface area and the possible 

degradations are prevented. 
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Figure 5.6 300μm GDC dense electrolyte supported cells with SFCM244 anode and 

LSCF-GDC cathode. Comparison among the cells without any infiltration, with GDC 

infiltration, with Ni-GDC (1:7) infiltration 

 

It is also very important to find out the best recipe for the infiltration solution. If Ni 

content is low, the catalytic activity is not enough. When Ni content is too high, the 

particle is easy to agglomerate. The active surface also decreases and bigger particle 

size is not stable for hydrocarbon fuels. And also, SFCM is a purely electronic 

conductor. It requires infiltration of ionic conductors, which is GDC in this case. Thus, 

the ratio of Ni to GDC has to be determined in the infiltration solutions. As stated before, 

different Ni-GDC infiltration solutions were prepared and cell performance 

comparison with these infiltrations is shown in Figure 5.7. When Ni content is low 
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(Ni:GDC=1:7), the H2 performance is good, while CH4 performance is relatively low. 

In this situation, the catalytic activity is enough for hydrogen oxidation reaction, but it 

is not sufficient for methane oxidation reaction. It is very similar to the GDC infiltrated 

SNNV10 anode in Chapter 4. Because the bonding energy of C-H in methane in higher 

than that of H-H in hydrogen, the oxidation activation energy is higher for 

hydrocarbons than that for hydrogen. Therefore, to achieve a good performance, more 

catalyst is needed if methane is the fuel. When Ni:GDC=1:2, the H2 performance 

increases a little bit. It seems the catalytic activity for hydrogen reaches a plateau, and 

more Ni cannot help a lot for hydorgen performance. However, the CH4 performance 

increases almost proportional to the Ni content increase. So high Ni content promises 

a good performance in methane. When the Ni content is further increased to 40 mol% 

(Cell 3), both H2 performance and CH4 performance decrease. There may be two 

reasons. While Ni content is increasing, because of same loading amount, GDC content 

is decreasing. As we explored before, SFCM244 is a purely electronic conductor at 

650oC, and it needs both ionic conductor and catalyst. When GDC content is too low, 

the reaction is also limited by low oxygen ion transport and finally the cell output is 

hindered. Another possible reason is that high Ni content accelerate the Ni nano particle 

agglomeration. It decreases the Ni surface area and the number of active sites drops. In 

cell 4, the Ni content is the highest (50 mol%), the performance is even lower, either in 

hydrogen or in methane. Thus, the optimized the Ni to GDC ratio is 1:2. The following 

research sticks to this infiltration solutions.  
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Figure 5.7 Button cell performance at 650oC in wet H2 and in wet CH4. Cell(1) Ni:GDC 

=1:7, Cell(2) Ni:GDC =1:2, Cell(1) Ni:GDC =2:3, Cell(1) Ni:GDC =1:1. All cells have 

the loading around 10 wt%. 

 

5.5 Anode Supported Cell Fabrication and Performance  

5.5.1 Introduction to Anode Supported Cells 

To obtain a high performance, anode supported cell is always the configuration. Like 

traditional Ni-YSZ and Ni-GDC cells, they all have the anode supported configuration. 

The disadvantage of electrolyte support cell is the huge ohmic resistance of electrolytes. 

A typical electrolyte has the conductivity of 0.01-0.1 S*cm-1, while normal electrodes 

usually have the conductivity above 10 S*cm-1, which is over two magnitudes higher. 

So it is necessary to reduce the thickness of electrolyte to lower the ohmic resistance. 
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Considering cell mechanical strength, an SOFC needs a thick supporting layer. 

Electrolyte supported cell configuration is not a good choice for high performing cell. 

Comparing anode support, the cathode support configuration is not favored either, 

because of its higher activation polarization than the anode.118,119 It is easy to 

understand that at the cathode side, the oxygen reduction reaction takes place. O2 gas 

should transform to O2- and the bonding energy of O-O is higher than that of H-H at 

anode side. Based on modeling, anode supported cell is the best configuration, with 

lowest ohmic and polarization losses. At another aspect, typical cathode, like LSCF, 

LSM (La0.8Sr0.2MnO3) and LSC (La0.6Sr0.4CoO3) have much higher thermal expansion 

coefficients than that of the electrolytes, such as GDC and YSZ 120-130. If cathode is 

used as the support, it may cause cracks in the electrolyte because of big difference in 

thermal expansion during thermal cycling process. 

 

Unlike electrolyte supported cell, the anode supported cell requires a lot of engineering 

work. In an SOFC, the most important thing is to obtain a gas tight electrolyte 

membrane. As electrolyte deposited on a sinter body cannot be densified, because the 

substrate has no way to shrink together with the electrolyte. There are always cracks 

on such electrolyte thin film. Therefore, the common way is to co-fire anode electrolyte 

half cell and let them to shrink together.  Here come with one key issue. It is how to 

match the shrinkage mismatch. Because the anode and the electrolyte are two different 

materials, usually they have different shrinkage rates. If the shrinkage mismatch is big, 

the cell is easy to bent, and in some cases, it cracks during sintering. Usually, composite 

materials are used instead of single anode materials. Composite has the shrinkage 
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between the anode and the electrolyte, so it can minimize the shrinkage mismatch. Here 

in the SFCM cell, SFCM244-GDC composite is used as the anode.  

 

5.5.2 Anode Supported Cell Fabrication 

The SFCM (Here the following SFCM244s are called SFCM for short) anode 

supported cell was fabricated by tape casting technique. SFCM and 2% cobalt doped 

GDC were mixed with the weight ratio 2:1 and a mixed 12μm and 1.8μm PMMA 

powder was added to control the theoretical porosity of 40 vol%. PVB, BBP and fish 

oil were used as binder, plasticize and dispersant separately. Here pure ethanol was the 

solvent. This anode tape and 20 μm GDC electrolyte tape were laminated together and 

cofired at 1200oC for 4 hours. Here 2% Co-GDC was used instead of regular GDC is 

to exactly match the shrinkages and make a flat cell.131,132 LSCF – GDC cathode was 

applied on top of it and it was fired at 1100oC for 2 hours. The optimized Ni-GDC 

infiltrate was impregnated into the anode. A 400oC burnout process was performed 

during each infiltration interval and the final burnout was performed at 800oC for 1 

hour. The total loading is around 10 wt%. The cell configuration is shown below in 

Figure 5.8. 
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Figure 5.8 Anode support cell configuration 

 

5.5.3 Anode Supported Cell Performance 

The cell was tested in hydrogen from 650oC to 500oC. Compared with electrolyte 

supported cell, a high power output increase is observed, showing in Figure 5.9.  At 

650oC, the electrolyte supported cell has the PPD of 160 mW/cm2, while the anode 

supported cell has the PPD of 650 mW/cm2. This is mainly due to reduced thickness of 

electrolyte and lower ohmic resistance. However, we also found there were low OCVs 

for the anode supported cell, especially within high temperature regions. At 650oC, the 

OCV is only 0.76V which is much lower than the standard Ni-GDC cell (~0.8-0.85V). 

This OCV drop decreases the cell efficiency and must be prevented.    
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Figure 5.9 Cell Performance of SFCM cell in hydrogen from 650oC to 500oC. 

 

There are two possible reasons why the OCV is lower than the standard Ni-GDC cell. 

One is the gas leakage, coming from pin holes in the electrolyte and the sealants. In 

most of the cases, if there is sealing issue or there is gas leakage, besides of low OCV, 

the performance is low. The air may diffuse into the anode side and partially oxidize 

Ni, so the catalytic activity drops. The other reason is the leakage current due to the 

electronic conductivity in the electrolyte. In principle, the electrolyte should be ionic 

conductive only, like YSZ and LSGM (La0.8Sr0.2Ga0.8Mg0.2O3). For YSZ cells and 

LSGM cells, the OCVs are always above 1V almost at all temperature ranges. The 

disadvantage of YSZ is low ionic conductivity and YSZ cells can only be operated 

above 750oC. LSGM has a bit higher ionic conductivity than YSZ, but the material is 
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difficult to fabricate and it is also expensive. In contrast, GDC is a good choice for IT-

SOFC and LT-SOFC due to its high conductivity and moderate material cost. However, 

as we know Ce is multivalent cation. Ce4+ can get reduced to Ce3+ in hydrogen. In an 

SOFC, one side of the electrolyte is exposed in reducing conditions and the GDC can 

be partially electronic conductive due to Ce4+/Ce3+ electron hopping. As a result, if the 

electrolyte is thin, the OCV is lower than that of YSZ or LSGM cells. Typically, a 20 

μm thin GDC electrolyte has the OCV around 0.8-0.85V at 650oC. 132 In this cell, the 

performance is good, expect for the low OCV. The possible explanation is there is extra 

leakage current. It means the electronic conductivity is higher than GDC. The anode 

contains high concentration of Co and Mo. During sintering process, Co and Mo may 

migrate into GDC phase and they increase the electronic conductivity. When the cell is 

dwelling at 650oC, the OCV drops continuously. It means the electronic conductivity 

is increasing with time, showing in Figure 5.10.  It is a fast degradation and this 

electronic conductivity should be blocked. 
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Figure 5.10 OCV drops with time in SFCM cell at 650oC 

 

5.5.4 SFCM Cell with Normal Electronic Blocking Layers 

To block the electronic conductivity, a purely ionic conductors can be applied on top 

of GDC electrolyte. Our group did a lot of research on GDC/ESB (Erbium stabilized 

bismuth) bilayer structures to improve OCV. 54,133-135 ESB is an ionic conductor with 

high oxygen ion conductivity (~0.1 S*cm-1 at 650oC). Thus applying ESB onto GDC 

will not add on a lot of ohmic resistance in promciple. Also thanks to the low melting 

point of bismuth materials, it is easy to obtain a dense layer on GDC at low 

temperatures. Therefore, our first attempt is to use ESB as the buffer layer. After firing 

the SFCM half cell, the ESB paste was applied onto the GDC side and oven dried. After 

that, instead of using LSCF, LSM-ESB cathode paste was directly brushed onto the 
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ESB layer. The ESB and LSM-ESB cathode layers were cofired at 775oC for 2 hours. 

The cell configuration is shown in Figure 5.11 

 

Figure 5.11 SFCM cells with ESB electronic blocking layer and LSM-ESB cathode 

 

After firing, SEM and EDS were used to examine whether ESB can block the Co 

diffusion, in Figure 5.12. The SEM clearly shows four layers, including SFCM anode, 

GDC electrolyte, ESB electronic blocking layer, and LSM-ESB cathode. According to 

the following EDS mapping, we can see a high intensity of Co in the GDC electrolyte. 

Co is very easy to migrate at high temperatures and Co diffusion has been confirmed 

from SFCM anode to the GDC electrolyte. These Co will introduce electronic 

conductivity and lower the OCV. After applying ESB, the intensity of Co decreases. 

ESB has a low firing temperature of 775oC and this temperature is not sufficient for Co 

diffusion. Thus, the ESB is not contaminated and stays as an ionic conductor. After 

examining the Bi content, no Bi is observed in GDC or anode. It indicates Bi didn’t 

diffuse into the GDC electrolyte and there is no interfacial reaction between ESB and 
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GDC at 775oC. However, we also observed strong signals for Ce and Gd everywhere, 

which we believe they are caused by equipment accuracy and it is not the real situation. 

 

Figure 5.12 SEM and EDS mapping for SFCM anode supported GDC-ESB bilayer 

cell. ESB can block Co diffusion. 

 

The bi-layer cell is performed in hydrogen at 650oC to find out there is any OCV 

improvement, shown in figure 5.13. To determine the electrolyte thickness impact on 

the OCV, different combinations of GDC and ESB were tested. When the electrolyte 

is 15μm GDC with 2μm ESB, the OCV is low. Even though there is ESB blocking 

layer, no improvement can be observed and it is even worse than the original 20μm 

GDC electrolyte. When the ESB thickness increases, an obvious increase in OCV is 

recorded, which is 0.8V with 15μm GDC and 10μm ESB. It is almost the same value 

as the OCV that Ni-GDC standard cell can achieve at 650oC. When the bilayer has 
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30μm GDC and 10μm ESB, the OCV increases a little bit to 0.85V which is not a big 

difference from the cell with 15μm GDC and 10μm ESB. Therefore, here is the 

conclusion that increasing ESB thickness improves the OCV, while increasing GDC 

doesn’t have obvious effect. GDC in the half cell is partially an electronic conductor. 

Even a thick GDC still have leakage current, because Co can go everywhere during 

sintering. Thus, increasing GDC thickness is not a good idea as increasing ESB. 

However, we cannot increase the ESB thickness too much as there is a critical ratio of 

ESB to GDC. 135 Bismuth composition can get reduced very easily when Po2 is low. 

As the electrolyte is exposed to hydrogen and air at both sides respectively, there is a 

Po2 gradient through the electrolyte, so there is an interfacial Po2 right between GDC 

and ESB. If GDC is too thin or ESB is too thick, the interfacial Po2 will be too low and 

start to decompose the ESB. ESB is reduced to Bi metal. At high temperatures, Bi metal 

is in its liquid form and diffuses into the electrolyte and the cathode. It results to pin 

holes and increases electronic conductivity in the electrolyte, and deteriorates the 

cathode performance. As a result, applying a very thick ESB to obtain a high OCV is 

not feasible. Nonetheless, the power performance doesn’t increase with the 

improvement of OCV. The cell configuration is totally changed, so it is difficult to 

conclude whether the low performance is coming from the bilayer electrolyte or the 

cathode. The EDS also shows there is slight Co in the ESB phase. The bilayer improves 

the OCV but the slight Co content may decrease the ionic conductivity of ESB and 

lower the cathode performance. If ESB has to be used as the electronic blocking layer, 

more effort should be taken to find out the cause of the low performance, the best cell 

configuration, and the optimized fabrication process. 
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Figure 5.13 Cell performance with different thickness of GDC and ESB at 650oC in 

hydrogen. Increasing thickness of ESB has higher improvement than increasing 

thickness of GDC. 

 

Considering the possible issues of ESB, we also tried LSGM electronic blocking layer. 

LSGM is a purely ionic conductor with higher conductivity than YSZ, almost 

comparable as GDC above 600oC. The disadvantages of this material are expensive, 

difficult to sinter, and reactive to NiO. Here, our concern about GDC-LSGM bilayer is 

LSGM requires high temperature to sinter (above 1350oC) and at high temperatures, it 

may react with the other cell components and LSGM may not block Co diffusion. To 

confirm this, we prepared the cells via two routes. One route is to follow the procedure 
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before to make SFCM-GDC half cell. LSGM paste with 5 at% LiNO3 was blade coated 

on top. Here Li is the sintering agent. The cell was then heat treated at 1100oC for 4 

hours. The LSCF-GDC cathode was applied by the standard method. The other route 

is to use tape casting and make thin LSGM electrolyte tape. Instead of laminating anode 

tape and GDC electrolyte tape only, an extra LSGM tape was laminated on top of the 

GDC. This triple layer structure was co-fired at 1300oC for 4 hours to obtain the 

sintered half cell. After that, LSCF-GDC cathode was applied with the standard method 

shown before.  

 

Figure 5.14 Performance of cells with GDC-LSGM bilayer in H2 at 650oC. Both OCV 

and cell performance are improved 
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The performance of cells with different fabrication routes are shown in Figure 5.14. 

The cell with cofired bi-layer has very low performance at 650oC in hydrogen. To 

densify the LSGM, the firing temperature should be high, which is 1300oC in this route. 

At 1300oC, LSGM and GDC may have interfacial reaction. The possible reaction could 

decrease the cell performance. At another aspect, 1300oC is high enough for Co 

diffusion. Co migrates from SFCM, through GDC, and finally reaches LSGM phase. 

The Co can also increase the electronic conductivity of LSGM. 136,137 As a result, the 

LSGM cannot block the electronic conduction anymore and the OCV is low. If firing 

LSGM at low temperature with Li sintering agent. The OCV is higher than the cofired 

bilayer cell. The cells with 25μm GDC and 2μm LSGM has good PPD but with a low 

OCV. Lowering the firing temperature can decrease the tendency of interfacial reaction. 

Even though the OCV only increases a little bit, the PPD is much higher than the cofired 

bilayer cell. The LSGM layer was heat treated at 1100oC, and we think it is still high. 

Slight Co may diffuse into LSGM layer and 2μm LSGM cannot be a purely ionic 

conductor. When the thickness increases to 10μm, the cell OCV is over 0.8V at 650oC, 

comparable to Ni-GDC cell at the same temperature. The PPD is over 800mW/cm2, 

higher than the single layer cell. Therefore, by using this configuration, this ceramic 

anode supported cell can compete with the normal Ni-GDC cell.  

 

In addition, stability of these configurations should be determined. As in Figure 5.10, 

we observed a fast OCV decay in single layer GDC cell. The reason may be the Co 

valence state change when the electrolyte is exposed to hydrogen. Now the blocking 

layers are applied. It is necessary to confirm whether the blocking layers can also 
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improve the cell stability. Shown in Figure 5.15, compared with the single layer GDC 

cell, both ESB blocking layer and LSGM blocking layer can greatly improve the OCV 

as well as the stability. Instead of fast degradation of single layer GDC cell, the GDC-

ESB bilayer cell and the GDC –LSGM cell both have a slower decay in hydrogen at 

650oC, with GDC-LSGM bilayer the best. 

 

Figure 5.15 OCV degradation of single layer GDC cell, GDC-ESB bilayer cell and 

GDC-LSGM bilayer cell. All cells have degradation with different rates. GDC-LSGM 

has the best stability among the three. Anode side is exposed to hydrogen at 650oC. 

 

However, to be a good cell running for long time. The OCV stability above is not 

enough. The OCV degradation rate for GDC-LSGM bilayer cell is 0.2% / hour, still 
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too fast to be good. In order to minimize the degradation rate, a lower operation 

temperature is preferred, due to slower degradation kinetics. But new issues come out 

for the bi-layer configurations. For GDC-ESB bilayer, even though ESB has a high 

ionic conductivity, low temperature operation is not favored. Bismuth oxides have a 

special oxygen order-disorder transition bellow 650oC, and because of this phase 

transition, low temperature conductivity is hindered and cannot give enough ionic 

conductivity138-140.  The example plot is shown in Figure 5.16 141.  Right below 600oC, 

the conductivity drops a lot. Therefore, to let the cell run at low temperatures, more 

effort should be taken to maintain ESB’s high conductivity below 600oC. Besides of 

this, the GDC-ESB bilayer cells have low performance at 650oC. The reasons should 

be investigated and the problems have to be solved. 

 

Figure 5.16 Conductivity of different electrolytes. ESB shows a nonlinear relationship 

of conductivity and temperature right below 600oC 

 



 

 

85 

 

GDC-LSGM cells have high performance at 650oC which may be a good configuration 

at low temperatures, but according to Figure 5.16, LSGM doesn’t have good 

conductivity below 600oC. In order to improve the OCV, a thick layer (10μm) of LSGM 

has to be applied on GDC. This thick layer will add on much ohmic resistance to the 

cell and decrease the low temperature cell performance. Moreover, even though Li is 

used as sintering agent to densify LSGM, the LSGM cannot be fully sintered because 

it is difficult to shrink on a rigid substrate (sintered GDC electrolyte). As a result, the 

LSGM layer is porous anyway. It aggravates the ohmic resistance problem. To make 

the cell work at low temperatures, these problems should be solved or a new electronic 

blocking layer has to be investigated.  

 

5.5.5 SFCM Cell with Co-GDC Electronic Blocking Layers 

As it is mentioned above, traditional electronic blocking layers like ESB and LSGM 

have their intrinsic problems and they are difficult to get solved in a short time. To find 

out a new material may be a better way. In SFCM-GDC cells, the low OCV is caused 

by Co diffusion, which introduces high p-type conduction. However, we all know ceria 

is an n-type conductor, showing electronic conductivity in reducing conditions due to 

Ce4+/ Ce3+
 transition. As a result, if certain amount of Co is doped into GDC, the 

electronic conductivity should be neutralized, because electrons (n type) and electron 

holes annihilate. The reason Co diffused GDC electrolyte has high electronic 

conductivity is the Co content is too high and p-type conductivity dominates. DP Fagg 

et al. doped 2 mol% Co into GDC. They claimed the ionic transference number is above 

0.98 at 650oC. 142 Due to the high ionic transference number, 2 mol% Co-GDC can be 
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used as the electronic blocking layer. Meanwhile, Co can be used as sintering agent to 

densify GDC at 950oC. The low firing temperature can also prevent further Co 

diffusion from anode to the Co-GDC electronic blocking layer. Below 600oC, GDC has 

higher conductivity than LSGM and YSZ, so it won’t add on a lot of ohmic resistance 

if the cell is operated at low temperatures.  

 

SFCM-GDC half cells were fabricated via the method discussed before. The Co-GDC 

electronic blocking layer is prepared as follows. GDC powder and 2 mol% cobalt 

nitrate were mixed and heat treated at 400oC for 1 hour. The mixed powder was made 

into paste by ESL and brushed onto the half cell to form a cathode functional interlayer. 

After it was dried in oven, Sr0.5Sm0.5CoO3 – GDC (SSC-GDC) cathode was applied 

on top of it and the two layers were cofired at 950oC for 2 hours. Co-GDC can be 

densified at 950oC. To prevent further Co diffusion, higher firing temperature is not 

favored. Therefore, LSCF-GDC cannot be used here, as this cathode requires the firing 

temperature of 1100oC. SSC-GDC is a better choice here, as the optimized firing 

temperature is between 900oC to 950oC. The optimized Ni-GDC infiltrate was 

impregnated into the anode. A 400oC burnout process was performed during each 

infiltration interval and the final burnout was performed at 800oC for 1 hour. The total 

loading is around 10 wt%. The cell configuration is shown below in Figure 5.17. 
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Figure 5.17 Configuration of SFCM-GDC cell with 5µm Co-GDC electronic blocking 

layer. SSC-GDC is the cathode. 

 

The cell was operated in hydrogen between 550o and 450o to examine the low 

temperature performance. The I-V curve is shown in Figure 5.18. After applying the 

Co-GDC, the OCVs from 450oC to 550oC are all at high values, above 0.9V.  At 450oC, 

the OCV is almost approaching to 1V, comparable to YSZ and LSGM cells. Meanwhile, 

the power outputs are very promising. At 550oC, the PPD is around 750mW/cm2. For 

a typical Ni-GDC cell in lab scale, the PPD is usually between 100mW/cm2
 to 200 

mW/cm2 at 500oC. C. Xia et al. reported their Ni-GDC cell can give out 160mW/cm2 

at 500oC. 143 In comparison, our cell performance at 500oC is 460 mW/cm2, which is 

almost three times of the standard cell. Even the temperature is lowered to 450oC, the 

cell can still give out 300mW/cm2, nearly doubling the standard performance with high 

OCV.  
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Figure 5.18 Performance of SFCM anode supported cell with Co-GDC electronic 

blocking layer. The performance is high at low temperatures. 

 

By carefully tailoring the Co content in GDC, the p-type electronic conduction and n-

type electronic conduction can be minimized, so we can obtain a high OCV with 2 mol% 

Co doped GDC. The high performance at low temperatures can be attributed to the 

following three aspects. At the anode side, instead of big Ni grains, Ni nano particles 

can be formed during the infiltration burnout process, which can be found out in the 

SEM in Figure 5.19. Besides the advantage of no carbon formation and redox cycling 

stability, small Ni particle size results to high surface area of active sites. Therefore, 

the anode catalytic activity is much higher than the traditional Ni-YSZ and Ni-GDC 



 

 

89 

 

cells. In the fabrication process, mixed sizes of PMMA were added to form porosity in 

the anode. The mixed PMMA can improve the percolation and enhance the connection 

of pores. Thus during infiltration, the infiltrates don’t block the pores and can evenly 

cover the SFCM surface, showing Figure 5.18(D). Because of this, the loading amount 

can be high, meaning more Ni could be loaded in the anode. It promises a high 

performance. The Co diffusion during sintering can also help the ionic conductivity of 

GDC electrolyte. As mentioned before, Co can be sintering agent. The diffused Co into 

the electrolyte not only increases the electronic conductivity, but also densify the 

electrolyte. We observed a bigger grain size than the traditional Ni-GDC cell sintered 

at 1450oC. The bigger grains can reduce the overall grain boundary resistance and 

finally reduce the electrolyte ohmic resistance. Co-GDC has almost the same 

composition as GDC electrolyte, so there should not be any chemical compatibility 

issues between GDC and Co-GDC layers. Co can also densify the Co-GDC electronic 

blocking layer, introduces minimal extra ohmic resistance. At last, the cathode is also 

improved. Instead of LSCF-GDC which is a standard cathode, SSC-GDC cathode was 

used here due to its low firing temperature. This cathode has also been reported to have 

higher performance than LSCF at low temperatures. 144 To adopt the better cathode 

extends the cell operation temperature ranges, especially bellow 600oC, comparing 

with LSCF. In addition, we also find adding Co-GDC layer can improve the cathode 

performance, instead of directly applying the cathode material to the GDC electrolyte. 

More experiments and explanations will be discussed in Chapter 6. In our cell, the 

anode, electrolyte, and cathode are all better than the ones in a standard Ni-GDC cell, 
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as a result the cell performance is nearly tripled and the operation temperature is 

lowered to 450oC. 

 
Figure 5.19 SEM images A) Cross section of SFCM anode /GDC electrolyte 

/CFL/SSC-GDC cathode B-C) Porous microstructure of SFCM anode and D) Ni-GDC 

infiltrated SFCM. 

 

By checking the impedance plots, more information can be obtained. In Figure 5.20, 

the ohmic resistances are low at all temperatures. The anode and cathode are usually 

highly conductive materials, so the ohmic resistances of electrodes can be negligible 

and the overall ohmic resistance is attributed by the electrolyte. In our previous report, 

a good 25μm GDC contributes 0.275Ω*cm-2 at 500oC. 141 Here the SFCM cell (20μm 

GDC and 5μm Co-GDC) has the same value at 500oC (blue curve in the plot). It 

confirms the Co-GDC doesn’t add on extra ohmic resistance, and it has the same 

A 
C 

B D 

SFCM, Anode 

GDC, Electrolyte 

Co-GDC 

SSC-GDC, Cathode 

SFCM Anode 

SFCM Anode SFCM infiltrated with Ni-GDC 
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conductivity as regular GDC electrolyte. Each impedance plot shows three arcs. There 

is an accepted explanation is that the high frequency arc  and intermediate arc represent 

charge transfer for SSC cathode, and the low frequency arc represents the concentration 

polarization, related to microstructure.145,146 At 550oC, we can see a small concentration 

charge transfer and concentration polarization. When the operation temperature 

decreases, the concentration polarization gets smaller due to slower reaction kinetics. 

The charge transfer keeps increasing. The high frequency arc and intermediate arc 

increase proportionally because they are both for oxygen reduction kinetic on SSC-

GDC cathode. In figure 5.21, when the temperature increases, both ohmic and 

polarization increase, with a fast rate in polarization. At 450oC, the ohmic and 

polarization have equal contribution in total resistance and it is at a low value below 

1Ω*cm-2, which is the criteria for a good SOFC.  

 

Figure 5.20 Impedance plots of the cells between 550oC and 450oC in hydrogen. All 

measurements were done at OCV conditions. 
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Figure 5.21 Ohmic, polarization, and total resistance of the cells between 550oC and 

450oC in hydrogen. All measurements were done at OCV conditions. 

 

To be a good cell, the long term stability is also required.  In the SOFC, a lot of 

researchers are trying to improve the cell performance, and lower the cell operation 

temperatures. However, few of them reported long term stability for these new cells. In 

most of the cases, if a certain material performs very well, there are always some 

stability issues. For example, Ba0.5Sr0.5Co0.2Fe0.8O3 (BSCF) cathode is very good at low 

temperature, but it is very vulnerable to CO2 and moisture and even during normal 

operation, it starts to decay. 147-149 Our cell is also highly performing, so it is necessary 

to examine the stability and it is more challenging because it is a whole cell systems. 

At the anode side, the moisture and Ni nano particle agglomeration may lower the cell 

performance. The electrolyte may have higher leakage current when the reduction 



 

 

93 

 

depth increases. The cathode may also have thermal stability issues like BSCF. At last, 

the life time of gas sealant, current collector stability, and possible delamination are all 

the concerns.  

 

Initially, the cell was running in humidified hydrogen at 450oC, with a constant current 

density of 0.2A*cm-2
.  The cell voltage was recorded with time in order to find out 

whether there is any degradation. After that, another cell was run in hydrogen and 

methane mixture, with 81% H2, 16% CH4 and 3% H2O, at 450oC. In a commercialized 

SOFC, due to fuel prices, natural gas is sometimes the feed instead of pure hydrogen. 

As we stated before, typical SOFC is not stable in hydrocarbons because of carbon 

deposition. Thus, natural gas undergoes a steam reforming reaction to get H2 rich gas, 

with CO, CO2, steam and CH4 residue. Here we use H2 and CH4 mixture to simulate 

this feed. For such reformate, the composition is not fixed and if more CH4 remains in 

the gas, it is more challenging to the SOFC operation. Therefore, in our simulated 

reformate, 16% CH4 is in the composition to examine the stability.   

 

The long term stability in H2 is shown in Figure 5.22. Initially the cell has the voltage 

of 0.8V with the constant current density of 0.2A/cm2, which is 160mW/cm2. After that, 

the cell voltage went up to 0.85V. This is because of activation of anode, such as NiO 

reduction, infiltrate particles bonding and increasing conductivity of SFCM under 

reduction. After that, the cell voltage started to drop slowly with almost a constant rate 

of 0.03% per hour. The cell has been run in hydrogen for over 200 hours, but the 

degradation rate seems unchanged and doesn’t reach a plateau. One possible 
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explanation is the sealant degradation. We used ceram-bond to seal the cell, but it is 

not designed for long term operation. The sealant may expire at high temperatures for 

a long time and form pin holes, so there will be a slow increasing gas leakage. This gas 

leakage lowers the OCV and we can see there is such a stable voltage degradation. We 

tested other cells from different batches, and the degradation rates were very similar. 

There are other possible degradations, such as Ni nano particle agglomeration. The cell 

was opened after long term test in H2 and sent to SEM to examine the infiltrate 

morphology. In Figure 5.23, we find relatively big Ni particles range from 0.5 μm to 1 

μm. It is bigger than the initial state. After the infiltration burnout, the particle size was 

nano scale, and after long term test, it went up to submicron scale. It decreases the 

active surface area, and possibly decreases the cell performance. 

 

Figure 5.22 Long term stability of SFCM cell at 450oC in H2. The cell is working under 

a constant current of 0.2A/cm2. 
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Figure 5.23 SEM images of SFCM cell after long term test in hydrogen. Ni 

agglomeration is observed. 

 

After that, one cell from the same batch was tested in the H2 / CH4 mixture to examine 

the long term stability in reformate. The cell ran in reformate at 450oC for about 400 

hours at a constant current of 0.2A/cm2. Shown in Figure 5.24, the initial performance 

is similar to hydrogen performance which is around 160 mW/cm2. It means at this 

temperature, the SFCM cell can work in both H2 and CH4 respectively. Flexible fuel is 

feasible. After initial decay and several voltage drops at the beginning150 hours, the 

performance afterwards is quite stable. Except for the sudden drops, the initial 

degradation rate is 0.04% per hour, very close to the degradation in H2. The sudden 

drops could be caused by micro cracks during testing, or the gas sealant failure, as other 

causes cannot result to a sudden decay in cell performance. From 150 hours to 400 

hours, the voltage is stable. It confirms SFCM anode supported cell has long term 

stability. In order to make it work longer, more engineering work should be done. At 

last, the voltage started to go down again. It is because the bubbler ran out of water and 
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air leaked into the gas line during water refilling process. Bigger bubbler should be 

used next time for long term test.  

 

Figure 5.24 SFCM anode supported cell in 81% H2, 16%CH4 and 3% water mixture. 

The cell ran at 450oC at a constant current density of 0.2A/cm2. The cell is stable after 

150 hours.  

 

5.6 Conclusion  

By doping Fe into Sr2CoMoO6, the conductivity is greatly improved. The mobility of 

electron transport increases with Fe dopant due to the degree of disorder goes up. 

However, too much Fe dopant lowers the conductivity because lower Mo content. 

SFCM materials are redox stable in both air and H2, and they are compatible with the 

GDC electrolyte. SFCM244 was selected for cell fabrication, because it has the highest 

metallic conductivity. 
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Porous SFCM-GDC anode supported cells were fabricated via tape casting techniques. 

At low temperatures, the anode is only an electronic conductor. Thus infiltration is need 

to improve the ionic conductivity, as well as the catalytic activity. The best one is Ni-

GDC (1:2) ethanol solution. With 10 wt% loading in the anode, the cell has the highest 

performance in both H2 and CH4. With single layer GDC electrolyte, the cell 

performance is good, but the OCV is low. We believe it is caused by Co diffusion in 

sintering process. Co can introduce leakage current in the electrolyte and lowers the 

OCV. In order to solve this problem, a certain electronic blocking layer should be used. 

The first attempt is ESB. ESB is an ionic conductor and has the advantage of low 

sintering temperature and high ionic conductivity. With a thick layer of ESB, the OCV 

improves, but the cell performance decreases. We speculate it is caused by small 

amount Co in the ESB layer or interfacial reaction between Co contaminated GDC and 

ESB. Our next attempt was using LSGM. With 10μm LSGM, the OCV got improved 

and the performance is higher than single layer GDC cells. However, LSGM has to be 

fired at high temperature. Even a 5% Li sintering aid cannot fully densify LSGM, thus 

low temperature operation is not favored due to high ohmic resistance. Meanwhile, the 

OCVs decrease slowly even with these electronic blocking layer. Therefore, the 

operation temperature should be lowered to slow down the degradation kinetics.  

 

We found 2 mol% Co-GDC is a good electronic blocking material. It has high ionic 

transference number and this layer can be densified at low temperatures. The cells with 

Co-GDC buffer layer were fabricated. In H2, the cell gives out high power density 

between 550oC and 450oC with a high OCV. At 450oC, the H2 stability is good with 
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the degradation rate of 0.03% per hour, and the reason for this degradation is mainly 

caused by sealant failure and Ni agglomeration. In reformate, the cell can give out 

similar power density as it is in H2. After slow degradation for the first 150 hours, the 

cell is stable without any decay. Therefore, SFCM is a good anode material to replace 

traditional Ni-Cermet. SFCM supported cell has high performance with flexible fuels 

at low temperatures and the stability is applauding. At last, we suspect Co-GDC cannot 

only improve cell OCV, it may also increase the cathode performance. The details will 

be discussed in the next chapter. 
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Chapter 6: Improving Cathode Performance By Adding 

Cathode Functional layer 

 

6.1 Introduction 

In the previous chapter, Co-GDC was used as the electronic blocking layer, as it has 

high ionic transference number. By adding this layer on top of the electrolyte, the OCV 

is improved. In addition, we observed the cell had low polarization resistances, 

especially at low temperatures. Therefore, there is a possibility that this Co-GDC can 

also improve the cathode performance, besides the OCV. This finding is promising 

because it may lower the cell operation temperature. Typical SOFCs are operated at 

high temperatures, and commercialized Ni-YSZ SOFC has an operation temperature 

around 800oC. High operation temperature causes some problems, such as fast 

degradation kinetics of cell components, longer startup time, high maintenance cost, 

etc. Nowadays, Ni-GDC SOFC is approached for commercialization and has a lower 

operation temperature around 650oC due to higher ionic conductivity of GDC than YSZ. 

However, this operation temperature is still high. The target in this field is to design a 

low temperature SOFC (LT-SOFC) that can be operated below 500oC. There are 

several issues that prevent the SOFC being operated at low temperatures, and one of 

the biggest problem is the cathode activation polarization loss. At the cathode side, the 

oxygen reduction reaction takes place and it requires higher activation energy than the 

hydrogen oxidation reaction at the anode, because splitting O=O double bond needs 
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more energy than splitting H-H single bond. 118,119 Therefore, the cathode always 

reaches its limitation before the anode.  

 

The overall cathode processes includes oxygen adsorption / desorption on cathode 

surface, oxygen incorporation into cathode lattice, and oxygen transport from cathode 

to electrolyte. To improve the cathode performance, developing new materials with 

high cathode catalytic activity and optimizing cathode microstructure are two major 

routes. Typical cathode materials like LSM and LSCF have been studied a lot and the 

mechanism have already been investigated.150-156 The cells with these cathodes can 

work functionally for a long time with minimal degradation.157-160 However, the cells 

with these cathode should be operated at elevated temperatures. La0.6Sr0.4CoO3 (LSC) 

and Sr0.5Sm0.5CoO3 (SSC) can work at 600oC, with a better performance than LSCF 

and LSM, due to their higher catalytic activity.161-165 To extend the cell operation 

temperature even lower, more active materials are needed. Ba0.5Sr0.5Co0.8Fe0.2O3 

(BSCF) that works at 500oC, and the cell with BSCF cathode has a good output around 

400mW/cm2 at this temperature. 166-168 However, this cathode is not stable during long 

term operation or when CO2 is present. 147,169-171 There is also another type of cathode 

called PrBa0.5Sr0.5Co2−xFexO5+δ (PBSCF), which has higher performance than BSCF 

and the stability is better, but the fabrication requires 600 hours annealing at 700oC to 

get the right structure.172
 Low temperature cathodes always come with stability, 

fabrication and cost issues because of the operation conditions are more challenging. 

At another aspect, improving microstructure can also lower the cell operation 

temperature because of more active sites. Nano fiber or rods types of cathodes have 
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high surface area, and the performance is enhanced especially at low temperatures. 173-

175 Due to nano particle’s intrinsic property, they are easy to agglomerate during long 

term operation. In addition, in order to maintain the original nano structure during 

fabrication process, the firing temperature is lower than that in regular process. 

Decreasing firing temperature lowers the bonding strength between particles and 

reduces the cathode mechanical strength.  

 

More active materials and optimized microstructure usually improves the overall effect 

of surface oxygen adsorption / desorption and oxygen incorporation into cathode lattice, 

which is the surface oxygen exchange kinetics. However, the mass transport between 

cathode and electrolyte also plays an important role in cathode performance. C Xia et 

al indicated that the cathode electrolyte interfacial resistance dominates the cell 

performance especially at low temperatures.165 S Wang et al also found out the cathode 

polarization not only depends on the cathode itself, but also the substrate. 176 

Nonetheless, there is no effective way to improve the mass transport between cathode 

and electrolyte and Plasma Pulsed Deposition (PLD) is the regular method without 

causing extra interfacial problems.  

 

Our group found out Co doped GDC is a good candidate as the cathode functional layer 

(CFL) to assist mass transport between cathode and GDC electrolyte. This CFL works 

with multiple cathodes, improves the cathode performance, increases cell open circuit 

potential, and no expensive methods are used. With the CFL, the high temperature cell 
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performance is increased and the operation temperature can also be lowered to 500oC 

effectively and efficiently. 

 

6.2 Experiments 

6.2.1 Cathode Functional Layer (CFL) Preparation 

Different amounts of Co-GDC were prepared as follows. 2mol%, 5mol% and 10mol% 

cobalt nitrates were dissolved in ethanol respectively and ball milled with GDC powder 

for 24 hours. The mixtures were dried and all nitrates were burnt out at 400oC for 1 

hour in furnace. The Co-GDC powder was then mixed with ESL 441 vehicle 

(ElectroScience) by the weight ratio 1:1 to form the CFL pastes (2Co-GDC, 5Co-GDC 

and 10Co-GDC). The CFL paste was applied onto the densified GDC surface. After 

the CFL layer was fully dried in oven, the cathode was applied onto the CFL. Both CFL 

and cathode layers were fired together at the regular cathode firing temperatures.  

 

6.2.2 Determination of Oxygen Surface Exchange Coefficient 

The oxygen surface exchange coefficient (k) of a certain material is used to describe 

the rate of gas phase oxygen transfer into the solid lattice. It is controlled by a multistep 

mechanism, including surface oxygen adsorption / desorption, surface oxygen 

incorporation into lattice, and oxygen transport from lattice surface into inner lattice. 
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6.2.3 Impedance Analysis of Symmetrical Cell  

To determine the improvement of cathode performance by adding CFL, the impedance 

analysis was done on the symmetrical cells via solartron 1260. The schemes of baseline 

samples and samples with CFL layer were shown in Figure 6.1. SSC-GDC, LSC-GDC 

and LSCF-GDC were examined to find out the effect of CFLs on different cathode 

materials. The firing temperatures were 950oC, 950oC and 1100oC respectively for 2 

hours. During testing, Ag paste was used as the current collector, and all samples were 

measured by 2-point probe mode within the temperature range of 450oC to 600oC. 

 
Figure 6.1 Schemes of symmetrical cells. The left one is the baseline sample and the 

right one is the sample with Co-GDC CFL 

 

6.2.4 Cell Performance Analysis 

Ni-GDC half cells were prepared by tape casting technique. NiO-GDC anode support 

tape, NiO-GDC anode functional layer (AFL) tape and GDC electrolyte tape were 

laminated together. After firing at 1450oC for 4 hours, the Ni-GDC half cell comprises 

400μm anode support, 20μm AFL, and 20μm GDC electrolyte. 2 mol% Co doped GDC 
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CFL and SSC-GDC cathode were selected for fuel cell testing. The CFL was blade 

coated on top of the Ni-GDC half cell and dried in a 100oC oven. The SSC-GDC 

cathode was then blade coated on top of CFL and then dried in the same way. The full 

cell was fired at 950oC for 2 hours. Two cells with different CFL thickness were 

prepared (14μm and < 1μm). Ag paste was used as the current collector at both sides 

of the cell and the measuring temperature ranges from 500oC to 650oC with humidified 

H2 as the fuel. 

 

6.3 Results and Discussion 

6.3.1 Mechanism of Interfacial Resistance Decrease 

Co helps the densification of GDC electrolyte. After firing, the Co agglomerates in the 

GDC grain boundary and forms a Co rich layer. 131 Due to this Co rich layer on GDC 

surface, the surface oxygen exchange coefficient improves. According to 18O isotope 

exchange test, the 2mol% Co doped GDC starts to exchange oxygen as low as 300oC, 

shown in Figure 6.2, while the standard GDC undergoes such an exchange above 500oC. 

In Figure 6.3, the oxygen exchange coefficient of 2mol% Co doped GDC is higher than 

that of regular GDC all over the temperature range. A higher oxygen exchange 

coefficient means faster surface oxygen adsorption / desorption and faster oxygen 

incorporation into lattice. Thus, it enhances the mass transport at the interface between 

cathode and electrolyte. 
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Figure 6.2 Oxygen isotope exchange curves of Co-GDC and standard GDC. Co-GDC 

started to exchange surface oxygen as low as 300oC. 

 
Figure 6.3 Oxygen surface exchange coefficients of Co-GDC and GDC. Within 

whole temperature range, Co-GDC has faster oxygen exchange. 
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At the interface between electrolyte and cathode, the oxygen anion was dissociated 

from cathode and incorporated into electrolyte lattice. The cathode usually has high 

surface oxygen exchange coefficient, so the process of oxygen dissociation from 

cathode is easy. However, due to GDC’s low surface oxygen exchange kinetics, it is 

difficult for oxygen ion to enter GDC electrolyte lattice, even though GDC has a high 

oxygen ion conductivity. When the Co-GDC is applied onto the GDC electrolyte 

surface, the situation is different. The configuration is shown in Figure 6.4. 

 

Figure 6.4 Scheme of the interface between SSC-GDC cathode and GDC electrolyte. 

By adding Co-GDC CFL the mass transport is improved and the bonding strength is 

enhanced. 

 

When Co-GDC contacts with cathode, because of fast surface oxygen exchange 

kinetics in both Co-GDC and cathode phases, the mass transport at the interface is 

promoted, resulting to a lower interfacial resistance. This mechanism has also been 

confirmed in our previous report, which is a thin ESB interlayer can decreases the 

interfacial resistance between YSZ electrolyte and cathode. 177 At another aspect, Co-

GDC assists the bonding between cathode and electrolyte. In most circumstances, GDC 

is added into the cathode to improve the ionic conductivity. At low firing temperatures, 
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the bonding strength between GDC electrolyte and GDC phase in cathode is not good. 

It introduces extra interfacial resistance. Co-GDC also assists such bonding because 

the Co rich layer works as the sintering aid.  

 

6.3.2 Cathodes Improvement by CFL  

By adding a CFL between cathode and electrolyte, the cathode performance are all 

improved, no matter how much Co in the CFL, shown in Figure 6.5 -6.7. With CFL, 

the polarization area specific resistance (ASR) decreases, while the slopes of log(ASR) 

vs. 1/T remains almost unchanged for the three types of cathode. The slopes represents 

the activation energies of cathode. If they are the same, it means the CFL doesn’t 

enhance the intrinsic cathode catalytic activity or change the cathode morphology. The 

cathode polarization resistance includes the whole process that gas phase oxygen gets 

reduced on cathode surface, the oxygen anion transports within the cathode, and the 

oxygen anion goes across the interface between cathode and electrolyte. Thus, the 

improvement is due to lower interfacial resistance between cathode and electrolyte. Co-

GDC CFL can assist oxygen ion transport from cathode into the electrolyte. At another 

aspect, Co can work as the sintering agent for lots of materials, especially for ceria. 

131,132,178 Therefore, The Co-GDC can be a bonding agent to help the anchoring of 

cathode on GDC electrolyte.  
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Figure 6.5 Polarization resistance of SSC-GDC on Co-GDC CFL. Temperature ranges 

from 450oC to 600oC 

 

Figure 6.6 Polarization resistance of LSC-GDC on Co-GDC CFL. Temperature ranges 

from 450oC to 600oC 
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Figure 6.7 Polarization resistance of LSCF-GDC on Co-GDC CFL. Temperature 

ranges from 450oC to 600oC 

 

Specifically, at 500oC, the cathode polarization resistance is smaller on top of Co-GDC 

CFL than on GDC surface, shown in Figure 6.8-6.10. For SSC-GDC cathode, the ASR 

on GDC surface is around 0.105Ω/cm2
 with Ag current collector. When there is a 5Co-

GDC CFL, the ASR is 60% smaller. The 2Co-GDC and 10Co-GDC have a bit less 

effect, around 50% shrinkage in the cathode polarization arc. For LSC-GDC cathode 

with CFL, the ASR is only around 30% of the standard ASR on GDC, which is a big 

enhancement. However, when the cathode is LSCF-GDC, even though the ASR can 

get decreased, the improvement is not as high as SSC-GDC and LSC-GDC. With 2% 

Co-GDC CFL or 5% Co-GDC CFL, the cathode performance is close to the standard 

performance on GDC surface. When the Co content goes up to 10%, a relatively bigger 

improvement is observed. This is because LSCF-GDC requires higher firing 

temperature. Unlike SSC-GDC or LSC-GDC, LSCF-GDC has to be fired around 
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1100oC. Co covers the GDC surface in CFL and it helps with the oxygen ion transport. 

Co is volatile at high temperatures and if the heating process is too vigorous, Co 

evaporates and the CFL expires. Therefore, LSCF-GDC doesn’t have such a good 

performance on CFLs as SSC-GDC or LSC-GDC. When the Co content is high, the 

CFL doesn’t fully expire and still have some positive effect.  

 

Figure 6.8 Polarization resistance of SSC-GDC cathode on Co-GDC CFL at 500oC. 

When the CFL contains 5% Co, the improvement is the highest. When CFL contains 

2% or 10% Co, the performances are similar. 
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Figure 6.9 Polarization resistance of LSC-GDC cathode on Co-GDC CFL at 500oC. 

When CFL contains 2% Co, the performance is the best.  

 

 

Figure 6.10 Polarization resistance of LSCF-GDC cathode on Co-GDC CFL at 500oC. 

Compared with SSC and LSC. CFL has less effect on LSCF, mainly because LSCF 

should be fired at higher temperature, and the surface Co on CFL evaporates. 
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6.3.3 Cell Performance Improvement by CFL 

By adding 2Co-GDC CFL, the Ni-GDC cell performance increases a lot within the 

whole temperature range. If the cell performance is increased, less material is needed 

to output certain amount of power. It reduces system cost, weight, and building 

difficulties. The performance of standard Ni-GDC cell with SSC-GDC cathode is 

shown in Figure 6.12. At 650oC, the peak power density (PPD) is closed to 1W/cm2. 

Two cells with different CFL thickness (14 μm and  less than 1μm) were fabricated for 

comparison. The SEM images of cell cross section is shown in Figure 6.11. In Figure 

6.11(A), we can see a clear 14μm CFL. When the CFL is very thin, it is not visible, in 

Figure 6.11(B). We believe this layer follows the cathode shrinkage and has the similar 

microstructure with the cathode.  

 

 
Figure 6.11 SEM Images of Ni-GDC cells with 2% Co-GDC CFL. (A) Thick 14μm 

2% Co-GDC prepared by blade coating. (B) Thin 2% Co-GDC prapared by drop 

coating. The estimated thickness is less than 1μm, and the layer cannot be 

differetiated from SSC-GDC cathode. 
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When 14μm 2Co-GDC CFL is used, the PPD easily exceeds the standard value and 

reaches 1.84W/cm2
 which is almost doubled, shown in Figure 6.13. Besides the cathode 

improvement, part of the enhancement is caused by high OCV. Ceria electrolytes have 

a common problem. The OCV is lower than YSZ or LSGM at high temperatures. Ce is 

a multivalence cation and it can be reduced at the anode side during cell operation 

conditions. This type of decreased OCV lowers overall cell efficiency. Ceria is an n-

type conductor, and if a certain p type conductor is doped, the electronic conductivity 

will be neutralized. D.P. Fagg et al reported 2 mol% Co doped GDC has the ionic 

transference number higher than 0.98 at 650oC 142 Thus, when the 2Co-GDC CFL 

covers the GDC electrolyte, the OCV goes up to 0.9V at 650oC, compared with 0.84V 

of the standard cell. If the CFL is thin (<1μm), the OCV has no improvement, which is 

0.82V at 650oC, shown in Figure 6.14. However, the cell PPD is 1.6 W/cm2, much 

higher than the standard cell. At low temperatures, the cathode kinetics is slow. The 

standard cell only outputs 250mW/cm2 at 550oC. In order to lower the cell operation 

temperature, reducing cathode polarization loss is very important. Here, the CFL plays 

a more important role. When the CFL is thin, the cell PPD is 750mW/cm2 at 550oC, 3 

times of the standard cell. At 500oC, the cell can output as much as 400mW/cm2, while 

the cell with thick CFL outputs 300mW/cm2. Thus, by incorporating a CFL, the cell 

can be operated ideally at low temperatures.  
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Figure 6.12 Performance of standard Ni-GDC cell. 20μm GDC electrolyte and SSC-

GDC cathode are used in the cell configuration. The cell was tested in humidified 

hydrogen between 500oC to 650oC. 

 

Figure 6.13 Performance of Ni-GDC cell with 7μm CFL. 20μm GDC electrolyte and 

SSC-GDC cathode are used in the cell configuration. The cell was tested in humidified 

hydrogen between 500oC to 650oC. 
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Figure 6.14 Performance of Ni-GDC cell with very thin CFL (<1μm) . 20μm GDC 

electrolyte and SSC-GDC cathode are used in the cell configuration. The cell was tested 

in humidified hydrogen between 500oC to 650oC. 

 

6.4 Conclusion 

The mechanism of Co-GDC CFL was studied by isotope exchange. Co covers GDC 

particles and changes the surface properties. Co-GDC has high surface oxygen 

exchange coefficient which helps the interfacial mass transport. The Co rich layer also 

enhances the bonding strength between cathode and electrolyte. This CFL works for 

different types of cathode and the decrease of polarization resistance is as much as 70%. 

By using CFL, traditional Ni-GDC cells have higher OCV and the performance is 

higher at all temperatures. When the CFL is thick (14μm), the OCV is higher with the 

PPD of 1.84mW/cm2 at 650oC. When the CFL is thin, the cell has more advantages to 

be operated at low temperatures. At 550oC the PPD is 750mW/cm2 while it is 
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400mW/cm2 at 500oC. Depending on cell operation temperatures, the CFL thickness 

can be tailored to achieve the optimized performance. No expensive materials or 

complicated fabrication techniques are used. This is a new route to improve the SOFC 

performance and lower the cell operation temperatures. 
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Chapter 7: Mixed Protonic Electronic Conductors 

7.1 Introduction 

In this chapter, a side project of developing mixed protonic electronic conductors is 

discussed. From previous chapters, we can know for a good SOFC, it is preferred to 

use pure ionic conductors for the electrolyte, such as YSZ, LSGM and ESB. For ceria 

based electrolytes, like GDC, the operation temperature should be below 650oC, 

otherwise the cell OCV is low, due to partial reduction of Ce4+ to Ce3+. This valence 

transition introduces leakage current in the electrolyte. As the result, some electrons do 

not go through the outside circuit, lowering the cell performance and efficiency. These 

cases are all oxygen conductors. The same, if the electrolyte conducts proton, instead 

of oxygen anion, it is a proton solid oxide fuel cell. Examples of the electrolyte 

materials are lanthanide doped SrCeO3, lanthanide doped BeCeO3 and lanthanide 

doped BaZrO3.
179-184 These materials are purely protonic conductors and the cell OCVs 

are all above 1V.   

 

If it is a purely ionic conductor, only ions can transport in the electrolyte, and high 

OCV can be obtained. If there is electronic conduction, the electrons will migrate in 

the electrolyte can the cell performance is low. However, if the leakage current is high, 

it can be another application called hydrogen (oxygen) permeation membrane, 

depending on the type of ionic conductivity. The simple mechanism is shown in Figure 

7.1. Here protonic electronic mixed conductor is used as the example. When there is a 

PH2 difference present at both sides of the membrane, proton and the electron move 
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from the high PH2 side to the low PH2 side. The driving force is the hydrogen partial 

pressure gradient.  

 

Figure 7.1 Hydrogen permeation membrane and oxygen permeation membrane 

 

This application is very useful to separate hydrogen out from gas mixtures in the 

petroleum industry and the because of the membrane is dense and has high selectivity, 

the hydrogen obtained via this method has a very high purity. This membrane can also 

be used to accelerate some reactions. Nowadays, due to the low price of natural gas, 

researchers are investigating how to convert methane to high C hydrocarbons or even 

liquid fuels. One of the reaction is shown as follows, 

𝐶𝐻4 →  𝐶2 𝐻𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑠 + 𝐻2 

In order to increase the yield of this reaction, hydrogen should be removed from the 

products. Therefore, the protonic electronic mixed conductor can be used to do this job. 

When hydrogen is formed, because there is a PH2 difference between the inside and the 

outside of the reactor, the product hydrogen can permeate through the membrane. As 

the result, the yields of C2 hydrocarbons are increased and the by product ultra pure  

hydrogen is obtained.  

 



 

 

119 

 

Because the protons and electrons are transport towards to the same direction, it is easy 

to imagine such a membrane with equivalent protonic and electronic conductivity has 

the highest performance. If the protonic conductivity is higher, the hydrogen flux is 

limited by the lower electronic conduction, vice versa. To achieve high performance, 

matched high conductivity of protons and electrons are desired. 

 

7.2 Conduction Mechanism  

Specifically, in the perovskite, the protons are generated through the water vapor 

incorporating into the oxygen vacancies. The equation is shown below 

𝐻2𝑂 +  𝑉𝑂
𝑜𝑜 →  𝑂𝑂

𝑋 + 2𝐻𝑜 

Therefore, in order to obtain protonic conductivity, the oxygen vacancy is necessary. 

Thus, doping lanthanide into SrCeO3 or BaCeO3 is needed. There are a lot of materials 

have oxygen vacancies, but not all of them have protonic conductivity. When the 

materials have high basicity, H2O molecules are more likely incorporate into the 

oxygen vacancies, because at elevated temperatures, steam can be considered as a type 

of acidic gas. In SrCeO3 and BaCeO3, Sr and Ba are both rare earth elements with high 

basicity. At another aspect, Ce is lanthanide which is also very basic. Therefore, the 

compositions tend to “react” with water to form protons. However, the basicity cannot 

be too strong, otherwise the material may decompose in moisture or when CO2 is 

present at high temperatures. 185,186 To solve the stability problem, doping Zr at B site 

or directly use Y doped BaZrO3 may be good ideas. Zr is not as basic as Ce, and Y 

doped BaZrO3 has a cubic structure which is more stable than SrCeO3 and BaCeO3. 

However, when Zr is added into the composition, the sinterability of the material is 
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lowered. The poor densification increases the ohmic resistance, and sintering agent may 

needed. 187-190  

 

After the protons are formed, protons can bond with the lattice oxygen and hop among 

the oxygen anions, as shown in Figure 7.2. The proton moves around the oxygen anion 

and due to the oxygen oscillation and vibration, the proton can move from one oxygen 

to another oxygen, finally realizing proton hopping. 191  

 

Figure 7.2 proton conduction in an ABO3 perovskite material. Protons are hopping 

among the oxygen sites 192 

 

The electron transport mechanism is explained in Chapter 2. All of the perovskite 

materials follow the electron hopping mechanism. 
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Most of the protonic conductors are purely ionic conductors. In order to increase the 

electronic conductivity, multivalent cation should be doped into the composition. One 

of the good mixed conductor is Eu doped SrCeO3. Eu is a special lanthanide which has 

two valence state of +3/+2. The standard reduction potential is not very negative, and 

it can provide some n-type conduction under reducing conditions. The standard 

reduction potential is shown below, 

𝐸𝑢3+ + 𝑒− →  𝐸𝑢2+   -0.35V 

As the result, Eu doped SrCeO3 is widely used for hydrogen separation. 193-195 

Nevertheless, even though this composition is good, the electronic conductivity is still 

lower than protonic conductivity. 

 

7.3 Experiments 

BaZr0.8Y0.1Nb0.07Co0.03O3-x (BZYN), Ba0.95La0.05Zr0.8Y0.1Nb0.07Co0.03O3-x (BLZYN), 

and Ba0.95Eu0.05Zr0.8Y0.1Nb0.07Co0.03O3-x (BEZYN) were synthesized via solid state 

reaction. Stoichiometry amount of BaCO3, ZrO2, Y2O3, Nb2O5 and Co3O4 (Eu2O3 and 

La2O3) were mixed together and ball milled in ethanol for 24 hours. The powders were 

then dried and calcined at 1100oC for 4 hours. The calcined powders were grinded and 

ball milled again for another 24 hours. The powders were then dried, pressed into 

pellets and sintered at 1450oC for 12 hours. The sintered bodies were sent to XRD 

diffractometer to examine the phase purity.  

 

Conductivity of the samples were measured via 4 probe DC method with keithley 2400 

source meter. Pt paste was used as the current collector. All samples stayed in 
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humidified 10%H2 / 90%N2. The conductivity was taken when the readings were 

stabilized. The temperature ranges from 600oC to 900oC 

 

7.4 Results and Discussion 

The base composition is BaZr0.9Y0.1O2.95. The reason why don’t select BaCeO3 or 

SrCeO3 series is Y doped BaZrO3 has higher conductivity. At another aspect, BaZrO3 

has higher stability and that of the cerates compositions. It will not decompose in 

moisture or in CO2, showing long term stability. In these compositions. 3 mol% Co is 

added. As discussed before, barium zirconate is very difficult to sinter. To improve 

sinterability, transition metal oxide is usually added as the sintering agent. Nb is an n-

type conductor which can provide some electronic conductivity in reducing conditions. 

By doping Nb, the pure ionic conductor can be modified into the mixed conductor.  

 

The purpose of comparing these compositions is to find out whether A site dopant can 

affect the conductivity. As we know, most dopant methods modify the perovskite B 

site, because both protonic and electronic conductivity mostly depend on the B site. 

However, A site doping can also affect the material properties. To confirm this, 5 mol% 

La and Eu were doped respectively in this composition.  

 

The XRD patterns are shown in Figure 7.3. After sintering, all compositions have single 

cubic perovskite phases. When doping La or even doping Eu, the peaks shift to the 

right. The ionic radii rBa (144pm) > rLa (136pm) > rEu (124pm), and smaller cation 

decreases the lattice parameter. As the result, the peaks move to the high angles.  
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Figure 7.3 XRD patterns of sintered bodies of BZYN, BLZYN and BEZYN. All 

compositions show single phases after sintering 

 

The conductivity were measured from 600oC to 900oC in humidified hydrogen. The 

conductivity of the three compositions is shown in Figure 7.4. With A site dopant, the 

conductivity decreases. Ba has the valence state of +2, while the dopants are both 

lanthanide, with the valence state of +3. Thus, doping lanthanide lowers the 

concentration of oxygen vacancy. The lower oxygen vacancy concentration directly 

decreases the protonic conductivity. As the result, when 5% la is doped into A site, the 

conductivity drops over one magnitude all over the temperature range. However, when 

Eu is doped, the conductivity increases a lot compared with La. Under reducing 

conditions, Eu can be partially reduced from the valence state of +3 to +2. Therefore, 

it introduces electronic conductivity in the composition. According to Chapter 2, 

usually the electrons hop between B site cations. If Eu is doped at A site, the electron 
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hopping route could be A site to B site, which provides an extra pathway. 

 

Figure 7.4 Conductivity of BZYN, BLZYN, and BEZYN. With A site dopant, the 

conductivity decreases due to lower protonic conductivity. BEZYN has much higher 

conductivity than BLZYN. 

 

7.4 Conclusion 

By doping lanthanide into A site, even with 5 mol% dopant level, the conductivity 

changes a lot. BZYN has the conductivity around 10-3 S*cm-1, but when 5% La is doped 

at A site, the conductivity decreases a lot by over one magnitude. It is because higher 

valence S site cation can decrease the concentration of oxygen vacancies and finally 

decreases the concentration of protons. With 5% Eu dopant, the situation is different. 

Eu has an easy 3+/2+ transition. Even though in this composition the protonic 
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conductivity is also low, because of the same reason, the electronic conductivity 

increases a lot. Standard electronic hopping route is from one B site cation to another 

B site cation. With Eu at A site, it provides an extra pathway. As the result, we can 

observe the conductivity jump by switching La to Eu. 
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Chapter 8: Summary and Future Work 

 

Anode research is a very important part of SOFC development. At the anode side, the 

fuel is oxidized and the power is generated. In order to lower the SOFC operation 

temperature, increase SOFC life time, and make it suitable for hydrocarbon fuels, a 

good anode is necessary. To meet these requirements, the ceramic anode is now the 

research focus. Ceramic materials are more stable than the cermet composite, and they 

are more tolerant to hydrocarbons. However, the biggest issue is the ceramic materials 

have much lower conductivity than cermets, and it introduces high ohmic resistance. 

Therefore, the overall discussion is about how to increase the conductivity. To achieve 

high conductivity, the mechanism should be found out. Our idea is using standard 

reduction potential to seek appropriate elements combination in the perovskite structure, 

which can make the materials have high concentration of free electrons as well as high 

electron mobility. Our observation is that if a certain B site element has the reduction 

potential between 0V to 1V, the composition is probable to have high conductivity, 

without reduction at high temperatures, and also it can provide enough stability to work 

in fuel cell operation conditions. Through this way, we determined vanadium and 

molybdenum are good candidates for perovskite B site dopants. 

 

With vanadium dopant, we developed vanadium doped SrTiO3 and NaNbO3. All of the 

compositions have very high conductivity over 50 S*cm-1. However, there are tradeoffs. 

High performing material usually means lower stability and fabrication problems. 

Vanadium is a small cation and is very mobile. During materials preparation process, 
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it always introduces impurities and form unexpected phases. The electrolyte supported 

configuration is suitable for these materials, because the anode can be fired at lower 

temperatures and reduce the chance of vanadium diffusion. The anode materials are 

only electronic conductors. In order to achieve high performance, catalyst and ionic 

conductors should be infiltrated into the anode. Here Ni-GDC nitrate solution can 

enhance the anode performance, and an optimized ratio of Ni to GDC was determined. 

The best cell performance at 650oC in hydrogen is lower than 300 mW/cm2, which is 

attributed to the electrolyte supported cell configuration. Meanwhile, slight vanadium 

diffusion was observed even though the anode is fired at low temperatures. 

 

Molybdenum double perovskite type of anode was also developed.  Molybdenum 

double perovskite has lower conductivity than vanadium doped perovskite, while the 

stability is higher. By doping Fe into Sr2CoMoO6 (SFCM), the B site cation ordering 

is disturbed and the conductivity increases over one magnitude, which is high enough 

for anode support. This material is suitable for anode supported cell configuration. The 

SFCM supported cell was fired at 1200oC, much lower than the typical Ni-GDC cell. 

However, due to Co or Mo diffusion into electrolyte, the OCV is lower than regular 

GDC electrolyte.  In order to improve OCV, Co-GDC electronic blocking layer was 

applied onto the electrolyte surface. Co-GDC has high ionic transference number, so it 

blocks the leakage current and the OCV is increased. With SSC-GDC as cathode and 

Ni-GDC as anode infiltrate, the cell has high performance (760 mW/cm2) at a relatively 

low temperature (550oC). Even the temperature is lowered to 450oC, the cell can still 

give out a reasonable performance around 300mW/cm2, while maintain a long term 
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stability. Currently most ceramic anode material should be operated above 750oC, 

because the conductivity is low unless the anode is reduced at high temperatures. This 

material can be operated at a much lower temperature which is a big improvement.  

 

During the anode development, we observed a cathode improvement. We attributed 

this phenomena to the Co-GDC layer. The detailed analysis on Co-GDC cathode 

functional layer (CFL) was performed. By adding the CFL, the performance of 

different cathodes is improved, including LSCF, LSC and SSC. On regular Ni-GDC 

cells, both OCV and cell performance are improved. To find out the mechanism, 

isotope exchange was done on Co-GDC. After firing, Co covers the GDC particle and 

modifies the GDC surface properties. The oxygen exchange coefficient of Co-GDC is 

much faster than that of the standard GDC. Better oxygen exchange coefficient means 

Co-GDC is easy to take oxygen. When the oxygen transport from cathode to the 

interface between electrolyte and cathode, the Co-GDC CFL can easily capture these 

anions. Therefore, the interface resistance is decreased and the overall cathode 

performance is increased, without incorporating expensive materials or using 

complicated fabrication techniques. This method is easy and effective. Compared with 

standard Ni-GDC cells, the CFL cells have much higher performance which makes a 

LT-SOFC feasible.   

 

Besides these, during my first years of Ph.D study, I also did some research on mixed 

protonic electronic conductors. I modified the Y doped BaZrO3 and found A site dopant 

can affect both protonic and electronic conductivity. With lanthanide at A site, the 
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protonic conduction decreases due to lower oxygen vacancies. However, by carefully 

doping suitable lanthanide, such as Eu, the electronic conductivity goes up because it 

provides extra electronic pathway. 

 

In addition, there is still other work should be done in the future. During my Ph.D 

process, there are some other types of anode were developed, but not fully analyzed or 

elaborated. One example is Fe doped Sr2NiMoO6 (SFNM). This material is similar to 

SFCM, which is redox stable (Figure 8.1).  Compared with SFCM, the conductivity is 

about half but still high enough for anode supported cell. The conductivity is shown in 

Figure 8.2. 

 

Figure 8.1 20% Fe doped Sr2NiMoO6. The sample was sintered at 1300oC and reduced 

at 650oC. The phase is stable before and after reduction. 



 

 

130 

 

 

Figure 8.2 Conductivity comparison between SFCM and SFNM. All samples were 

reduced at 650oC in 10% H2 / 90% N2 

 

Even though the conductivity is lower, it has its own advantage. Possibly due to the Ni 

in the double perovskite phase, SFNM has intrinsic catalytic activity. Thus no metallic 

catalyst is needed. The cell peak power density (PPD) is shown in Figure 8.3. With 

only GDC infiltration, SFNM performs much better than SFCM due to higher catalytic 

activity in both hydrogen and methane. If the fuel contains H2S which is poisonous to 

Ni catalyst, SFNM is a good candidate. However, anode supported cell has not been 

fabricated and how to make such a cell is the future work. 
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Figure 8.3 PPDs of SFCM cell and SFNM cell. All cells were tested at 650oC. 

 

Meanwhile, there is another type of anode candidate which is La0.6Sr0.4Cr0.9Mo0.1O3 

(LSCM). After firing at 1450oC, LSCM was densified with minor SrMoO4 impurity, 

shown in Figure 8.4. After reduction at 650oC, the impurity is gone. The conductivity 

is over 30 S*cm-1 when LSCM is sintered at 1450oC (Figure 8.5), due to its higher 

relative density. However, no further research has been done on this material, such as 

fuel cell fabrication, anode performance, stability, etc. In the future, all these analysis 

will be done. 
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Figure 8.4 XRD patterns of LSCM before and after reduction. Before reduction there 

is SrMoO4 impurity at all sintering temperatures, while it is gone after reduction. 

 

 

Figure 8.5 Conductivity of LSCM after sintering at 1350oC and 1450oC. Both samples 

were reduced at 650oC in 10% H2 / 90% N2. 

 

At last, some other candidates such as doped BaSnO3, Sr2FeSbO6 and Sr2ZnMoO6 were 

synthesized and the conductivity were measured, but either there is stability is an issue 
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or the conductivity is not high enough. In order to make anode with these materials, 

more effort should be taken in the future. 
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