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ABSTRACT

Solid oxide fuel cell (SOFC) is considered to be one of the most

promising candidates for future clean energy applications due to its

high efficiency and fuel flexibility. Generally, anode supported SOFCs

with thin oxygen ion conduction electrolyte (O-SOFCs) are mainly used

in engineering applications and experimental tests since they can

provide larger power density compared with proton conduction SOFCs

(H-SOFC) under the same operating conditions. However, the operation

temperature of O-SOFC is very high (750~1000℃), which consumes a

large amount of thermal energy to produce certain electrical power.

Therefore, it is necessary to develop novel electrode material

configuration which has relatively high output capacity and can be

operated at lower operating temperature to reduce thermal energy input,

long-term operating costs and improve the overall SOFC efficiency.

Electrode microstructure parameters (porosity, mean particle size,

particle radius distribution and tortuosity factors,etc.) are known to

have significant effects on the SOFC performance and durability. Lots

of scholars paid close attention to simulations of performance affecting

factors, and relationships between factors and performance are

discussed in recent decades (section 1.3.2). However, there are almost

not enough comprehensive quantitative studies on these affecting

factors. In order to improve the performance of SOFC and lower its

material cost and thermal energy loss, structure optimization of
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electrode and proper material configuration are necessary. This work

investigates SOFC electrode by a series of experimental tests of

H-SOFC cathode materials and 3 kinds of numerical modelings aiming

at identifying the factors that affect the performance of electrodes and

figuring out optimized SOFC electrode microstructures. The whole

work consists of 3 main parts: chapter 2 focuses on porous electrode

reconstruction and quantitative and qualitative analysis of performance

affecting factors at pore scale; chapter 3 focuses on internal gas

transport, momentum transport and interface reaction effects of

O-SOFC anode and H-SOFC cathode by LBM; chapter 4 focuses on

novel H-SOFC cathode material development.

In chapter 2, 3D ( three dimensional) microstructures of SOFC

cathodes are reconstructed by random packing of spherical binary

particles method with MATLAB program to figure out the performance

influencing factors. Initial contacts of each two particles are point to

point, then two numerical modeling method kMC (kinetic Monte Carlo)

and MDM (morphological dilating method) are conducted in this work

to simulate sintering process of electrode materials. Sintering

conditions and geometrical parameters effects on SOFC electrode

performance are presented in this work, and detailed relationships

would be discussed. Results of MDM results show great agreement

with that of kMC method cases. And this series of studies provide

fundamental information on achieving optimized composite cathode

microstructure. The results are very valuable for designing high
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performance SOFC cathodes. The described technique will allow one to

design new improved structures and determine optimal SOFC

composite cathodes at specific sintering stage.

In chapter 3, to understand internal working mechanism of SOFC

porous electrode, mass transport and momentum transport with reaction

effects at the interfaces between electrode and electrolyte are simulated

by lattice Boltzmann method (LBM). 2D ( two dimensional) electrode

images and 3D electrode geometries are derived from previous 3D

electrode reconstructed microstructures slices in chapter 2. To narrow

closed pore numbers caused by simulation dimension decrement,

appropriate simplification process is necessary to ensure the same

porosity with initial 3D structures. Two series of cases are set in 2D

LBM simulations: porosity effects and geometry ( graded porous

electrode microstructures with different particle layers) influences. 2D

with 2 species ( O-SOFC anode: hydrogen, steam) and 2D with 3

species ( H-SOFC cathode: oxygen, nitrogen, steam) are involved in

this work. Furthermore, by applying LBM to porous O-SOFC anode

( section 3.4.1 ) and H-SOFC cathode ( section 3.4.2 ) with different

porosities and various graded microstructures, effects of structural

parameters on mass and momentum transport within electrode are

investigated intuitively via 2D color images. Detailed 2D and 3D

multicomponent mass transport and momentum transport simulations

by LBM are conducted in this chapter.

For the same gas inlet conditions, concentration distributions are
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similar for all porosities cases. Results suggest that the concentration of

reactant gas ( hydrogen for anode; oxygen for cathode ) decreases as the

porosity of electrode increases , and this phenomenon is more visible

toward the interface between electrode and electrolyte (TPB, reaction

occurs here). The designed graded electrode provides much wider

passage for reacting gas and optimizes gas transport at the interface

between electrode and electrolyte, which speeds up the consumption of

reactants in TPB sites of interfaces and prompts the efficiency of fuel

cells. Simulation results reveal that LBM is a highly efficient and “easy

to use, easy to expand” method in complex porous media applications.

In chapter 4, to further understand the working mechanism and its

electrochemical output performance of proton-conducting solid oxide

fuel cells (H-SOFCs) cathode, a series of experimental tests of novel

configuration of composite cathode for H-SOFCs based on

proton-conducting stable BZCY electrolyte is developed as a trial of

new material development. The single button fuel cells with the

configuration NiO-BZCY| BZCY| SFM-BZCY were manufactured and

conducted under the temperature in range of 600~800℃ with ambient

air as oxidant and wet H2 (3 vol% H2O) as the fuel gas fed to cathode.

While the symmetrical fuel cells by the structure of SFM-BZCY |

BZCY| SFM-BZCY were also tested under the same intermediate

temperature range. All the single fuel cells and symmetrical fuel cells

were sintered under three different situations.
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CHAPTER 1 INTRODUCTION

In chapter 1, current global energy consumption status, basic

information of solid oxide fuel cells (SOFCs) and other research

background related to my works are given in details in section 1.1,

section 1.2 and section 1.3, respectively.

1.1 Introduction and background

In the International Energy Outlook 2016 (IEO2016) Reference

case, it shows severe growth in world energy demand over the 28-year

period from 2012 to 2040. Total world energy consumption holds

potential increases of 48% from 549 quadrillion British thermal units

Btu in the year of 2012 ( the number is 524 in 2010 in IEO2014) to 629

quadrillion Btu in 2020 and 815 quadrillion Btu in 2040 (Fig.1.1-1).

More than 85 percent of the increase in global energy demand from

2010 to 2040 occurs among the developing nations outside the

Organization for Economic Cooperation and Development (non-OECD),

driven by strong economic growth and expanding populations[73].
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Fig.1.1- 1 Global energy consumption status and demand (year

1990~2040) [73]

Fig.1.1- 2 Energy consumption in three typical energy consumption

countries (The United States, China, India during years of

1990~2040) [73]
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Fig.1.1- 3 World energy consumption by energy source, 1990-2040

[73]

Fig.1.1- 4 World net electricity generation by energy source,

2012-2040 [73]

Figs.(1.1-3) & (1.1-4) demonstrate world energy consumption and
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net electricity generation by energy source in the past several decades,

respectively. Worldwide, with government policies and incentives

promoting the use of clean energy sources in many countries, renewable

energy has become the world’s fastest-growing energy source with an

average increasing rate of 2.6% per year. Concerns about energy

security and fuel emissions on the environment enhanced the use of

clean and renewable energy sources.

In terms of the current global energy consumption status and

further future demands, we can foresee that new kinds of energy device

or energy modus should be in great need. Fuel cells are energy

conversion devices in which the chemical energy of a fuel and a

combustive agent (for example, hydrogen or hydrocarbons or even

bio-fuels and air, respectively) is electro-chemically transformed into

electric energy. The electro-chemical conversion avoids the use of a

direct combustion process and of a Carnot thermodynamic cycle, thus

reducing pollution levels in exhaust gases while increasing the

energetic efficiency [102,164].
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Fig.1.1- 5 Schematic diagram of recycled hydrogen energy in city (closed-loop with no pollution)
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As shown in Fig.1.1-5, SOFC and other clean energy methods

such as solar energy, wind energy and ocean wave energy can form a

closed loop of 24 hours ( a whole day) hydrogen energy circulation

system with no pollution, which opens up the scope of application of

new energy in the future.

There are more reasons why SOFCs are the fuel cell technology of

choice in USDOE/FE [72]:

Fig.1.1- 6 Basic operating principle of Solid Oxide Fuel Cell

Fig.1.1-6 presents the basic principle of SOFCs, and they are clean,

easy to assemble, and high-efficient. Due to the independence from

heating, SOFCs are not subject to Carnot cycle limitations. In addition,

http://www.eia.gov/forecasts/ieo/images/figure_12.jpg
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they benefit the nature by a smaller amount of NOx emissions

compared to common combustion-based electrical power generation

technologies. Furthermore, among different types of fuel cell available,

SOFCs are fuel-flexible – they can handle impurity degree of common

fossil fuel, diversity of hydrocarbon fuels ( such as methane, methanol

and alcohol, etc.). Mostly, SOFCs are ideal for carbon capture in that

the fuel and oxidant (air) streams can be kept separate by design,

thereby facilitating high levels of carbon capture without substantial

additional cost [72].

However, many shortcomings can still be identified.

Experimental data and analyses suggest that traditional SOFC is

urgently needed to reduce comprehensive beginning investment and

optimize energy consumption. The best way to overcome these

disadvantages is to optimize the cell structure to improve its

performance and update material configuration to lower the operating

temperatures (chapter 2, and chapter 3 focus on research on

structural parameters and performance optimization; chapter 4

aims at new material configuration development;).

1.2 Basic Information of SOFC

Traditional Solid Oxide Fuel Cell ( SOFC ) is a kind of high
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temperature (800~1000oC) power generator [82] and has shown great

potential for electricity generation in industrial applications, which can

convert the chemical energy of fuels to electrical energy directly via

electrochemical reactions [80,199]. The energy efficiency of SOFC is

not limited by Carnot efficiency and is considerably higher than

conventional heat engines. High operating temperature enables direct

internal reforming of hydrocarbon fuels or thermal decomposition of

ammonia in the porous anode of SOFC [90,165,200]] thus SOFC can be

operated with various alternative fuels, including hydrogen, methane,

natural gas, ammonia, and renewable bio-gas. Moreover, the waste heat

from SOFC stack is of high quality and can be recovered by integrating

SOFC with other systems for combined thermal (heating or cooling)

and power co-generation, which leads to high system efficiency. Due to

these advantages, SOFC has received significant attention as a

promising alternative power source for a great deal of applications with

various fuels [131] and more and more extensive research works have

been done in recent decades [138] by changing fuel species to optimize

the performance of SOFCs (like ethanol [11,46,155]and methane [50]).

1.2.1 Working mechanism and types of SOFC
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Fig.1.2.1-1Working mechanism of SOFC

SOFC mainly has three parts like a sandwich : two porous

electrodes at two sides ( anode and cathode) with thin electrolyte

between them. As shown in Fig.1.2.1-1 hydrocarbons fuels such as CO,

H2, and CH4 would be fed from the anode side fuel channel and the

oxidant like air or O2 is supplied via cathode side gas channel.

For SOFC with oxygen ions conducting material electrolyte

(O-SOFC will be introduced later), taking hydrogen as the fuel for

example, the complete working mechanism is presented as follows:

Hydrogen reacts with oxygen ions generated by cathode side to

produce steam (at the interface between anode and oxygen ions

conduction electrolyte) and electrons at anode side (as Eq.(1.2-1).

Electrons transport from anode-side current collector to cathode-side

current collector via external loading circuit. Oxygen from cathode gas

channel will react with electrons to generate oxygen ions (as

Eq.(1.2-2)). Only can electrons and ions transport through their own
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conduction solid material, and oxygen ions produced by cathode will

transport to anode through oxygen ions conduction electrolyte.

)(22
2

2 anodeeOHOH   (1.2-1)

)(25.0 2
2 cathodeOeO   (1.2-2)

In general, according to the different ion conduction properties, the

electrolyte can be divided into two types (i.e., oxygen-ion conduction

and proton-conduction electrolytes) available for applications in SOFCs.

TPB length ( three-phase-boundary length) is the reaction and active

sites where the three phases (gases, electronic particles and ionic

particles) come across together, and this value is deemed to be a

significant representative factor for affecting the whole performance of

SOFCs.

Output voltage of an SOFC comes from the fuel chemical

reaction. Often, the total amount of energy released from a reaction

equals to the enthalpy change of the reaction. Nevertheless, only part

of the chemical energy can be directly converted into electrical energy

in the fuel cell while the rest of the energy will be converted to heat

dissipation. For a reversible electrochemical reaction, the maximum

output potential is determined by the Gibbs free energy change of the

reaction, and the standard reversible voltage Eo is presented as

Eq.(1.2-3). ΔG stands for the Gibbs free energy change of a specific

reaction, which is related to temperature and mass concentration.
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Therefore, the Nernst equation of a chemical reaction can be described

as Eq.(1.2-4) to cover all weakening factors of electric power output.

Fn
GE
e

O
rxno 

 (1.2-3)
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 (1.2-6)

Where ne is the number of electrons released or consumed by the

reaction; F is the Faraday constant ( F=96485 c/mol ); a is the material

activity; xi stands for the stoichiometric coefficient of species i; R is the

gas constant ( 8.3145J/ mol K) ); T is the operating temperature (K); Eo

is the standard reversible voltage or theoretical maximum potential

determined by given reaction in Eq.(1.2-4), and ΔGrxmo represents

energy change in 1mol chemical reaction (J, G is the Gibbs free

energy).

For the typical SOFC fed by hydrogen and oxygen (Eq.(1.2-5)),

the Nernst equation can be rewritten as Eq.(1.2-6).
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1.2.2 Differences between O-SOFC and H-SOFC

Fig.1.2.2- 1 Working mechanism of proton conducting SOFC

(H-SOFC) fed by H2

Fig.1.2.2- 2 Working mechanism of oxygen ions conducting SOFC

(O-SOFC) fed by H2
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The major difference between O-SOFC and H-SOFC is the

conducting property of its electrolyte material. As shown in Fig.1.2.2-1

and Fig.1.2.2-2, we can clearly figure out that for the two types of

SOFC, electrolytes could conduct two different species of ions: proton

for H-SOFC and oxygen ion for O-SOFC. As a results, reactions among

cathodes are distinctive for the two types SOFCs as Eq.(1.3-1) and

Eq.(1.3-2).

)(225.0 22 HSOFCOHHeO   (1.3-1)

)(25.0 2
2 OSOFCOeO   (1.3-2)

For a conventional SOFC based on an oxygen-ion conductor

(O-SOFC) as mentioned previously in section 1.2.1, steam (H2O)

generated at the anode always dilutes the concentration of hydrogen.

Thereby, referring to Eq.(1.2-6), reduced hydrogen concentration

reduces the output voltage and efficiency of the fuel cell. In terms of

SOFCs based on a proton conductor (H-SOFCs), protons formed at the

anode side will transport to the cathode side via ion conduction solid

material and react with oxygen to produce electrons and steam. As a

result, the performance of H-SOFC can avoid the influence by the

dilution effect. In addition, H-SOFC exhibits high proton conductivity

at intermediate operating temperature(300–700 °C) [48], so it is
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possible to use SOFC-H+ for vehicular applications with acceptable

start-up temperature and time [192]. Due to the advantages of H-SOFC,

many researchers have concentrated on development of the proton

conduction electrolyte for H-SOFC [12,16,45,81,137,146,171] and

improvement and optimization on cathode materials of H-SOFC

[21,44,59,130,186]; however, works on design and modeling analysis

of H-SOFC in electrode level are quite limited.

1.3 Research background and Literature Review

1.3.1 Review on 2D and 3D modeling of SOFC

Since electrodes play great significant roles in improving the

performance of SOFCs ( properties of electrodes affect SOFC’s

performance via ionic conductivity, electronic conductivity,

three-phase-boundary lengths, polarization resistance, exchange current

density.etc.), many researchers pay more attention to electrode level

modeling of SOFCs in recent several decades.

S.Jay et al. [157] developed several particle-resolved simulations

to predict conductivity within porous composite cathode including both

ion-conducting and electron-conducting particles by using randomly 3D

particle-packing into cubical regions and the effective conductivities

and three-phase-boundary lengths results show great consistent with

conventional percolation theory. A. Bertei et al. present a 2D porous
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composite SOFC (LSM-YSZ) cathode model for simulating the charge

and mass transport thorough the porous microstructure and find that for

cathodes made of strontium-doped lanthanum manganite (LSM) and

yttria-stabilized zirconia (YSZ), the exchange current, which represents

the kinetic constant of the oxygen reduction reaction, follows an

Arrhenius behavior with respect to the temperature and it is dependent

on the square root of the oxygen partial pressure [18]. Furthermore, the

design of a cathode inter-layer with thickness in a range of 10-20m is

optimal for all practical material choices and microstructure designs to

achieve higher performance of a SOFC based on Chen, D.F. et al.’s

research and they in detail discussed electrochemical reactions,

electronic and ionic conductions and gas transports processes of

YSZ-LSM composite cathode structure by multi-physics modeling with

percolation theory [28]. In addition, this group also developed a series

of researches on percolation micro-models to predict the effective

properties of the composite electrode [29,30], which shows large mean

particle size and broad particle size distributions can provide higher

inter particle ion conductivity for anode. Nam JH et al. [136], Grew,

K.N. et al. [57] and Berson A et al. [17] describe three-dimensional

micro-scale models for mass transport and reaction processes analysis

in porous composite microstructures of SOFCs. Bertei A et al. [19]
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rebuild 2D SOFC composite electrode by binary random packings of

spherical particles method, and detailed relationships between

configuration parameters (such as porosity, tortuosity, and contact

angle ) and performance parameters (such as effective conductivity) are

discussed in their work, and simulation results show that porosity lower

than 0.20 and particle size smaller than 0.2 μm should be avoided in the

design of SOFC composite cathodes due to Knudsen effects limit. It is

found that 3μm thickness for cathode modeling and 6.5μm for anode

modeling are enough since for standard conditions, 90% of the

electro-chemical reaction occur within 2.4μm in the cathode and 6.2μm

in the anode away from the interfaces between the electrode and

electrolyte in Martin et al.’s work by traditional CFD modeling [7].

Fig.1.3.1- 1 (a) 3D reconstruction of the SOFC sample from the TXM

nano-tomography (video can be viewed online). (b) The 3D morphology of a

cropped region from the anode which consists of Ni-YSZ-pore [33].
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Fig.1.3.1- 2 3D reconstructed anode structures [89]

Two main image technologies are applied in SOFC 3D

tomography modeling, FIB-SEM (focused ion beam scanning electron

microscope method) [182] and NANO-TXM (nano-tomography using

full-field transmission x-ray microscopy) (as shown in Fig.1.3.1-1) [33],

and they both can exhibit high spatial resolution of 50nm with

largest-volume electrode reconstructions. D. Kanno et al simulate the

SOFC anode polarization and study the effects of reconstructed sample

volume size on the TPB length, tortuosity factors and over-potential

evaluation by FIB tomography method (figure as shown in Fig.1.3.1-2),

and their results demonstrate that the factitious connection of Ni phase

causes thinner reactive layer which leads to a conclusion that larger

volume size samples can cover whole reactive thickness, which should
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be recommended when local potential and flux distributions are

discussed [89]. However, NANO-TXM is able to provide chemical

contrast in cases where measurements can be done at X-ray energies

above and below an elemental absorption edge. J. Scot Cronin et al.

[38] fabricated a Ni-YSZ | YSZ | LSM-YSZ anode-supported SOFC and

analyzed its microstructural characteristics by NANO-TXM (figure as

shown in Fig.1.3.1- 3) including entire fuel cell active region to discuss

and compare the differences between data collected via FIB-SEM and

NANO-TXM, and the results show that the cathode made up nearly

85% of the cell polarization resistance, which proves that it’s a effective

way to improve overall cell performance by microstructural engineering

the cathode to increase its active TPB density.

Fig.1.3.1- 3 3D reconstruction images showing (a) solid phases and (b) TPB

lines in a entire SOFC active region structure, with the cathode on the left
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and anode on the right. The anode volume shown is one of the three separate

measured volumes; the much larger measured cathode volume was cropped

to match the anode dimensions. The image orientations in (a) and (b) are the

same, but the TPB view in (b) shows a thinner region cropped from the full

volume, for clarity. The electrolyte is shown only as a visualization aid – the

image does not indicate its true thickness or the structure of the interfaces.

reconstructed anode structures [38]

K. Matsuzaki et al. [125] also analyzed a 3D microstructure SOFC

cathode with mixed ionic and electronic conductor

(La0.6Sr0.4Co0.2Fe0.8O3-δ ) by FIB-SEM and the predicted cathode

over-potential showed great agreement with experimental results which

recommends FIB method can be an effective tool for investigating local

oxygen potential field which affects local reactions, diffusions and

physical properties of the mixed ionic and electronic conducting

cathodes. Gunda et al. [58] used FIB-SEM to analyze image and

computed effective transport properties. Results revealed the anisotropy

in FIB-SEM reconstructed volume compared to numerically

reconstructed volume.

At the same time, many other 3D or 2D modelings about button

single SOFC or stack system are applied by commercial softwares such

as COMSOL [3,43,56] and Iso2mesh packages [121] to obtain more
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intuitive and visual gases transport process and local mass and pressure

distribution status images.

1.3.2 Review on electrode reconstruction and performance

analysis

The effective conductivity of SOFC electrodes plays a key role in

overall performance, because it limits the ability of the eletrode to

transport charge to or from reaction sites (TPB sites) to the current

collector and electrolyte. Moreover, TPB length per volume is another

vital performance parameter which determines the number of effective

reaction sites where three phases come across. However, characteristic

parameters of the structure and reaction conditions affect the internal

gas transport, heat conduction, electron and ion electrochemical

conduction evidently, which further affect the overall performance of

SOFC. Hence, comprehensive studies of structural parameters and

reaction conditions effects on the performance parameters are urgently

needed and important.

Advantages of numerical simulation are shortening the

experimental period, reproducible results, and material cost saving,

therefore, many researchers have paid their attention to electrode

reconstruction modeling for SOFC performance analysis:
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Rhazaoui et al. [151-153] reconstructed 3D anode microstructures

with a series of simulations by FIB-SEM (focused ion beam-scanning

electron microscopy), and results revealed that the electrochemical

performance is in particular sensitive to the ionic conductivity of the

electrode microstructure. The relationship between effective

conductivity and nickel volume fraction content was calculated to

validate the availability ResNet model. Simulation results proved that

predictive models supply new tools for the understanding and design of

electrode microstructures since they can provide simulation data

reference for performance relationships. In addition, the tortuosity

factor of solid phase was computed as 4.36.

Toros et al. [175] established a new reconstruction method with

finite element method via the package DREAM 3D and commericial

software COMSOL, and detailed 3D heterogeneous anode

mathematical simulations were conducted to figure out performance

differences caused by different reaction conditions (such as operating

temperature and exposure time).

Gunda et al.[58] applied FIB-SEM facility on SOFC electrode, and

effective transport properties and microstructural characteristics were

deduced clearly in their work. Where 3D LSM structures were

re-generated from 2D cross-sectional FIB-SEM images of LSM sample.
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It was found that the average gas diffusion ratio is achieved as 0.3 for

porous LSM microstructure with porosity of 0.532. Besides, Bruz et al.

[24,25] also used FIB-SEM method for calculating tortuosity factor of

solid electrode. For low hydrogen concentration case, relatively correct

tortuosity factor can be achieved as 2~4.

A comprehensive micromodel considering all forms of polarization

in the cathode of the SOFC was developed which governs the complex

interdependency among the transport phenomena, electrochemical

reactions and microstructure of the cathode and their combined effect

on the cathode overpotential under different operating conditions by

Chan S. et al.[34]. Results indicated that YSZ/LSM cathode reached its

lowest overpotential when the mean particle radii are equal as 0.1μm

and the corresponding volume fraction of ions conduction phase is

around 0.6.

Liu S. et al. [116] applied random packing of spherical particles

method to electrode reconstruction. They analyzed the effects of

different structural parameters on the performance of SOFC and put

forward the optimization scheme of electrode structures.

Investigation of geometrical modeling of SOFC composite

electrode microstructures was also conducted by Abbaspour et al. [6],

results showed that performance parameter triple phase boundary length



23

( LTPB) is inversely proportional to the square of particle sizes for large

mean particle diameter conditions, and analysis and studies of electrode

cases with small particle sizes ( 0.1~1.5 μm) are needed to be done.

Above-mentioned studies provide valuable information on SOFC

electrode reconstruction and modeling, however, most studies mainly

included only two or three influential factors effects, such as tortuosity

factor, particle size and material composition. To further understand

influencing elements of SOFC electrode performance, the

comprehensive quantitative analysis of various factors ( sintering

temperature, sintering period, porosity, tortuosity factor, mean particle

size, particle radius distribution, etc.) effects and their relationships

with each other are still lacking in the current literature ( this would be

discussed in detail in chapter 2).

1.3.3 Review on Lattice Boltzmann Method ( LBM )

applications

Many researchers had paid great attention to a new kind of

numerical modeling method, lattice Boltzmann method (LBM).

Compared with conventional computational fluid dynamics (CFD)

methods ( as Fig.1.3.3-1[35]), LBM has a considerable amount of
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advantages, such as high-efficiency, easy-coding and strong flexibility,

especially for applications with complex geometries and meshing.

As shown in Fig.1.3.3-1, there are some normal suggested

modeling approaches:

Molecular dynamics (MD): it is the most expensive choice for

large scale simulation or micro simulation with large amount of data;

Monte Carlo (MC method): compared with MD, it is cheaper, but

it is hard to extend to multi-components flow transport modeling, and

the inter-particles collisions between same or different species can not

be achieved directly;

Dusty gas model (DGM): compared with previous MD and MC

methods, DGM seems much cheaper to be applied in 1 dimension

multi-component flow simulation, but it is still harder to extend to

complex geometry structures.

The LBM is well suitable for simulations of fluid diffusion

through complex porous media involving single or multicomponents.

Furthermore, LBM do not have to generate the volume mesh and it can

express the physical process and chemical phenomenon through its own

series of functions which have no physical meanings in real world, so it

has remarkable advantages of saving computing time and recording

every parameters of each lattice node at every time step, especially for
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pore scale or micro-scale. However, LBM requires larger memory for

each distribution function than that demanded by traditional CFD

methods for various transport modelings.

Fig.1.3.3-1 Modeling approaches for multi-component mass

diffusion in the continuum and non-continuum regimes

LBM method in a wide range of research fields, such as porous

media flow, chemical reaction flow, biological electric current, micro

and nano-scale flow, binary mixtures issues [120,127], heat transfer

(temperature field) [75,83], agriculture and river area [47,154] and

distribution model of urban buildings, etc., had made outstanding

achievements over the past few decades since it was firstly proposed

almost 20 years ago [4,150,160]. Duraisamy et al. [47] developed a
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study on saturated soil by 3D LBM to simulate the morphological

parameters’ effects on porous soil structures. Jurgen Horbach et al. [71]

built a new simulation scheme based on LBM to simulate the dynamics

of suspensions of charged colloidal particles in an electrolyte. Other

researchers simulated physical process of multiphase and

multicomponet flows at pore scale. Wang et al. [178] applied the LBM

approach to model the mixing process of multi-phase flow with

chemical reactions. Coupled model of 3D single phase LBM model and

2D multi-component multi-phase Shan-Chen LBM model was

developed for fluid flow through porous media by Gao et al. [55]. In

addition, a great deal of attention was given to the research of energy

devices by 2D or 3D LB methods, such as Lithium Ion Battery [156],

direct methanol fuel cells (DMFC) [42], liquid droplets dynamic

behavior of proton exchange membrane fuel cell (PEMFC) [62-64,96].

Modeling results indicated that LBM has the ability to handle mass,

charge transports and heat transfer processes in complex porous layer

media and can simulate multiphase multicomponent flows well in

mesoscale due to its superiority of discretization.

Above-mentioned studies provide valuable information on SOFC

electrode modeling by LBM, however, most studies mainly focused on

mass transport, momentum transport and charge transfer process within
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porous electrode by reconstruction method or experimental images

without further analysis on geometrical parameters effects on transport

processes. To further understand influencing elements of SOFC

electrode internal transport process, the comprehensive effects analysis

of geometrical factors such as porosity and graded particle size

distribution are still lacking in the current literature ( this would be

discussed in detail in chapter 3).

1.3.4 Review on proton conducting SOFC (H-SOFC)

The electrolyte plays great role in overall performance of SOFCs

through its contribution to the ohmic internal resistance ( caused by

ions and electrons transport processes). Fully dense structure of

electrolyte can shorten ions transport distance to optimize single fuel

cell performance in the whole. Moreover, high ionic conductivity

( typically larger than 10-2 S.cm-1 ) should be needed to ensure good

operating characteristic under required working temperature. However,

common O-SOFC ( based on yttria-stabilized zirconia (YSZ)

electrolyte for example ) need to be operated at high temperature in the

range of 800~1000℃ or even above, which demands expensive costs of

materials, thermal stresses, and maintenance costs for long-run or

energy inputs. It is so necessary for researchers to find and design more



28

cost-effective and easy-applied electrolyte materials or electrode

compositions of SOFCs which can operate under relatively intermediate

temperatures. Thus, electrolyte materials with higher ionic conductivity

should be a great choice.

During the last few decades, researchers in the field of solid oxide

fuel cells paid more attention in the preparation and characterization of

solid oxide materials with protonic conductivity [51,129], which was

initially discovered by Iwahara and other co-workers reporting

high-temperature proton conductivity in an oxide material of

acceptor-doped perovskite-type ABO3 (A = Sr, Ba, B = Ce, Zr) in

1980’s [78].

Due to the diversity of conduction mechanism, cathode materials

of H-SOFCs can be classified into 3 main types [111]: electronic

conductor single phase cathode (like precious metal Pt); mixed

electronic and oxygen ion conductor single phase ( like La0.7Sr0.3MO3

[187], Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) [107] ) or composite cathodes

( like Sm0.5Sr0.5Co3−δ–Ce0.8Sm0.2O2−δ (SSC-SDC) [167], and

Sm0.5Sr0.5Fe0.8Cu0.2O3–SDC [124]); mixed electronic and proton

conductor single phase (like BaCe0.5Bi0.5O3 [172], and BaCe0.5Fe0.5O3

[173]) or composite cathodes (like SSC-BaCe0.5Sm0.2O3 (BCS) [184]).

Researchers found that Pt has better electronic conductivity but its high
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cost and large interfacial impedance on BaCe0.8Gd0.2O2.9 electrolyte

limit its application prospects on SOFCs [134]. Lin et al successfully

proved that Ba0.5Sr0.5Co0.8Fe0.2O3(BSCF) and BaCe0.9Y0.1O2.95(BCY)

can not occur reactions under 1100℃ or below, but the Ba transfer

hampers proton moving and its contact with oxygen ions which leads to

lower performance [107]. So they improve the material and find that

Ba0.6Sr0.4Co0.9Nb0.1O3 (BSCN) can achieve very acceptable performance

with lower interfacial impedance on single fuel cell based on

BaZr0.1Ce0.7Y0.2O3-(BZCY) electrolyte [105].

1.4 Study objectives and main contents

For achieving high performance electrode, higher transport

chacteristics and more reaction sites are required. A series of studies are

conducted to study SOFC by numerical modeling, flow behavior

simulation and experimental test aiming at figuring out factors affecting

SOFC performance and new electrode material development. Compared

with experimental approach, numerical modeling provides a more

efficient and economic way to establish various relationships between

characteristic parameters of SOFC electrode and its electrochemical

performance.

Microstructural parameters which are related to electrochemical
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performance of reconstructed composite electrode are qualitatively and

quantitatively evaluated by two simulation methods for mutual

authentication: kMC ( kinetic Monte Carlo) and MDM ( morphological

dilating method) ( in Chapter 2). Detailed analysis of influencing

parameters are reported by formula, such as particle size, radius

distribution, material composition, tortuosity factor, porosity, three

phase boundary density, etc.

However, structural complexity of porous microstructure may

result in long computation period and large modeling cost for

simulations based on traditional Computational Fluid Dynamics (CFD)

method at micro scale. Therefore, further investigation about inner flow

behavior within micro porous electrode is required by novel efficient

method for micro scale simulation.
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CHAPTER 2 ELECTRODE LEVEL

MODELING OF SOFCs

It’s so necessary in studying electrode level modelings, since

electrodes are main parts of an SOFC and play great roles in

performances of SOFCs due to reaction sites, mass transport pathway and

charge transport pathway they offer. In this chapter, my preliminary

electrode level modeling studies of SOFCs on “sintering conditions

effects on solid oxide fuel cells operating performances with kinetic

Monte Carlo (kMC) sintering mechanism” and “contact angles among

particles effects on SOFCs material application performances based on

Morphological Dilating (MD) Method” are discussed in great details in

section 2.1 and section 2.2, respectively.

2.1 Kinetic Monte Carlo (kMC) method of

sintering simulation on SOFC electrodes

The cathode is the key in improving the performance of solid oxide

fuel cells (SOFCs) at an intermediate temperature (IT). High performance

cathode requires not only large amount of reaction sites, but also efficient

transport of gases, electrons and ions, which are characterized by the

percolation properties of the cathode. In this section, the effects of

cathode material properties and microstructures on percolation behavior
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of a composite SOFC cathode were analyzed by a 3D numerically kinetic

Monte Carlo method with varying sintering simulation parameters. The

model is used for calculating the effective conductivity and percolation

behaviors of O-SOFC ( based on YSZ-LSM as example) cathode and

proton-conducting SOFC (H-SOFC) cathode. Detailed simulations are

conducted under different parameters (mean particle radius of composite

cathode, volume fraction of electrode and electrolyte materials, bulk

material conductivities) to investigate their effects on the important

effective ionic conductivity and percolation behavior of the cathode at an

IT. The results could help design high performance H-SOFC electrodes

[27].

The series of simulations were based on previous 3D random

spherical packing model developed by a member of our research group. A

3D cathode model was produced to study the sintering kinetics by using

kinetic Monte Carlo (kMC) method to simulate the sintering procedure of

porous electrode microstructures, and detailed electrochemical

performance parameters (like the amount of triple-phase boundary (TPB)

sites, tortuous characteristics ( tortuosity factors of three different phases),

etc.) would be tracked during the computing period. Since kMC method

was on the basis of random sampling or statistical test, different kMC

steps ( sintering duration ) would correspond to specific calculation time

for certain given simulation input data ( like calculation domain size,
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pixel numbers, one pixel length, sintering conditions, etc.). By the

relationship between average TPB length and sintering state, probable

corresponding sintering period of certain modeling case can be derived

from simulation results. In order to accurately simulate the sintering

process with kMC method, detailed physical property parameters of

composite electrode materials were so necessary in terms of their vital

impacts on materials’ sintering mechanism. Conventional Lanthanum

Strontium Manganite (LSM)-Yttria-stabilized Zirconia (YSZ) composite

was used as a model material setting in the parametric simulations,

because we can get accurate relationships between their interfacial energy

and calcinating temperature at 1100℃and 1200℃ as simulation inputs

bases. Powder compacts before calcination process simulation are input

initial 3D structures by random spherical particles packing from top to

bottom of a cubic calculation domain with Ld ×Ld ×Ld ( length of x,y,z

axis ) m3 measurements to simulate LSM-YSZ cathode structures. The

initial 3D reconstruction microstructure with point-to-point contacts

between each two particles contains two kinds of pixels with different

colors and values (LSM, electronic conducting phase in blue with +1

value; YSZ, oxygen ionic conducting phase in red with -1 value; pore, gas

transport medium with zero pixel value) to represent two solid phases and

gas phase of a classic LSM-YSZ O-SOFC porous cathode. Meanwhile, in

view of the different thermal sensitivities of the two solid materials of
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OSOFC cathode, it was assumed that LSM in the simulation cases can be

sintered and YSZ can not be. Although reconstruction settings of this

work are based on common LSM-YSZ O-SOFC cathode, the regular

results of relationships between two influencing factors or sintering

condition effects on cathode performance can also be applied to other

types of porous structures or SOFCs with different materials

combinations ( taking YSZ-LSM as example in this chapter, then the

model will be conducted on H-SOFC materials in further researches).

Due to the essentiality of TPB length on the electrode performance,

most of the modeling work mentioned above aimed at relating the effect

of geometrical parameters on TPB length. TPB length however, is not the

unique important parameter which affects SOFC electrode output

performance [87]. Maximizing TPB length guarantees a maximum

amount of three phase reaction sites available for charge and mass

transport process, however, cathode overall performance is determined by

electrical, electrochemical and transport characteristics of its material

[27,84,169] as well as spatial distribution of TPB [5,6]. Thus,in this

section, sintering condition, particle size and size distribution effects will

be discussed in detail by analyzing the TPB length and effective ionic and

electronic conductivities of O-SOFC composite cathode based on LSM

and YSZ materials in sintering process.
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2.1.1 Sintering conditions effects on cathode performance

Since sintering process simulations in this series of study cases are

based on kMC method, detailed sintering characteristic parameters like

interfacial energy and its relationship with calcinating temperature of

cathode materials are essential to simulation basis and input. In this

section, changing trends of LSM-YSZ composite cathode properties

( TPB length and effective conductivity of electronic conducting phase

LSM ) with different sintering temperatures and periods are explored

qualitatively by taking the traditional O-SOFC cathode material

combination LSM-YSZ as an example, however, results of sintering

conditions effects can also be applied to any other cathode combinations

due to the universality of solid oxide material calcination procedure.

Detailed modeling settings are as shown in Table 2.1.1-1 that two

different mean particle size ( Ra=0.4, and 0.2 μm) cases are involved in

the simulation studies with different calculation domain size Ld as 4μm

and 10μm, respectively. Generally, volume ratio of the two phase

composite cathode materials is set as 1:1 in real experimental studies, so

volume fractions of kMC method simulation cases are fixed to 0.5 as well

( Fele = Fion = 0.5 ). For the purpose of investigating the sintering

conditions effects on conventional composite cathode performance,

according to the corresponding relationship between sintering temperature
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and interfacial energy of two solid phase materials, 1100 ℃and 1200 ℃

are conducted as sintering temperatures in kMC modeling cases here.

Effects of sintering process and temperature on the performance of

LSM-YSZ O-SOFC cathode effects are described in detail in following

simulations.

Table 2.1.1- 1 Modeling settings of sintering condition effects cases

Sintering

temperature

Tsin

Particle

Radius

R

Domain Size

Ld

Volume

Fraction

F

( ℃ ) ( μm ) ( μm ) /

1100

0.4 4

0.51200

1100

0.2 10

1200

2.1.1.1 Qualitative analysis of sintering condition effects

In order to reduce computation time as much as possible, two series

of small calculation domain cases are held in this section. Ld is set as 4
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μm with particle radius Ra as 0.4 μm, and no particle size distribution

factor is involved here. Initial binary 3D cathode microstructure

reconstructed by random spherical particle packing method is shown as

Fig.2.1.1.1-1, and two solid phase particles own same size with

point-to-point primary contacts. Each study would be sintered at 1100℃

and 1200℃ from same initial binary microstructure by kMC method from

1 kMC steps to 500 kMC steps to explore sintering temperature effects on

composite cathode structures ( as shown in Fig.2.1.1.1-2 & Fig.2.1.1.1-3).

These two figures reveal that sintering process accelerates LSM phase

melting gradually by every kMC step and pushes them to migrate to

neighbored particle surfaces, and this phenomenon is more obvious at

high sintering temperature. Higher sintering temperature condition can

offer more sintering energy to compete material’s interfacial energy, so

this could be very easily understood. To get closer to sintering effects,

changing trends of volume fraction of LSM -Fele ( only LSM can be

sintered in the simulations) and porosity of the sintered cathode

microstructure are tracked in every single kMC step throughout the

sintering process ( as shown in Fig.2.1.1.1-4). It shows that for same

sintering period ( kMC steps amount), cathode microstructure at higher

sintering temperature had lower porosity and higher Fele, which reveals

that higher sinering temperature condition shortened sintering time to

reach final target cathode microstructure for real practical applications.
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Therefore, this series of simulation studies provide the basis for

qualitative analysis of sintering condition effects on cathode

microstructures. Since geometrical parameters of cathode microstructures

play significant roles in determining cathode performance through TPB

length and tortuosity factors ( detailed description and analysis would be

introduced in later section), it is requisite to do further quantitative

analysis.

Fig.2.1.1.1-1 Initial point-to-point contacts 3D reconstructed

composite cathode microstructure (Ra=0.4μm; Ld=4μm; Fele= Fion=

0.5; initial porosity φ=42%)

Fig.2.1.1.1-2 Sintered composite cathode microstructures after 100,

200, 300, and 500 kMC sintering process simulation steps at 1100℃
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Fig.2.1.1.1-3 Sintered composite cathode microstructures after 100,

200, 300, and 500 kMC sintering process simulation steps at 1200℃

Fig.2.1.1.1-4 Volume fraction of LSM and porosity of the cathode

changing trends at 1100℃ and 1200℃

2.1.1.2 Quantitative analysis of sintering condition effects

Quantitative analysis was adopted in this series of simulation cases

with larger calculation domain size ( Ld=10μm ) and smaller particle
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radius ( Ra=0.2μm ) to weaken the random error caused by the smaller

size scale, and two main investigation parameters tortuosity factor and

effective electronic conducting ratio were proposed here to study sintering

condition effects.

2.1.1.2.1 Tortuosity factor of three phases

Many researchers have already paid attention to the morphological

parameter in porous media [9,20,31,58,61,79,89,135,177,196] which

describes the structural tortuous characteristic of phase diffusion and

transport. Tortuosity is commonly defined as the ratio value between the

actual path length to the direct path length. There have been several

attempts to quantify this property, and the related calculations have been

reported as two types: one is named as tortuosity  ( [25,26,34,123], and

it is a kind of geometrical calculation which is the ratio of the tortuous

path length in the 3D microstructures to the electrode thickness; the other

method is called tortuosity factor ( f , which is based on simulating

effective diffusive or conductive transport across one phase in the 3D

microstructure divided by transport flux for direct path length

[13,89,91,135], and it is a relative average length of the flow path of a

fluid particle from one side of the porous medium to the opposite side.

The tortuosity factor can be defined as the square of the tortuosity as

Eq.(2.1-1) [49]:
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2
f )(  （2.1-1）

In this study, the latter method is applied to all three phases ( gas,

and two types of solid materials) of the SOFC composite cathode

microstructure obtained by previous reconstruction method (detailed

calculation process sketch is shown as in Fig.2.1.1.2.1-1). The tortuosity

factors of the two solid phases are defined as the relative average charge

transport path lengths of the specific particle passing through its whole

solid phase medium. Since the tortuosity factors are structural parameters

and they are constant if electrode microstructure is fixed, results of

tortuosity factors can be used both in anode and cathode structure

modeling of all kinds of composite materials applications.

Fig.2.1.1.2.1-1 Sketch of the tortuosity factor calculation process
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2.1.1.2.2 Effective conductivity ratio

In the SOFC cathodes, electrons and oxygen ions are transported

through the electronic conducting phase (LSM) and ionic conducting

phase (YSZ), respectively. Effective electronic conductivity eff
ele / ionic

conductivity eff
ion can be defined as followed (as Eqs.(2.1-2) & (2.1-3))

[31,49,79,177], which are similar to mass transport of porous media (as

Eq.(2.1-4), where φ is the porosity ):

ele
f

ele

ele

eff
ele

e
F



 0 (2.1-2)

ion
f

ion

ion

eff
ion

i
F



 0 (2.1-3)

fpor

eff
por

por 





  0 (2.1-4)

Where F is the volume fraction of each solid phase;  f is its

corresponding tortuosity factor; 0 is the intrinsic conductivity of bulk

solid material under standard operation condition obtained from literature

data [9,20,52,58,59,93,196] which can be defined as Eqs.(2.1-5) & (2.1-6)

(wherein subscripts ele, ion and por severally represent electronic

conducting phase , ionic conducting phase and porous gas media):
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2.1.1.2.3 Quantitative analysis results and discussion

Since geometrical parameters of cathode microstructures play

significant roles in determining cathode performance through TPB length

and tortuosity factors ( detailed description and analysis would be

introduced in later section), it is requisite to do further quantitative

analysis. Quantitative analysis was adopted in this series of simulation

cases with larger calculation domain size (Ld=10 μm) and smaller particle

radius (Ra=0.2μm) to weaken the random error caused by the smaller size

scale ( domain size is larger than 15 times of mean particle diameter,

which exceeds the minimum size requirement suggested by Zheng et.al.

[198] ), and two main investigation parameters tortuosity factor and

effective electronic conducting ratio were proposed here to study sintering

condition effects. This series of simulation studies are also based on

LSM-YSZ conventional composite cathode materials characteristic

parameters, and initial 3D binary microstructures are generated by

random spherical particles packing method. All cases would be conducted

at 1100 ℃ and 1200℃ by kMC modeling method to simulate the



44

sintering process, and final microstructures of binary cathode and its

electronic conducting phase are shown as Fig.2.1.1.2.3-1.

Fig.2.1.1.2.3-1 3D reconstructed microstructures and sintered (kMC

modeled) microstructures of composite cathode ( first line) and its

electronic conducting phase (second line) ( Fele= Fion= 0.5)

Visualization of TPB sites in Fig.2.1.1.2.3-2 indicates the particular

places and amount of the effective electrochemical reactions. By tracking

every TPB site, effective gas diffusion path, and effective electronic or

ionic conducting path thorough the whole sintering process, effective

electronic conductivity ratio Ψele, TPB amount and tortuosity factors of

three phases can be obtained, and we can get the relationships and

correlation equations between these various parameters as shown in

Figs.2.1.1.2.3-4,7 & 8.
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Larger size ratio makes the sintering effects clearer and more intense,

and it is found that:

Fig.3.1.1.2.3-2 TPB sites visualization image of sintered cathode

microstructure ( Fele=Fion=0.5 )

(1) As can be seen from Fig.2.1.1.2.3-3, the effective electronic

conduction ratio changing trends of two sintering temperature conditions

turn out to be similar as the sintering process continued. In the initial

stage of sintering, the effective conductivity ratios both has a very rapid

growth period, however, high temperature condition grows faster with

greater growth value than low temperature one. After that, both two cases

hold a similar augmentation tendency in sintering gradual strengthening

period, and finally they reach their respective equilibrium value.

Moreover, the two ratio curves indicate that although high sintering

temperature can promote the densification of composite electrode

microstructures, final stable maximum effective electronic conductivity

ratios are almost the same. Thus, a brief conclusion can be drawn that
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high sintering temperature can not optimize peak effective conductivity of

final electrode microstructure, but it can offer greater energy and shorten

its sintering period to final sintered electrode microstructure with optimal

performance.

Fig.2.1.1.2.3- 3 Sinteting temperature effects on O-SOFC cathode

electronic effective conductivity ratios
O
elec

eff
elec  / ( Fele=Fion=0.5 )

(2) As sintering process is going on, both of TPB sites amount and

tortuous level of porous media increase gradually, and Fig.2.1.1.2.3-4

indicates the quantitative relationship between TPB length per volume

LTPBv and tortuosity factor τf of porous cathode microstructure with

sintering process ( from 1kMC step to 800kMC steps - the whole effective

sintering period). Note that, here tortuosity factor is the tortuous

description of the porous media but not the solid phases. Since tortuosity
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factor of porous cathode is an important morphological parameter to

delineate a microstructure, it is necessary to do the research on its

changing trend with sintering process and link its value to TPB sites

amount. Then correspondence between TPB length per volume and

toruosity factor of composite cathode gas phase is fitted to a formula as

Eq.(2.1-7). Due to the correlation coefficient R of this formula is

extremely close to 1.0 as 0.99772, which indicated that the two

parameters have a good index relationship [18]. Thus, the quantitative Eq.

(2.1-7) provides a guiding reference for predicting TPB length value of a

given sintered electrode microstructure in practical applications. For

detailed analysis of Fig.2.1.1.2.3-4, we can refer to Fig.2.1.1.2.3-5&6 that

TPB length per volume in final stable sintering stage falls in the range of

8.22~8.27 μm/μm3, and a peak value of 8.267 μm/μm3 is achieved for

composite cathode with mean particle size as 0.2μm.

)241.1exp(4152.0 fTPB
vL  (2.1-7)

39.986 + )( 11.791 -)1.5208( +  

)0.08912( -)0.00198(
ele
f

2ele
f

3ele
f

4ele
f



v
TPBL

(2.1-8)

0.22784 -)0.10552(L +    

 )0.01264(L - )0.00055(L =    

/

v
TPB

2v
TPB

3v
TPB

0
ele

eff  ele

(2.1-9)
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Fig.2.1.1.2.3-4 Relationship between porous cathode tortuosity factor

τf and TPB length per volume LTPBv during sintering process

Fig.2.1.1.2.3-5 TPB length per volume LTPBv changing trend around

apex value stage
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Fig.2.1.1.2.3-6 Detailed information about relationship between TPB

length per volume LTPBv and tortuosity factor τf ( after max-LTPBv

stage)

Fig.2.1.1.2.3-7 Relationship between tortuosity factor of electronic

conduction phase
ele
f and TPB length per volume LTPBv during

sintering process
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Fig.2.1.1.2.3- 8 Relationship between effective electronic conductivity

ratio
0/ ele

eff
ele  and TPB length per volume LTPBv during sintering

process

2.1.2 Geometrical parameters effects on cathode

performance

2.1.2.1 Qualitative investigation on geometrical parameters

effects

Three phase boundary (TPB) length distribution and amount of a

electrode is the vital metric of its electrochemical performance. In order to

investigate geometrical parameters ( material composition and mean

particle radius) effects on this performance indication parameter, 7 kinds

of cases at same sintering temperature (1100 ℃ ) with different mean



51

particle radius (0.2m, 0.3μm and 0.4m) and different LSM volume

fraction ratios ( Fele=0.3 and 0.4) are discussed in details in this section

( detailed microstructures of initial point-to-point binary cathode and final

sintered composite cathode, and TPB sites visualization images are shown

as in Fig.2.1.2.1-1~Fig.2.1.2.1-11 ). Note that material composition in my

whole work stands for the phase volume fraction of the solid part only

(not including pore area). To reduce random errors, each simulation case

includes 0.15μm as standard deviation into consideration ( with particle

size distribution ) and be repeated modeled 15~20 times, and average

results of each kind of study will be served as the basis for the final

quantitative analysis of geometrical parameters effects. Modeling settings

are shown as in Table 2.1.2.1-1, where cases with 0.3 μm mean particle

radius and 0.4 volume fraction of electronic conducting phase are

validation ones for further fitting curve corroboration.

300 kMC steps are applied here for simulating LSM-YSZ composite

cathodes sintering period. One kMC step equals to 30s under 1100℃

sintering condition. Thus, the whole 300 kMC steps simulation can track

about 2.5 hours sintering process of LSM-YSZ composite cathode, and

TPB length per volume, effective oxygen ionic conductivity of YSZ and

effective electronic conductivity would be studied in details.

Four initial 3D microstructures of LSM-YSZ composite cathode

SOFCs with different LSM fraction ratio and different mean particle
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radius are as shown in Fig.2.1.1.1&7&13&19, followed which are 3D

microstructures of LSM-YSZ composite cathodes after sintered 2.5 hours

under 1100℃ ( as shown in Figs.2.1.1.2, 8,14 & 20）in order, respectively.

For cases with average grain size as 0.4m, the TPB length per volume

falls in the range of 2.3~2.8 m/m2 (as shown in Fig., which achieves

relative agreement with Mitterdorfer A.’s findings [132] (average grain

size of the cathodes was in the range of 0.3~0.8m and the TPB length

per volume will be 2.3~3.2  m/  m2 after sintered two hours under

1100℃) and Chen DF’s research results [28]. Visualization images of

TPB length ( Figs.2.1.1.3, 9, 15 & 21) apparently get more concentrated

and distinct due to the better contacts between two composite particles

which offer more meeting sites for three phases exchanges ( TPB length

per volume increases during the sintering processes as shown in

Figs.3.1.1.4, 10, 16 & 22). Effective oxygen ionic conductivity curves of

YSZ in 2.5 hours 1100℃ sintering process are shown in Figs.2.1.1.5, 11,

17 & 23 and effective electronic conductivity curves of LSM are shown in

Figs.2.1.1.6, 12, 18 & 24.

Table 2.1.2.1-2 Modeling settings of study cases for qualitative

analysis

Series of cases
Particle

Radius-R

Volume

Fraction-F

Domain

Size-Ld

Repeated

times

http://www.sciencedirect.com.ezproxy.lb.polyu.edu.hk/science/article/pii/S0167273898001957#
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(case No.) (μm) LSM(e) (μm)

1.R2F3

0.2

0.3

5 15~20

2.R2F5 0.5

3.R3F3

0.3

0.3

4.R3F4 0.4 (Val)

5.R3F5 0.5

8.R4F3

0.4

0.3

7.R4F5 0.5

Fig.2.1.2.1-1 Initial composite cathode 3D microstructure

reconstruction image of case with 0.2μm particle radius and 0.3

electronic-conducting phase volume fraction ( case No. R2F3 )
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Fig.2.1.2.1-2 Final sintered composite cathode 3D microstructure

modeling images and TPB sites visualization images of No. R2F3 case

after 100, 200, and 300 kMC steps sintering simulation

Fig.2.1.2.1-3 Initial composite cathode 3D microstructure

reconstruction image of case with 0.2μm particle radius and 0.5

electronic-conducting phase volume fraction ( case No. R2F5 )
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Fig.2.1.2.1-4 Final sintered composite cathode 3D microstructure

modeling images and TPB sites visualization images of No. R2F5 case

after 100, 200, and 300 kMC steps sintering simulation

Fig.2.1.2.1-5 3D initial composite cathode microstructure image and

final modeled cathode microstructure images after 100, 200, and 300

kMC sintering steps of case with 0.3μm particle radius and 0.3

electronic-conducting phase volume fraction ( case No. R3F3 )
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Fig.2.1.2.1-6 3D initial composite cathode microstructure image and

final modeled cathode microstructure images after 100, 200, and 300

kMC sintering steps of case with 0.3μm particle radius and 0.4

electronic-conducting phase volume fraction ( case No. R3F4 )

Fig.2.1.2.1-7 3D initial composite cathode microstructure image and

final modeled cathode microstructure images after 100, 200, and 300

kMC sintering steps of case with 0.3μm particle radius and 0.5

electronic-conducting phase volume fraction ( case No. R3F5 )
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Fig.2.1.2.1-8 Initial composite cathode 3D microstructure

reconstruction image of case with 0.4μm particle radius and 0.3

electronic-conducting phase volume fraction ( case No. R4F3 )

Fig.2.1.2.1-9 Final sintered composite cathode 3D microstructure

modeling images and TPB sites visualization images of No. R4F3 case

after 100, 200, and 300 kMC steps sintering simulation

Fig.2.1.2.1-10 Initial composite cathode 3D microstructure

reconstruction image of case with 0.4μm particle radius and 0.5

electronic-conducting phase volume fraction ( case No. R4F5 )
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Fig.2.1.2.1-11 Final sintered composite cathode 3D microstructure

modeling images and TPB sites visualization images of No. R4F5 case

after 100, 200, and 300 kMC steps sintering simulation

Fig.2.1.2.1-12 Particle radius and material composition effects on

TPB length distribution in sintering process ( qualitative analysis
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curves at 1100℃)

Fig.2.1.2.1-12 illustrates the TPB length per volume changing trends

under different conditions with seven kinds of structural parameters in the

sintering process: for cathode simulation cases with same initial porosity

of microstructures and sintering temperature, all kinds of simulation

studies hold a similar variation tendency of TPB sites amount changing,

and the following conclusions can be obtained: (1) same material

composition conditions: smaller particle size leads to larger TPB length

per volume value, and less sintering period to achieve to its peak value; (2)

same mean particle radius conditions: the much closer to 1:1 of material

composition, the larger of peak TPB length density can be realized [94],

and the less sintering time would be cost. According to Fig.2.1.2.1-13,

corresponding relationships between peak TPB length density value for

electrode microstructures with diverse structural parameters and sintering

duration are acquired, and three fitting formulas are defined ( as

Eqs.(2.1-8), (2.1-9) & (2.1-10)):

)2.0(
1791.800655.0

mRa
tpL kMCTPB

v




(2.1-8)

)3.0(
32.9012.0

mRa
tpL kMCTPB

v




(2.1-9)
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)4.0(
99.80135.0

mRa
tpL kMCTPB

v




(2.1-10)

For certain particle size simulation cases, it is found that correlation

coefficient values Ra of all three fitting formulas are equals to or close to

1.0, which means that sintering duration cost by composite cathode with

different material composition has liner relationship with its peak TPB

length density. To verify the liner relationship, a intermediate radius

(Ra=0.3 μm) and volume fraction (Fele= 0.4) case was added into the

study, and the red fitting formula ( as Eq.(2.1-11)) in Fig.2.1.2.1-13 shows

great similar linear relation with Eq.(2.1-9).

3275.901201.0  kMCTPB tpL v
(2.1-11)
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Fig.2.1.2.1-13 Peak TPB length density values for cathode

microstructures with different structural properties ( mean particle

radius; volume fraction )

2.1.2.2 Quantitative investigation on geometrical

parameters effects

In order to do precise quantitative research on geometrical

parameters effects, computation model size ( Ld ) of all simulation cases

is enlarged to 10 μm, and initial porosity of reconstructed composite

cathode microstructures is fixed as common practical value 0.38. As

previous works, all cases would be repeated 15~20 times to minimize

errors caused by random packing reconstruction method. Since the focus

of this series of studies is geometrical parameters effects, sintering

temperature would be constant as 1100℃ and material composition value

varies in the range of 0.3 to 0.7 with 0.1 as one interval to cover almost

the majority volume fractions of the two solid phases material proportion

in real applications of composite SOFC electrodes. Furthermore, particle

sizes are set as 0.3 μm and 0.4 μm with no particle size distribution in

consideration for reducing time cost in calculation for larger Ld cases.

Moreover, the calculation domain sizes in this work are around or larger

than 15 times of average particle diameters, which could cover modeling



62

size requirements to guarantee low random errors caused by insufficient

sample size [198]. Detailed modeling settings are listed as table 2.1.2.2-1.

Table 2.1.2.2-1 Modeling settings of study cases for quantitative

analysis

Series of

cases

Particle

Radius-R

Volume

Fraction-F

Domain

Size-Ld
Repeated

times

Initial

Porosity

( μm ) ( μm ) LSM-( ele ) ( μm )

1

0.3

0.3

10 15~20 0.35

2 0.4

3 0.5

4 0.6

5 0.7

6

0.4

0.3

7 0.4

8 0.5

9 0.6

10 0.7
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Taking R3F5 as an example, Fig.2.1.2.2-1 shows the changing of

initial and sintered 3D microstructures of composite cathode, electronic

conducting phase and ionic conducting phase. Due to the assumption that

YSZ can not be sintered, its initial and sintered microstructures are

constant, and LSM phase structure becomes more compact after sintering

period.

Fig.2.1.2.2-1 Initial and sintered 3D microstructures example images

of composite cathode and two solid phases (LSM-electronic

conducting phase; YSZ- ionic conducting phase; Ra=0.3μm,

Fele=Fion=0.5)

Figs.2.1.2.2-2 & 3 reveal the particle size effects on electrode

effective conductivity ratios e / i and tortuosity factors of solid phases

ele
f / ion

f . For different material composition cases from 0.3 to 0.7,

composite cathodes with smaller particle radius achieve higher effective
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conductivity ratios of both two solid phases, and the two solid phases hold

relatively opposite changing trends [89]. However, in the view of

preliminary qualitative analysis of comprehensive cathode capability, the

much closer to 1:1 of material composition is, the larger effective

conductive capacity of overall two solid phases achieves

[31,92,94,99,163,195,196]. Moreover, structures with small particle size

hold lesser tortuosity factors of both two solid phases for all simulation

cases with different material composition from results in Fig.2.1.2.2-3.

Fig.2.1.2.2-2 Relationship between effective conductivity ratio ie / :

O
ionele

eff
ionele // / and material composition for composite cathodes with

different particle sizes (qualitative analysis)

59857.0439.49929.49 2  FFL v
TPB

(3.1-12)
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Fig.2.1.2.2- 3 Relationship between tortuosity factors (of electronic

conducting phase ele
f and ionic conducting phase ion

f ) and

material composition for composite cathodes with different particle

sizes (qualitative analysis)

Yet further quantitative research on material composition effects on

TPB length density and effective conductivity ratios is shown as

06431.035471.063571.0

/
2

0





FF
eleelee

eff


(3.1-13)

07597.003257.007143.0

/
2

0





FF
ionioni

eff


(3.1-14)
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Fig.2.1.2.2-4, and modeled cathode microstructures with same particle

size and initial porosity but specific material composition values are

conducted in this series of studies. Quantitative formulas of each

relationship are defined as Eqs.(2.1-12), (2.1-13) & (2.1-14). It is found

that optimal overall electrochemical performance of cathode would be

realized when its material composition is around 1:1 as practical

applications of composite SOFC cathodes, which has great agreement

with literature results [26,170]. Although particle radii of two composite

anode cases in literature [180] are larger than mine, but the results of the

relationship between TPB length density and material composition are

similar with mine.

Fig.2.1.2.2- 4 Relationship between effective conductivity ratio
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O
ionele

eff
ioneleie /// /:  and material composition Fele for composite

cathodes with particle radius as 0.3μm (quantitative analysis)

Besides, from Fig.2.1.2.2-4, it can be found that the change of TPB

length density with material composition is a convex curve, and peak TPB

density can be achieved when solid volume fraction closes to 0.5.

Moreover, the peak total TPB length per volume achieves as 11.7 μm/μm3,

which agrees with literature result for similar structure composition (11.2

μm/μm3 [181], 11.6μm/μm3 [92]).

Fig.2.1.2.2-5 Effect of composition on the overall polarization

resistance of the electrode [5]

With the quantitative relationship between material composition and

TPB density, it is essential to know other quantitative effects of structure
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parameters on performance parameters. Volume fraction of electronic

conducting phase of SOFC electrode has complex impacts on its

resistance [37,170]. Fig.2.1.2.2-5 is a literature image which describes

material composition effects on the overall electrode polarization

resistance [170]. Based on this image, detailed relationship information

can be obtained as Table 2.1.2.2-2, and a fitting curve can be gained as

Fig.2.1.2.2-6. Correlation coefficient R of this relationship is 1.0, which

implies that PR is the four polynomial function of Fele as Eq.(2.1-15).

By applying the relationship between LTPBv and Fele in Eq.(2.1-12),

another fitting TPB length per volume curve LTPBv2 can be received as

Fig.2.1.2.2-7 and Eq.(2.1-16). To verify the reconstructed / sintering

method in this model and compare the two fitting curves, two difference

ratios are applied here. Table 2.1.2.2-3 shows the detailed LTPBv data from

my reconstructed modeling result (LTPBv0 as Fig.2.1.2.2-4), fitting value

based on literature simulation result (LTPBv1 as Fig.2.1.2.2-5) and fitting

value combined literature and my model (LTPBv2 as Fig.2.1.2.2-6), it is

found that: (1) difference ratio between two fitting LTPBv curves is less

than 3.790%, which owns a pretty weak gap; (2) LTPBv0 observed by our

model has little difference with fitting results based on literature

simulation data ( two difference ratios are only 2.215% and 5.787%,

respectively). In summary, the above conclusions illustrate the

acceptability of the three relational formula ( Eqs.(2.1-12,15 & 16) ).
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Table 2.1.2.2-2 Relationship between polarization resistance and LSM

volume fraction

Relationship between PR and F

(with particle radius Ra as 0.3 μm)

LSM Volume

Fraction- F

Polarization

resistance-PR( cm/S )

( [5] )

Fitting value-PR

0.3 0.2095 0.2096725

0.4 0.18 0.18042

0.5 0.09 0.0908125

0.6 0.0874 0.08878

0.7 0.108 0.1101525

4.7255 -         
 F43.632 + F137.77 -         

 F183.73 + F88.375- =PR

ele
2

ele

3
ele

4
ele




(3.1-15)
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Fig.2.1.2.2-6 Quantitative analysis on the relationship between overall

polarization resistance PRof the electrode and material composition

(LSM volume fraction Fele)

Fig.2.1.2.2-8 shows the relationship between tortuosity factor of

porous electrode media f and its porosity  , which highlights their

relevance characteristics of the two geometrical parameters of a

composite cathode micro-structures, and their quadratic polynomial is

presented as Eq.(2.1-17):

58.89+10PR)1.0489-              

PR7.2052+PR(-15.836=L
3

23v
2TPB




(3.1-16)
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Fig.2.1.2.2-7 Fitting relationship between TPB length density LTPBv2

and overall polarization resistance PR of the electrode

Many researchers had studied this relationship [14,58,97,98,126,140]

through different simulation methods. Including my model fitting results,

four fitting curves [5,92,181] show pretty good consistency as shown in

Fig.2.1.2.2-8, and this consistent trend seems more obvious when the

porous media owns a porosity larger than 0.43. However, the other two

relation curves [37,97] hold remarkably diverse tendency. In order to

703.12883.46342.48 2   f
(2.1-17)
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validate the reliability of my model’s results, another simulation result

based on real microstructure was developed here. Gunda’s results [58]

were based on 3D reconstructed LSM structures generated from 2D

cross-sectional FIB-SEM images, and average tortuosity factor can be

calculated as 1.76 for specific porous LSM microstructure, which is much

closer to my fitting formula (as Eq.(2.1-17) : 1.45) compared with other

three fitting relationships (Koponen97 [97] 1)1(8.0   f : 1.25;

Barrande2007 [14]
65.0)33.0(

)1(19.01






 f
: 1.31; Koponen96

[98] )ln(49.01  f : 1.37) based on the relationship between gas

diffusion ratio and tortuosity factor of porous media. Since

microstructures in Gunda’s study [58] are single LSM porous media with

relatively high porosity, the reconstructed microstructures would own

larger corresponding gas phase tortuosity factors than the other four

fitting results. Therefore, tortuosity factor of porous electrode is the two

degree polynomial function of the porosity of a given micro-structure as

Eq.(2.1-17).
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Fig.2.1.2.2-8 Quantitative analysis on relationship between tortuosity

factor f and porosity φ of composite electrode

Table 2.1.2.2-3 Quantitative analysis of fitting curves from literature

[5] and my simulation works ( relationships among multiple

parameters : material composition, polarization resistance and

effective conductivity ratios)
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Volume

fraction

Fele

Fitting PR

(Ref. [5])

Fitting

curve-LTPBv1

（TPBL with

F）

Fitting

value

LSM-

Conduc

ti-vity

ratio

Fitting

value

YSZ-

Condu

cti-vity

ratio

Fitting

curve-LTPBv

2（TPBL

with PR）

Differe

nce

ratio

between

LTPBv1

and

LTPBv2

(%)

Reconstr

ucted

value

LTPBv0

Differen

ce ratio

between

LTPBv1

and

LTPBv0

(%)

Differe

nce

ratio

between

LTPBv2

and

LTPBv0

(%)

0.3 0.2097 9.7395 0.0151 0.0598 9.7514 0.122 9.66 0.823 0.946

0.4 0.1804 11.1884 0.0241 0.0515 11.1831 -0.047 11.32 -1.162 -1.209

0.5 0.0908 11.6387 0.0459 0.0418 11.1975 -3.790 11.72 -0.693 -4.458

0.6 0.0888 11.0904 0.0803 0.0307 11.4779 3.494 10.85 2.215 5.787

0.7 0.1102 9.5435 0.1275 0.0182 9.6104 0.700 9.65 -1.103 -0.410
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2.2 Morphological Dilating Method (MDM)

Modeling on SOFC Electrodes

Many researchers pay attention to particle contact angle studies

[19,37] and find that contact angle could cause different contact areas and

affect the overall performance of SOFCs. So in this work, the effects of

sintering conditions on oxygen ionic conductivity of a composite SOFC

cathode are analyzed by a 3D morphological dilation method with

controlling different contact angles between two types of particles. The

random composite cathode powder compacts are formed by randomly

dropping spherical particles into the computational domain. Detailed

simulations are conducted under different parameters (particle sizes,

particle distribution, porosity, contact angles, electrode materials(oxygen

conducting SOFC and proton conducting SOFC)) for investigating

whether the optimal TPB length can also yield a high oxygen ionic

conductivity and the relationship between best TPB length and cathode

porosity. The present study provides fundamental information on the

transport properties of the SOFC cathode in the sintering process. The

results are very valuable for designing high performance SOFC

electrodes.
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2.2.1 Methodology of MDM

Fig.2.2.1-1 Schematic diagram of contact angle formation in MDM

( electronic conduction particle in blue, and ionic conduction phase in

red )

From previous analysis of kMC simulations, if the structure is fixed,

then the simulation results can be used to all kinds of SOFCs composite

cathodes. Since detailed information and intrinsic conductivity data about

H-SOFC cathode materials are limited, it is necessary to develop a better

suitable, scalable and acceptable method to cover all kinds of electrode

microstructures with different material configurations for further data

comparison and model validation with previous sintering simulations by

kMC method.

3D reconstructions of SOFC composite cathodes are also developed
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by our previous spherical particles random packing model with

morphological dilating method to simulate different contact angles

between two particles varying in distinct cathode sintering conditions. In

order to describe the specific properties of the whole SOFC cathode layer,

calculation domain is set as 15μm×15μm×15μm, which can almost cover

the size of common cathode thickness and the ratio of two phase materials

is set as 1:1 as normal composite cathode two phases volume ratio

[31,92,94,99,163,173,195,196]. Furthermore, when electrode calculation

side-size are bigger than 12μm, the results seem much more stable in this

series of MDM simulation cases. In this study, the particle size effect is

taken into consideration and be controlled in the range of 0.3~0.5 μm like

our previous kMC simulation cases. Furthermore, the porosity of the

reconstructed electrode microstructures is in the range of 28%~35%,

which has great agreement with literature results ( particle size generally

is in the range of 1~20 μm with the porosity of 30~40% [23] ). The 3D

structure with specific contact angle ( as shown as Fig.2.2.1-1 ) is

described by two different kinds of color pixels just like last section ( red

ones stand for ionic conduction solid material like YSZ, blue ones present

electronic conduction phase like LSM ) and each pixel equals to 0.15 μm.

Pores can be described by the inter-space among this 3D microstructures.

Amounts of two color pixels can present composite cathode performance

parameters like volume TPB length, porosity, fractions and tortuosity
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factors of two solid phases. As shown in Fig.2.2.2-1, the initial contact

between each two particles is point-to-ponit, and the final structure could

describe real sintering process of composite electrode by applying MDM

to the initial microstructure to form contact angle between particles and

sinter-neck ( where TPB occurs) after dilating a specific degree.

2.2.2 Effects of varying contact angles

The common contact angles of composite cathode of SOFC vary in

the range of 15° to 90° which depends on sintering conditions in real

applications, so I set 2 different series ( light changed porosity cases and

fixed porosity cases) to study contact angles effects on composite SOFC

electrodes. As shown in Fig.2.2.2-1~Fig.2.2.2-9, sparse porous media

with large empty holes occurs when small contact angle ( CA=15° ) is

applied to all cases with different particle size.

Fig.2.2.2-1 Contact angle equals to 15° between two composite

cathode materials particles with same particle size ( particle radius
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=0.3 μm ) and distribution (material composition=50:50% vol.)

Fig.2.2.2-2 Contact angle equals to 30° between two composite

cathode materials particles with same particle size ( particle radius

=0.3 μm ) and distribution ( material composition =50:50% vol. )

Fig.2.2.2-3 Contact angle equals to 45° between two composite

cathode materials particles with same particle size ( particle radius

=0.3 μm ) and distribution ( material composition=50:50% vol. )
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Fig.2.2.2-4 Contact angle equals to 15° between two composite

cathode materials particles with same particle size (particle radius

=0.4μm) and distribution (material composition=50:50%vol.)

Fig.2.2.2-5 Contact angle equals to 30° between two composite

cathode materials particles with same particle size ( particle radius

=0.4 μm ) and distribution ( material composition=50:50% vol.)
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Fig.2.2.2-6 Contact angle equals to 45° between two composite

cathode materials particles with same particle size ( particle radius

=0.4 μm ) and distribution ( material composition=50:50% vol.)

Fig.2.2.2-7 Contact angle equals to 15° between two composite

cathode materials particles with same particle size ( particle radius

=0.5 μm ) and distribution ( material composition=50:50% vol. )
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Fig.2.2.2-8 Contact angle equals to 30° between two composite

cathode materials particles with same particle size ( particle radius

=0.5 μm ) and distribution ( material composition=50:50% vol. )

Fig.2.2.2-9 Contact angle equals to 45° between two composite

cathode materials particles with same particle size ( particle radius

=0.5 μm ) and distribution ( material composition=50:50% vol. )
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2.2.2.1 Light porosity changes

In order to study the influence of the contact angle on composite

porous electrode performance effectively, three initial 3D composite

reconstructed electrode microstructures are produced here by random

packing spherical particles method with same particle radius as 0.4 μm

( detailed information can be seen in Table 2.2.2.1). All simulation cases

would be repeated five times to reduce the random errors caused by

random packing method. The initial contact of each two particles is

point-to-point contact, then all spherical particles within the calculation

domain would be enlarged by a specific degree to inform the final contact

angles (30°, 40°, 45°) and simulate the final microstructures with

sintering-necks after calcination process from the same initial

microstructures.

Table 2.2.2.1 Contact angle effects cases ( with light porosity changes)

Case No.

Contact angle Initial porosity Repeated

simulation

times

( ° ) ( % )

1 30 0.32

2 30 0.33
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Figs.2.2.2-10 & 11 demonstrate the interactions among structural

parameters ( like porosity and contact angle ) and cathode performance

parameters ( like electronic/ionic conductivities and TPB length per

volume ). Note that, all porosity values of all simulation cases in this

section change lightly in the range of 28% to 33% to insure the dilating

process starting from the same initial structures within the fixed

calculation domain. However, even porosity has light changing range,

tortuosity factors of all three phases and TPB pixel quantity all have

obvious trends. As shown in Fig.2.2.2-10, tortuosity factors of two solid

phases have same changing tendency and tortuosity factor of porous

media holds the opposite trend with these two curves. (There, tortuosity

factor of porous medium ( gas phase ) increases with the growth of

5

3 30 0.31

4 40 0.28

5 40 0.29

6 40 0.31

7 45 0.32

8 45 0.31

9 45 0.29
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contact angle, and tortuosity factors of the other two solid phases all

decrease.) However, the two kinds of particles in this study do not take

any material properties into account, so tortuosity factor curves of the two

solid phases should be almost the same. Larger contact angle makes the

formation of more pores for same initial microstructure, which leads to

more gas pathways and denser solid structures. And this is the reason that

larger tortuosity factor of porous media and smaller tortuosity factors of

solid phases can be achieved in Fig.2.2.2-10. It is found that three

tortuosity factors are all quadratic polynomial functions (as Eqs.2.2-1, 2

& 3) of the contact angle with large correlation coefficient R close to 1.0.

27.278 - CA)( 2.1897 + (CA) 0.03427- 2 ele
f (2.2-1)

25.779 - CA) (2.1021 + CA) (-0.03297 2 ion
f (2.2-2)

2.0707 + (CA) 0.03962 - CA) (0.00138 = 2pore f (2.2-3)

At the same time, TPB density has a similar rising trend with gas

tortuosity factor as shown in Fig.2.2.2-11. In this study, electrode

calculation domain is fixed, the increase of contact angle may lead to

solid particles shrinkage with additional pores, then if porosities are

controlled within a changing range, then there should be more solid

particles random packing in the calculation zone with certain bigger

contact angles. This forces solid structures into denser ones, which means
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there are more complex gas pathways to pass through and much easier

charge transport routes will be produced. Compared with cased with

smaller contact angles, although gas pathways become more crowed, TPB

density would have a rise due to the growth of solid phase particle

amounts. Results reveal that LTPBv can be defined as a quadratic

polynomial function of the mean contact angle of porous composite

electrode as Eq.(2.2-4) when the microstrucure is fixed, and this can

provide a guidance for real SOFC electrode applications of sintering

structure ( sintering stage ) determination.

81.012 - (CA)5.122 + CA) (0.07165- L 2V
TPB  (2.2-4)

Fig.2.2.2-10 Contact angles effects on tortuosity factors (of porous
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media and solid oxide materials phases)

Fig.2.2.2- 11 Contact angles effects on TPB length per volume LTPBv

(respects TPB density)

Furthermore, compared with Figs.2.1.2.2-3 & 4, TPB density results

by MDM show great agreement with that of kMC method.

2.2.2.2 Fixed porosity as 33%

This section, porosity of composite cathodes is accurately fixed to

0.33 (33%, common porosity value), Fig.2.2.2.2-1 shows relationship

between contact angles and cathode performance parameters (like

electronic/ionic conductivities and TPB length pixel amounts). It appears

that as the rise of contact angles, both gas phase tortuosity factor and
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volume TPB length get to a relative peak value. And tortuosity factors of

the other two solid phases have almost simultaneous trends. From

Eqs.(2.1-2)~(2.1-5), for certain cathode structure, fixed solid phase ration

and same porosity, effective electronic or ionic conductivity ratios

eff
ionele / are inverse measure to their tortuosity factors ( ele

f / ion
f ).

Optimal structure contacts zone should be selected by higher TPB length,

lower solid phases tortuosity factors ( higher charge conducting ability)

and relatively lower gas phase tortuosity factor f . From Fig.2.2.2.2-1,

f changes only within a limited range, and effect of gas transport on

cathode potential loss is smaller than solid phases. Similarly, all three

tortuosity factors and LTPBvcan be expressed as quadratic polynomial

functions of the contact angle when the mean porosity of electrode

microstructure is around 33% (as Eqs.2.2-5~8).

13.546- (CA) 1.7178 + (CA) 0.02613- L 2V
TPB  (2.2-5)

32.152 + (CA) 1.5505 - (CA) 0.02204 2ele
f (2.2-6)

32.228 + (CA) 1.5543 - CA) (0.02208 2ion
f (2.2-7)

2.1841 - CA) (0.23175 + (CA) 0.00264-  = 2 f (2.2-8)

Considering various factors that matter to electrode performance

comprehensively ( larger TPB density and higher effective conductivities),
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it is found that composite cathode structure with contact angles in the

range of 30~37.5º should be advantaged to cathode performance as shown

in Fig.2.2.2.2-1.

Table 2.2.2.2 Contact angle effects cases ( with light porosity changes)

contact

angle

CA

( °)

Tortuosity

Factor

τf-gas

Tortuosity

Factor

τf-Ele

Tortuosity

Factor

τf-Ion

TPBL

density

LTPBv

(μm/μm3)

Repeated

simulation

times

27.5 2.25 6.34 6.38 13.68

5

30 2.36 5.56 5.53 14.52

32.5 2.53 4.63 4.61 15.06

35 2.64 4.58 4.56 14.95

37.5 2.72 5.02 5.06 13.97

40 2.95 6.12 6.13 12.89

42.5 2.94 6.29 6.32 11.78

45 2.91 6.54 6.51 10.98

47.5 2.86 7.95 7.93 9.98
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50 2.76 9.94 9.96 6.58

Fig.2.2.2.2-1 Contact angles effects on tortuosity factors (of porous

media and solid oxide materials phases) and TPB pixel number

(respects TPB length density)

In addition, Fig.2.2.2.2-1 shows an average solid phase tortuosity

( τele / τion ) of 7.5. To verify the results, effective electronic

conductivity eff
ele of LSM (1279 S/m) / ionic eff

ion conductivity of YSZ

(0.105 S/m) at 800℃ operating temperature can be obtained based on
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Eqs.(2.1-2) ~ (2.1-6), which are similar to literature data [142]. Volume

TPB length in this study is in the range of 3.3~4.3 μm/μm3, which agrees

with literature results (3.225) [162].

2.2.3 Effects of varying porosity

Fig.2.2.3-1 Porosity (of porous microstructure of SOFC composite

cathodes) effect on tortuosity factors (of porous media and solid oxide

materials phases) and volume TPB length

As an important geometrical parameter, porosity effects on cathode

performance is discussed in this section. Contact angles are fixed to 30º,

and porosities vary from 0.355 to 0.398 ( 35.5%~39.8% ). Fig.2.2.3-1

shows the relationship between porosity and cathode performance

parameters. The gas phase tortuosity factor has the relatively opposite

trend to the changing of the other two solid phases, but the two solid
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tortuosity factors hold similar changing tendency to each other. Result of

pore space tortuosity factor agrees with the literature data [79]. As the

porosity of composite cathode increases, both of its TPB length density

and pore area tortuosity factor diminish. That may be caused by looser

solid structure with higher pore empty space ratio when cathode

calculation zone size is fixed. Compared with lower porosity cases, higher

porosity microstructures: (1) make gas transport easier; (2) cause relative

shorter pass-through path length; (3) loose solid structures and limit

charge transport through one side to the other of electrode; (4) generate

longer solid electronic/ionic conduction path distance. Since the gas phase

tortuosity factor changes within a scant scope and charge transport mainly

dominate the TPB content ( two solid phases hold about 75% space of the

whole cathode microstructure), TPB density change trend would

relatively be similar to effective electronic/ ionic conductivities. This

shows good agreement with results derived from kMC method

simulations ( Eq.(2.1-9)).

2.2.4 CONCLUSIONS

Several different three-dimensional microstructures of SOFC

cathodes have been reconstructed by morphological dilating method after

random spherical packing to study the geometrical parameters ( like

porosity of porous composite cathode and contact angles between two
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phases of particles ) effects on its electronic/ ionic conductivities of SOFC

cathodes. The reconstruction model has been verified by comparing

simulation results with literature data. Tortuosity factors of pores,

electronic conducting solid phase, ionic conducting solid phase and

volume TPB length of microstructures of different condition SOFC

cathodes are calculated after morphological dilating method.

The following conclusions can be obtained:

(1) When cathode calculation zone is fixed, and ratio of the

composite two solid materials is 50:50% vol.( or 1:1 ) : gas phase

tortuosity factor of SOFC composite cathode has same trend with volume

TPB length, which is a inverse measure of the other two solid phase

tortuosity factors; the value and trend of two solid phase tortuosity factors

are similar and relatively synchronously;

(2) When porosity of SOFC composite cathode is constant as 0.30

( 30% is common porosity value ) : there is a optimal performance zone

with contact angle in the range of 30~37.5º, where peak volume TPB

length and relatively lower tortuosity factors of all three phases can

achieve ( results display optimal electronic/ionic conductivities

corresponding to optimal volume TPB length ), which may lead to better

cathode performance;

(3) When contact angle between two particles is unchanged: bigger

porosity leads to smaller solid phase tortuosity factors, smaller volume
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TPB length and larger solid phase tortuosity factors.

(4) Results of MDM show great agreement with that of kMC method

simulations.

The present study provides fundamental information on achieving

better composite cathode microstructure. The results are very valuable for

designing high performance SOFC cathodes. The described technique

will allow one to design new improved structures and sintering process of

SOFC composite cathodes.
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CHAPTER 3 LATTICE BOLTZMANN

METHODAPPLICATION ON POROUS

SOFC

Results of chapter 2 predict a relatively comprehensive analysis

between each two performance influencing factors. Geometrical

parameters effects formula from previous modelings can be used for

electrode design and optimization. However, detailed internal transport

processes of porous electrode are still needed to be studied. In this chapter,

detailed lattice Boltzmann method (LBM) would be introduced and mass

transport and momentum transport with reaction effects in various fuel

cell porous electrodes are studied by LBM to step further and get closed

to internal working mechanism of porous electrodes. As a step towards

electrode optimization, transport processes are investigated using the

developed mesoscale simulation method. The complex porous electrode

microstructures are reconstructed in Chapter 3 through previous random

sphere packing method presented in Chapter 2.

3.1 Overview of Lattice Boltzmann Method (LBM)

3.1.1 LBM developments

The lattice Boltzmann method (LBM) based on mesoscopic gas

kinetic theory, is the bridge connecting the mesoscopic "macroscopic
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continuum" and "microscopic discretization".

(1) For the first time, researchers ( McNamara et al. [128] ) proposed

the concept that using the Boltzmann equation to simulate lattice gas

automata (LGA) by applying the statistical average particle velocity

distribution function to evolutionary computation.

(2) Higuera et al. [70] further simplified the original model with the

linearized collision operator model, and equilibrium distribution functions

and collision matrix were added to this new model which decreased the

computational complexity significantly.

(3) Then, in the year of 1991~1992, a much simpler BGK

( Bhatnagar-Gross-Krook) model [32] was presented by several

researchers [149], which is the single relaxation model. In this new lattice

BGK model, the collision process was replaced by the relaxation process

close to a specific equilibrium status, and the collision matrix was

determined by the relaxation time.

(4) Some scholars rigorously proved that lattice Boltzmann equation

can be obtained after appropriate successive Boltzmann equation

discretization [161,178].

(5) Different boundary condition treatment methods, such as no-slip

bounce-back boundary condition, half way bounce-back boundary

condition, interpolation or extrapolation boundary conditions, have been

proposed in succession by Skordos et al. [166], Inamuro et al. [77], Maier
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et al. [122], and Filippova et al. [53].

(6) Based on its superiority of handling complex geometric boundary

conditions, some researchers applied the lattice BGK model to seepage

flow within porous media [2,8,41].

(7) From the year of 1999 till now, more and more scholars began to

pay attention to the lattice Boltzmann method, and they had conducted

more thorough research in both theory study and application extension

fields [10,147].

Guo et al. proposed a new approach of external or internal

interaction force [60]; Yong. and Luo. demonstrated that some common

LBGK models do not satisfy the H theorem [189,190]. At the same time,

in terms of multi-component and multi-phase flow models study,

incompressible model, hot model with temperature changes, three-phase

multi-component model, as well as the new advanced high-stability

method had been developed in recent years

[68,76,86,101,118,133,143,174].

(8) In addition to studying traditional macro-scale flow modelings,

starting from 2002, researchers began to focus on applications of LBE in

micro-scale flow area [103,139]. Due to mesoscopic features of LBE, it

has great potential in terms of discontinuous flow simulations in

mesoscopic and microscopic scale, so LBM attracted the attention of

more and more scholars in the field of engineering, physics,



98

aerodynamics, urban layout planning and architecture, etc .

3.1.2 Lattice Gas Automata (LGA)

Lattice gas automata (LGA) is the simplified model of microscopic

fluid model, in which the fluid is considered as a large number of discrete

particles residing on a regular grid. All particles can only slide along the

grid lines, and each particle may transfer to the nearest neighbor lattice

node from its present location in one time step with collision with other

particles.

HPP model and FHP model were two models proposed in LGA. The

HPP model is the first fully discrete model proposed by scholars in order

to study the transport properties of fluids [65,66]. In the HPP model, the

two-dimensional space is discretized into a series of square lattices, and

particles streaming and collision processes in the grid lines can be

described as Eqs.(3.1-1) & (3.1-2):

Streaming: )),((),(),(' txnCtxntxn iii


 (3.1-1)

Collision: ),(),( ' txntexn ittii


  (3.1-2)

Where, ei is the particle velocity, and each particle can move in four

velocity directions: e1=e(1,0), e2=e(0,1), e3=e(-1,0), e4=e(0,-1) (e is the

ratio of lattice distance and time step, e=1 in general setting).

Lacking of sufficient symmetrical characteristic, the macroscopic



99

kinetic equation of HPP model can not meet Navier-Stokes equation.

However, its basic concepts and models provide innovative ideas of fluid

modeling.

Fig.3.1.2-1 & Fig.3.1.2-2 [185] show the FHP model of LGA, and it

successfully overcomes the shortcomings of insufficient symmetrical

characteristic of HPP model by its hexagonal lattice shape. FHP model is

very easy to be used in complex fluid motion simulations, and it satisfies

particle number conservation and momentum conservation law at the

micro level. Furthermore, FHP model can be recovered to the

two-dimensional and three-dimensional incompressible Navier-Stokes

equations [54].

Fig.3.1.2-1 shows the process of particle migration according to the

inherent rules ( from present node to the nearest neighbor node);

Fig.3.1.2-2 shows the movement process in all directions of particles after

collision. So LGA model is actually a mathematical model of discrete

space and time step.

Fig.3.1.2-1 Lattice gas automata FHPmodel : Particle migration
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(streaming)

Fig.3.1.2-2 Lattice gas automata FHPmodeln : Particle collision

Although LGA has many advantages, it is still necessary to rely on

the macroscopic parameters of the fluid, such as density, macroscopic

velocity, fluid temperature,etc. In order to overcome the defects and retain

the advantages of LGA, a new method Lattice Boltzmann method (LBM)

was proposed. By replacing the ni in HPP with system average parameter

fα , we can obtain new collision and streaming process equations as

Eqs.(3.1-3) & (3.1-4):

Collision:

)),((),(),(' txftxftxf 
  (3.1-3)

Streaming:

),(),( ' txftexf tt


   (3.1-4)

Based on two equations above, Lattice Boltzmann equation (LBE)
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can be defined as Eq.(3.1-5).

LBE:

)),((),(),( txftxftexf tt


  

(3.1-5)

3.2 Basic theory and model of Lattice Boltzmann

Method

3.2.1 Boltzmann equation and its discretization

Boltzmann proved the velocity distribution law in the year of 1872,

and he deduced the famous transport equation, which improved the

mathematical theory of transport processes. However, the basic idea of

the molecular dynamics simulations is: the micro motion of each

molecule in the macro system is in compliance with the laws of

mechanics, so the macro parameters of the system can be determined as

long as the individual movement of a large number of particles is

calculated. On the other hand, the basic idea of the Boltzmann equation is

using the probability of each molecule in specific motion state without

identifying specific motion state of each molecule to obtain macroscopic

parameters of the whole system by probabilistic method.

Boltzmann equation can be simply derived by one-component gas

based on three assumptions: (1) “binary encounter approximation”; (2)

“postulate of molecular chaos” that the particle velocity is not correlated
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with each other before the collision; (3) the dynamical behavior of the

local collision is not affected by the external force.

Setting the particle velocity distribution function as f, it is the

function of spatial position vector r(x,y,z), the particle velocity vector

u(ux,uy,uz) and the time t. fα represents the number of particle velocity in

the range of u and u+du at time t within the volume element dr=dxdydz

from r to r+dr.

Considering the external force, the external force ma is assumed to

act on each particle, where m is the molecular mass and a is acceleration.

According to the definition of f, we get the following equation as

Eq.(3.2-1):

 duturfn ),,(  (3.2-1)

Where n is the particle density at time t.

Supposing that there is no particle collision during a time interval dt,

the speed u becomes u+at, and the position vector r becomes r+dr. When

the time turns to t+dt, all of the original particle distribution f(r, u, t)drdu

in drdu at time t would transfer to the unit volume r+dr as Eq.(3.2-2), that

is:




udrdturf

udrddttdtaurdrf




),,(

),,( (3.2-2)

After Taylor expansion and simplification of Eq.(3.2-2), we can get
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Eqs.(4.2-3) & (4.2-4):
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Adding collision term to Eq.(3.2-3), then we can get:

collisiont
f
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fa
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fu

t
f )(




















 (3.2-5)

There are two collision models:

(1) Ball model, assuming that the particles are elastic ball with

smooth spherical surface and they keep particle size and shape unchanged

in collision process; the interaction force acts along the center line of each

two particles, and it has no effect on the speed of the tangential direction;

(2) Force center model, assuming that the particle is mass point, the

force between the particles is a function of particle distance.

Based on collision models, governing equation of particle velocity

distribution function f can be written as Eq.(4.2-6), and that is so-called

Boltzmann equation:
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(3.2-6)

Koelman et al. [95] proposed a approximation method BGK

approximation with a simple operator Ωf. And this operator can be

expressed by the difference between the equilibrium distribution function

feq and particle distribution function f as Eq.(3.2-7):

)],,(),([ turfurfv eq
f


 (3.2-7)

Therefore, the Boltzmann equation can be defined as:

)( ffv
u
fa

r
fu

t
f eq 
















 (3.2-8)

Eq.(3.2-8) is the Boltzmann-BGK equation. Here feq is named as

local equilibrium distribution function because it changes with space and

time. Combining Eq.(3.2-6) and Eq.(3.2-8), we get Eq.(3.2-9):

1
2

1 cos uddgdfv D


   (3.2-9)

Where v is a proportion coefficient, it is the reciprocal of the

relaxation time τ0, and it indicates the collision probability of particles in

a unit time ( as shown in Eq.(3.2-10) ).
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v
1

0  (3.2-10)

Therefore, Eq.(3.2-8) can be written as Eq.(3.2-11) and Eq.(3.2-12)

in the form of no external force :

)(1

0

eq
u fffafu

t
f






 (3.2-11)
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 (no external force)

(3.2-12)

However, lattice Boltzmann equation (LBE) is a kind of special

discrete form of Boltzmann BGK equation, including the time-discrete,

space-discrete and velocity-discrete [69]. Final velocity-discrete lattice

Boltzmann equation can be written as Eq.(3.2-13):





Ffffe

t
f eq 

 )(1

0

 (3.2-13)

Where, Fα is the external force term, feq is local distribution function.

And Eqs.(3.2-11) & (3.2-12) can transfer to lattice Boltzmann-BGK

equation (LBGK) from Eqs.(3.2-14) & (3.2-15) after further integration

and transformation:

),(

)],(),([1),()(
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 (3.2-14)
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)],(),([1),()(
0

txftxftxftexf eq 
 

  (3.2-15)

3.2.2 Equilibrium distribution function feq

Equilibrium distribution function refers to the distribution function

of the fluid system in equilibrium state. Boltzmann H theorems is used to

describe the overall evolution trend of the fluid system. And the H

theorems proposed by Boltzmann is defined as Eq.(3.2-16):

 xdufdftH ln)( (3.2-16)

Without considering the effects of external forces, Eq.(3.2-16)

transfers to Eq.(3.2-17)

 


 xdud
t
ff

dt
dH )ln1( (3.2-17)

Therefore, Boltzmann H theorems can be obtained from Boltzmann

equation and Eq.(3.2-17) as Eq.(3.2-18):

0
dt
dH (3.2-18)

When H reduces to the unchanged minimum extremum value, the

system reaches to its equilibrium state. Then, the distribution function at

this time is called the equilibrium distribution function f eq.

Based on the relationship between macro parameters and distribution
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function, Maxwell distribution can be deduced by a series of

mathematical methods:

}
2

)(exp{
)2(
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3 RT
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RT

nf eq





 (3.2-19)

Where, u is the macro mean velocity of gas. The difference between

particle velocity and average macro velocity (v-u) is the thermal velocity

or random velocity of particles. Taylor expanding the Maxwell

distribution function and retaining its second order expansion, the partial

equilibrium distribution function of discrete velocity space can be

obtained as Eqs.(3.2-20) & (3.2-21):

]
22

)(1[
2

22

2

RT
u

TR
ue

RT
uenf eq








 


(3.2-20)

}
2

exp{
)2(

1 2

2
3 RT

e

RT










(3.2-21)

Where, u is the macro fluid velocity; RT is the product of the gas

constant R and temperature T, and commonly be replaced by lattice

velocity cs2; ωα is the weighting coefficient, which is associated with the

model used in simulations.
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3.2.3 LBMmodel

As we known, a fluid particle in calculation domain has two main

kinds of movements: streaming and collision. A complete lattice

Boltzmann model consists of three main components: (1) lattice (discrete)

velocity model; (2) the equilibrium distribution function; (3) evolution

equation of the particle distribution function.

Lattice Boltzmann model establishment follows this process: firstly,

the equilibrium distribution functions should satisfy certain constraints in

order to further restore to the corresponding macroscopic governing

equations; secondly, choosing appropriate grid velocity model for

simulation applications; thirdly, calculating the collision and streaming

processes; and finally, macroscopic parameters statistics.

3.2.3.1 Evolution equation and lattice velocity model

The evolution equation of the original particle distribution function

can be described by the Eqs.(3.2-22), (3.2-23) & (3.2-24). The

LBM-BGK equation includes two simple steps to trace particle velocity

distribution function i
kcf at each lattice node within the whole calculation

domain to obtain by every single time step: 1) streaming: two terms in the

left hand stand for the streaming movement of each species fluid i with

lattice velocity of i
kce
 along m ( DnQm: n stands for dimensions, and m

represents velocity directions : for D2Q9 case, the n equals 9; for D3Q19



109

model, n is 19 ) kinds of given direction kc; 2) collision: the first term at

right hand section represents the collision process kc of each fluid

particles between same species, different species, or even solid wall.
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Where τ is the relaxation time; eα is the lattice velocity of LBM

model in the αth direction ( detailed diagrammatic sketch of lattice

velocity directions of two-dimension 9-velocity direction (D2Q9),

three-dimension 7-velocity direction (D3Q7), and three-dimension

19-velocity direction (D3Q19) models are shown in Figs.(3.2-1), (3.2-2)

& (3.2-3)). fαeq is the equilibrium distribution function of fα , which is the

defined as the function of density ρ，velocity u, and weighting factor ωα

(detailed values are shown as Eq.(3.2-28) for D2Q9 model, and

Eq.(3.2-30) for D3Q19 model) of its lattice velocity in the αth direction as

Eq.(3.2-27). δx and δt stand for the lattice distance and lattice time,

respectively. And cs denotes the speed of sound and it can be defined as a

basic speed (δx/δt) divided by √3 as Eq.(3.2-29).

In order to simplify the calculation, particle velocities in LBM are

expressed in grid units as follows.

Lattice velocity in D2Q9 Model:

)0,0(1 
ie ; )0,1(2 

ie ; )1,0(3 
ie ; )0,1(4 ie ; )1,0(5 ie ;

)1,1(6 
ie ; )1,1(7 ie ; )1,1(8 ie ; )1,1(9 ie .
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Lattice velocity in D3Q19 Model:

)0,0,0(1 
ie ; )0,0,1(2 

ie ; )0,0,1(3 ie ; )0,1,0(4 
ie ; )0,1,0(5 ie ;

)1,1(6 
ie )1,0,0(7 ie )0,1,1(8 

ie ;

)0,1,1(9 ie ; )0,1,1(10 ie ; )0,1,1(11 ie ; )1,0,1(12 
ie ; )1,0,1(13 ie ;

)1,0,1(14 ie ; )1,0,1(15 ie ; )1,1,0(16 
ie ; )1,1,0(17 ie ;

)1,1,0(18 ie ; )1,1,0(19 ie .

Fig.3.2-1 Lattice velocity schematic structural framework for one

lattice node in D2Q9 model
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Fig.3.2-2 Lattice velocity schematic structural framework for one

lattice node in D3Q7 model

Fig.3.2-3 Lattice velocity schematic structural framework for one

lattice node in D3Q19 model
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3.2.3.2 Boundary conditions

Fig.3.2-4 Illustration of bounce-back boundary condition between

fluid and solid nodes

Standard bounce-back boundary condition is mainly used for no-slip

walls ( interface between gas and solid surface ). As shown in Fig.3.2-4,

for smooth wall boundary condition, particles bounce back directly along

the opposite direction of the original route.

Periodic boundary condition is typically used in infinite large flow

field or the flow field with spatially periodic variations. As shown in

Fig.3.2-5, particles leaving from the left fill in the right buffers and vice

versa.



114

Fig.3.2-5 Illustration of periodic boundary condition

3.3 Overview of LBM application

2D images and 3D input microstructures used in LBM of this work

are simplified forms from previous 3D microstructures reconstructed by

random sphere packing method in Chapter 2, and LBM simulation codes

are written in FORTRAN90 language.

Taking two dimensional simulation as an example, as shown in

Fig.3.3-1, lattices with the value of 0 or 1 represent pore phase and solid

phase respectively in MATLAB reconstruction program, and the binary

codes would be coupled to FORTRAN LBM code to run out the

simulation results. Since the porosity would decrease evidently when

images are reduced from 3D to 2D, it is necessary to do proper

simplification to ensure the same porosity.
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Fig.3.3-1 The establishment of two-dimensional digital image

and the demonstration of the D2Q9 velocity model (only be used as

demonstration)

3.3.1 Mass transport in LBM

General reaction diffusion equation can be written in general form as

Eq.(3.3-1):

RaCDu
t
C i
i



 2

2,1)( (3.3-1)

Where Ci is the mole concentration of species i; D1,2 is the gas

diffusion coefficient between species 1 and 2; Ra is the reaction rate at the

interface of electrode and electrolyte; u is the macro velocity; t stands for

time.




2,1

8
3 M

RTD
D pa
kn

(3.3-2)
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In this study, the effective integrated diffusivity is considered

including the binary diffusivity and Knudsen diffusivity as Eqs.(3.3-2) ~

(3.3-8) [22,141]. Where, Dkn is the effective diffusivity caused by

Knudsen diffusion; R is gas constant ( 8.3145 J/ (mol K)); T is

temperature (K); M is the molecular weight (g/mol); Dpa is the average

particle diameter (μm); M1,2 is the average molecular weight of species 1

and 2 (as Eq.(3.3-5)); D1,2 is the binary diffusivity of species 1 and 2; D1,2

eff is the effective average diffusivity; P is the pressure (1atm); gas

parameters ξ , ɛ and k refer to Table 3.3; ΩD is the collision integral.

Fick’s law of diffusion is given in Eq.(3.3-9) for various species:
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i
i CDRa  2,1

(3.3-9)

RaFicd 2 (3.3-10)

Where Rai is the mole flux of species i. As shown in Eq.(3.3-10), Ra

also can be related to the current density icd of the SOFCs. Where F is

Faradys constant ( F= 96485 As/mol).

0)( 2 

 uvpuu
t
u 

(3.3-11)

0 u (3.3-12)

Table 3.3 Gas properties

The Navier-Stokes equations for conservation of momentum and the

mass are presented as Eqs.(3.3-11) & (3.3-12).

Where p is the fluid pressure, and υ is the kinematic viscosity.

Species M 
k


unit g/mol Å K

H2 2 2.93 37

H2O 18 2.65 356



118

),()],(),([1
),(),(

, txtFtxftxf

txftttexf

i
kc

eqi
kc

i
kc

f

i
kckc

i
kc












 (3.3-13)

)31(, ueCf kc
i

kc
eqi

kc

 (3.3-14)

i
ii

kc
i
kckcii

C

ef
u




1

1







(3.3-15)

i
kc

i
kc RatxF  ),(  (3.3-16)


kc

i
kc

i fC (3.3-17)

Combined LB equation for mass transport is presented as

Eq.(3.3-13). Where fkci is the particle distribution function of species i at

any location x time talong direction kc; ekc is the lattice velocity of

direction kc; Fkci is the force term ( in this work, it can be defined as a

source term of reactant or product concentration change ); τ is the

relaxation time. fkci-eq is the equilibrium particle distribution function,

which can be written as Eq.(3.3-14), where ωkc is weighting factor along

direction kc; u is the velocity of species i.

3.3.2 Momentum transport in LBM

Similarly, momentum transport LB uses a different distribution

function as Eqs.(3.3-18) ~ (3.3-21):
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Where m stands for the distribution function of momentum; ρ is the

density.

3.4 LBM applications on porous electrode

Calculation procedure is shown as Fig.3.4-1 in LBM electrodes

study:

As shown in Fig.3.4-2, LB codes are written in FORTRAN language,

and there are four main kinds of discussions of fuel cell electrodes

according to different types of dimension and species involved in

simulation.
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Fig.3.4- 1 Schematic diagram of calculation flow

Fig.3.4-2 LBM applications on SOFC & SOEC electrodes ( in this

work and further work plan)
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My LBM study in this thesis focuses on 2D and 3D modelings of

O-SOFC anode (two species-2P ) and H-SOFC cathode ( three

species-3P). Note that, in order to shorten the calculation time and

improve the accuracy of modeling, calculation domains of all cases in this

work by LBM are larger than that of the reconstructed part ( the effective

area is surrounded by extra gas passage). Therefore, porosities of all

simulated cases will be greater than those of the reconstructed structures

with same structure.

3.4.1 2D modeling

In this study, the D2Q9 model with nine velocity directionson the

two dimentional simulation has been adopted, and this model has been

introduced in detail in section 3.2.3.1.

3.4.1.1 Two species cases (2D2P)

For 2 species case, reactions involved in O-SOFC are presented as

Eqs.(3.4-1)&(3.4-2).

Anode:   eOHOH 22
2

2 (3.4-1)

Cathode:   2
2 2

2
1 OeO (3.4-2)

The concentration polarizations of SOFC anode and cathode can be

expressed as Eq.(3.4-3) and Eq.(3.4-4), respectively.
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Where, P stands for partial pressure of gases. Subscripts TPB and

Bulk are for reaction sites and gas inlet sites respectively.

Fig.3.4.1.1-1 Sketch map of LBM boundary conditions in O-SOFC

anode (oxygen ionic conduction SOFC)

Fig.3.4.1.1-1 shows the LBM model of 2D O-SOFC anode, and

detailed boundary conditions are described as the text on the drawing.

Here, top boundary condition is fixed gas concentration of hydrogen and
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steam; bottom boundary condition is specific flux conditions of two

species with a reaction rate Ra ( Ra=0, stands for no reaction effects); left

and right boundary conditions are periodic boundaries. Mole

concentration of gas inlet ( top boundary) stands for bulk gas

concentration, and interface between electrode and electrolyte (bottom

boundary) represents gas concentration at TPB sites. The main flow

direction is from the top to the bottom. Detailed model conditions are

shown in Table 3.4.1.

Note that an empty layer without solid barrier is added to the upper

boundary to simulate the role of gas channels and reduce hindrance effect

of boundary complexity to LBM simulation, which ensures steady flow

field of all the gases from inlet into the porous solid zone and makes the

gas field much closer to real situation. However, this extra empty layer

increases the porosity of the calculated area by 7.5% ~ 17.5% compared

with its effective porosity.

Table 3.4.1 Model conditions

Parameter Value

Inlet concentration of H2 10.8 mol/m3

Inlet concentraion of H2O 1.2 mol/m3

Inlet composition of H2 0.9
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Inlet composition of H2O 0.1

Inlet mainstream velocity uy -0.01 m/s

Operating Temperature 1000 K

Operating Pressure 1 atm

Mole flux of H2 at the TPB ( bottom

boundary)

-Jflux

[mol/(m2 s)] =-Ra

( Eq.3.3-10)

Mole flux of H2O at the TPB ( bottom

boundary)

+Jflux

[mol/(m2 s)]=+Ra

( Eq.3.3-10)

3.4.1.1.1 Reaction effects

Fig.(3.4.1.1-2) and Fig.(3.4.1.1-3) present the concentration

distribution of hydrogen in porous O-SOFC anode media. The results

reflect the difference between transport without reaction effects and

transport process with reaction rate at the interface boundary under same

initial input conditions. Note that, non spherical structure in the left ( with

red circle in display) is composed of three spheres with two overlapping

parts, and this non fully connected configuration is caused by dimension
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reduction from 3D to 2D.

Fig.3.4.1.1-2 Concentration distribution of Hydrogen ( mol/m3 )

without reaction effects at bottom boundary

It can be found that reaction boundary enhances the mass transport

around obstacles within porous electrode, and the average concentration

distribution of fuel gas hydrogen between solid phases of SOFC anode

with reaction boundary is higher than the one without reaction. Of course,

the addition of chemical reaction at the interface between porous

electrode and electrolyte enhances the flow of the reactant gas along the

main direction of the gas field and increases its consumption at the lower

boundary (reaction interface).

Results show great agreement with Hedvig et al. [144], that they

found that there was an increased activity of hydrogen concentration

between solid obstacles in porous electrode with reaction effects. This is

very easy to understand that for electrode with reactions, the circulation
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space among porous solid media provides more three phase length sites,

which consumes more fuel gas and leads to more complex disturbance.

Fig.3.4.1.1-3 Concentration distribution of Hydrogen (mol/m3)

including reaction effects at bottom boundary

3.4.1.1.2 Porosity effects

In this section, same microstructures with three different porosities

are conducted for gas flow behavior simulations by LBM. Figs.(3.4.1.1-4)

& (3.4.1.1-5) are concentration distribution of hydrogen and steam in the

porous domain with circular solid obstacles in the case of 0.5 porosity

with reaction boundary ( Ra=Jflux=0.0311 mol/(m2s), the corresponding

current density is 6000A/m2 based on Eq.3.3-10) at the bottom surface,

respectively. Figs.(3.4.1.1-6) & (3.4.1.1-7) are concentration distribution

of hydrogen and steam in the porous domain with circular solid obstacles

in the case of 0.55 porosity with same reaction boundary as previous case,

respectively. Figs.(3.4.1.1-8) & (3.4.1.1-9) are concentration distribution
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of hydrogen and steam in the porous domain with circular solid obstacles

in the case of 0.6 porosity with same reaction boundary as previous cases,

respectively.

Fig.3.4.1.1-4 Mole concentration of Hydrogen-CH2 (mol/m³)

(porosity=0.5)

Fig.3.4.1.1-10 shows the mole fraction curves along the center of the

porous modeling domain along the main flow direction of two species for

the three porosities studied, and the curves tendency reveals that: (1) the

hydrogen concentration distribution are similar for all porosities cases; (2)

for same fuel inlet condition, anode with larger porosity consumes less

hydrogen, which is more obvious towards reaction boundary ( TPB sites /

interface between electrode and electrolyte) (consistent with literature

results [145]); this can be explained by the fact that less reaction sites are

available as there is more pore space between the solid particles for larger

porosity case, and fewer action reaction sites can come into contact with
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the gas species at the same time; (3) concentration distribution of two

species hold relatively opposite trends; (4) however, the hydrogen mole

fraction reduces from the gas side to the TPB with three different decline

rates: the first stage is a slow decline; and then followed with a slow

downward trend; finally it enters to a fast descent stage till the reaction

boundary. This phenomenon is more obvious for anode with smaller

porosities. Fig.3.4.1.2-7 provides a flavor of the detailed information that

the LBM can provide about species concentration variation in the SOFC.

The effect of the pore geometry on the concentration distribution can thus

be investigated on a completely new level compared with macroscopic

transport models. Furthermore, the tiny changing trend of hydrogen

consumption rate is consistent with simulation results in actural SOFC

geometry in the literature [88], and it is better than other modeling results

based on reconstructed electrodes [88,145].

Oncemore, LBM simulation results confirmed that the reconstructed

electrodes in this study have a high degree of accuracy with actrual SOFC

geometries.
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Fig.3.4.1.1-5 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.5)

Fig.3.4.1.1-6 Mole concentration of Hydrogen-CH2 (mol/m³)

(porosity=0.55)
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Fig.3.4.1.1-7 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.55)

Fig.3.4.1.1-8 Mole concentration of Hydrogen-CH2 (mol/m³)

(porosity=0.60)
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Fig.3.4.1.1-9 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.60)

Fig.3.4.1.1-10 Concentration distribution of H2 and H2O along the

center of the domain in the opposite direction of y-axis for porosities

of 50%, 55% and 60% (effective porosities are 40.5%, 42.5% and

45.5%)

Porosity

increases
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3.4.1.1.3 Graded electrodes

In this section, gas transport process of graded electrode are

investigated with three different geometries. The inlet concentration was

set to 10.8 mol/m3 for hydrogen and 1.2 mol/m3 for steam, and the

concentration flux is specified at the outlet, normal to the boundary

interface in the direction opposite to the main flow direction. The main

flow direction is from the top to the bottom. Steam is generated as

hydrogen is consumed. For same microstructures with larger porosity, it is

easier for fuel transport and there are more active reaction sites for fuel to

meet together, so the hydrogen consumption and steam production will

increase with porosity increasing as previous results. However, for graded

electrode, difference of obstacle size distribution of the structure has a

certain impact on the flow behavior and gas transmission within the

porous media, and it is necessary to study this effect.

Since the length units in concentration images are lattice units, the

calculation domain is quite small compared with the whole electrode

thickness. The development of gas concentration change seems a little bit

slight, but gas behavior differences in different structures are still visible.

Figs.(3.4.1.1-11) & (3.4.1.1-12) are concentration distribution of

hydrogen and steam in the porous domain with circular solid obstacles in

the case of 0.375 effective porosity ( case No. 375) with reaction

boundary at the bottom, respectively. Figs.(3.4.1.1-13) & (3.4.1.1-14) are
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concentration distribution of hydrogen and steam in the porous domain

with circular solid obstacles in the case of 0.458 effective porosity ( case

No.458) with reaction boundary, respectively. Figs.(3.4.1.1-15) &

(3.4.1.1-16) are concentration distribution of hydrogen and steam in the

porous domain with circular solid obstacles in the case of 0.545 effective

porosity ( case No. 545) with reaction boundary, respectively.

It can be seen from the concentration profiles of three cases that:

(1) The particle size distribution of case 375 is more uniform with

smaller particle size difference between each two adjacent layers.

(2) Case “375” holds larger average particle radius, case “545”

possesses the smallest average particle size and the particle size difference

of case “458” is the biggest.

(3) Comparing mole concentration distribution of case 458 with that

of case 545, although the latter microstructure owns larger porosity

( which is the factor that reduces the amount of effective reaction sites in

same calculation domain), high difference of particle size of graded

electrode limits the uniformity of hydrogen consumption and steam

production. Hence, it is interesting to reflect over that particle size

difference pose a potential risk in terms of limiting the transport processes

of graded electrode compared to its porosity.

(4) As to the whole electrode, the non-uniformity of the reaction

position greatly reduces its overall performance and utilization. Therefore,
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it is necessary to narrow the difference of average particle size between

each two adjacent layers of the graded electrode to improve the number of

TPB sites.

Fig.3.4.1.1-11 Mole concentration distribution of Hydrogen-CH2

(mol/m³) ( porosity=0.45; effective porosity=0.375 )

Fig.3.4.1.1-12 Mole concentration of steam-CH2O (mol/m³)

( porosity=0.45; effective porosity=0.375 )
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Fig.3.4.1.1-13 Mole concentration of Hydrogen-CH2 (mol/m³)

( porosity=0.59; effective porosity=0.458)

Fig.3.4.1.1-14 Mole concentration of steam-CH2O (mol/m³)

( porosity=0.59; effective porosity=0.458 )

Fig.3.4.1.1-15 Mole concentration of Hydrogen-CH2 (mol/m³)
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(porosity=0.62; effective porosity=0.545)

Fig.3.4.1.1-16 Mole concentration of steam-CH2O (mol/m³)

( porosity=0.62; effective porosity=0.545 )

3.4.1.2 Three species cases (2D3P)

Fig.3.4.1.2-1 Sketch map of LBM boundary conditions in H-SOFC

cathode ( proton conduction SOFC )
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Similarly, Fig.3.4.1.2-1 shows the LBM model of 2D H-SOFC

cathode, and detailed boundary conditions are described as the text on the

drawing, which are the same as O-SOFC cases. Here, top boundary

condition is fixed gas concentration of hydrogen and steam; bottom

boundary condition is specific flux conditions of two species with a

reaction rate Ra ( Ra=0, stands for no reaction effects); left and right

boundary conditions are periodic boundaries. Mole concentration of gas

inlet ( top boundary) stands for bulk gas concentration, and interface

between electrode and electrolyte (bottom boundary) represents gas

concentration at TPB sites.

3.4.1.2.1 Porosity effects

Three species are involved in this work: species 1 stands for oxygen;

species 2 represents nitrogen, and species 3 is defined as steam.

In this section, same microstructures with two different porosities are

conducted for mass transport simulations. Figs.(3.4.1.2-2) , (3.4.1.2-3) &

(3.4.1.2-4) are concentration distribution of oxygen, nitrogen and steam in

the porous domain with circular solid obstacles in the case of 0.58

porosity with reaction rate bottom boundary, respectively. Figs.(3.4.1.2-5),

(3.4.1.2-6) & (3.4.1.2-7) are concentration distribution of oxygen,

nitrogen and steam in the porous domain with circular solid obstacles in

the case of 0.50 porosity with reaction boundary at the bottom,

respectively. Note that, dimensionality reduction from 3D to 2D will
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reduce the effective connected area of the microstructure and generate

more closed space. In order to lessen this deviation from the actual

situation, all of the porosities of the structures in this work are higher than

that of their original reconstructed 3D microstructure.

Fig.3.4.1.2-2 Mole concentration of oxygen-CO2 (mol/m³)

(porosity=0.58; original porosity=0.395)

Fig.3.4.1.2-3 Mole concentration of nitrogen-CN2 (mol/m³)

(porosity=0.58; original porosity=0.395)
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Fig.3.4.1.2-4 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.58; original porosity=0.395)

Fig.3.4.1.2-5 Mole concentration of oxygen-CO2 (mol/m³)

(porosity=0.50; original porosity=0.355)
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Fig.3.4.1.2-6 Mole concentration of nitrogen-CN2 (mol/m³)

(porosity=0.50; original porosity=0.355)

Fig.3.4.1.2-7 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.50; original porosity=0.355)

On the whole, the structure with larger porosity should consume less

reactants and generate less products, since it provides less TPB contact

surfaces. However, comparing two porosity cases, microstructure with

large porosity tends to consume more oxygen (Fig.3.4.1.2-2) and generate
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more steam ( Fig.3.4.1.2-4), and the nitrogen diffusion is improved due to

more gas pathway left in calculation domain. Because the reaction zone is

closer to TPB area at the bottom, the greater the complexity and

uniformity of the barrier structure close to the bottom region, the more the

chemical reaction sites involved in the calculation area. It is found that,

for the similar structures, the one with relatively small porosity does not

necessarily lead to larger reaction sites amount and more active gas

transport process.

3.4.1.2.2 Graded electrodes

Three species are involved in this work: species 1 stands for oxygen;

species 2 represents nitrogen, and species 3 is defined as steam.

In this section, two different microstructures with different

geometries are conducted. Figs.(3.4.1.2-8), (3.4.1.2-9) & (3.4.1.2-10) are

concentration distribution of oxygen, nitrogen and steam in the porous

domain with circular solid obstacles in the case of 0.59 porosity

( effective porosity=0.458) with reaction rate bottom boundary,

respectively. Figs.(3.4.1.2-11), (3.4.1.2-12) & (3.4.1.2-13) are

concentration distribution of oxygen, nitrogen and steam in the porous

domain with circular solid obstacles in the case of 0.63 porosity

( effective porosity=0.498) with reaction rate bottom boundary,

respectively. And the former case is based on 4 layers of spherical

obstacles, which makes the porous geometry much denser. It can be found
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that:

(1) More obstacle layers enhance the disturbance of the gas transport

field, which increases the complexity of the calculation domain; (2)

denser microstructure hinders the consumption of reactants (oxygen) and

the generation of the product (steam); (3) however, regular graded

structure makes the fluid flow more uniform.

Fig.3.4.1.2-8 Mole concentration of oxygen-Co2 (mol/m³)

(porosity=0.59; effective porosity=0.458)

Fig.3.4.1.2-9 Mole concentration of nitrogen-CN2 (mol/m³)

(porosity=0.59; effective porosity=0.458)
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Fig.3.4.1.2-10 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.59; effective porosity=0.458)

Fig.3.4.1.2-11 Mole concentration of oxygen-Co2 (mol/m³)

(porosity=0.63; effective porosity=0.498)
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Fig.3.4.1.2-12 Mole concentration of nitrogen-CN2 (mol/m³)

(porosity=0.63; effective porosity=0.498)

Fig.3.4.1.2-13 Mole concentration of steam-CH2O (mol/m³)

(porosity=0.63; effective porosity=0.498)

3.4.2 3D modeling

In this study, the D3Q19 model with nineteen velocity directions on

the three dimentional simulation has been adopted, and this model has

been introduced in detail in section 3.2.3.1.
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For the 3D LBM case, the grid size is 40×40×40 in the so-called

lattice unit, which is a simplified but self-consistent system of units often

used during LBM calculations. Similarly, four surrounding boundaries are

all periodic boundary conditions; top boundary is inlet contant

concentration conditions; and bottom boundary is constant mole flux of

each species condition. A source term boundary is added to 3D LBM

cases around the interface between solid particles and voids to simulate

reactant consumption and product generation at three phase boundary

(TPB) sites. Calculations are performed for a temperature of 1000K and

pressure of 1 atm, which are typical operating conditions for a SOFC. In

order to improve the accuracy of the boundary calculation and simulate

the influence of the gas channel layer, two flow passage layers are added

to the effective calculation zone by the top and bottom with a width of 5.

The modeling domain in this work represents only a small part of the

electrode close to the electrolyte to simulate active reaction zone.

3.4.2.1 Two species cases ( 3D2P-OSOFC-anode )

As preliminary step in simulating diffusion through more complex

geometries, the 3D LBM model is first used to model transport of

hyrogen ( H2), and steam ( H2O) through O-SOFC anode with two

different effective porosities as 0.451 and 0.582. Average current density

is input as 10000 A/m2, then the mole flux of H2 and H2O at the bottom
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boundary (TPB) are - Ra (-0.05 mol m-2 s-1) and +Ra (+0.05 mol m-2 s-1)

based on Eq.3.3-10, respectively. Inlet concentrations of H2 and H2O at

the top boundary are 10.8 mol/m3 and 1.2 mol/m3, respectively. Similarly,

four surrounding boundaries are all periodic boundary conditions. A

source term boundary is added to 3D LBM cases around the interface

between solid particles and voids to simulate reactant consumption and

product generation at three phase boundary (TPB) sites.

Fig.3.4.2-1 Schematic diagram of three dimensional ( 3D) porous

electrode structure (effective porosity=0.582)-(OSOFC-anode)

The 3D geometries are made up of spheres of different sizes to

resemble the two solid materials of SOFC composite electrodes, and their

schematic diagram are presented in Fig.3.4.2-1 and Fig.3.4.2-6 with

different porosities of 0.582 and 0.461. Figs.3.4.2-2 & 3.4.2-7 and

Figs.3.4.2-3 & 3.4.2-8 present the detailed information of the mole
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concentration distribution of hydrogen, and steam in X-plane, Y-plane,

and Z-plane, respectively. It can be seen from these figures that reactant

consumption and product generation take place around the solid surface

contacting with the gas and TPB sites at the bottom where reaction

locates.

Figs.3.4.2-4 and 3.4.2-5 show the 3D visualizaiton slices of

hydrogen and steam concentration distribution in calculation domain.
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Fig.3.4.2-2 Mole concentration of hydrogen-CH2 (mol/m³) (effective

porosity=0.582): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.
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Fig.3.4.2-3 Mole concentration of steam-CH2O (mol/m³) (effective

porosity=0.582): a) X-plane slice; b) Y-plane slice; c) Z-plane slice
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Fig.3.4.2-4 3D visualization slices of the hydrogen mole concentration

of hydrogen-CH2 (mol/m³) (effective porosity=0.582) in: a) X-plane; b)

Z-plane; c) Y-plane
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Fig.3.4.2-5 3D visualization slices of the hydrogen mole concentration

of steam-CH2O (mol/m³) (effective porosity=0.582): a) X-plane slice; b)

Y-plane slice; c) Z-plane slice.

Fig.3.4.2-6 Schematic diagram of three dimensional ( 3D) porous

electrode structure (effective porosity=0.451)-(OSOFC-anode)
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Fig.3.4.2-7 Mole concentration of hydrogen-CH2 (mol/m³) (effective

porosity=0.451): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.
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Fig.3.4.2-8 Mole concentration of steam-CH2O(mol/m³) (effective

porosity=0.451): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.

We can know from the comparison of these two cases that

microstructure with small porosity provides more TPB sites within same

calculation domain and this leads to more active gas transport.

3.4.2.2 Three species cases ( 3D3P-HSOFC cathode )

As preliminary step in simulating diffusion through more complex

geometries, the 3D2P LBM model is used to model transport of oxygen

( O2), nitrogen (N2), and steam ( H2O) through H-SOFC cathode with the

effective porosity as 0.461, and the solid geometry is presented in

Fig.3.4.2-9. Average current density is input as 10000 A/m2, then the mole

flux of air ( O2 and N2 ) and H2O at the bottom boundary (TPB) are

calculated as - Ra (-0.05 mol m-2 s-1) and +Ra (+0.05 mol m-2 s-1) based

on Eq.3.3-10, respectively. Inlet concentrations of O2, N2 and H2O at the

top boundary are 2.1 mol/m3, 7.9 mol/m3 and 0.3 mol/m3, respectively.

Similarly, other boundary conditions are the same as previous 2P case.\

Fig.3.4.2-10, Fig.3.4.2-11 and Fig.3.4.2-12 provide the detailed

information of the mole concentration distribution slices of oxygen,

nitrogen and steam in X-plane, Y-plane, and Z-plane, respectively. It can

be seen from these figures that the mole concentration distribution varies

in a complex manner through the pore space of three species.
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Fig.3.4.2-9 Schematic diagram of three dimensional ( 3D) porous

electrode structure (effective porosity=0.451) (HSOFC-cathode)

The reactant oxygen concentration reduces from the inlet gas side to

the bottom TPB sites, and it is consumed rapidly in large quantities

around reaction sites ( TPB sites: the surface of solid phase; and bottom

TPB sites: the interface between porous cathode and electrolyte) as shown

in Fig.3.4.2-10. It also can be observed that for the major part of the

cathode calculation domain, the variation of oxygen mole concentration is

relatively stable. However, as one proceeds closer to the TPB, the

variation increases in magnitude, specially for the complex obstacle area

and bottom TPB zone. And this is very easy to understand that complex

obstacles and TPB zone provide more reaction sites for oxygen

consumption.
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Fig.3.4.2-10 Mole concentration of oxygen-CO2 (mol/m³) ( effective
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porosity=0.451 ): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.

Since nitrogen is not involved in the chemical reaction, its mole

concentration change is mainly based on gas diffusion and interaction

among three species. Fig.3.4.2-11 shows the relatively uniform mole

concentration distribution of nitrogen.
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Fig.3.4.2-11 Mole concentration of nitrogen-CN2 (mol/m³) (effective

porosity=0.451): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.

While, the mole concentration of product steam shows the opposite

trend to that of hydrogen, and it increases clearly from the inlet gas side to

the bottom of the calculation domain. Due to the source term effect on the

solid surface and TPB condition at the bottom, higher concentrations of

steam are located around particle surfaces and the interface between

electrode and electrolyte. In addition, comparison of the results of

Fig.3.4.2-10 and Fig.3.4.2-12 shows that there are increased activities of

mole concentrations of the two species between the circular solid

obstacles, and H2O is generated as H2 is consumed where the reactions

take place.
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Fig.3.4.2-12 Mole concentration of steam-CH2O (mol/m³) (effective
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porosity=0.451): a) X-plane slice; b) Y-plane slice; c) Z-plane slice.

3.5 Conclusions

In this chapter, detailed lattice Boltzmann method (LBM) and its

development are introduced. Three dimensional microstructure of

electrode is reconstructed by random spherical packing method as

previous chapter. By applying LBM to porous O-SOFC anode ( 2D2P :

section 3.4.1.1 and 3D2P : section 3.4.2.1) and H-SOFC cathode ( 2D3P:

section 3.4.1.2 and 3D3P : section 3.4.2.2) with specific porosity and

various graded microstructures, multicomponet mass transfer and

momentum transport through porous electrode are investigated intuitively

via 2D color images and slices from 3D.

For same gas inlet conditions, concentration distributions are similar

for all porosities cases. As the porosity increases the reactant gas

( hydrogen for anode; oxygen for cathode ) consumption decreases, and is

more visible around the surfaces of solid obstacles and the interface

between electrode and electrolyte (TPB, reaction rate occurs here). In

addition, the mole concentration of product shows the opposite trend to

that of reactant.

A porosity gradient throughout the electrode, decreasing in the

direction from the gas channel towards the interface between electrode

and electrolyte, may have a positive effect on the performance of SOFCs

as this would affect the behavior of reactant gas flow. The design of

graded electrode provides more passage for reaction gas and optimize gas

transport at the interface between electrode and electrolyte, which speeds
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up the consumption of reactants in TPB sites of interfaces and prompts

the efficiency of fuel cells. However, not only the porosity of the structure

affects the distribution of the gas, but also particle size distribution and

size difference determine the flow behavior within the electrode

microstructure.

Results of this investigation indicate that LBM can provide detailed

information of flow behavior in microscale complex geometries such as

SOFC electrode and some structural changes should be considered in

future studies of SOFC electrodes.
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CHAPTER 4 EXPERIMENTALTESTING

OFH-SOFCS

Although focuses of my work are mainly around modeling

simulations, in order to get further understanding of H-SOFC electrodes, I

also did a series of experimental research on H-SOFC cathode material

preparation and electrochemical characterization.

Sr2Fe1.5Mo0.5O6-d (SFM) is proposed as a electrode material choice

for symmetric solid oxide fuel cells SOFCs) based on oxygen-ion

conducting electrolytes. In this series of studies, SFM is investigated as

one composition of composite cathode for SOFCs using proton

conducting material BaZr0.1Ce0.7Y0.2O3-d(BZCY) as the electrolytes and

another choice of SOFC composite cathode materials composition. SFM,

which is synthesized with a combined glycine and citric acid method, has

shown very good chemical compatibility with BZCY under 1100oC by

experiments repeated for five times. Anode-supported single cell ( 450μm

porous NiO-BZCY as anode, 10μm dense BZCY as electrolyte, and 20μm

porous SFM-BZCY as cathode) and symmetrical fuel cell (two side

SFM-BZCY as electrodes and BZCY as electrolyte) are fabricated and

their performances are measured with electrochemical workstations and

test equipments. Impedance spectroscopy on symmetrical cell consisting

of BZCY electrolyte and SFM-BZCY electrodes demonstrates low
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area-specific inter-facial polarization resistance Rp, and the lowest Rp,

0.088 W·cm2 is achieved (the minimum value) at 800oC with cathode

being calcined for two hours at 900oC atmosphere. The single fuel cell

peak power density achieves 396mW/cm2 at 800oC in wet H2 ( 3 vol%

H2O ) at a SFM-BZCY co-sintering temperature of 1000oC. This series of

experimental works reveal the potential of SFM-BZCY as a acceptable

composite cathode material choice in proton conduction intermediate

temperature solid oxide fuel cells.

4.1 Experimental objectives and background

Key issues that hinder widespread application of SOFC include high

cost and long-term performance degradation. It has been observed that

performance degradation of SOFC is usually caused by coarsening of the

catalyst particles, sulfur poisoning, or carbon deposition. In recent years,

novel symmetrical fuel cell (SFC) has been proposed [36,117,176]. In an

SFC, the same ceramic material is used as both the anode and cathode.

The use of same electrode material not only simplifies the fabrication

process, but also solves the carbon deposition problem as the deposited

solid carbon can be removed simply by shifting the anode and cathode

[15].

In addition, the high cost and catalyst coarsening can be solved by

lowering the operating temperature of SOFC to an intermediate
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temperature (IT) range as more low-cost materials can be used in SOFC

and the sintering of porous electrodes at IT is greatly slowed down [74].

However, the performance of SOFC at reduced temperature with

conventional materials is also low due to slow ionic conductivity of the

yttria-stabilized zirconia (YSZ) and high polarization loss of the cathode.

To improve the SOFC performance at IT, alternative electrolyte materials

with good ionic conductivity and cathode materials with good catalytic

activity towards oxygen reduction reaction (ORR) have been developed.

BZCY has demonstrated as a good electrolyte material for practical

IT-SOFCs due to its good proton conductivity at a reduced temperature

and good chemical compatibility with other SOFC components. With

NiO-BZCY| BZCY| SSC-BZCY configuration, an anode supported SOFC

achieved a peak power density of 650 mW.cm-2 at 700oC [113]. In

addition to its good proton conductivity, the use of proton conductor as

electrolyte also leads to a higher Nernst potential (thus a higher maximum

efficiency) since H2O is produced in the cathode, which in turn increases

the molar fraction of H2 in the anode In advanced H-SOFC with thin film

electrolyte (about 10µm), the polarization loss of the cathode could

account for over 50% of the total overpotential loss. To further improve

the cell performance, new cathode materials have been developed by

many researchers for H-SOFCs based on BZCY electrolyte, such as

La0.7Sr0.3FeO3−δ–Ce0.8Sm0.2O2−δ (LSF-SDC) [168], stable
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Sm0.5Sr0.5Co3−δ–Ce0.8Sm0.2O2−δ (SSC-SDC) [167], Ba0.6Sr0.4Co0.9Nb0.1O3

(BSCN) [106], GdBaCo2O5+δ [108], and relative good performances have

been obtained.

Due to the diversity of conduction mechanism, cathode materials of

H-SOFCs can be classified into 3 main types [111]: electronic conductor

single phase cathode (like precious metal Pt); mixed electronic and

oxygen ion conductor single phase (like La0.7Sr0.3MO3 [187],

Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) [107]) or composite cathodes (like

Sm0.5Sr0.5Co3−δ–Ce0.8Sm0.2O2−δ (SSC-SDC) [167], and

Sm0.5Sr0.5Fe0.8Cu0.2O3–SDC [110] ); mixed electronic and proton

conductor single phase (like BaCe0.5Bi0.5O3 [172], and BaCe0.5Fe0.5O3

[173]) or composite cathodes (like SSC-BaCe0.5Sm0.2O3 (BCS) [184]).

Many perovskite materials containing transition metal ions are known to

be mixed ionic–electronic conductors, which can be applied as both

cathode and anode materials in IT-SOFCs, such as Sr-doped LaFeO3

(LSF), Sr-doped LaCoO3 (LSC), Sr-doped La ( Co, Fe)O3 (LSCF) [100].

Sr2Fe1.5Mo0.5O6 (SFM) as a kind of perovskite material has also been

studied by many research groups for its possible use as SOFC electrodes

for its high redox stability. Due to its mixed Fe3+/Fe2+ and Mo6+/Mo5+

valences, SFM is proved to be a mixed ionic and electronic conductor

material [109]. Single fuel cells with the configuration of SFM |

La0.8Sr0.2Ga0.83Mg0.17O3 | Ba0.5Sr0.5Co0.8Fe0.2O3 exhibits a remarkable
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electrochemical activity in H2 with achieving peak power density as 603

mW cm-2 at 800℃[179]. Remarkable cell performances are also achieved

using SFM and other material, like SFM-SDC [39,40], as composite

cathodes for IT-SOFCs in humidified H2. Compared with single phase

SFM electrode fuel cells, Ce0.8Sm0.2O1.9 (SDC) nanoparticles added to

electrodes shows effective performance in reducing the interfacial

polarization resistance of SDC electrolyte symmetrical fuel cells from

0.27 Ω·cm2 to 0.11 Ω·cm2 at 750 ℃ [193].

Despite of their potential for electrolyte and cathode materials, the

feasibility of BZCY-SFM composite cathode has not been realized yet. In

this work, anode-supported H-SOFCs are fabricated with the

perovskite-type Sr2Fe1.5Mo0.5O6-BaZr0.1Ce0.7Y0.2O3-d (SFM-BZCY)

composite cathode, BZCY electrolyte, and NiO-BZCY anode.

Symmetrical fuel cells are also made with SFM-BZCY as both electrodes.

The single fuel cells and symmetrical fuel cells are characterized and

tested. This work is aim to study if SFM can be a desirable cathode

material for H-SOFCs. And good cell performance is achieved at

temperatures between 600℃ and 800℃ with composite cathode sintered

at three different temperature (900 ℃ , 1000 ℃ and 1100 ℃ ), thus

demonstrates the feasibility of SFM-BZCY as a potential cathode for

ITH-SOFCs. In addition, the effects of sintering temperature on the

microstructure and cell performance are investigated.
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4.2 Experimental Settings and Methodology

4.2.1 Material preparation and Powder synthesis

4.2.1.1 Sr2Fe1.5Mo0.5O6 (SFM) powders fabrication

Sr2Fe1.5Mo0.5O6 (SFM) was manufactured by a microwave-assisted

combustion method using Sr(NO3)2 ( 80119216, AR, shanghai ),

Fe(NO3)3.9H2O ( 80072718, AR, shanghai ) and (NH4)Mo7O24.4H2O

( 10002316, AR, Sinopharm Chemical Reagent Co.,ltd ) as the chief

controlling metal materials. While, combustion process assistant materials

in this series of experiments were glycine acid (C2H5NO2) and citric acid

mono-hydrate ( C6H8O7·H2O, 10007118, colorless crystals or white

grains). Detailed SFM initial powders preparation procedure would be

introduced precisely in following information: firstly, two kinds of acids

and water were simply mixed together with continuous stirring; secondly,

Mo-phase ((NH4)Mo7O24.4H2O, colorless or light bluish green crystals)

should be added into the mixture after dissolution; thirdly, adding

Sr-phase ( Sr(NO3)2, colorless crystals or white powder) into the

compound after last-step dissolution; finally, Fe-phase

( Fe(NO3)3.9H2O,light purple or gray white crystals) would be added into

the whole set after previous dissolution. Note that the whole mixing

process was conducted with tardily continuous stirring and lightly heating

for 1 hour to achieve preliminary aqueous solution, which was
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subsequently heated to a state of spontaneous combustion, resulting in

black ash powders ( as shown in Fig.4.2.1.1-1). Then, the as-prepared ash

was sintered by muffle furnace at 1000℃ for five hours to obtain heavy

black SFM powders with perovskite structures, which were confirmed

with XRD (X-ray diffraction) measurements ( the final SFM powders are

as shown in Fig.4.2.1.1-2 in black color).

Fig.4.2.1.1-1 Black SFM powders waiting for further refining

grinding process
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Fig.4.2.1.1-2 Mixed SFM(dark black)-BZCY(white) composite

cathode powders waiting for next-step grinding process

4.2.1.2 BaZr0.1Ce0.7Y0.2O3-d (BZCY) powders fabrication

BaZr0.1Ce0.7Y0.2O3-d (BZCY) electrolyte powders were synthesized

through a citric acid-EDTA ( Ethylenediamine tetraacetic acid, 10009617,

white powders) sol-gel process. Y2O3 ( Yttrium III oxide, 52007264,

white powders) was dissolved in concentrated nitric acid and water by

heated stirring movement, and the stoichiometric amounts of

Zr(NO3)4·5H2O ( Zirconium nitrate pentahydrate, colorless or white

plate-shaped crystals, 80141814, AR), C4H6BaO4 ( Barium acetate, white

crystal powders, 80012718, AR), (NH4)2Ce(NO3)6 ( Ammonium cerium

IV nitrate, orange-red crystals, 80006216, AR ), and Ce(NO3)3·6H2O

( Cerium III nitrate hexahydrate, colorless and clear crystals, all in 99.9%,

Sinopharm Chemical Reagent Co., Ltd ) were added into the aqueous
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solution regularly after each complete dissolution step. Three times mole

amounts of citric acid and 1.5 times of EDTA were appended into this

compound with continuously stirring for two hours. Then concentrated

ammonia water was applied to neutralize pH of the solution to 7.0. We

can derive a final viscous gel after continuously heated stirring. As a

result of 3-4 hours complete complexation, the mixed gel would be

pre-heated at about 300 ℃ for 3~4 hours to obtain fluey and white

snowflake-like powders ( in order to hold its fluffy characteristics, no

press can be applied to this white powders). Finally, BZCY perovskite

materials could be achieved after further calcination at 1000℃ via Muffle

furnace in air for 5 hours( as shown in Fig. 4.2.1.2-1).

Fig.4.2.1.2-1 Final snowflake-like perovskite BZCY powders for

dense electrolyte and porous composite anode preparation
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4.2.2 Single dense BZCY electrolyte sheet fabrication

4.2.2.1 Refined powders grinding process

The series of experimental studies included symmetrical fuel cells

electro-chemical performance tests, so single dense BZCY electrolyte

sheets were needed to be fabricated for further two-sided thin cathode

combination. Manual grinding process for 1-2 hours with moderate

amounts of adhesion agent PVA ( Polyvinyl Alcohol ) ( as

Fig.4.2.2.1-1)was required to obtain refined BZCY powders and to keep

their mobility from previous fluffy ones. After refining powders to

smaller particle size, drying process would be supported by IR-dryer (as

Fig.4.2.2.1-2).

Fig.4.2.2.1-1 Refined BZCY powders grinding view picture and PVA

as adhesion agent
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Fig.4.2.2.1-2 Drying process by IR-dryer

4.2.2.2 Dense electrolyte sheet pressing and molding process

Moderate amounts of refined BZCY powders were pressed into

dense electrolyte slices with specific thickness by controlling the

pressures and choosing appropriate moulds 5 hours muffle furnace

calcination would be applied to the dense shaped electrolyte slices at

1500℃.

4.2.3 Composite cathode paste manufacture

SFM powders and BZCY powders were mixed in the volume

fraction ratio of 1:1 by adding 15% wt. Corn starch powder as
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pore-creating role and 6% terpineol ethyl cellulose as binding agent with

several hours continuously grinding to generate cathode paste ( as

Fig.4.2.3-1).

Fig.4.2.3-1 Composite cathode paste manufacture procedure

4.2.4 Characterization investigation

To investigate chemical compatibility of this new kind of cathode

combination, SFM and BZCY powders were mixed by continuously

manual grinding process to get refined composite powders , uniaxially

pressed into pellets, and calcinated at 900℃, 1000℃, 1100℃ and 1250℃

by muffle furnace ( since high sintering temperature leads to Ba shift in

BZCY and lower the ionic conducting capability of BZCY-SFM cathode

with larger polarization resistance) for two hours. The phase structures of

the heated pellets were analyzed using X-Ray Diffraction technique

( XRD, Riguku-TTR III ) with Cu-Kα radiation under the scanning rate of

10°·min-1. The cross-section and detailed morphology of the single cell

after electrochemical tests was characterized by JEOL JSM-6700F
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scanning electron microscope (SEM) instrument. All electrochemical

characteristics of single fuel cells and symmetrical fuel cells were tested

by AC impedance spectra method inserted in a synchronous

electro-chemical workstation( Solartron. No.1260A and 1287A, as shown

as Fig.4.2.4-1). The applied frequency ranged from 0.01 Hz to 1000 kHz

with a signal amplitude of 30mV under open-circuit conditions.

Fig.4.2.4-1 Synchronous electro-chemical workstation( Solartron.

No.1260A and 1287A)

4.2.5 Cell fabrication and test settings

Anode supported single fuel cells were pressed into slice by two

steps that loose BZCY electrolyte powder was co-pressed under 8MPa
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pressure to previous initial formed thick anode (NiO-BZCY composite

anode mixed powders are as shown as Fig.4.2.5-1). And all composite

SFM-BZCY cathode starchs ( printing process is shown as Fig.4.2.5-2:

due to the special shape and installation of single fuel cell testing cube,

cathode starch was only printed at the center area of the cell slice, while

symmetrical fuel cells with two side cathode would be printed on the

whole surface of the dense electrolyte plates by cathode starches) were

thinly printed to the BZCY electrolyte three times by drying process in

between ( drying process is shown as Fig.4.2.5-3).

Fig.4.2.5-1 Mixed composite anode powders of NiO-BZCY prepared

for further grinding
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Fig.4.2.5-2 Composite cathode starch centered-printing (single fuel

cells) and whole surface coating (symmetrical fuel cells ) procedures

Fig.4.2.5-3 Cathode starch drying process after each coating

4.2.6 Single fuel cell test case

The anode supported single fuel cells with the configuration of

NiO-BZCY| BZCY| SFM-BZCY were tested in the temperature range of
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600℃ -- 800℃ ( with 50℃ as one interval) under normal atmospheric

pressure. In order to benefit current collection of the whole anode

supported single fuel cell, Ag paste was printed into the interface between

cell slice and the special shaped vertical testing tube ( detailed printing

and bonding process of Ag paste were as shown in Fig.4.2.6-1) , and wet

H2 (3 vol% H2O) was fed into the advice from anode side as fuel gas

while cathode was exposed to ambient air oxidant environment.

Fig.4.2.6-1 Ag paste used as current collection helper for electrode

surface

A series of composite cathode materials sets of BZCY-NiO anode

supported single fuel cells in this work were co-calcinated at three

different temperatures of 900℃, 1000℃ and 1100℃ by muffle furnace
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for two hours. The cell voltage was reduced from open circuit voltage

(OCV) by a step of 30mV and a maintenance period of 20s for each step

to get a stable performance during all the whole fuel cell electrochemical

measurements.

4.2.7 Symmetrical fuel cell test case

Since SFM can be used as anode material and its chemical

characteristic can be stable even at high temperature [194]. A "reversible

cell" concept was proposed into this study, so that SFM-BZCY was

served as the anode and cathode synchronously in electro-chemical

testings. Dense electrolyte supported symmetrical fuel cells (SFCs) with

the configuration of SFM-BZCY | BZCY | SFM-BZCY were evaluated by

horizontal electro-chemical test tube equipments by connecting to the

electro-chemical workstation ( detailed process was as shown in

Fig.4.2.7-1, Fig.4.2.7-2 and Fig.4.2.7-3). As well as study cases of anode

supported single fuel cells, SFCs also were conducted in three cathode

sintering situations (900, 1000, and 1100℃ ). The electrolyte substrates

were prepared by uni-axial pressing the fluffy snowflake shaped BZCY

powders at 200 MPa with a manual sheeter (KEQI 769YP-24B) and

subsequently calcinating at 1500°C for 5 hours in air atmosphere. BZCY

slices after calcination had a radius of 6.10 mm, a thickness of 0.55 mm.

To fabricate the electrodes, SFM and relatively dense BZCY powders
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were mixed at a mass ratio of 4:6 (a volume ratio of about 1:1) to prepare

the print-ink with ethocel and abietyl alcohol as the organic binders. The

inks were symmetrically printed onto each side of the dense and thin

BZCY substrate surface three times, dried and heated at three different

sintering temperatures like 900, 1000, and 1100°C for 3h in air, resulting

in porous SFM-BZCY electrodes on dense BZCY electrolyte with about

1.165 cm2 effective electrode area. 15% amount of total electrode powders

(SFM+BZCY) corn starch was added in for pores-creating.

Fig.4.2.7-1 Horizontal electro-chemical test tube equipments for

SOFCs
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Fig.4.2.7-2 Gases inflow channel tubes of horizontal electrochemical

test equipments

Fig.4.2.7-3 Connecting electrochemical test outputs workstation
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4.3 Experimental Results and Conclusions

4.3.1 Chemical Compatibility between SFM and BZCY

The chemical and thermal compatibility between the mixed ionic and

electronic conducting oxides and ionic conductor at operating temperature

range should be taken into account at first, since it has significant effects

on composite cathodes performance. As can be seen from Fig.4.3.1-1 a&b,

XRD characterization presents that peak intensity values of SFM

[39,115,179,183,194] and BZCY [85,158] powers exhibit good

agreements with classical results. All three samples (SFM and BZCY

composite cathode) are single-phase double perovskites with same

intensity at specific angle as shown in Fig.4.3.1-1 c(i)(ii)(iii). No

reflections of interfacial and solid phase reactions between two materials

are found. It indicates the great desirable chemical and thermal

compatibility between SFMO and BZCY sintered at 900℃-1100℃.

According to a previous study, 1150℃ is an optimal sintering temperature

for both pure SFM and SFM-SDC composite electrodes, as the lowest

polarization resistance decreases with increasing sintering temperature not

higher than 1150℃ [67]. This result demonstrates that 1100℃ should be

peak high sintering temperature for SFM to stay a single-phase double

perovskite structure.
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Fig.4.3.1-1 XRD patterns of a) Sr2Fe1.5Mo0.5O6-δ (SFM) power; b)
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BaZr0.1Ce0.7Y0.2O3-δ (BZCY) power; c) mixed powders of SFM—

BZCY (40:60 wt%) fired at (i) 900℃ for 2h in air atmosphere (ii)

1000℃ for 2h in air atmosphere (iii) 1100℃ for 2h in air atmosphere.

4.3.2 Symmetrical Fuel Cells Performance

4.3.2.1 Sintering Temperature Impacts on Microstructure

Fig.4.3.2.1-1 presents the SEM graphs of the SFM-BZCY composite

powder after electrochemical tests. As expected, the grain size of

SFM-BZCY composite cathodes increases with the increasing sintering

temperature. As shown in Fig.4.3.2.1-1, the composite cathode phase has

a relatively uniform size distribution with the average particle size

ranging from 0.2~0.3 μm ( fired at 900℃), 0.3~0.5 μm (1000℃), and 1~2

μm (1100℃), respectively, which can demonstrate that cathode sintering

temperature growth has promoting impacts on the microstructure of

SFM-BZCY composite cathode by enlarging its grain size. Meanwhile,

such obvious and typical porous electrode microstructure can provide

more gas diffusion path and absorption site to exhibit high fuel cell

performance.
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Fig.4.3.2.1-1 Micrograph SEM images of SFM-BZCY composite

cathodes co-sintered at (a) 900℃, (b) 1000℃, and (c) 1100℃.(×7,000

and 10,000 times, respectively) of Symmetrical fuel cells (SFCs).

4.3.2.2 Electrochemical performance of SFM-BZCY| BZCY

Symmetrical fuel cells

The electrochemical impedance spectra of symmetrical fuel cells

with the configuration of SFM-BZCY | BZCY | SFM-BZCY are measured

at operating temperature of 600~800℃, and the results are analyzed in

Figs.4.3.2.2-1, 2 & 3 ( detailed data is shown as Table 4.3.2.2 ). The

relationship between cathode sintering temperature-ts and polarization
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resistance Rp can be clearly found in Fig.4.3.2.2-1, and lowest minimum

Rp of 0.0884 W·cm2, 0.1234 W·cm2, and 0.1849 W·cm2 are achieved at

800℃ of SFC cathode fired at 900℃, 1000℃, and 1100℃, respectively,

which are even much better than Rp performance of 0.26 Ω·cm2 got by

SFM | La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) | SFM symmetrical fuel cell at

900℃ high operating temperature [114]. In general, for certain operating

temperature, SFM-BZCY | BZCY SFCs show better performance with

low Rp by cathode fired under 900~1000oC. Meanwhile, the lowest values

of Rohmic are obtained as 1.1484 W·cm2, 1.3525 W·cm2, and 1.5838W·cm2

at 800℃ as well, severally. Therefore, the low Rp and Rohmic demonstrate

the good potential of SFM-BZCY as both an anode and cathode materials

for H-SOFC at reduced temperature. Fig.4.3.2.2-2 clearly present the

interfacial polarization resistance Rp reducing trends with growing

operating temperatures for three cathode firing cases, which exhibit quite

similar to each other. Both the ohmic resistance Rohmic and electrode area

polarization resistance Rp decrease with increasing operating temperature

as shown in Fig.4.3.2.2-3.
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Fig. 4.3.2.2-1 Relationship between polarization resistance and
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cathode sintering temperature at certain operating temperature of: a)

600oC; b) 700oC; c) 800oC.

Table 4.3.2.2 Resistance analysis（apex values are in bold red) for

symmetrical fuel cells with SFM-BZCY composite cathode measured

at 5 specific operating temperatures in range of 600~800℃ (in steps

of 50℃) with various cathode materials sintering situations at 900℃,

1000℃ and 1100℃.

Sintering

Temperature

Operating

Temperature
Rh Rl Rp

(℃) (℃) (Ω·cm²) (Ω·cm²) (Ω·cm²)

900

600 2.9295 5.9639 3.03448276

650 2.1110 3.1091 0.99811912

700 1.6607 2.0462 0.38557993

750 1.3460 1.5036 0.15760767

800 1.1484 1.2368 0.08835946

1000

600 3.3804 6.2655 2.8851

650 2.6108 3.8025 1.1917

700 2.0085 2.5337 0.5252
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750 1.5696 1.8079 0.2383

800 1.3525 1.4759 0.1234

1100

600 3.3527 10.5000 7.14733542

650 2.5774 5.0401 2.46269592

700 1.9497 2.8083 0.85851619

750 1.6097 1.9680 0.35830721

800 1.5838 1.7687 0.18486909

Fig.4.3.2.2-2 ( Color in e-version) SFM-BZCY | BZCY | SFM-BZCY

symmetrical fuel cells polarization resistance Rp changing trends at



191

different operating temperatures by cathode fired at three different

sintering temperatures ( 900℃ with blue double dots line ; 1000℃

with orange arrow-dotted line; 1100℃ with grey dotted line).

Fig.4.3.2.2-3 Impedance spectra for symmetrical fuel cells with
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SFM-BZCY composite cathode measured at 5 different temperatures

in range of 600℃ to 800℃ ( in steps of 50℃) with various cathode

sintering temperatures of (a) 900℃; (b) 1000℃; (c) 1100℃; in

humidified air atmospheres ( 3 vol% H2O ).

4.3.2.3 Arrhenius Plots (Rp~1000/T) Analysis

The Arrhenius plots are determined from pervious impedance spectra

and results are shown in Fig.4.3.2.3-1. Slopes of the three are similar to

each other. It is found that the Rp of electrodes sintered at 900℃ is related

lower than other two cases, however, the 1000℃ cathode sintering case

gets the smallest activation energy Ea of 1.28 eV in the other hand, which

is higher ( Lu et al. [119] reported Ea as 0.66 eV of Sm0.5Sr0.5FeO3−δ –

BaZr0.1Ce0.7Y0.2O3−δ composite cathode for HSOFC with same BZCY

electrolyte) but acceptable（better than other perovskite common SOFCs

using ( BBSM-SDC or BSM or LSM as electrodes with high Ea values in

the range of 1.5 eV ~ 2.21 eV [112] ) for H-SOFCs. Therefore, electrode

sintering temperature has certain effect on the activation energy. In

practice, the sintering temperature of SFMO-BZCY composite electrode

should not exceed 1000℃, since the 1100℃ case has the worst

performance with higher Rp and activation energy.
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Fig. 4.3.2.3-1 Arrhenius plots of polarization resistance Rp of

SFM-BZCY composite electrodes sintered at temperatures from 900

to 1000℃

4.3.3 Single Fuel Cells Performance

4.3.3.1 Microstructure Characterization

Fig.4.3.3.1-1 shows the SEM images of anode supported NiO-BZCY

| BZCY | SFM-BZCY cross-session after electro-chemical tests. Good

contacts between the BZCY electrolyte and SFM-BZCY composite

cathode layer as well as NiO-BZCY anode are maintained, and no

obvious cracks or big pores are found. As shown in Fig.4.3.3.1-1, the

electrolyte thickness of the three samples are close to each other with

small difference varying from 55mm to 49mm and 45mm, which suggests

that dense and uniform electrolyte can be obtained at a high sintering
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temperature. Furthermore, cross-sectional SEM results infer that high

temperature firing causes a certain degree of porosity loss. The thickness

of composite cathode is about 20-30mm while the anode is above 450

mm.

Fig.4.3.3.1-1 Cross-sectional views (SEM images) and the

microstructures of the interfaces of SFM-BZCY composite cathode,

BZCY electrolyte and Ni-BZCY composite anode with different

cathode firing temperatures at (a) 900 ℃, (b) 1000 ℃, and (c) 1100℃,

after electrochemical single fuel cell tests.

4.3.3.2 Single Fuel Cells — Sintering Temperature Analysis

The sintering temperature is purposely varied to evaluate its effect on

single cell performance. Tests are conducted for single cells consisting of

SFM-BZCY cathode, BZCY electrolyte and NiO-BZCY anode.

Fig.4.3.3.2-1 shows the current density-voltage (I-V) curves and current

density-power density (I-P) curves of these single cells at operating

temperatures from 600℃ to 800℃ (detailed resistance analysis is shown

as Table 4.3.3.2-1 and detailed output performance comparisons of
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SOFCs with different configurations are shown in Table 4.3.3.2-2). As

can be seen from Figs. 4.3.3.2-1 a, c, and e, the peak power density (PPD)

of single fuel cells increases with increasing operating temperature, and

the highest power densities at operation temperature of 800℃ are

achieved as 292.14mW·cm-2, 396mW·cm-2, and 302.6mW·cm-2 at

cathode co-sintering temperature of 900℃, 1000℃, and 1100℃,

respectively, which are more better than even typical O-SOFC with

perovskites La0.5Sr0.5Co0.5Ti0.5O3-δ as electrode and

La0.8Sr0.2Ga0.83Mn0.17O3-δ as electrolyte achieving best power density as

220mW·cm-2 at 800oC [36]. Compared with other two different cathode

sintering conditions, cells with cathode sintering temperature set at

1000℃ seem to obtain much higher power density with the open-circuit

voltage (OCV) close to 1.0V (above 0.95V to 1.01V). The interfacial area

polarization resistances Rp of single fuel cells are measured under the

operating temperature range of 600 ℃ to 800℃ and shown in

Figs.4.3.3.2-1 b, d & f. It can be clearly observed from Figs.4.3.3.2-1 b,d

& f that at 800℃, single cell fired at 900oC had the best electrochemical

performance with the lowest Rp of 0.101 W·cm2 and OCV of about 1.0V,

which is better than or similar with other H-SOFCs also using BZCY as

electrolyte (0.46W·cm2 at 600℃ of Ba0.5Sr0.5Co0.8Fe0.2O3-δ-BZCY | BZCY

| NiO-BZCY [191]; 0.10W·cm2 at 700℃ of BaCo0.7Fe0.2Nb0.1O3-δ | BZCY

| NiO-BZCY [187]; and 0.28W·cm2 at 700℃ of BaCe0.5Bi0.5Nb0.1O3
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cathode H-SOFC with BZCY as electrolyte [173]). The values of Rp for

H-SOFCs with SFM-BZCY cathode are found to be mainly between

0.1~0.5 W·cm2 at intermediate temperature ( Fig.4.3.3.2-1 ) ( even the

worst Rp of 1.36 W·cm2 at 600℃ is better than Pr2NiO4+δ cathode on

BZCY electrolyte of 2.76W·cm2 at the same top [148], and the lowest

Rohmic of this single fuel cells achieves as 0.57W·cm2 at 750℃ with

cathode fired at 900℃, 0.3715W·cm2 at 800℃ with cathode fired at

1000℃ and 0.142W·cm2 at 700℃ with cathode fired at 1100℃,

respectively, which demonstrate the potential of SFM-BZCY as a

promising cathode for H-SOFC. Lu et al. [119] have reported their

maximum power density of 341mW·cm-2 and low interfacial polarization

resistance of 0.1W·cm2 at 700℃ obtained by same BZCY electrolyte with

Sm0.5Sr0.5FeO3-δ-BZCY as composite cathode H-SOFC, which are close

to what we received (303mW·cm-2 and 0.19W·cm2) at the same operating

temperature. Wu et al. [184] reported that lowest Rp of 0.21Ω cm2 at

700°C could be obtained by Sm0.5Sr0.5CoO3-δ - BaCe0.8Sm0.2O3-δ

composite cathodes of H-SOFC, which is close to what we got. Lin et al.

applied GdBaCo2O5+δ and SmBaCo2O5+δ to BZCY electrolyte and

obtained lowest Rp of 0.16Ω cm2 [108] and 0.15Ω cm2 at 700°C [104],

and Zhao et al. [197] reported that PrBaCo2O5+δ cathode H-SOFC with

BZCY electrolyte also achieved Rp as 0.15Ω cm2 at 700°C, which are all

close to our best Rp results. However, the best performances of
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SFM-BZCY | BZCY | NiO-BZCY ( lowest Rp values 0.10Ω cm2 and peak

power density equals to 396 mW·cm-2 ) are a bit weaker than those of

LSF-SDC [184], ABO3 ( A=Ba; B=Co, Fe) [188] (Peak power densities of

the hydrogen/air fuel cells with BZCY as electrolyte membrane achieved

as 351 mW/ cm2 and 420 mW/cm2 at 700℃ for particular configurations

of proton conducting SOFCs，which is lightly larger than apex values of

our work at 700℃ , but much closer to summit values of each case at

800℃) and NdBaFe(2-x)MxO(5+δ)(M=Mn,Nb) [124] (Peak power density of

the cell using NBFM10–BZCY composite cathode reached 453mWcm−2.

The interfacial polarization resistance (Rp) is as low as 0.06Ω·cm2 at

700℃) .

Table 4.3.3.2-1 Resistance analysis（optimum values are in bold red)

for single fuel cells with SFM-BZCY composite cathode measured at

5 specific operating temperatures in range of 600~800℃ (in steps of

50℃) with various cathode materials sintering situations at 900℃,

1000℃ and 1100℃.

Sinter

ing

Temp

eratur

e (℃)

Operati

ng

Temper

ature

(℃)

Rh

(Ω·cm²

)

Rl

(Ω·cm²)

Rp

(Ω·cm²)

Voltage

(V)

Power

density

(W·cm²)

Power

density

(mW·cm²

)
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900

600 1.4370 2.8014 1.3644 1.043 0.08621 86.21

650 0.9857 1.4641 0.4783 1.02195 0.15778 157.78

700 0.7300 0.9603 0.2303 1.00201 0.22685 226.85

750 0.5709 0.6957 0.1248 0.9422 0.28942 289.42

800 0.5897 0.6907 0.1009 0.92257 0.29214 292.14

1000

600 0.9159 2.4996 1.5837 1.00262 0.09237 92.37

650 0.7320 1.1917 0.4598 1.00324 0.19297 192.97

700 0.5848 0.7965 0.2117 1.01182 0.27492 274.92

750 0.4821 0.6014 0.1192 0.98207 0.34516 345.16

800 0.3715 0.5075 0.1361 0.9511 0.39602 396.02

1100

600 0.8642 2.5440 1.6798 1.04403 0.16174 161.74

650 0.6970 1.7960 1.0990 1.0155 0.19092 190.92

700 0.1420 0.3345 0.1925 0.98514 0.21076 210.76

750 0.4488 0.8865 0.4377 0.95539 0.27805 278.05

800 0.3680 0.6443 0.2762 0.91552 0.30261 302.61
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Table 4.3.3.2-2 Output performance of SOFC with different

configurations

Different configuration fuel

cells with distinct cathode and

electrolyte materials

Interfacial

Polarizatio

n

Resistance

Rp

(Ω·cm²)

Operating

Temperat

ure

Top (℃)

Peak Pow

er Density

PPD (mW

·cm²)

NiO-BZCY|BZCY|SSC-BZCY

[113]

NA 700 650

SFM|LSGM| BSCF [179] NA 800 603

SFM infiltrated with

nano-SDC | SDC [193]

0.27-0.11 750 NA

SFM|LSGM|SFM [115] 0.26 900 NA

LSCT|LSGM [36] NA 800 220

BSCF-SFM|BZCY|NiO-BZCY

[191]

0.46 600 NA
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BCFN|BZCY|NiO-BZCY

[106]

0.10 700 NA

BCBN|BZCY [172] 0.28 700 NA

Pr2NiO4+δ|BZCY [148] 2.76 600 NA

Sm0.5Sr0.5FeO3-δ-BZCY| BZCY

[119]

0.10 700 341

SSC-BCS as cathode [184] 0.21 700 NA

GdBaCo2O5+δ | BZCY [108] 0.16 700 NA

SmBaCo2O5+δ|BZCY [104] 0.15 700 NA

PrBaCo2O5+δ|BZCY [197] 0.15 700 NA

LSF-SDC| BZCY [184] 0.074 650 542

ABO3(A=Ba;B=Co,Fe)|BZCY

[188]

NA 700 420

NdBaFe(2-x)MxO(5+δ)(M=Mn,N

b)-BZCY|BZCY [124]

0.06 700 453
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Fig. 4.3.3.2-1 (a)(c)(e) I-V and I-P curves measured under test

temperature in range of 600℃ to 800℃ by a step of 50℃ for the
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single cells using SFM-BZCY ( 40:60 wt% ) as composite cathodes at

co-sintering temperatures of 900℃, 1000℃, and 1100℃,

respectively; (b)(d)(f) Impedance spectra figures of symmetrical fuel

cells (SFM-BZCY as both electrodes with BZCY as electrolyte

material) with cathode sintering temperature at 900℃, 1000℃, and

1100℃, respectively.

Based on Figs.4.3.2.2-1 and Figs.4.3.3.1-1, cathode at high firing

temperature (1100℃) has relatively larger grain size in same cathode

thickness scale and relatively denser electrolyte, which limit the

capability of gas transport within the porous electrodes and electrolyte.

And electrodes fired at relatively low firing temperature (900℃) might

cause poor adherence between electrolyte and composite cathode, and

consequently, bad bonding at the interface, leading to a higher charge

transfer resistance and bad fuel cell performance. Thus, the relative

weaker performance of NiO-BZC Y| BZCY | SFM-BZCY single fuel cells

here maybe caused by relative thicker electrolyte thickness (as mentioned

in Figs.4.3.3.1-1, electrolyte thickness are about 50mm in our testing

cases), since reducing the electrolyte thickness to 20mm can dramatically

improve the cell performance [184]. However, we can not even easily

conclude that which composite cathode material should be the top since

micro-structures of single fuel cells or even electrodes and electrolyte

influence their performance a lot. Anyhow, SFM-BZCY composite
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cathode based single fuel cell electrochemical tests result shows the

evidence to prove the possibility above that 1000℃ cathode sintering

temperature offers a relatively better operation structure for H-SOFCs

with SFM-BZCY cathode, BZCY electrolyte and NiO-BZCY anode.

4.4 Conclusions

To summarize, a novel combination Sr2Fe1.5Mo0.5O6 —

BaZr0.1Ce0.7Y0.2O3-d (SFM-BZCY) is developed as a composite cathode

material for proton-conducting solid oxide fuel cells (H-SOFCs) based on

proton-conducting electrolyte of stable BZCY in this chapter. The single

button fuel cells with the configuration NiO-BZCY| BZCY| SFM-BZCY

were manufactured and conducted under the temperature in range of

600~800oC with ambient air as oxidant and wet H2 (3 vol% H2O) as the

fuel gas fed to cathode. While the symmetrical fuel cells by the structure

of SFM-BZCY| BZCY| SFM-BZCY were also tested under the same

intermediate temperature range. All the single fuel cells and symmetrical

fuel cells were sintered under three different situations (900℃ , 1000℃

and 1100℃ ). The Maximum peak power densities (PPD) of single fuel

cells are 292 ( sintered at 900℃), 396 (1000℃) and 303mW·cm-2 (1100℃)

at 800℃, respectively, and the interfacial area polarization resistance Rp,

typically from 0.101 W·cm2 to 1.67 W·cm2 for all situations. As to

symmetrical fuel cells, the area Rp achieved its lowest values of 0.088

(900 ℃ ), 0.1234 (1000 ℃ ) and 0.1849 W·cm2 (1100 ℃ ) at 800℃,
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respectively. Arrhenius plots suggests that the performance of

proton-conducting SOFCs with BZCY as electrolyte and SFM-BZCY as

composite cathode under the sintering temperature of 1000℃ is much

better than others’. All experimental results in this work indicated that the

SFM-BZCY composite cathode is thought to be a promising and

reasonable good material for H-SOFC cathode candidate.
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CONCLUSIONSAND SUGGESTIONS FOR

FUTURE RESEARCH

Solid oxide fuel cell (SOFC) is considered to be one of the most

promising candidates for future clean energy applications due to its high

efficiency and fuel flexibility. Generally, anode supported SOFCs with

thin oxygen ion conduction electrolyte (O-SOFCs) are mainly used in

engineering applications and experimental tests since they can provide

more energy compared with proton conduction SOFCs (H-SOFC) under

the same operating conditions. However, the operation temperature of

O-SOFC are very high (750~1200℃), which consumes a large amount of

heat energy to produce power.

In order to improve the performance of SOFC and lower its material

and heat cost, structure optimization of electrode and proper material

configuration are necessary. This work investigates SOFC electrode by a

series of experimental tests of H-SOFC cathode materials and 3 kinds of

numerical modelings aiming at identifying the factors that affect the

performance of electrodes and figuring out optimized SOFC electrode

microstructures. The whole work consists of 3 main parts: chapter 2

focuses on porous electrode reconstruction and quantitative and

qualitative analysis of performance affecting factors at pore scale; and

chapter 3 focuses on internal gas transport, momentum transport and
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interface reaction effects of O-SOFC anode and H-SOFC cathode by

LBM; chapter 4 focuses on novel H-SOFC cathode experimental tests;

Chapter 2:

Several different 3D microstructures of SOFC cathodes have been

reconstructed by random packing of spherical binary particles. Two

numerical modeling method kMC (kinetic Monte Carlo) and MDM

(morphological dilating method) are conducted in this work to investigate

performance affecting factors such as sintering conditions and

geometrical parameters. Results of MDM show great agreement with that

of kMC method simulations. And this series of studies provide

fundamental information on achieving optimized composite cathode

microstructure. The results are very valuable for designing high

performance SOFC cathodes. The described technique will allow one to

design new improved structures and sintering process of SOFC composite

cathodes.

Chapter 3:

Detailed lattice Boltzmann method (LBM) and its development are

introduced in this chapter. By applying LBM to porous O-SOFC anode

(section 3.4.1) and H-SOFC cathode (section 3.4.2) with different

porosities and various graded microstructures, effects of structural

parameters on mass and momentum transport within electrode are

investigated intuitively via 2D color images.
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For same gas inlet conditions, concentration distributions are similar

for all porosities cases. As the porosity increases the gas ( hydrogen for

anode; oxygen for cathode ) consumption decreases, and is more visible

toward the interface between electrode and electrolyte (TPB, reaction rate

occurs here). Moreover, gas transport within porous homogeneous

electrode with graded particle composition were studied in order to see

the benefit of gradient arrangement of particle size. The design of graded

electrode provides more passage for reaction gas and optimize gas

transport at the interface between electrode and electrolyte, which speeds

up the consumption of reactants in TPB sites of interfaces and prompts

the efficiency of fuel cells. Simulation results reveal that the effect of the

pore geometry on the concentraion distribution can thus be investigated

on a completely new level compare with macroscopic transport models

and LBM is a a highly efficient and “easy to use, easy to expand” method

in porous media applications.

However, as shown in Fig.3.4-2 ( LBM applications on SOFC &

SOEC electrodes), there are still lots of work waiting to be done in LBM

modelings such as SOEC electrodes analysis and 3D modelings of all

kinds of SOFCs. Further work will involve ions and electrons transport

study of 3D porous electrodes at TPB sites with two or three species, with

the aim of understanding how internal electrochemical reaction occurs

and how various transport processes affect cell performance.
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Chapter 4:

Although focuses of my work are mainly around modeling

simulations, in order to get further understanding of H-SOFC electrodes, I

also did a series of experimental research on H-SOFC cathode material

configuration development.

This work describes preparation and electrochemical characterization

of composite cathode build of Sr2Fe1.5Mo0.5O6 (SFM) and

BaZr0.1Ce0.7Y0.2O3-δ (BZCY), which is a novel cathode configuration for

proton-conducting solid oxide fuel cells (H-SOFCs) based on

proton-conducting electrolyte of stable BZCY is developed here. The

single button fuel cells with the configuration NiO-BZCY| BZCY|

SFM-BZCY were manufactured and conducted under the temperature in

range of 600~800℃with ambient air as oxidant and wet H2 (3 vol% H2O)

as the fuel gas fed to cathode. While the symmetrical fuel cells by the

structure of SFM-BZCY| BZCY| SFM-BZCY were also tested under the

same intermediate temperature range. All the single fuel cells and

symmetrical fuel cells were sintered under three different situations. All

electrochemical performance results indicated that the SFM-BZCY

composite cathode is thought to be a promising and reasonable good

material for H-SOFC cathode candidate.
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