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Abstract

Reaction Kinetics and Dynamics on Solid Oxide Fuel Cell
Porous Electrodes through Species Territory

Adsorption Model and Active Sites Imaging

by

Tsuyoshi Nagasawa
Department of Mechanical and Control Engineering

Tokyo Institute of Technology

Supervised by Prof. Dr. Katsunori Hanamura

The reaction kinetics and dynamics on solid oxide fuel cell porous electrodes were studied
based on kinetic modeling and active sites imaging. The analytical model for hydrogen
oxidation at anode, species territory adsorption model, was newly developed. Based on
the model, explicit expression of anode overpotential could be obtained, which combines
the overpotentials at low and high current density regions. The model was compared and
discussed with experimental results of Ni/YSZ anodes. In addition, in order to visualize
active sites of porous electrodes, a power generation equipment with a quench system by
helium gas impinging jet was constructed. By using the equipment and oxygen isotope
labeling, active sites of LSM/ScSZ cathode was visualized. The obtained '30 mapping

first imaged highly-distributed active sites in microstructure scale.
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Chapter 1

Introduction

1.1 Background

The population growth and accelerated modernization in the world are followed by
the increase in energy consumptions and greenhouse gas emissions. In order to reduce
those consumptions/emissions, the development of energy conversion technology with
higher efficiency is strongly required in modern society. Compared to the current
combustion-based energy conversion technologies which are generally used for
automotive engines or power plants, fuel cells offer higher energy conversion efficiency
and lower greenhouse gas emissions. This feature is originated from the principle of fuel
cells: chemical energy is directly converted to electricity, resulting that the efficiency is
not limited by the Carnot cycle [1]. The absence of high-temperature combustion process
and of open flame front is also followed by the elimination of harmful pollutants
formations such as SOx, NOy, volatile organic carbon (VOC), and particulate matters
(PM) [1]. Moreover, fuel cells are expected to play a central role of future energy system
based on hydrogen, which can be produced from various energy sources such as fossil
fuels or renewable energy [2].

Figure 1-1 summarizes the efficiency of fuel cells and other energy conversion
devices with respect to system size. This figure was made based on several information

collected from websites and literatures [2-14]. Generally, the efficiency of combustion-
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Figure 1-1. Efficiency of fuel cells and other energy conversion devices with respect

to system size. The figure was made based on several sources [2-14].

based energy conversion increases with increasing the system size. In the case of heat
engine, when the ratio of surface area to volume of the system decreases with increasing
system size, the ratio of heat loss from surface to energy kept in its volume also decreases,
resulting in the efficiency gain. For instance, the gas and steam turbines combined cycle
in Chiba thermal power plant (Japan) shows the thermal efficiency of more than 55% at
the system size of 10 kW scale [10]. On the other hand, the efficiency of fuel cells is, in
principle, independent of power scale. Therefore, fuel cells have the advantage over heat
engines especially at small system size (< 10° kW). In this scale, combustion-based
technologies such as diesel or gasoline engines, or gas turbine cycle, show the efficiency
of around 15 to 35% while fuel cells show 35 to 55% (LHV: lower heating value). This

advantage has accelerated the development of fuel cell technologies for residential-scale



power generation system (1-5 kW), automotive power (~100 kW), and distributed power
plant for smart grid energy system (100-1000 kW) as major applications (Fig. 1-1).

Fuel cells are generally categorized by their electrolyte material, such as phosphoric
acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), polymer electrolyte fuel cell
(PEFC), and solid oxide fuel cell (SOFC). The main difference of those is operating
temperature, which also determine the suitable applications. PAFC is typically operated
at ~200 °C and possibly most-commercially developed fuel cells [2]. PAFC is mainly
used for combined-heat-and-power (CHP) system in residences or buildings. PEFC can
be applied for automotive power as well as stationary CHP system due to its low operating
temperature (50-80 °C). In Japan, the 1 kW-class residential CHP system with PEFC
(ENE-FARM) was released in 2009 [7]. Moreover, the fuel cell vehicle (FCV) “MIRAI”
with 100 kW-class PEFC has been commercialized by Toyota Motor Corporation in 2014
[8]. In contrast to PAFC or PEFC, MCFC and SOFC are typically operated at high-
temperature range, ~650 °C and 700-1000 °C, respectively. In addition to stationary CHP
system for residences or buildings, these high-temperature fuel cells can be combined
with heat engines such as gas or steam turbines. The combined system, which can give
higher total thermal efficiency compared to individual utilization, is a promising

candidate for distributed base-load power plants at 10° kW (MW) scale [1,2,11].

1.2 Solid oxide fuel cell (SOFC)

In this thesis, an SOFC is selected as a research object. The high operating
temperature (700-1000 °C) of SOFCs offers many advantages over other fuel cell
technologies. First, SOFC gives highest conversion efficiency among all fuel cells as

shown in Fig. 1-1. When hydrogen and oxygen is used as a fuel and oxidant, respectively,



maximum conversion efficiency of a fuel cell 7., 1s described as follows.

_ AG;(H,0)

_ iV 2 1.1
M AH (H,0) (L.1)

Here, AG;(HZ 0) and AH ;(H ,0) represent the standard Gibbs free energy and enthalpy
of H,O formation, respectively. Although 7,,,x decreases with increasing temperature,
actual conversion efficiency of SOFCs is higher than that of low-temperature fuel cells
such as PEFC or PAFC. This is because ion conductions and electrochemical reactions
are generally enhanced at higher temperature, resulting that an internal resistance of a fuel
cell decreases with increasing temperature [15]. Ceramic Fuel Cell Ltd. (Australia) has
developed 1-2 kW class SOFC stack for residential units and achieved an electrical
efficiency of 60%, which is extremely high for such a small power scale [11,12].
Second, precious metals such as Pt need not to be used as a catalyst for electrode
reactions because the reaction rate is high enough at elevated temperature (~800 °C),
which is effective to reduce material costs. Third, in addition to hydrogen, various fuels
such as hydrocarbon or biogas can be directly supplied to SOFCs because those fuels can
be reformed to hydrogen on anode at high temperature. Subsequently, produced hydrogen
is used for fuel cell reactions. Owing to the fuel flexibility, SOFCs can be operated with
hydrocarbon-based fossil fuels such as natural gas. As a result, SOFC can be introduced
on current hydrocarbon fuel infrastructure [16]. In other word, new hydrogen
infrastructure needs not to be prepared for SOFCs, which is one of the biggest advantage
over low-temperature fuel cells. Forth, high temperature exhaust heat generated in SOFC
operation can be recovered and reused to further increase total thermal efficiency of the
systems. As shown in Fig. 1-1, SOFC-gas turbine combined cycle and SOFC-gas turbine-

steam turbine triple combined cycle can achieve electrical efficiency of 55-60% and 60-



70% (LHV), respectively [6].

In addition to above features originated form high operating temperature, design
simplicity and flexibility of SOFCs, which are consisting of only solid components, is
also advantages over other fuel cells. Two representative designs are planar and tubular
types. Generally, the former shows higher performance and takes lower manufacturing
cost while the later has higher mechanical strength and needs not to be sealed at high
temperature to separate oxidant and fuel. Therefore, from a view point of the stability of
stacks during long-term operation (several years), tubular design has the advantage [11].

Many advantages mentioned above have accelerated the development of SOFC
technologies from components to systems, and the technology is currently in the early
commercialization stage [17]. Several companies are conducting demonstration tests of
SOFC operation, or have just started to sell SOFC power generation systems in the 2010’s

[11]. SOFCs with small power (less than ~10 kW) are generally applied to CHP systems

(a) (b)
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Figure 1-2. Commercialized SOFC products. (a) A 700 W SOFC combined heat and
power (CHP) unit, ENE-FARM Type S [14]. (b) A 250 kW SOFC-micro gas turbine
(MGT) hybrid system developed by Mitsubishi Hitachi Power Systems, Ltd. [18].



for residential buildings utilizing natural gas as a fuel. These CHP units have been
developed by e.g. Ceramic Fuel Cell Ltd. (Australia), Hexis AG (Switzerland), and Osaka
Gas in collaboration with Kyocera, Aisin, and Noritz (ENE-FARM Type S sold since
2012, Japan, shown in Fig.1-2(a) [14]). At present (2017), an electrical efficiency of the
ENE-FARM Type S reaches 52% (LHV) [14]. Large scale (> ~100 kW) SOFC systems
for distributed power generation have been also developed by e.g. Versa Power Systems
(USA), Mitsubishi Hitachi Power Systems, Ltd. (MHPS, Japan), and Bloom Energy
(USA). MHPS has commercialized 250 kW class SOFC-micro gas turbine (MGT) hybrid
system with an electrical efficiency of 55% (LHV) in August 2017 as shown in Fig. 1-

2(b) [6,18].

1.3 Principles and components of SOFC

SOFC generally consists of three main components, anode, electrolyte, and cathode.
Figurel-3(a) shows the schematic of operated SOFC when hydrogen and oxygen is
supplied at anode and cathode side, respectively. At the cathode, oxygen gas receives
electrons from external circuit and becomes oxide ion. Generated oxide ion conducts
through the electrolyte from the cathode to the anode. At the anode, water vapour is
produced from hydrogen gas and oxide ion followed by the release of electrons to the
external circuit, resulting in the production of electricity. The chemical equations at

cathode and anode side are as follows.

(Cathode) 1/20,+2e” — O* (1.2)

(Anode)  H,+0* —H,0+2¢ (1.3)

As a result, total reaction in fuel cell operation is described as follows.



(Total) 1/20,+H, - H,0 (1.4)
The driving force of SOFC operation is equivalent to the oxygen partial pressure
difference between two electrodes, and the electromotive force (EMF) of a cell is

qualitatively expressed by Nernst Equation as follows.

P

EMF:F%'”FO;:;ZT} (15)
Here, I' is the ionic transference number (ionic conductivity/total conductivity), T is
operating temperature, F is Faraday constant, Py, anode 18 OXygen partial pressure on
the anode side, and Py, cathode 1S On the cathode side. When no current passes through
the cell, cell voltage corresponds to EMF (OCV: Open Circuit Voltage). Under cell
operating conditions, cell voltage V decreases from EMF with increasing current
density i due to the increase in several voltage losses as shown in Figure 1-4, and is
described as follows.

V =EMF-IR,,, -1, —1. (1.6)
Here, iR,hm shows an ohmic loss caused by conduction of ion and electron in the
electrolyte, anode, and cathode. 1, and 7. shows anode and cathode overpotential,
which is related to the electrochemical reactions and gas diffusions on each electrode.
Each voltage loss should be reduced to increase power density of the cell.

Voltage losses mentioned above are strongly linked to the components of SOFCs.
As an electrolyte, oxide materials with high oxide ionic conductivity at elevated
temperature (600-1000 °C) are used such as Y2Os-stabilized ZrO, (YSZ), Sc2O3-
stabilized ZrO» (ScSZ), Gd203-doped CeO> (GDC), and Sm»O3-doped CeO> (SDC) [19].
Although ceria-based electrolyte shows higher oxide ion conductivity than those of

zirconia-based ones, YSZ is the most practical electrolyte due to its high chemical
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Figure 1-3. (a) Schematic of SOFC operated with hydrogen at anode and oxygen at

cathode. (b) Schematics of porous composite cathode and Ni-cermet anode. (c)
Enlarged views of electrodes particles near the triple phase boundary (TPB) in both

anode and cathode.

stability and mechanical strength at elevated temperature in addition to the relatively low

cost [11,19]. Figure 1-3(b) shows the detailed schematic of typical anode and cathode



used with YSZ electrolyte. Generally, porous composite electrodes are used for state-of-
the-art SOFCs, such as Ni/YSZ for anodes or strontium-doped lanthanum manganite
(LSM)/YSZ for cathodes [20,21]. These electrodes have micro/nano-scale complex
structures consisting of electron conductors (Ni, LSM), oxide ion conductors (YSZ), and
pore phases, where chemical species are transported and accompanied by electrochemical
reactions. In these electrodes, electrochemical reaction is considered to occur at the triple
phase boundary (TPB) of Ni/YSZ/gas phase for anode or LSM/YSZ/gas phase for
cathode, as shown in Figure 1-3(c), because both anode and cathode reactions involve

electrons, oxide ions, and gas species.

EMF (OCV: Open Circuit Voltage)

__—> Ropm: Ohmic loss

1,: Anode overpotential

1n.: Cathode overpotential

Cell voltage

Cell voltage V [V]

Current density i [A/cm?]

Figure 1-4. Terminal (cell) voltage of an SOFC with respect to current density. The
voltage loss from OCV consists of ohmic loss, anode overpotential, and cathode

overpotential.

1.4 Current status and challenges of SOFC
Intensive research and development on SOFCs has been conducted for more than 30
years, and the technology is currently in the early commercialization stage [17], as

mentioned in section 1.2. For the widespread introduction of SOFC technologies to the



society, however, its material and system costs should be reduced and performance
degradation issues during long-term operation need to be solved [22]. Lowering the
operating temperature to intermediate range (600-800 °C) is one of the major approach to
overcome the former issues because cost-effective metallic materials can be used in this
temperature range as an interconnect or other related components [16]. In order to achieve
sufficient power density for practical applications, improvement of both electrolyte and
electrodes performance at lower temperature is accelerated in SOFC field [16,22]. The
latter issues, performance degradation, are originated from several factors such as sulfur
poisoning [23,24], carbon deposition by hydrocarbon fuel [25-27], redox cycle [28,29],
and Ni coarsening [30,31] on anode side or chromium poisoning [32,33], secondary phase
formation between cathode and electrolyte [34,35], and segregation of strontium
component [36,37] on cathode side. Intensive research and development for further
understanding of these degradation mechanisms and improvement of SOFC durability
has been conducted in recent days.

It is an inevitable and critical issue to enhance SOFC electrodes performance and
stability in order to accomplish the operation at lower temperature and improvement of
the lifetime for the widespread utilization. The performance of porous electrodes is
dominated by following two phenomena; electrochemical reaction at the active sites and
transport of gases, oxide ion, and electron in the porous structure. Moreover, degradation
of electrodes performance mentioned above results from the change of active sites or
transport paths of chemical species, which are blocked or reduced by deposited impurities,
formed secondary phases, and microstructure changes through coarsening. Therefore, it
is important to understand species transport phenomena coupled with electrochemical

reactions proceeding inside porous electrodes precisely for further improvement of SOFC

10



performance and durability.

Species transport and electrochemical reactions in SOFC porous electrodes have
been intensively investigated by numerical modeling and simulations [38-46]. Typical
models based on effective medium theory make it possible to calculate averaged
electric/ionic current distributions and to identify electrochemically active regions in
composite electrodes [38-40]. In addition, numerical simulations of SOFC electrodes
have been recently conducted based on actual microstructures obtained by a focused ion
beam scanning electron microscope (FIB-SEM) [41-46]. In those simulations, gases, ions,
and electron transport are solved by lattice Boltzmann method (LBM) [41,42], volume of
fluid (VOF) method [43], finite element method (FEM) [44], sub-grid scale (SGS)
method [45], or finite volume method (FVM) [46], and local three-dimensional
distributions of ionic/electronic flows or electrical potential are provided. The
development of those analysis and simulations can provide accurate description of
transport phenomena inside SOFC electrodes. On the other hand, electrochemical
reaction at the TPB has been mainly described by Butler-Volmer equation and exchange
current density, which has been originally developed for reactions at interface between
metal and liquid electrolyte [20]. In this scheme, all detailed reaction kinetics are lumped
together into exchange current density, which is not established via phenomenological
description but treated as fitting parameters [43] or given by empirical expressions
[41,42,45,46]. For accurate prediction and physically-based interpretation of electrode
performance, development of reliable electrochemical reaction model at the TPB based
on elementary chemical reactions, such as adsorption of gas species, oxide ion migration,
or surface reactions, are desired [45].

Several experimental studies have been also conducted to directly investigate

11



electrochemical reactions on SOFC electrodes. Oxygen chemical potential distributions
of model (thin film) or porous cathodes were investigated at biased condition by
microprobe oxygen sensor [47] or in-situ micro X-ray adsorption spectroscopy (XAS)
[48,49]. Surface potential distribution of a cross section of the operated SOFC was
detected by in-situ Kelvin force microscopy (KFM) [50]. In addition, atomic labeling
using oxygen isotope has been introduced to visualize active reaction sites in thin film
electrodes [51,52] or overall oxide ion flows in a practical SOFC [53]. However,
experimental information about active reaction sites distribution or oxide ion paths in the
microstructure of SOFC porous electrodes has not been reported so far. For validation of
numerical results mentioned above, deeper understanding of species transport coupled
with electrochemical reactions in the electrodes, and optimization of its microstructures,
a visualization technique of active reaction sites and oxide ion paths in microstructure

scale should be realized and developed.

1.5 Objectives and contents of thesis

For more accurate understanding and description of species transport phenomena
coupled with electrochemical reactions proceeding inside SOFC, two main specific
objectives toward construction of the detailed reaction kinetics and dynamics on porous
electrodes are raised as the contents of current thesis below.

(1) Construction of analytical model for hydrogen oxidation in a TPB of SOFC anode based on
elementary chemical reactions.

(i) Development of visualization technique of active reaction sites and oxide ion paths in
SOFC porous electrodes with microstructure scale.

In Chapter 1, background, principle, current status, and challenges of SOFC are

12



reviewed and summarized. In addition, the main specific targets of the thesis are raised
and the structure of the thesis is explained. In Chapter 2, analytical model for hydrogen
oxidation in an anode TPB, named as species territory adsorption model, is constructed
based on elementary chemical reactions. It is shown that explicit expressions of current
density and anode overpotential, and theoretical limit of current density can be derived
from the model. In addition, the physical meaning of analytical results based on the model
is discussed. In Chapter 3, the quantitative validation of species territory adsorption model
is discussed. The dependence of anode overpotential on hydrogen partial pressure is
experimentally investigated, which is compared to the model. All thermodynamic and
kinetic parameters for the model are determined from referenced density functional
theory (DFT)-database and careful fitting process between the analytical and
experimental results. The analytical results are compared with several reported
experimental results using Ni/Y SZ cermet, and effective anode thickness predicted by the
model is discussed. In Chapter 4, visualization technique of active reaction sites in SOFC
porous electrodes with microstructure scale is developed. In order to quench a reaction, a
SOFC power generation equipment with a nozzle for direct helium gas impinging jet to
the cell is prepared. Using constructed quench system and oxygen isotope labeling, active
sites of LSM/ScSZ composite cathode are visualized in microstructure scale. In Chapter
5, oxygen isotope exchange and quench experiment is conducted at 973 K. From the
analysis of oxygen isotope diffusion profiles in YSZ electrolyte, quantitative oxide ion
flux incorporated from a cathode/electrolyte interface to an electrolyte is estimated.
Finally, the key findings and contributions in this study are summarized and future

perspective is presented in Chapter 6.
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Chapter 2

Species territory adsorption model for hydrogen

oxidation in SOFC anode

2.1 Introduction

Porous composite electrodes such as Ni/YSZ, Ni/ScSZ, or Ni/GDC are widely used
for state-of-the-art SOFC anode [1]. In these anodes, hydrogen oxidation is considered to
occur mainly at the triple phase boundary (TPB) consisting of Ni, YSZ (Sc¢SZ, GDC), and
gas phases because hydrogen should be reacted with oxide ion accompanied with release
of electrons [2,3]. For accurate prediction and physically-based interpretation of anode
performance, clarifying the reaction mechanism at the TPB is indispensable and the
development of reliable electrochemical reaction model based on elementary chemical
reactions is desired. Various reaction mechanisms around the anode TPB have been
proposed and discussed for past two decades [4-11]. Among these works, Thara et al.
regarded a N1/Y SZ/gas TPB as one dimensional line and proposed competitive adsorption
mechanism among adsorbed species, i.e., Had, H2Oa4, and Oaq on the TPB as shown in
Figure 2-1 [7]. They assumed that the reaction rate is determined by surface reaction
between Had and Oad to produce H20.4 (Langmuir-Hinshelwood mechanism). Based on
their model, the analytical expression of current density is derived as a function of oxygen
activity in anode TPB, which could demonstrate experimental trends qualitatively.

On the other hand, some researches have recently shown that addition of perovskite
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Figure 2-1. Schematic of competitive adsorption mechanism on Ni/YSZ anode

proposed by IThara et al [7].

proton conductors, such as SrZro.95Y0.0503x (SZY) or BaCeosY0.203.« (BCY) to Ni/YSZ
or Ni/GDC cermet anodes is an effective way to improve anode electrochemical
properties in hydrogen and hydrocarbon fuel [12-17]. Among them, it was shown that
anode overpotential is reduced by adding BCY particles to Ni/GDC cermet anode [12].
In addition, thermal desorption spectroscopy (TDS) measurement disclosed that BCY
adsorbs a significant amount of hydrogen [13]. Consequently, it was concluded that
adsorbed hydrogen on BCY is supplied to Ni/GDC/gas TPB and the anodic reaction is
enhanced as shown in Figure 2-2, resulting in the reduction of anode overpotential [13].
However, the above enhanced anodic reaction cannot be explained well by the
competitive adsorption mechanism [7] because in this model, additionally supplied
hydrogens from BCY adsorb on the TPB and fill the vacancy sites, resulting in a reduction
of adsorbed oxygen, i.e., a decrease in reaction rate.

In a conventional cermet anode consisting of Ni and oxide ion conductor, hydrogen
is mainly adsorbed onto the Ni surface, which has been confirmed by thermal desorption

spectroscopy (TDS) measurement [13]. On the other hand, most of oxygen would be
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Triple Phase Boundary
(TPB)

Figure 2-2. Schematic of the reaction mechanism for overpotential reduction in
Ni/GDC-BCY anode [13].

adsorbed onto the surface of the oxide ion conductor around the TPB after the oxide ions
released their electrons to the Ni bulk. Then, the adsorbed hydrogen reacts with the
adsorbed oxygen at the TPB. Consequently, these species are adsorbed in a finite area
around the TPB and do not necessarily occupy the same adsorption sites.

In this chapter, new analytical model for hydrogen oxidation in an anode TPB,
named as species territory adsorption model, is constructed based on the Langmuir-type
surface reaction between adsorbed hydrogen and oxygen, and on the other reactions at
chemical equilibrium. The chemical species are assumed to be adsorbed in a finite surface
area of Ni and oxide ion conductor around the TPB. First, explicit expressions of current

density and anode overpotential, and theoretical limit of current density are derived based
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on the model. Next, typical analytical results obtained by the model are shown, and the

physical meanings of those are discussed.

2.2 Model construction

2.2.1 Assumptions

In this model, hydrogen oxidation at conventional cermet anode consisting of Ni and
oxide ion conductor particles is considered. According to the percolation theory, to retain
the network structure of each particle for conduction of ion or electron, the particle
number concentration in the anode should be greater than 30% [18]. For simplicity, it is
assumed that the particle size is uniform and the concentrations are the same. As a result,
the unit structure of cermet anode consisting of Ni and oxide ion conductor can be
considered as shown in Figure 2-3(a). Herein, the following assumptions are considered:
(1) The overall reaction rate is controlled by the surface reaction between the adsorbed
hydrogen, Hag, and the adsorbed oxygen, O.q. The other reactions take place under
chemical equilibrium conditions [equilibrium constants are expressed as K; (i: each
species)] because the reaction rates are much faster than the surface reactions.

(i1) Chemical species are adsorbed within finite areas, described as Area 1 and Area 2, on
the surface of each material around the TPB.

(ii1) H2 molecules are adsorbed in Area 1, whereas H>O molecules are adsorbed in Areas
1 and 2.

(iv) Adsorbed hydrogen, Hag, can be moved between Areas 1 and 2.

(v) Adsorbed water, H>Oa4, and oxygen, Oad, can be moved between Areas 1 and 2.

Fig. 2-3(b) shows a schematic of the cross section of the TPB consisting of Ni, oxide

ion conductor, and gas phases. The following assumption is considered:
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(vi) In a reaction process from oxide ions in the conductor to adsorbed oxygen on Area 2,

each reaction takes place under chemical equilibrium [7].

(a)

H,0
KHZO\ Hlad(l)
H;0.4(1)

................
----------

Oxide ion
conductor

Ni
2€” (Ni—bulk) ) Qo
02-
(0-bulk) 0 (0-bulk)
\ &2_
K, +
2e” 0-pulk)

Figure 2-3. (a) Schematic of the TPB consisting of Ni and oxide ion conductor
assumed in present model. (b) Schematic of the cross section of the interface between

Ni and oxide ion conductor.
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2.2.2 Reactions under chemical equilibrium

Based on the above assumptions for reactions under chemical equilibrium, the

adsorption of H> and H>O from the gas phase to Area 1 is described as follows:

H, + 2V <K—H>2Had(1) 2.1)
H,0+V,y <—2—>H,0,4, (2.2)

Here, V represents adsorption sites on the surface and the subscript (1) denotes Area 1.

Similarly, the adsorption of H>O on Area 2 is expressed as follows:
H,0+V ) <2 5H,0,, (2.3)

Adsorbed species, Had, Oad, and H2Oaq are assumed to be exchanged between Areas 1 and

2 through the following reactions:

K ex:
Had(l) +Vad(2) 2 Had(Z) +Vad(1) (2.4)
K ex:
Oad(Z) +Vad(l) 2 Oad(l) +Vad(2) (2.5)
Koz
H,0,40) +Vaiey > H,0,40) +Vaay (2.6)

Reactions for the process from oxide ions in oxide ion conductor bulk to adsorbed oxygen

on Area 2 are expressed as follows [7]:

O 0-0uy + 2€00uiky e O(za-bulk) (2.7)
O 0nuiy T Vai < O.i (2.8)
O(Z(;-bulk) Vi <Ko—ad>oad(2) +2€ (ibuik) (2.9)
€ (Ni-bulk) <o € (0-bulk) (2.10)

Here, O(o-buik) refers to oxygen atoms in the conductor bulk and corresponds to the oxygen

activity, ag, in experiments.
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For Had, Oaq, and H2Oa4, competitive adsorption should be assumed on Areas 1 and
2. The coverage of the adsorbed species i (i = H, O, H2O, V) in Area k (k= 1, 2) is
expressed by 6;x), which means the ratio of adsorbed species to all adsorption sites. On

the surfaces of Areas 1 and 2, the summations of coverages should be both equal to unity

as follows:
Gy + 6oy +Oon) + Ay =1 (2.11)
6H(2) + 00(2) + HHZO(Z) +6, = 1 (2.12)

Using the coverages and partial pressure of molecules in the gas phase, the equilibrium

constants of reactions (2.1), (2.2), (2.3), and (2.8) are described as follows:

2

Oy
_ 2.13)
" I:)Hza/(l)2
6, o)
0= _H0Q) (2.14)
"o PHZOQ/(l)
6, o)
Kl = ro@ 2.15)
"o PHZOQ/(Z)
o,
K, = oo 2.16)

ast, @
Here, Py, and Py,o are the partial pressures of hydrogen and water vapour,
respectively. ag expresses the oxygen activity in the oxide ion conductor bulk near the

surface in Area 2. Moreover, the equilibrium constant, K, can be expressed using Kg2-,

Ko,4> and K, inreactions (2.7), (2.9), and (2.10) as follows
Ko =Ko Ko K2 (2.17)

In addition, the equilibrium constants of reactions (2.4)—(2.6) are described as follows.
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o.,..6
Hex12) — oML (2.18)
HH(l)HV @)

a...6
o(ex12) — o T@ (2.19)
oy )

'
. eHZO(Z)a/(l) . KHZO

Ki,oexz) = (2.20)
HH20(1)‘9V @ KHZO

Here, Eq. (2.20) shows that Ky, o(ex12) can be described by Egs. (2.14) and (2.15).
Using Egs. (2.11)—(2.20), all coverages in Areas 1 and 2, 6;,, can be solved and

expressed explicitly as follows:

1
_ (2.21)
Y 1+ \/KH i, + Koean Koo + KyyoRio
KPR
oy — N (2.22)
1+ KyRy, +Koean Koo + Ky oRy 0
0 _ KO(e><12) KOaO (223)
om 1+ KH I:)H2 + K0(e><12) KOaO + KHzo PHZO
0 Ki,oP0 (2.24)
H,0(1) 1+ KH F)H2 + KO(ele) KOaO + KHZO PHZO
1
6{/(2) _ (2.25)

1+ KH(ele)\/KH PHZ +Kodp + Krgzo PHZO

Ko/ Ku P
0, Hex12)y/ 'YH ' H, (2.26)

@ = ,
1+ KH(ele)\’ KH PH2 + Koao + KHZO PHZO

KoBo : 2.27)
1+ KH(exlz)\/KH PH2 + Kol + KHZOPHZO

90(2) =
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!
KHZO PHZO

1+ KH(ele)\/KH PH2 +Koag + KI,-IZO PHZO

9H20(2) = (2.28)

The details of derivation are shown in Appendix A.

2.2.3 Reaction rate controlled by the surface reaction in Areas 1 and 2

Based on assumption (i), the overall reaction rate is controlled by the surface reaction
between Ha¢ and Oag to produce H»O.¢ (Langmuir-type reaction). In this case, ten
combinations of reactions can be considered as shown in Table 2-1. For instance, in the
case of reaction (I) in Table 2-1, two adsorbed hydrogens, Hag, in Area 1 react with Oaq in
Area 2 to produce H>O.q in Area 1, and the adsorption sites, Vag, in Areas 1 and 2 are

simultaneously produced as follows:
kal )
2Had(1) + Oad(Z) <T HZOad(l) +Vad(1) +Vad(2) (2.29)
Here, k,; and k. are the rate constants of anodic and cathodic reactions in reaction (I).

The rate constants kq; and k. for reaction j (=1 —X) [A/cm?] include factors of

the surface reaction rate and the length of the TPB as follows:

Table 2-1. Combination of the surface reaction in the anode; 1 and 2 represent Areas

1 and 2, respectively.

Reaction no. Hag
(1
(11
(1)
(V)
V)
(V1)

(Vi)
(V)
(1X)
(X)

s:,I
o
O
g8

H204g v

]
o

[E=N

P PP R NMNNN R R
NNOMNNNNN R R
NNERERPNRERENDN
1711711777717 717|°7
NEFEPNRPNMNNR RPN
P NP R NERENRP R
NNHNNNNHHN%S
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Ko = ZFl K]

a(c) ]

(2.30)

a(c)
Herein, a valence z (=2), Faraday constant ' [C/mol], length of the TPB per unit area /tp
[cm/cm?], and rate constant per unit TPB length k'a(c)j [mol/(secm)] are used, where
Itps is calculated by the anode thickness ¢ [um], and the TPB density prpg [nm/um?]
(Irpp = tprpp X 10%).

The net current density generated by reaction (I), i, is described as the difference
between the anodic current density, iu;, and the cathodic current density, ic;, as shown in
Eq. (2.31). Each current density is described by the reaction rate constants and the

coverages of adsorbed species.

i =1, —iy =k, 0H(1)290(2) —kqy gHzo(l)a/(l)Q/(z) (2.31)

Similarly, i; for j = I — X is described as Eqgs. (2.32)—(2.40), respectively.

iy =iy~ =Ko Gy Goy = Ken O o0y’ (2.32)
= b —lan = Kan Gy oy = Kan G008 1y (2.33)
i|v = iaIV - icIV = kaIV 0H(2)200(1) - kcIV 8H20(1)6</(2)2 (2.34)
iv = iaV _icv = kaveH(z)zeoa) _chHHZO(Z)HV(l)é(/(Z) (2.35)
iV| = iaVI _icVI = kaVI 8H(2)290(2) - chI 0H20(2)6{/(2)2 (2.36)
ivn = iaVII _icVII = kaVIlaH(l)eH(Z)eo(l) _kcvneHZO(l)a/(l)a/(z) (2.37)
i\/||| = iaVIII _icVIII = kaVIlleH(l)eH(Z)eo(l) _kcvu|6’H20(2)6(/(1)2 (2.38)
iIX = iaIX - icIX = kaIX 9H(1)‘9H(2)90(2) - kcIX eHZO(l)a/(z)z (2.39)
by =l —lox =KaxGiy6i o) —Kex G008 & (2.40)
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As a result, the total current density, i;yta), 1S €xpressed by the summation of current
densities i; (j = 1,11, -+, X) for each reaction from (I) to (X) in Table 2-1 [summation of

Egs. (2.31)~(2.40)].

X
hiotal = Z i (2.41)
=1

2.2.4 Competitive adsorption model and species territory adsorption model

The equilibrium constants for the exchange of species, Kyex12), Ko(ex12), and
Kii,0(ex12) can be assumed to be a value from 0 to unity, and these values correspond to
the distribution of coverage of adsorbed species as shown in Figure 2-4.

When Kyjex12) = Ko(ex12) = Ku,o(ex12) = 1, the coverage for each species in
Areas 1 and 2 are the same, i.e., 6,1y = 0;2) (i =H, O, H20, V) in Egs. (2.11), (2.12),
and (2.18)—(2.20). As a result, this model is mathematically reduced to that of the
conventional competitive adsorption at the TPB [7].

On the other hand, there is no mutual migration of adsorbed hydrogen and oxygen
when Kyex12) = Ko(ex12) = 0. As aresult, hydrogen can only be adsorbed in Area 1 and
oxygen only in Area 2; that is, 61y = Oy(2) = 0. As a result, only surface reactions (I)
and (II) among the combinations listed in Table 2-1 would be dominant in this model. We
defined this model as the “species territory adsorption model”.

For any values of Kyex12) and Koeexiz)y between O and unity, hydrogen and
oxygen can be assumed to be adsorbed on both surfaces in Areas 1 and 2. In this case,
even if the hydrogen coverage in Area 1 reaches unity, hydrogen will migrate and be
continuously adsorbed in Area 2 with a uniform coverage. Similarly, even if the coverage
of oxygen in Area 2 reaches unity, oxygen will migrate and be continuously adsorbed in

Area 1. The migration of adsorbed species is described by the equilibrium constants for
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Figure 2-4. Relationship between the coverage of the adsorbed species near the TPB
between Areas 1 and 2 and the equilibrium constants for species exchanges. Schematic

for practical diffusion dynamics is also shown.

exchange instead of the diffusion coefficients in practical dynamics, as shown in Fig. 2-
4.

To discuss the physical meaning of Kyex12) and Koexiz), the effect of those
values on variations of the current density with respect to the oxygen activity, ag, was
investigated based on Eq. (2.41) as shown in Figure 2-5. In order to focus on the mutual
migration of adsorbed hydrogen and oxygen between Areas 1 and 2, Ky,q(ex12) Was
fixed to unity (Ky,o = K'y,0), and Kii(ex12) and Koex12) were varied from zero to
unity. The assumed parameters for the calculation of Eq. (2.41) are shown in Table 2-2.
Here, all equilibrium constants and reaction rate constants, k,; and k.;, for j = 1,11
are the same as those used for comparison between analytical and experimental results of
Ni/YSZ in Chapter 3.

When (KH(exlz)r KO(ele)) = (0,0), the current density is kept constant in the range
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of ag = 1077, as shown in Fig. 2-5. This indicates that the coverage of oxygen in Area
2 reaches unity.

On the other hand, when (KH(exlz)' KO(ele)) = (0,1), the current density is slightly
higher than that of the case of (KH(exlz)r KO(ele)) = (0,0) in the range of
2 X 107 < gy < 107°. This is because reaction (III) in Table 1 takes place through
migration of the adsorbed oxygen from Area 2 to Area 1. However, in the range of ag >

4 x 1077, the current density drastically decreases with increasing oxygen activity

(KH(exlz):KO(eX12)) =
—(0,0) ---(1x107%1x107%
- =(0,1) —— (1,0) — (1,1

102

10!

10°

101

Current density [A/cm?]

1072

103
1013 101! 10 107 10 103

Oxygen activity ag [-]

Figure 2-5. The effect of equilibrium constants for species exchange between Areas 1
and 2 (Ky(ex12) and Koex12)) on varieties of current density with oxygen activity,
ao . Ku,o(ex12) is fixed to unity (Ky,0 = K'n,o). The analytical results were

calculated by Eq. (2.41) assuming parameters listed in Table 2-2.
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Table 2-2. Assumed partial pressures of H> and H>O, equilibrium constants,

and reaction rate constants for the calculation of Figure 2-5. All equilibrium

constants and reaction rate constants, k,; and kj, for j=1,II are the

same as those used for comparison between analytical and experimental

results of Ni/YSZ in Chapter 3.

Parameter \alue

T [K] 1073
AG” ¢ (H,0) [ki/mol]] -377.372
Py, atanode [atm] 0.97
Py, 0 atanode [atm] 0.03

Ky [/atm] 5.5x103
Ko [-] 1.66x108
Ky, o0 [/atm] 3.47x104
K'y,0 [/atm] 3.47x104
kqj G = L 1I) [Alcm?] 1.23x108
kcj G = L1I') [Alcm?] 2.11x103
kqj G = 111 — X) [Alcm?] 1.23x108
kcj G = I —X) [Alcm?] 2.0x102

because the coverage of the adsorbed hydrogen decreases with increasing coverage of
oxygen in Area 1.

Similarly, when (KH(exlz)fKO(exlz)) = (1,0), the current density becomes higher
than that of the case of (KH(exlz)'KO(exlz)) = (0,0) in the range of 107! < qgqy <
1077 through reactions (VI), (IX), and (X) in Table 2-1, which relate to migration of the
adsorbed hydrogen into Area 2. On the other hand, the current density is constant in the
range of ag = 1077, similar to the case of (KH(exlz)’KO(exlz)) = (0,0) because the

oxygen coverage reaches unity, i.e., the adsorbed hydrogen in Area 2 is completely

31



replaced by adsorbed oxygen.

In the case of (KH(exn); KO(ele)) = (1,1), which is the conventional competitive
adsorption model [7], the current density increases with increasing oxygen activity in the
range of 107! < ap < 1077 as compared to the case of (Kp(ex12), Ko(ex12)) = (0,0)
because all reactions in Table 1 take place. However, similar to the case of
(KH(exlz)'KO(exlz)) = (0,1), the current density drastically decreases with increasing
oxygen activity in the range of ag = 4 x 1077,

Ni-patterned electrodes on YSZ with well-defined TPB geometry were developed to
investigate the mechanism of hydrogen oxidation by Mizusaki et al. [19], Bieberle et al.
[5], and Boer [20]. All of their works indicated that hydrogen oxidation mainly occurs at
the Ni-YSZ-gas TPB. Additionally, the TDS measurement [13] disclosed that hydrogen
is mainly adsorbed onto the Ni surface in Ni/GDC or Ni/YSZ cermet anodes. Moreover,
recent first-principle calculations [21,22] predicted that the hydrogen oxidation reaction
in a N1/YSZ anode occurs at the interface between Ni and YSZ, not on the surface of Ni
or YSZ. Based on the above prior works, it can be assumed that surface reactions (I) and
(IT) in Table 2-1 are the dominant reactions. Consequently, the equilibrium constants for
the exchange of adsorbed hydrogen and oxygen can be assumed to be much smaller than
unity. For example, Fig. 2-5 also shows a result for (KH(exlz)' KO(eXlZ)) =(1X
107*,1 x 10™*). The current density corresponds to that for (Kyex12) Kocex12)) =
(0,0) in the range of ag <4 X 107°, whereas in the range of ag =4 X 107°, the
current density decreases with increasing oxygen activity. Consequently, the modified
model proposed here is useful for a wide range of oxygen activities up to a high value
where the coverage of the species reaches unity.

The current density in the case of (Kpgex12) Kogex1z)) = (1 X 107%,1x 107%)
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corresponds to that in the case of (KH(exlz)'KO(exlz)) = (0,0) for a wide range of
oxygen activities. Therefore, for simplicity, the assumption of (KH(exlz)rKO(exlz)) =
(0,0), that is, the species territory adsorption model, will be used in the following

discussion.

2.2.5 Explicit expression of anode overpotential with current density

As mentioned above, it can be assumed that reactions (I) and (II) in Table 2-1 will
be dominant. As a result, the current density described in Eq. (2.41) can be reduced as

follows:

hor =1, +1,
=iy —ig )+ (i —ig)
- (kal +Ka )QH(1)2‘90(2) —kq OhonBwle - Kai 00 (1)2
(kal + kall ) KH PH2 Koao - (kcl KHZO PHZO + kcu Kézo PHZO)

(1+ \[ Ky F)H2 + KO(ele) Koao + KHZO PHZO )2 (1+ KH(exlz)\/ Ky PHZ +Kodo + Kézo PHZO)

(2.42)

Herein, the terms multiplied by Kpyex12) and Koex12) can be neglected based on the
discussion in the previous section 2.2.4. As a result, Eq. (2.41) can be reduced to the

following:

K + Kot ) KiPry, Ko = (Kot Ky oPao +Ke Ky o P
_ (ka ha ) KRy Kot (ko KrioRho +karKioPuo) (2.43)

(1+ KRy, + KipoPuo )2 (1+ Koo + Kl oPuo )

Because Eq. (2.43) is a linear equation of oxygen activity, ag, the explicit expression of

ap can be obtained as shown in Eq. (2.44). (On the other and, the expression of current
density by the conventional competitive adsorption model is a cubic polynomial of ag

[7], and it is difficult to solve for ag.)
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(1+ Ky oPuo )i+C,

a, = 2.44
(0] KO (Cl _ |) ( )
Here, C; and C, are described as follows:
k, +Kk,, )K,P
C,= ( al all) HH, . (2.45)
(1+ KRy, + Koo
C2 _ kcl KHZO PHZO + kcll Kézo PHZO (2.46)

(L4 JKP + KiyoPuo)

The oxygen activity, ag, in the oxide ion conductor bulk near Area 2 is related to

the anode potential, E,, as follows:

g _RT n{ 3y } (2.47)

.=
2F Ao (cr)

where F'is the Faraday constant, R is the gas constant, T is the absolute temperature, and

ao(cr) 1s the oxygen activity of reference electrode at the cathode side (CR). The details

of Eq. (2.47) are shown in Appendix B. Here, the oxygen is assumed to be in equilibrium

with the outer gas phase at the CR. Then, agcg) 1s described as follows [23].

8ocr) =80(0) = I:)ozj/2 (2.48)
where ag(g) is the oxygen activity of the outer gas phase and Py, is the oxygen partial

pressure at the cathode side. As a result, substitution of Egs. (2.44) and (2.48) into Eq.

(2.47) gives following equation:

E _ RT In{(l"' KI,-IZOPHZO)i—i_CZ] RT In[P

" 2F Ko (C,—i) 4F 5. (2.49)

Figure 2-6(a) shows a schematic of the electrolyte-supported single cell discussed
here [7,12]. On both the anode side and the cathode side, working and reference electrodes

are prepared. Figure 2-6(b) shows the electrical potential of each electrode under the
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Figure 2-6. (a) Schematic of SOFC single cell with working and reference electrodes.
(b) Electrical potential of each electrode under the condition that current density, 7, is
applied between anode working (AW) and cathode working (CW) when the electrical

potential of cathode reference (CR) is set to zero.

condition that current density i is applied between anode working (AW) and cathode
working (CW) when the electrical potential of cathode reference (CR) is set to zero. From
Fig. 2-6(b), the anode overpotential, 7,, is described as the sum of the anode potential,
E,, and the voltage between CR and the anode reference (AR), Viz_g [7]. In addition, we
can define the decrease in the electromotive force as AVyx_g, which is a result of the
change in the fuel composite condition followed by a DC current between the anode and

cathode working electrodes. As a result, the anode overpotential is described as follows:
1, =E, +Va s =E, +(OCV —AV, ;) (2.50)

Here OCV is the open circuit voltage, which is described in H>-H>O atmosphere at the

anode side (Py,, Py,0) and O at the cathode side (Pp,) as follows [24].

AG:; (H.O P
OCV:_M_E.{ﬁ}ﬂ.n[p

2.51
AF 2F | P, -] —
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where AG; (H,0) is the standard Gibbs free energy of formation of H>O. In addition, we
assume that AVp_p is negligibly small [12]. By substituting E, in Eq. (2.49) and OCV

in Eq. (2.51) into Eq. (2.50), the anode overpotential can be described as a function of the

current density for given partial pressures of H> and H>O at the anode side:

(2.52)

RT (1"' KQZOPHzo)i"'Cz AG;(H,0) RT I:PHZOj|
n,= In - ——In| —

T 2F Ko (C,—i) 4F  2F | PR,

Here, C; and C; are given by Egs. (2.45) and (2.46), respectively. As shown in Eq.
(2.52), anode overpotential is independent of P, at the cathode side.

As shown above, the analytical expression of anode overpotential with current
density could be directly obtained based on the species territory adsorption model.
Generally, the anode overpotential in a region of low current density is proportional to
Ini, whereas in a region of high current density, it is proportional to [1/(i}imit — i)];
herein, ijjymic 1S the limiting current density [25]. These two terms, which are
conventionally expressed independently, are combined in the kernel of the logarithmic

function, as shown in Eq. (2.52).

2.3 Analytical results based on the model

2.3.1 Typical curves of current density and anode overpotential

Figure 2-7(a) and (b) show typical curves of current density as a function of oxygen
activity, i(ag), calculated by Eq. (2.43), and of anode overpotential as a function of
current density, 71,(i), by Eq. (2.52). The assumed parameters for the calculation of Eq.
(2.43) and (2.52) are shown in Table 2-3. All equilibrium constants and reaction rate
constants are the same as those used for comparison between analytical and experimental

results of Ni/YSZ in Chapter 3. The partial pressures of hydrogen and water vapor, Py,
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and Py, o, were fixed at 0.57 and 0.03 atm, respectively.

In Fig. 6(a), the cathodic and anodic currents are dominant in the ranges of ag <
3.5%x 107! and ag = 3.5 X 10711, respectively. When the anodic current is dominant
(ap = 3.5 x 10711), the current density is initially proportional to ag, that is, the
gradient of i with respectto ag is almost unity (this region is defined as Region I in the
figure). As ag increases, the gradient of i with ag becomes smaller than unity and the
current density asymptotes to a constant value (this region is defined as Region II). As
mentioned in section 2.2.4, this means that the coverage of oxygen in Area 2 (8¢(z))
approaches unity. In other words, the current density approaches a limiting value, ijipmit,
when Kpag approaches infinity. Using Eq. (2.43), ijjmit can be described as follows:
(K +Ka ) K, Koo = (kg Ky oPro +Kei Kl oPro)

oo (1+ KRy, +KioPro )2 (1+ Koo + K/ 0P o)
_ (Kay +Kat ) Ky P.,
(14 JKP + KioPro )
= (Ky + Ky ) O
= Cl

limit —

(2.53)

From Eq. (2.53), it is disclosed that i};,i; is equal to C; in Eq. (2.45) and is determined
by the rate constants k,; and k,; and the coverage of adsorbed hydrogen in Area 1
[On(1); In Eq. (2.22), Kpex12) and Koex12) are zero]. Similarly, the model proposed by
Williford and Chick illustrated that the coverage of oxygen at the TPB reaches unity as
the current density approaches the limiting value [8].

In Fig. 2-7(b), it is shown that the anode overpotential is proportional to Ini in the
range of i < 5.7 A/cm? (Region I), whereas it drastically increases in the range of i >
5.7 A/em? (Region II) because the term [1/(C; —i)] in Eq. (2.52) diverges when the

current density approaches the limiting value, ijiit(= Cy). The drastic increase of anode
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overpotential, as shown in Region II of Fig. 2-7(b), is generally called a concentration
overpotential, which is conventionally explained by gas diffusion in a porous electrode

[25-29]. On the other hand, based on the reaction model discussed here, the limit of
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Figure 2-7. Typical curve of (a) current density as a function of oxygen activity by Eq.
(2.43) and (b) anode overpotential as a function of current density by Eq. (2.52). The
parameters listed in Table 2-3 were used for the calculation.
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Table 2-3. Assumed partial pressures of H> and H>O, equilibrium constants,

and reaction rate constants for the calculation of Figures 2-7 and 2-8. All

equilibrium constants and reaction rate constants are the same as those used

for comparison between analytical and experimental results of Ni/YSZ in

Chapter 3.

Parameter \alue

T [K] 1073

AG" ¢(H,0) [kd/mol]] -377.372
Py, atanode [atm] 0.57
Py, 0 atanode [atm] 0.03

Ky [/atm] 5.5x10-3
Ko [-] 1.66x108
Ky, o [/atm] 3.47x104
K'y,0 [/atm] 3.47x104
kqj G = 1,11 [Alcm?] 1.23%x103
kej G = L1 [Aleny] 2.11x103

current density and concentration overpotential is determined not by gas diffusion
coefficient in a porous anode but by the maximum coverage of the adsorbed species at
the TPB. Similarly, Williford and his coworkers have proposed a model in which the
concentration polarization is controlled by competitive adsorption and surface diffusion
near the TPB, and their model was in good agreement with experimental results [30]. In
addition, some researchers have mentioned that surface processes, such as competitive
adsorption and/or surface diffusion near the TPB, strongly affect the performance of
anodes [8,31,32]. The validity of the reaction model proposed here is discussed based on

a comparison between analytical and experimental results in Chapter 3.
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2.3.2 Coverages of adsorbed species on Areas 1 and 2

Figure 2-8 shows coverages of adsorbed species on Areas 1 and 2 as a function of
oxygen activity ag calculated by Egs. (2.21)—~(2.28) with the parameters listed in Table
2-3. In Egs. (2.21)+2.28), Ky(ex12) and Ko(ex12) are set to zero. The analytical result
of current density with oxygen activity is also shown in Fig. 2-8. As shown in this figure,
coverages on Ni (Oy(1), On,001), Ov(1)) are constant against oxygen activity because
oxygen atom adsorbs only on the oxide ion conductor surface and does not occupy
adsorption site on Ni surface in this model. While vacancy site is dominant, Oyy is less
than 0.1 and 6y,0¢1) is much smaller than all other coverage on Ni. This trend
corresponds to some results predicted by other models [9,10,33]. In the case of oxide ion
conductor surface (Area 2), while coverage of oxygen atom (8(,)) increases with ag
and approaches unity, 6y,0(z) and 6y, decrease because adsorbed oxygen and water
occupy adsorption sites on Area 2 competitively.

In Region I, the low-current-density area (i < 5.7 A/cm?), the coverage of adsorbed
oxygen is of the same order as that of adsorbed hydrogen (for example, at ag = 4.0 X
107 and i = 0.39 A/em?, Oyy = 5.3 % 1072 and gy = 6.2 X 1072). Therefore,
the amount of excess adsorbed oxygen that is not consumed by adsorbed hydrogen is
small, and 6, is kept to a value less than unity. Schematic of the TPB corresponding
to Region I is shown in Figure 2-9(a).

In Region II, the high-current-density area (i = 5.7 A/cm?), the amount of adsorbed
oxygen is quite large as compared to that of adsorbed hydrogen (for example, at ag =
3.0x107® and i =58 A/em?’ Oygy =53x1072 and fp) =83 x1071), the
situation corresponding to which is shown in Figure 2-9(b). In other words, the amount

of adsorbed hydrogen is not sufficient to consume the adsorbed oxygen. As a result,
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Figure 2-8. Calculated coverages of adsorbed species on the anode as a function of

oxygen activity. Subscript 1 and 2 represents Area 1 (Ni surface) and Area 2 (oxide

ion conductor surface), respectively. The analytical result of current density with

oxygen activity is also shown by dotted line. The parameters listed in Table 2-3 were

used for the calculation.

excess adsorbed oxygen occupies the vacancy sites in Area 2, and the coverage of oxygen

in Area 2 (6p(2)) approaches unity, which is followed by the limiting current density,

Uimit-

As discussed above, the change and limitation of current density can be explained
by the change of coverages of adsorbed species in the species territory adsorption model
because the reaction rate [current density, Eq. (2.42)] is determined by the coverages. In
addition, each coverage in Area 1 or 2 is assumed to be uniform, in other words, surface
diffusion rate of adsorbed species to the TPB is infinity as described in Fig. 2-4. As a

result, the effective width of Area 1 or 2 from the TPB line does not affect the current

density in this model.
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Figure 2-9. Schematic of the TPB corresponding to (a) Region I (low-current-density
area) and (b) Region II (high-current-density area).

2.4 Summary

New analytical model for hydrogen oxidation in the TPB of Ni/oxide ion conductor
cermet anode of SOFC, named as species territory adsorption model, was constructed. It
was assumed that the chemical species could be adsorbed within a finite narrow area on
Ni or oxide ion conductor around the TPB. The reaction rate in the anode was controlled
by the surface reaction between the adsorbed hydrogen and adsorbed oxygen; all other
reactions took place under chemical equilibrium. Based on the reaction model, analytical
expressions of the current density with respect to oxygen activity and the anode
overpotential with respect to current density could be obtained. The latter could combine
the anode overpotential at low- and high-current-density regions, which were
conventionally expressed independently. Moreover, it was clarified that the current
density asymptotes the limiting value as the oxygen coverage around the TPB approaches
unity. The theoretical limitation of current density given here is determined by the rate

constants of surface reactions and the coverage of adsorbed hydrogen on Ni.
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Chapter 3

Comprehensive analysis of Ni/YSZ anode using species

territory adsorption model

3.1 Introduction

As an anode material for SOFCs, a cermet electrode consisting of Ni and YSZ is
widely used because of its high catalytic activity for hydrogen oxidation and of high
chemical stability at elevated temperature [1-3]. The hydrogen oxidation at the Ni-YSZ-
gas TPB is one of the key processes in SOFC operation, and numerous efforts have been
made to understand its mechanism from the view point of experimental [4-8], numerical
[9-15], or analytical [16,17] approaches. Among them, detailed electrochemical reaction
models based on elementary chemical reactions have been presented by Vogler et al. [9]
or Goodwin et al. [10] to explain the experimental results of Ni-patterned anode on YSZ
substrate [7,8], which has well-defined TPB geometry. These models include
adsorption/desorption of the gas-phase species, surface reactions and diffusions of
adsorbed species, and charge transfer processes at the TPB.

Although such multi-step elementary kinetic approaches are useful to investigate
detailed reaction mechanism, it is difficult to combine with numerical simulations at
anode microstructure because it requires high computational power and many unknown
parameters. The number of needed parameters such as quantities of state, activation

energy, or frequency factor increases with the number of assumed elementary reactions.
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Some of those are roughly estimated, taken from different studies, or obtained from fitting
to a limited data set. Therefore, generality and reliability of reaction model and parameters
are still questionable [18,19].

On the other hand, some research groups have recently developed computational
studies of anode reaction based on density functional theory (DFT) in order to investigate
detailed reaction mechanism and obtain reliable kinetic parameters [12-15,19]. Those
studies essentially do not include any assumption or fitting parameter, however, it is
difficult to predict macroscopic electrochemical properties such as current density,
overpotential, or impedance spectra from DFT calculations directly.

In contrast to above numerical studies, the analytical model constructed in Chapter
2 (species territory adsorption model) gives simple explicit expressions of current density
as a function of oxygen activity, and anode overpotential as a function of current density.
This simple model enables to predict current density or anode overpotential with a small
number of parameters compared to multi-step reaction models reported previously [9,10].
In order to discuss the validation of the species territory adsorption model quantitatively,
the identification of reliable kinetic/thermodynamic parameters and the comparison with
experimental results are needed.

In this chapter, the model parameters for Ni/YSZ anode are determined through the
comparison with several experimental results and the introduction of referenced kinetic
and thermodynamic parameters by DFT calculations. First, the dependence of anode
overpotential on hydrogen partial pressure is experimentally measured using an
electrolyte-supported single cell with a Ni/YSZ anode. Next, the combination of
referenced DFT-database and fitting to the measured and reported [17,20] experimental

results gives all reaction parameters. This makes it possible to estimate effective anode
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thickness based on the model. Finally, the analytical results are compared with several
reported experimental results [17,21-25] of Ni/YSZ cermet anodes, and the quantitative

validation of the model and estimated effective anode thickness are discussed.

3.2 Experimental section

3.2.1 Cell fabrication and microstructure characterization

In the current study, an electrolyte-supported button cell with a Ni/YSZ anode and a
LSM/ScSZ cathode was fabricated for the power generation experiment. For the
electrolyte, a YSZ (8 mol% Y20s-stabilized ZrO,) disk with a diameter of 20 um and
thickness of 300 um was used. To manufacture the anode, a mixture of NiO, YSZ
(NiO:YSZ=66:34 wt.%, corresponds to Ni:YSZ=50:50 vol.%), a-terpineol, and ethyl
cellulose was prepared and coated onto one side of the disk. The disk was dried at 90 °C
for 12 h and sintered at 1300 °C for 4 h in an ambient atmosphere. The cathode was

fabricated using a composite powder of LSM (Lag 85Sr0.1sMnQO3) and ScSZ (10 mol%

(a) (b)

Anode side Cathode side

20mm

Figure 3-1. Pictures of (a) anode and (b) cathode side of the single cell used in the

power generation experiment.
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Sc203-1 mol% Ce0O»-ZrO») at a weight ratio of 80:20, and the same admixture for the
anode paste was used. The paste was coated onto the other side, dried at 90 °C for 12 h,
and sintered at 1200 °C for 4 h in an ambient atmosphere. Both the anode and cathode
were separated into two parts to prepare reference electrodes, as shown in Figure 3-1. The
thickness of the fabricated anode and cathode were about 20 pm and 6 pm, respectively.

The microstructure of the anode was investigated by SEM as shown in Figure 3-2.

Before taking the SEM image, the anode was reduced at 1073 K in hydrogen atmosphere.

(a) (b)

30.0kV/ x3.50k SE(LA100)

(c) (d)

1.0kV x5.00k SE(LA100)
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5 Porosity [- 0.51
é 03 | y [-]

£ Mean pore 0.44
S 02 L diameter [um]
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Figure 3-2. (a) SEM image of the cross section of Ni/YSZ anode taken at an
acceleration voltage at 30 kV. (b) SEM image taken at 1.0 kV. White and black region
correspond to anode material and pore phase, respectively. (c) Circle approximated
image of the pore structure of Ni/YSZ anode. (d) Pore size distribution of Ni/YSZ
anode obtained by an approximation that circles are inscribed to pores in the binarized

image. Porosity and mean pore diameter of the anode is also shown.
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Then, the sample was infiltrated with an epoxy resin, and the cross-section of the anode
was polished by a cross section polisher in order to obtain a smooth surface. The SEM
images of cross section of the anode were taken at an acceleration voltage of 30 kV (Fig.3-
2(a)) and 1.0 kV (Fig.3-2(b)). In Fig. 3-2(b), white and black part shows the material and
epoxy resin (correspond to pore), respectively. The binarized images of Fig. 3-2(b) gives
the porosity of anode, 0.51, which is close to the value of Ni/YSZ (Ni:YSZ=50:50 vol.%)
measured by FIB-SEM, 0.49 [26]. The pore size distribution was obtained by an
approximation that circles are inscribed to pores in the binarized image [27], which is
shown as Fig. 3-2(c). Fig. 3-2(d) shows the pore size distribution of Ni/YSZ anode. From

this analysis, mean pore diameter of the anode, 0.44 um, was obtained.

3.2.2 Experimental setup of fuel cell operation

Figure 3-3(a) shows a schematic of a flow line for the power generation experiment.
A mixture of humid, gaseous H> and Ar was introduced into the anode side. The total flow
rate of the mixture was fixed at 200 mL/min. The partial pressure of hydrogen was
controlled by the flow rate of gaseous H> and Ar. The humidity was controlled by H>0O
produced via oxidation of H> through mixing with 1~3% O> gas. On the other hand, pure
oxygen was introduced on the cathode side with a flow rate of 60 mL/min. The operating
temperature was fixed at 1073 K throughout the experiment by using an electric furnace.

Figure 3-3(b) shows the detailed schematic of the single cell during power
generation. The single cell was pressed by ceramic tubes of double tube structure. The
cell was fixed with outer ceramic pipes using glass seal. Gold and platinum mesh attached
to top of inner ceramics tubes were used as a current collector, and these meshes were

contacted with the anode and the cathode surfaces, respectively. Pt wires attached to each
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mesh are used for electrochemical measurements. Prior to the power generation
experiment, the anode was reduced in 3%-humidified hydrogen atmosphere at 1073 K for

1 h.

(a)

Electric furnace

Oxidant | | Fuel

—> <«

SOFC

Valve

v

Exhaust Exhaust
(oxidant side) (fuel side)
Mass flow
controller
0, H, Ar O,
(b) Electric furnace
e
Pt mesh | | Au mesh
\ ] /

=
| > 9\
Oxidant — |E:] <« Fuel Ceramic
| & i tube
J \f#

[ 1\ [ T
7/I>>-é<

Pt wire

Glass seal SOFC cell

Figure 3-3. (a) Schematic of a flow line for the SOFC power generation experiment.

(b) Detailed schematic of the single cell during power generation.
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3.2.3 Electrochemical measurements

In this experiment, I-V characteristics and electrochemical impedance were
measured at 1073 K under four atmospheric conditions of anode side: (PHZ,PHZO) =
(0.97,0.03), (0.07,0.03), (0.02,0.03), and (0.015,0.01) atm. The effective electrode
area of the single cell used here was 0.368 cm?. The I-V curves in each condition are
summarized in Appendix C. Observed OCV at (PHZ,PHZO) = (0.97,0.03), (0.07,0.03),
(0.02,0.03), and (0.015,0.01) atm were 1.12 (theory: 1.14), 0.991 (1.02), 0.914 (0.959),
and 0.918 (0.997), respectively. Although measured OCV are 1.8~7.9 % lower than

theoretical ones, the magnitude trend toward atmospheric condition is consistent with the

(a) (b)

i +iysin2nft 03

O Impedance plot — Fitting

I Ler&9Seg 15.8 H
Measurement P M W ‘
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AR AW iN ‘ Rown Ry R,

05 31623 Hz 1 W
-0.1
Ry R, <

kRohm

-Im(2) [Q.cm?]

R 0.2 CPE,  CPE,
0.3 ‘
Re(2) [Q.cm?]
(c)
dr’a . i i :) ) B ls . . .
s| @| TRl FREG & nais) = | [Ri(D) + Ry (D)]di
_.G i=ig '_(\‘l 0
s 32
K N
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Figure 3-4. (a) Electrical circuit used to measure alternating current impedance. (b)
Impedance spectra and fitting curve of Ni/YSZ anode at OCV under (PHZ, PHZO) =
(0.97,0.03) atm. The equivalent circuit for the fitting process is also shown. (c) The
mathematical relationship between anode overpotential and polarization resistance R

and R». i indicates certain (arbitrary) current density.
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theory. The electrochemical impedance spectra between anode working (AW) and
cathode reference (CR) were acquired by applying alternating current i + i, sin 2nft at
i =0(0CV), 0.082, 0.16, and 0.24 A/cm? as shown in Figure 3-4(a). Here, the amplitude
io was 20 mA and the frequency f was swept from 10° to 102 Hz. Figure 3-4(b) shows
the electrochemical impedance spectra (Cole-Cole plots) at OCV under (PHz' PHZO) =
(0.97,0.03) atm. The spectra consist of two arcs around f = 1000 and 15.8 Hz, and
fitting process using equivalent circuit shown in Fig. 3-4(b) gives the values of
polarization resistances R (high frequency range) and R> (low frequency range). In the
fitting process, ohmic resistance (Ronm) Was fixed to the initiation point of high-frequency
arc. All impedance spectra, fitting curves, and obtained Rohm, R1, and R are summarized
in Appendix C.

Since the sum of polarization resistances (R, + R,) corresponds to the gradient of
the anode overoptential to current density (dn,/di) [28], the anode overpotential 7, (i)

was calculated using following expression:

7)) = [ R+ R, (i) i (3.1)
where i, indicates certain (arbitrary) current density. The relationship between anode

overpotential and polarization resistance (R; + R,) 1s illustrated in Figure 3-4(c).

Experimental oxygen activity ag was calculated using following expression:

2FE
_ a 3.2
a eXp( RT j (3.2)

Here, anode potential E, was calculated using 7, obtained from Eq. (3.1) and

experimentally-observed OCV value as follows.

E, =n,-0CV (3.3)
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3.3 Basic formulas and related parameters of the model

The basic formulas of the species territory adsorption model and related
thermodynamic/kinetic parameters are summarized in this section. Figure 3-5 shows a
schematic of the TPB consisting of Ni, YSZ, and gas phases. Area 1 and 2 are assumed
finite area on Ni and YSZ which contribute to species adsorption, respectively. All
chemical reactions considered in the model are listed in Table 3-1. As mentioned in
Chapter 2, hydrogen and oxygen are assumed to be adsorbed mainly on the surface areas
of Area 1 and 2, respectively. Dissociative adsorption of hydrogen molecule on Ni surface
is well-known phenomena, however, oxygen migration from YSZ bulk to its surface is
not well understood [29]. As shown in Fig. 3-5, an oxygen atom supplied from YSZ bulk

has a possibility to be adsorbed on (i) YSZ surface or (ii) interface between Ni and YSZ.

Figure 3-5. Schematics of the TPB consisting of Ni, YSZ, and gas phases and of the

concept of an effective anode thickness tq¢. Area 1 and 2 are assumed finite area on
Ni and YSZ which contribute to species adsorption, respectively. Two possible paths

for oxygen migration (i) and (ii) are shown.
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Table 3-1. Chemical reactions considered in the model and thermodynamic/kinetic
parameters (physical quantities of state, frequency factor, and activation energy) used
for the calculation of analytical results. Va4 represents surface vacancy site. Subscript

ad(1) and ad(2) means Area 1 (Ni surface) and Area 2 (YSZ surface), respectively.

Reaction Assumption K. k [kﬁnlzol] [J/(nf(il()] [mollé-cm)] éﬁ
Hy + 2Vaq(1) < 2Haqqn) Equilibrium Ky -92@ -129(@ _ _
H30 + Vaq1y < H20aq(1) Equilibrium Ky, o -18@ -83@ _ _
H30 + Vaq2y < H20aq(2) Equilibrium  K'y,0 180 830 _ _
Oysz) + Vad@) < Oad(2) Equilibrium  Kg 1716 20 _ _
2Hag(1) + Oadz) = H20ad1) + Vadar) + Vadzy ~ Rate- kar

and determining  and - - 1.03%x102@ 1.026
2Haq(1) + Oadez) = H20ade2) + 2Vaaqn step kair

a) Parameters for steam methane reforming on Ni(111) surface obtained from DFT calculations [30].

b) Assumed to be the same as the parameters on Ni(111) surface.

c) Obtained from fitting to the current and reported [17] experimental results of Ni/Y'SZ cermet anodes.

d) Obtained from fitting to the experimental result of Ni-patterned anode [20].

e) Parameters for surface reaction between H,, and O,, or H,4 and OH,, on Ni(111) surface obtained from
DFT calculations [19].

In the case (i), oxygen atom forms chemical bond to only YSZ surface while it forms to
both YSZ and Ni surface in the case (ii). The favored adsorption site for oxygen atom is
discussed based on the comparison between the model and experiments later.

In this model, current density i [A/cm?] is described as a function of oxygen
activity ag 1n the YSZ bulk near the TPB, as follows.

i (kal + kall ) KHPHZ Koao _(kcl KHZOPHZO + kcll KIC{ZOPHZO) (3.4)

(1+ KRy, + KipoPio )2 (1+ Koo + K0P )

In addition to this, the analytical expression of anode overpotential 71, [V] is described

explicitly as a function of current density i as follows:

_ﬂln (1+K"'|20PH20)i+C2 _AG;(HZO)—ﬂln h (3 5)
oF Ko(Cl_i) 4F 2F P, .

M2

where C; and C, are given by Egs. (3.6) and (3.7), respectively.
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(kal + kall ) Ky PHQ

(1+ [K.P, + KHZOPHZO)

_ kcl KHZO PHZO + kcll K|’-|20 PHZO
- 2
(1+ [K.P, + KHZOPHZO)

Here C; corresponds to limiting current density ijpnir, Which is determined by the

C = 7 = himie = (kal +Ka )‘9H(1)2 (3.6)

(3.7)

2

coverage of adsorbed hydrogen in Area 1, 8yq), not by gas diffusion coefficient in a
porous anode in this model, as discussed in Chapter 2. In Egs. (3.4)~(3.7), Py, and Py,o
are partial pressure [atm] of hydrogen and water vapor at the anode side, respectively. R
is the gas constant [J/(Kemol)] and T is the absolute temperature [K]. K; and K'; (i =
species) express equilibrium constants, and are determined by van’t Hoff equation as

follows.

AH —TAS
K= exp(—%j = exp [—%} (3.8)

Here, AG, AH, and AS represent a change of Gibbs free energy, enthalpy, and entropy,
respectively. k;; and k;; (i = a: anodic reaction, i = c¢: cathodic reaction) represents
reaction rate constants for the rate-determining step of this model described in Table 3-1.

The anodic reaction rate constant is determined by Arrhenius-type expression as follows.

Ky =K = ZF prpl K = ZF prpgle ABXP (—%j (3.9)
Herein, z shows a valence (= 2), F the Faraday constant [C/mol], ptpg the TPB
density per unit volume [cm/cm?], to the electrochemically effective anode thickness
[cm], k', the anodic reaction rate constant per unit TPB length [mol/(secm)], A the
frequency factor per unit TPB length [mol/(secm)], and E,. [J/mol] the activation
energy. For simplicity, it is assumed that all TPB located in an area within certain distance

(tefr) from an anode/electrolyte interface contributes electrochemical reaction uniformly
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while the reaction does not occur in other area as shown in Fig. 3-5. The cathodic

reaction rate constant is determined to satisfy the condition of 1, = 0 at i = 0, that is,

AG; (H,0
=k, = Zka'KOK,H -exp (H;0) (3.10)
Ko +Kiio 2RT

3.4 Identification of parameters for Ni/YSZ anode

3.4.1 Quantities of state and activation energy predicted by DFT

In order to calculate current density or anode overpotential based on Eq. (3.4) or
(3.5), quantities of state, such as AH and AS, for adsorption equilibrium and kinetic
parameters in reaction rate constants, such as A and E,., for surface reactions
described in Table 3-1 are required. However, it’s difficult to obtain these parameters
experimentally due to the complexities of the heterogeneous reactions on the surface and
a short life time of reaction intermediates at high temperature. Therefore, some of these
quantities or parameters are referred from calculated results based on density function
theory (DFT) [19,30]. The quantities of state and kinetic parameters used for the
calculation of analytical results are listed in Table 3-1. In this table, subscripts ad(1) and
ad(2) represent Area 1 (Ni) and 2 (YSZ) in Fig. 3-5, respectively. Recently, a
comprehensive DFT calculation for nickel-catalyzed steam methane reforming (SMR) on
Ni(111) has been conducted by Blaylock et al. [30]. In their work, AH and AS for 36
elementary reactions of SMR on Ni(111) are presented. Here, AH and AS for H» and
H>O adsorption reactions on Ni are referred from their work.

In addition to this, activation energy for surface reaction between Hag and Oag, or Had
and OHaq on Ni(111) predicted by DFT has been presented by several groups, which is

summarized in literature [19]. In the case of Oaq + Haa = OHag, a range and averaged
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value of the reported activation energies are 0.79-1.06 eV and 0.95 eV, respectively. In
the case of OHag + Hag = H2Oag, those are 0.87-1.23 eV and 1.09 eV, respectively. Here,
the value of 1.02 eV which is an arithmetic average of 0.95 and 1.09 is used for E . in
Eq. (3.9). In contrast to abundant information on Ni, thermodynamic and kinetic data sets
on YSZ are insufficient or not well established [9,10]. Unlike the well-defined atomic
structure of Ni, YSZ atomic structure varies according to concentrations and positions of
Zr, Y, O, and oxygen vacancy, which strongly affect surface reactivity and bulk property
of YSZ predicted by DFT [31]. In the current work, AH and AS for H>O adsorption on
YSZ surface were assumed to be the same as those on Ni(111) surface. This assumption
should not be a problem because the results depend very weakly on these values in this
model, which will be discussed in section 3.5. Finally, four unknown parameters, AH
and AS between oxygen atom adsorbed on YSZ surface and in its bulk (described as
AHpz) and ASq,), respectively), effective anode thickness tefr, and frequency factor
A 1n Eq. (3.9) are remained. Determination process of these values are presented in the

following section.

3.4.2 Parameters identified through fitting to the experimental results

AHgzy and ASq(,) are determined through fitting to experimental results measured
in this study (section 3.2) and reported by Ihara et al. [17]. In the calculation of analytical
results, Py, and Py,o inside the porous anode are needed. The variation of H»
concentration at anode/electrolyte interface from bulk gas composition ACy, [mol/m?]

can be roughly estimated by Fick’s first law as follows [32]:

i
AC, =—— 3.11
= 3FD. (3.11)

where t is the anode thickness [=20 um from Fig. 3-2(a)], i the current density [A/m?],
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and Deg the effective diffusivity in porous media [m?/s]. In the case of Ha-H2O system,
Dgs 1s described as follows [33].

1.75
&

D, =5D, . =5x828x10"x
T T T

(3.12)

total

Here, ¢ is the porosity [= 0.51 from Fig. 3-2(d)], t the tortuosity factor (= 1.96 from
the FIB-SEM observation by Iwai et al [26]), and Pyo, the total pressure (= 1.013x10°
Pa). Even in the condition of highest fuel utilization of 15.7 % (0.24 A/cm? at Py, = 0.02
atm), the estimated decrease in H» concentration at the anode/electrolyte interface
compared to anode surface is less than 0.13 %. Therefore, Py, and Py,o inside the
porous anode are set to the same as supplied gas compositions in this study.

The fitting results of Eq. (3.4) or (3.5) to the experimental results of this study and
Ihara et al. [17] are shown in Figures 3-6 and 3-7, respectively. In experiments at low
Py,, the region where current density reaches or asymptotes to limiting current density
(f1imit) can be observed as shown in (Py,, Py,0) = (0.02, 0.03) and (0.015, 0.01) atm in
Fig. 3-6 or (Py,, Pu,0) = (0.05, 0.01) atm in Fig. 3-7(a). In the model proposed here,
imit corresponds to Ci in Eq. (3.6) and is a function of the product of tefr and A (terrA)
while independent of AHp;) and ASg,). The comparison between Eq. (3.6) and
experimentally-observed ijjmir gives unique value of the product t.A for an anode in
this study and Ref. [17], respectively. Here, t.gA 1is different for each reference because
tefr should depend on an anode microstructure used in each experiment, especially YSZ
network [4]. The identification of terA is followed by that of AHp,) and ASg(,,
which are determined to achieve a best fit to all experimental results presented in Figs. 3-
6 and 3-7. From a comparison between degrees of freedom of Oad(2) and Ocysz), ASp(z)

should be a negative value because Oaq2) can move two-dimensionally while O¢ysz) can
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three-dimensionally. Under this constraint condition, AHg,y = —171 kJ/mol and
ASo 2y = —2 J/(mol*K) are obtained by fitting with experimental data sets.

The fitting of the model to Ni-patterned anode experiments gives a value of
frequency factor A precisely. Figure 3-8 shows the fitting result of the model to Ni-
patterned anode experiment by B.de. Boer [20]. Here, AHp(z) and ASq(,) are fixed to
the same values obtained above, that is, -171 kJ/mol and -2 J/(mol*K) respectively. As a
result, A =1.03 x 1072 mol/(s*.cm) is obtained from a fitting of Eq. (3.5) to
experimental results. Based on the value of A, tei = 1.50 pum for this study and 1.79

um for Ref. [17] were obtained from fitted value of the product t.gA.

3.4.3 Estimation of effective anode thickness for reported Ni/YSZ experiments

From a comparison between Eq. (3.5) and experimentally-observed anode
overpotential in various references, to.g of each experiment can be estimated because all
other unknown parameters, AHq,), ASo(2), and A, have been already identified. Here,
experimental results of four Ni/YSZ anodes reported previously [21-25] are compared
with present model, and each t.¢ is estimated. The fitting results of the model to
experiments are shown in Figures 3-9 for Ref. [21], 3-10 for [22], 3-11 for [23], and 3-12
for [24,25]. The prpg and estimated effective anode thickness tog of all experiments
referred in this chapter are summarized in Table 3-2. Values of prpg of the anode used
in this study and Ref. [17] are estimated by weight ratio of NiO and YSZ based on the
data sets corrected by a FIB-SEM [34]. For other four experiments [21-25], measured
value by the FIB-SEM is presented. From Table 3-2, the value of t.¢ has a range from
1.12 t0 2.39 um in six Ni/YSZ anodes. The obtained fitting results and estimated to¢ are

discussed in the following section 3.5.
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Figure 3-6. Fitting of the model to Ni/YSZ anode experiments in this study to
determine the product tegrA, AHg(y), and ASq(,y. Analytical results in (a) and (b) are
obtained by Eq. (3.4) and (3.5), respectively. The dependence of (a) current density or

(b) anode overpotential on hydrogen partial pressure are shown.
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Figure 3-7. Fitting curves of Eq. (3.4) to Ni/YSZ anode experiments by lhara et al.
[17] to determine the product tefrA, AHp(z), and ASp(z). (a) and (b) shows the

dependence of current density on hydrogen partial pressure and temperature,
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Figure 3-8. Fitting curve of Eq. (3.5) to Ni-patterned anode experiment by B.de Boer
[20] to determine a frequency factor A for hydrogen oxidation. Exchange current
density used in LBM simulation by Shikazono et al. [24] is also shown.

Table 3-2. Experimental data sets of Ni/YSZ cermet anode used for the comparison

with analytical results and estimated effective anode thickness.

Experiment Electrode preg [MM/pUM?] tegs [UM] Condition
. T =1073 K
This study N,L’Sé;&;’;}“ 2586 150 Py, = 0.015 — 0.97 atm
’ Py,0 = 0.01 — 0.03 atm
. T =973-1273K
lhara et al. [17] N'/.YSZ cermet 2.66@ 1.79 Py, = 0.05—1atm
NiO 60 wt%
PHzO == 001 atm
. T =1073 -1273 K
Kishimoto et al. [21] N"Gi(ggsglr;m 2.490 1.35 Py, = 0.8 —0.97 atm
’ Py,0 = 0.03 — 0.2 atm
Ni/YSZ cermet T=1273K
i . (b Py, = 0.6 —0.97 atm
Matsui et al. [22] Ni 50 vol% 2.49 2.39 Hy

Py,0 = 0.03 — 0.4 atm

Ni/YSZ t T =1023—-1123 K
Kanno et al. [23] l\lliO 60‘;6(;:‘,]/: 2.110 112 Py, = 0.8 —0.97 atm

Py,0 = 0.03 — 0.2 atm

. . 2.5560 2.24 T =1273 K
ot Bl NISEET oeTre  @Smsdon 7, =09 —0om0am
' 56.8 % [26]) active TPB) Pyj,0 = 0.012 — 0.1 atm

a) Estimated by weight ratio of NiO and YSZ based on the data sets corrected by FIB-SEM [34].
b) Measured value by FIB-SEM.
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Figure 3-9. Fitting curves of Eq. (3.5) to Ni/YSZ anode experiments by Kishimoto et
al. [21] to determine t.¢. Parameters in Table 3-1 are used for calculation of analytical
results. The dependence of anode overpotential on temperature is shown.
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Figure 3-10. Fitting curves of Eq. (3.5) to Ni/YSZ anode experiments by Matsui et al.
[22] to determine t.g. Parameters in Table 3-1 are used for calculation of analytical

results. The dependence of anode overpotential on steam partial pressure at 1273 K is
shown.
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Figure 3-11. Fitting curves of Eq. (3.5) to Ni/YSZ anode experiments by Kanno et al.
[23] to determine t.f. Parameters in Table 3-1 are used for calculation of analytical
results. The dependences of anode overpotential on (a) steam partial pressure at 1073
K and (b) temperature at (Py,, Py,0) =(0.97, 0.03) atm are shown.
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Figure 3-12. Fitting curves of Eq. (3.5) to Ni/YSZ anode experiments from Refs.
[24,25] to determine t.g. Parameters in Table 3-1 are used for calculation of analytical
results. The dependence of anode overpotential on steam partial pressure at 1273 K is
shown. Dashed lines show anode overpotential calculated in LBM simulation by
Shikazono et al. [24].

3.5 Discussions

3.5.1 Dependence on fuel compositions and temperature

The dependences of current density with oxygen activity i(ag) [Eq. (3.4)] and
anode overpotential with current density 1,(i) [Eq. (3.5)] on hydrogen partial pressure,
steam partial pressure, and temperature are discussed based on obtained fitting results.

As shown in Figs. 3-6(a) and 3-7(a), as the hydrogen partial pressure Py, decreases,

both the experimental and the analytical current densities shift in the direction of higher
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oxygen activity on the horizontal axis. That is, in order to obtain the same current density,
a higher oxygen activity is required. In Eq. (3.6), it is clear that the value of i}t
decreases with decreasing Py,. Following the decrease in ijipj¢, the current density,
i(ap), shifts in the direction of higher oxygen activity on the horizontal axis. In the case
of Py, <0.05 atm in Figs. 3-6(a) and 3-7(a), the experimental current densities
asymptote ijjir With increasing oxygen activity ag, which are in good agreement with
analytical results based on the model.

From the analytical and experimental results under the conditions of (Py,, Py,0) =
(0.97, 0.03), (0.07, 0.03), and (0.02, 0.03) atm in Fig. 3-6(b), it is clear that the anode
overpotential is not strongly affected by Py, in the low-current-density range (i < 0.1
A/cm?). In the case of (Pu,» Pu,0) =(0.015, 0.01) atm, the anode overpotential around
0.1 A/cm? is higher than those for the other three fuel composites. Moreover, in the case
of (Py,, Pu,0)=(0.015, 0.03) atm, the calculated anode overpotential around 0.1 Alecm?
is relatively close to the anode overpotentials of (Py,, Py,0) = (0.97, 0.03), (0.07, 0.03),
and (0.02, 0.03) atm. Therefore, the increase in overpotential around 0.1 A/cm? of (Pu,
Piy,0) = (0.015, 0.01) atm is a result of the decrease in humidity from 0.03 to 0.01 atm.
On the other hand, the anode overpotential increases drastically as the current density
approaches the limiting current density (=C1) in Eq. (3.6), as discussed in Chapter 2. In
the case of (Py,, Pu,0)=(0.02,0.03) and (0.015, 0.01) atm, ij;n,i; based on Eq. (3.6) is
0.27 and 0.20 A/cm?, respectively. At the region where the current density approaches
these values, the experimental plots follows the analytical trends. Wen et al. [16]
investigated the dependence of the anode overpotential of a Ni/YSZ cermet anode on a
fuel composition, which clarified that an anode overpotential is independent of hydrogen

concentration while decreases with increasing humidity in hydrogen fuel. Their results
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show the same trend as the present analytical and experimental results in the low-current-
density range (i < 0.1 A/cm?).

In order to discuss the Py, and Py,o dependence of anode overpotential, the
calculated variations A of anode overpotential [Eq. (3.5)], 1st term, and 2nd + 3rd terms
of Eq. (3.5) from standard condition at 1073 K and 0.1 A/cm? are shown as a function of
Py, and Py,o in Figures 3-13(a) and (b), respectively. The standard condition is set to
Py, = 0.97 atm for Fig. 3-13 (a) and Py,o = 0.01 atm for Fig. 3-13(b). From Fig. 3-
13(a), the incremental of 1st term and decrement of 2nd + 3rd terms due to the decrease

in Py, are balanced, which results in the constant 1, over a wide range of Py,. On the
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Figure 3-13. Calculated variations A of anode overpotential [Eq. (3.5)], Ist term, and
2nd + 3rd terms of Eq. (3.5) from standard condition as a function of (a) Py,, (b)
Py,0, and (c¢) 7. The standard condition of (a), (b), and (c) is Py, = 0.97 atm,
Py,0 = 0.01 atm, and 7= 973 K, respectively. Current density is fixed to 0.1 Alecm?

in all cases, and other calculated conditions are denoted in each graph.
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other hand, the incremental of 1st term is smaller than the decrement of 2nd + 3rd terms
due to the increase in Py, 0. Consequently 7, decreases with increasing Py, 0, as shown
in Fig. 3-13(b). The fitting results in Figs. 3-6(b), 3-9, 3-10, 3-11(a), and 3-12 shows that
the model represents the Py,o dependence of 71, well in the range of 0.01 < Py,o <
0.2 atm. At high humidity (Py,o = 0.2 — 0.4 atm) in Fig. 3-10, however, the model
predicts that the anode overpotential becomes lower with increasing humidity, which does
not agree with experimental trend. One possible explanation of this disagreement is the
surface oxidation of Ni caused by increased equilibrium Pg, with humidity at anode side
as mentioned previously [35].

The temperature dependence of i(ag) and n,(i) can be also discussed based on
the model. Fig. 3-7(b) discloses that as the temperature increases, the analytical current
densities shift toward high oxygen activity on the horizontal axis. This trend is in good
agreement with experimental results by Ihara et al. [17]. The shift in the direction of the
high oxygen activity mainly results from the change of Kg. In this model, the terms of
Ko and ag always appear as a product, Kgag, as shown in Egs. (2.21)—(2.28). In
addition, Ky decreases with increasing temperature through Eq. (3.8), which results in
the shift of i(ag) in the direction of high oxygen activity on the horizontal axis. On the
other hand, analytical curves in Fig. 3-7(b) also indicate that temperature does not
strongly affect ijjmir [Eq. (3.6)]. This is because the coverage of adsorbed hydrogen in
Area 1, Oy, decreases with increasing temperature, while anodic reaction rate
constants, k,; and kg,;; increase through Arrhenius-type expression [Eq. (3.9)].

As shown in Figs. 3-9 and 3-11(b), the analytical results of anode overpotential
decrease with increasing temperature, which agrees well with the experimental results.

The calculated variations A of anode overpotential [Eq. (3.5)], 1st term, and 2nd + 3rd
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terms of Eq. (3.5) from standard condition (T = 973 K) at 0.1 A/cm? are shown as a
function of T in Figures 3-13(c). From this figure, both 1st term and 2nd + 3rd terms
decrease with increasing temperature, which is followed by the decrease in anode

overpotential.

3.5.2 Effective anode thickness

Figure 3-14 summarizes effective anode thickness estimated by present model with
respect to temperature, which is replotted from Table 3-2. From Fig. 3-14, a general trend
is seen in six anodes: tf increases with temperature. As Miyawaki et al. pointed out
[36], effective anode thickness is dominated by the balance between electrochemical
reaction rate at the TPB and oxide ion conductivity in the YSZ phase, both of which
increase with temperature. Fig. 3-14 indicates that when temperature increases, the
enhancement of oxide ion conductivity is larger than that of electrochemical reaction rate,
resulting in an increase in the effective anode thickness. The same trend was reported in
the numerical simulation by Miyawaki et al. [36].

Although the trend of increased teg with temperature is observed in Fig. 3-14,
quantitative discussion of te¢ 1s still difficult because it strongly depends on frequency
factor A, that is, what kind of Ni-patterned anode experiment is selected as a basic data.
Here, the analytical results based on our model are compared with LBM simulation by
Shikazono et al. [24]. This is because in their work, exchange current density per unit
TPB length for Butler-Volmer equation were obtained from Ni-patterned anode
experiment by B.de Boer [20], which is the same one used in this study as shown in Fig.
3-8. In addition, active TPB ratio, 56.8%, is also presented in their microstructure [26],

which has continuous networks of Ni from TPB to current collector, of YSZ to electrolyte,
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Figure 3-14. Correlation between temperature and effective anode thickness estimated
by the fitting of present model to experimental results. Error bar shows the temperature
range and plot represents the average temperature in each experiment. The data is
replotted from Table 3-2.

and of pore to inlet gas phase. This can lead to quantitatively more precise value of tq¢f,
3.95um. The comparison of anode overpotentials at 1273 K obtained by experiments
[24,25], current model, and LBM simulation from Shikazono et al [24] is shown in Fig.
3-12. The LBM simulation overestimates the anode overpotential at a high humidity (10%
H>0). The same trends are observed in other simulations at practical anode microstructure
[21,23,25]. In those works, it was mentioned that the dependence of exchange current
density on gas compositions assumed in the simulations possibly causes the discrepancy.

On the other hand, dependence on steam partial pressure is well reproduced by the present
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Figure 3-15. Ionic current density distributions at 1273 K in anode thickness direction
Z, lion(2), estimated by the model and calculated by the LBM simulation [24]. The
distribution by the model is based on the assumption that all active TPBs at z < to¢
contributes electrochemical reaction uniformly while the reaction does not occur in

other area.

model. As shown here, if the same Ni-patterned anode experiment is selected as a basic
data, the present model can predict more precise dependence of anode overpotential on
steam partial pressure than that by Butler-Volmer equation with empirical exchange
current density.

Figure 3-15 shows ionic current density distributions at 1273 K in anode thickness
direction z, ijon(2), estimated by the model and calculated by the LBM at 1.2% H>O
[24]. Under the condition, experimental results are in good agreement with those
predicted by LBM simulations in Fig. 3-12. Here, ij,,(z) estimated by the model is
linear because the distribution is based on the assumption that all active TPBs at z < tegr

(= 3.95um) contributes electrochemical reaction uniformly while the reaction does not
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occur in other area. In Fig. 3-15, the LBM result is consistent with the linear profile by
present model at z < 1.5 pum. On the other hand, |ij,,(2)| by the LBM is larger than
that by present model at z > 1.5 pm. This indicates that in the LBM, all active TPBs at
z < 1.5 pm uniformly contribute electrochemical reaction while the reaction at z > 1.5
um is not uniform. In order to predict an non-uniform ionic current density distribution
in porous anode, numerical simulation, such as LBM, needs to be conducted instead of
evaluation of ¢ through fitting. The above discussion indicates that the introduction of
present model into numerical simulation instead of Butler-Volmer equation can give more
accurate prediction of anode polarization. One proposed scheme is as follows. At first,
oxygen chemical potential distribution pq(7) is calculated by numerical simulation [24,
37]. Here, r shows a position vector in an electrode. Then, a local oxygen activity

ao(r) in an electrode is obtained as follows [38]

—exp| Ho(N—Ho
ao(r)_exp[ T } (3.13)

where ud is ug of 1 atm O, gas. Finally, local charge-transfer current density i(r)

[A/cm?] is obtained from ag(r) and Eq. (3.4) divided by teg.

3.5.3 Sensitivity analysis

In this section, the effect of 6y,02) and Op(,) on calculated anode overpotential
was discussed through a sensitivity analysis because AH and AS for H>O adsorption on
YSZ (described as AHy, o2y and ASy,q(2), respectively) were assumed to be the same
as those on the Ni(111) surface, and for O adsorption on YSZ (AHqg(,) and ASq(,)) were
determined through the fitting to the experimental results, as shown in Section 3.4. The

effect AHy,oz) and AHg,) values on anode overpotential and coverages adsorbed
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species on YSZ (8o(2), On,0(2), Bv(2)) were investigated under the condition of (Py,,
Py,0) =(0.97, 0.03) atm at 1073 K.

Figure 3-16(a) shows the analytical results of anode overpotential with current
density at AHy,o(2) = 100, -18, and -100 kJ/mol. Anode overpotential does not vary

when AHy, o) is increased from -18 to 100. On the other hand, anode overpotential
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Figure 3-16. (a) Analytical results of anode overpotential with current density at
AHy,o(2) = 100, -18, and -100 kJ/mol under the conditions of (Py,, Py,0) = (0.97,
0.03) atm and 7' = 1073 K. Experimental result is the same as in Fig. 3-6(b). (b)-(d)
The corresponding calculated coverages of adsorbed species on YSZ as a function of
oxygen activity at (b) AHy,o(2) = 100, (c) -18, and (d) -100 kJ/mol. The analytical

result of current density with oxygen activity is also shown by dotted line.
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slightly increases when AHy,q(z) i decreased from -18 to -100. Figures 3-16(b)—(d)
show the coverages of adsorbed species on YSZ and the current density as a function of
aop at AHy,ozy = 100, -18, and -100 kJ/mol, respectively. Even though 6,02
increases from 107" to 10™! with decreasing enthalpy AHy, () from 100 to -100 kJ/mol,

both any other coverage on YSZ and the current density do not change significantly. As
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Figure 3-17. (a) Analytical results of anode overpotential with current density at
AHgy = -188, -171, and -154 kJ/mol under the conditions of (Py,, Py,0) = (0.97,
0.03) atm and 7' = 1073 K. Experimental result is the same as in Fig. 3-6(b). (b)-(d)
The corresponding calculated coverages of adsorbed species on YSZ as a function of
oxygen activity at (b) AHp(z) = -188, (c) -171, and (d) -154 kJ/mol. The analytical

result of current density with oxygen activity is also shown by dotted line.
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vacancy site is dominant on YSZ, an increase in coverage 6y,o2) does not affect 6q,),
resulting in the weak impact of AHy,g(z) Or 6y,0(2) onanode overpotential and current
density.

The impact of AHg(,) on the analytical results of anode overpotential is shown in
Figure 3-17(a). From this figure, it is disclosed that only 10% change of AHg(,) from
the fitted value (from -171 to -188 or -154 kJ/mol) causes 2-3 times variation of anode
overpotential. Figures 3-17(b)—(d) show the coverages of adsorbed species on YSZ and
the current density as a function of ag at AHp) = -188, -171, and -154 kJ/mol,
respectively. As AHp() increases from -188 to -154 kJ/mol, 6, decreases in two
orders of magnitude, resulting in one order of magnitude decrease of current density. As
shown in Eq. (2.42), anodic current is proportional to 6y while independent of
Bu,0(2) in this model. Therefore, anode overpotential and current density are strongly
affected by AHp(z) and almost independent of AHy,q(2) at the region where anodic

current is dominant, as shown in Figs. 3-16 and 3-17.

3.5.4 Insights into oxygen migration process

At the end of this chapter, an oxygen migration process is discussed based on the
model. From the fitting process in the section 3.4, AHp(,) should be a large negative
value; -171 kJ/mol. This means that oxygen migration from YSZ bulk to its surface near
the TPB is an exothermic reaction. Similar trend was reported in DFT study by Cucinotta
et al. [13]. Their calculation indicates that by filling the vacancy at Ni/YSZ interface with
oxygen atom migrated from YSZ bulk, the potential energy of the reaction system
decreases by about 81.9 kJ/mol. Although this energy gap is smaller than fitted AHg(y)

value obtained here, qualitative trend is consistent.
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Alternatively, it could be interpreted that an oxygen atom supplied from YSZ bulk
is adsorbed on the interface between Ni and YSZ as shown in path (ii) of Fig. 3-5 since
the standard enthalpy of formation of NiO, -239.7 kJ/mol [39] is relatively close to the
fitted AHg(z). The large negative value of AHg(,y is possibly attributed to the enthalpy
of chemical bond formation between oxygen atom and Ni surface. Most of recent DFT
calculations of hydrogen oxidation at Ni/YSZ anode [12-15] concluded that energetically
favored path involves the reaction between hydrogen atom on Ni and oxygen atom bound
to both Ni and YSZ, which is consistent with reaction path (ii) of Fig. 3-5.

As discussed in the sensitivity analysis in Fig. 3-17, parameters related to the oxygen
migration process and the oxygen coverage on YSZ have a great impact on current density
and anode overpotential. This result indicates that the dynamics of oxygen atom in the
bulk and on the surface near the TPB, which is discussed here, is a key process for the
enhancement of fuel oxidations and the improvement of anode performance. In order to
understand the reaction mechanism of hydrogen oxidation at the anode and obtain new
guidelines for the advanced SOFC anode design with higher electrochemical performance,
precise dynamics of oxygen atom near the TPB should be further investigated and

clarified.

3.6 Summary

The quantitative validation of the species territory adsorption model for Ni/YSZ
anode was discussed based on the comparison to measured and reported experimental
results. By introducing referenced thermodynamic and kinetic parameters predicted by
DFT calculations, the model can predict anode overpotential using unknown values of

quantities of state for oxygen migration process in YSZ near a TPB, frequency factor for
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hydrogen oxidation, and effective anode thickness. The former two were determined
through careful fitting process between the model and experimental results of Ni/YSZ
cermet and Ni-patterned anodes. This makes it possible to estimate effective anode
thickness based on the model. The estimated effective thicknesses for six Ni/YSZ anodes
used in this study and several references show positive correlation with temperature. In
addition, the comparison between results obtained by proposed model and by a published
numerical simulation indicates that if the same Ni-patterned anode experiment is selected
as a basic data, the present model can predict more precise dependence of anode
overpotential on steam partial pressure than that by Butler-Volmer equation with
empirical exchange current density. This suggests that the introduction of present model
into numerical simulation instead of Butler-Volmer equation can give more accurate
prediction of anode polarization. Moreover, the sensitivity analysis showed that the model
parameters related to the oxygen migration process and the oxygen coverage on YSZ have
a great impact on current density and anode overpotential. This result indicates that the
dynamics of oxygen atom in the bulk and on the surface near the TPB is a key process for

the enhancement of fuel oxidations and the improvement of anode performance.
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Chapter 4

Imaging of microstructure-scaled active sites in porous

composite cathode

4.1 Introduction

Porous composite electrodes are widely used for state-of-the-art SOFCs, such as
Ni/YSZ for anodes or LSM/YSZ for cathodes. These electrodes have micro/nano-scale
complex structures consisting of electron conductors, oxide ion conductors, and pore
phases, where chemical species are transported and accompanied by electrochemical
reactions at the TPB. The distributions of active reaction sites and the transport paths of
ions and electrons greatly affect the electrode performance, which has been intensively
investigated by numerical modeling and simulations [1-5]. However, experimental
information about active reaction site distribution or oxide ion paths in the microstructure
of the composite electrode has not been reported so far. Imaging active sites in composite
electrodes can verify numerical results and attain new guidelines to optimize its
microstructures for further improvement of SOFC performance and stability. In addition,
oxygen migration process near the reaction site has not been well understood [6] though
the process strongly affects electrochemical performance of an anode, as discussed in
Chapter 3. Tracking oxide ion paths near the TPB of composite electrodes can give
valuable information related to the detailed reaction mechanisms. Therefore, an imaging

technique of active sites and oxide ion flows in porous composite electrodes should be
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realized and developed in microstructure scale.

Atomic labeling using oxygen isotope is a powerful tool to visualize active sites and
oxide ion flows in SOFC materials, which has been mainly applied to thin film electrodes
with well-defined geometries at low temperatures (573-973 K) to clearly distinguish
oxygen incorporation sites from other parts [7-9]. Oxygen isotope exchange using Pt
electrode on YSZ electrolyte under cathodic polarization was conducted at 973 K by
Kawada et al. [ 7], showing that Pt/YSZ/gas TPBs are active sites. In the case of LSM/YSZ
system, Horita et al. [8] showed that both TPB and LSM bulk paths are active. In addition,
effective TPB width of Pt thin film cathode on YSZ was investigated at about 600 K by
Fleig et al. [9]. In the case of composite electrodes operated at a practical temperature
(~1073 K), however, it seems hard to identify active sites in the zirconia phase because
the incorporated isotope diffuses quickly into the whole area of YSZ or ScSZ, forming a
micron/submicron-scaled percolation structure and resulting in a uniform concentration
of 180. Although overall oxide ion flows from cathode to anode sides in a practical SOFC
was visualized using a '30 labeling by Horita et al. [10], active reaction sites have not
been observed in an electrode particle scale so far.

In this study, the LSM/ScSZ porous cathode is selected as a target for active sites
imaging. Although lanthanum cobaltite and ferrite cathodes, such as (La,Sr)CoOs3 (LSC)
or (La,Sr)(Co,Fe)Os (LSCF), are more active for oxygen reduction, LSM-based cathodes
are the most practical because LSM is more thermodynamically stable than mixed
conductors containing cobalt or iron [5,11,12]. In addition, a thermal expansion match
between LSM and YSZ makes it easier to fabricate a wide variety of cathode
microstructures and cell geometries [12]. In the LSM/ScSZ (YSZ) system, both the TPB

between the LSM-ScSZ and gas phases, and the double phase boundary (DPB) between
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Figure 4-1. Two oxygen reduction pathways at the LSM/ScSZ cathode [15]. Oxygen
atoms are incorporated from the gas phases into the ScSZ bulk in the TPB path while

into the LSM bulk in the DPB path.

the LSM and gas phases work as active sites for oxygen reduction [13-16]. Figure 4-1
shows a schematic of two oxygen reduction pathways in the LSM/ScSZ system given in
kinetic study of oxygen vacancy formation of LSM by Jiang et al. [15]. At a low current
density, oxygen reduction mainly proceeds at the TPB denoted by a TPB path.

1 L. y
Eoz +2e +Vo,5csz - 00,5csz (4~1)

Here, Vjgsesz and O gesz represent an oxygen vacancy and O in the ScSZ bulk,
respectively. At a high current density, the remaining electrons are provided to the
interface between LSM and ScSZ because not all the electrons can be consumed at the
TPB. This is followed by the partial reduction of Mn*" to Mn?** accompanied by the

generation of oxygen vacancies in the LSM bulk, as follows:

Obsm 128 +Vgssz +2MN° = Of g7 +V5 gy +2MN° 4.2)
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Here, Ogsm and Vipsy show the oxide ion, O*, and an oxygen vacancy in the LSM
bulk, respectively. Moreover, Mn' represents a normal Mn*" ion, while Mn* represents a
reduced state, e.g. Mn?*. The generated oxygen vacancy diffuses to the LSM surface and
recombines with oxygen gas (DPB path in Fig. 1) with the re-oxidation of Mn** to Mn**,

as follows:

%OZ +Vgiem + 2Mn* > og,LSM +2Mn’ 4.3)

This means that with an increasing charge transfer current, oxygen reduction sites are
expanded from a TPB to a DPB, and oxygen diffusion is promoted into the LSM bulk.
Indeed, the enhanced '®0 diffusion into the LSM bulk with increasing cathodic
polarization has been confirmed by several isotope exchange experiments using thin film
cathodes [13,17]. The oxygen tracer diffusion coefficient of LSM is seven orders of
magnitude smaller than that of ScSZ [18,19]; thus, the oxygen isotope incorporated into
LSM diffuses only about 10 nm during 1 min annealing in 30, at 1073 K, and is expected
to remain inside the same particle (the concentration of '®0 depends strongly on the
activity of oxygen reduction). Consequently, the isotope oxygen inside the LSM works
as an active site ‘detector’.

In this chapter, visualization technique of active reaction sites in SOFC porous
electrodes with microstructure scale is developed. In order to quench a reaction, a SOFC
power generation equipment with a nozzle for direct helium gas impinging jet to the cell
is prepared, and its cooling performance is evaluated. Using constructed quench system
and oxygen isotope labeling, active sites for oxygen reduction reaction in LSM/ScSZ
porous cathode are visualized in microstructure scale. An electrolyte-supported cell is
operated in 0, at 1073 K and subsequently quenched to a room temperature. Then, the

80 distribution in cross section of the cathode is obtained by secondary ion mass

85



spectroscopy (SIMS) with a spatial resolution of 50 nm. Finally, the active sites

distribution is discussed based on the obtained '®O concentration images.

4.2 Experimental section

4.2.1 Power generation equipment with quench system

In order to quench a reaction in a SOFC cell during isotope exchange experiment, a
power generation equipment with a nozzle for a helium impinging jet was prepared. As
shown in Figure 4-2(a), the flow system includes '*O, supply and recirculation lines at
cathode side and helium lines at both anode and cathode sides. 4-way and 6-way valves
are used to change gas atmospheres quickly for anode and cathode sides, respectively.
The '#0; recirculation line is used when long-time (> 3 min) '*0, anneal is needed in an
experiment. Figure 4-2(b) shows a details of the quench system. Inside an electric furnace,
a single cell is fixed with ceramic tubes using a glass seal. A Pt wire attached to the cell
is used for electrochemical measurement. Inside the ceramic tubes, nozzles with a
diameter of 1 mm, which are covered by a water cooling jacket and a thermal insulator,
are set at both anode and cathode sides. In this equipment, an inside of the nozzle can be
kept at a room temperature while the SOFC cell is operated at 1073 K (The detailed
thermal design of the developed quench system is presented in Appendix D). The operated
cell is abruptly cooled by supplying helium gas of 10 L/min, which is equivalent to a flow
velocity of 213 m/s at an outlet of the nozzle. The impinging jet and high thermal
conductivity of He, which is one order of magnitude larger than that of typical gases such
as Air, N2, or Ar [20], enhance a heat transfer, resulting in a high cooling rate. A
photograph of the nozzle is shown in Figure 4-2(c). The cooling performance of the

equipment was experimentally evaluated and discussed. The details of the experiment are
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Figure 4-2. Power generation equipment with quench system for isotope exchange

experiment. (a) Schematic of a flow line for the SOFC power generation experiment

in 180, atmosphere. The system is equipped with a '*0, recirculation pump and He

flow line. (b) Detailed schematic of the quench system inside electric furnace. A nozzle

for helium impinging jet is covered by water cooling jacket and heat insulator. (c)

Photograph of the nozzle for quenching.

presented with the results and discussion in section 4.3.

4.2.2 Cell fabrication

As shown in Figure 4-3(a), an electrolyte-supported cell was used in this work. For

the electrolyte, a YSZ (8 mol% Y20s3-stabilized ZrO») disk with a diameter of 20 mm and

thickness of 300 um was used. To manufacture the anode, a mixture of NiO, YSZ (weight
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Figure 4-3. (a) Electrolyte-supported cell with working and reference electrodes used
in this study. SIMS images were obtained from sections A, B, and C. In the middle
figure, area of cathode working and attached current collector (silver paste) is
described by Scw and Sug, respectively. (b) SEM image of the cross section of
LSM/ScSZ cathode.

ratio of N10:YSZ=66:34), a-terpineol, ethyl cellulose, a dispersant, and a plasticizer was
prepared and coated onto one side of the disk. The disk was dried at 90 °C for 12 h and
sintered at 1300 °C for 4 h in an ambient atmosphere. The cathode was fabricated using
a composite powder of LSM (Lao.§Sr02MnQO3.5) and ScSZ (10 mol% Sc203-1 mol% CeO»-
ZrO») at a weight ratio of 50:50, and the same admixture for the anode paste was used.

The paste was coated onto the other side, dried at 90 °C for 12 h, and sintered at 1200 °C
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for 4 h in an ambient atmosphere. Both the anode and cathode were separated into two
parts to prepare reference electrodes, as shown in Fig. 4-3(a). The thicknesses of the
fabricated anode and cathode were about 20 um and 25 um, respectively. The SEM image
of the cross section of the cathode is shown in Figure 4-3(b). Pt wire was attached to
working electrodes as an electric lead using a current collector of silver paste (Heraeus,
C8728). In the middle of Fig. 4-3(a), area of cathode working and attached current
collector (silver paste) is described by Scw and Sug, respectively. The electrode area
covered by a current collector was about 50 % (Sag/Scw = 0.5) in this study. A K-type
thermocouple was also attached to the anode reference using silver paste to monitor the

cell temperature.

4.2.3 Power generation in '¥02 and quench experiment

Initially, the cell was operated in 50% Hz and 50% Ar for the anode side and in 100%
normal O for the cathode side at 1073 K for 10 min under a constant current density of
0.14 A/cm?. Then, the normal O, was switched to 30, (>97.5%, Center of Molecular
Research), and the cell was operated for 3 min. Finally, the cell was abruptly quenched to
a room temperature by the helium impinging jet of 10 L/min at both anode and cathode
sides. Since fuel and oxidant were also supplied through water-cooled nozzles in this
experiment, high flow rate causes a decrease in temperature during fuel cell operation.
Therefore, the total flow rate of each side was fixed to relatively low value, 30 mL/min.
The amount of supplied H2 and Oz seems to be sufficient for the power generation because
fuel and oxygen utilization during operation at 0.14 A/cm? is 2.3 % and 0.6 %,

respectively.
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4.2.4 SIMS analysis

The 8O distribution in a cross section of the quenched cathode was obtained by
secondary ion mass spectroscopy (SIMS) with a spatial resolution of 50 nm (CAMECA,
NanoSIMS 50L). Before the SIMS analysis, pores of the sample were infiltrated with an
epoxy resin; then, the cross section of the cathode was polished using a cross section
polisher (JEOL, SM-09010CP) to obtain a smooth surface. A focused Cs™ primary ion
beam (beam diameter: ca. 100 nm) was scanned on the polished surfaces and secondary
ions were detected by a double-focusing magnetic sector mass spectrometer. Here, the

distributions of four secondary ions (}°0", 30", **Mn!°O", and *°Zr'%0") were analysed.

4.3 Results and discussion

4.3.1 Evaluation of cooling performance

Cooling performance of the developed system was evaluated using two YSZ disks as
shown in Figure 4-4(a). A K-type thermocouple with a diameter of 0.127 mm was fixed
between two YSZ electrolyte disks using silica glue. This sample was set to the equipment
described in Fig. 4-2(b), a temperature was monitored during a quenching, and the results
were compared with an analytical solution of heat conduction equation. YSZ plane wall
with a thickness of 600 um was assumed for the calculation of heat conduction as shown
in Figure 4-4(b). Both surfaces of the wall were cooled by a helium impinging jet, and
the temperature change of the center (point A) was calculated based on both local Nusselt
number at stagnation point, Nu,,,, and average Nusselt number in the region with a

diameter of 20 mm, Nug,e. Nu,,,, 1s calculated as follows [21].

NU,, =5.97Pr**Re,** (H/D) > (4.4)
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Figure 4-4. Evaluation of cooling performance. (a) Thermocouple between two YSZ
electrolytes attached by silica glue for temperature measurement. (b) Assumed
geometry for calculation of heat conduction equation. Vi, is a flow velocity of
ejected helium. (¢) Experimental and analytical results of temperature change at the
center of electrolyte [point A in (b)] during quenching using He impinging jet. Two

analytical results based on average and local Nusselt number are shown.

Here, H is a distance between the nozzle and wall (= 12 mm), and D is a diameter of
the nozzle (= 1 mm). Rep is calculated by the representative length D and the velocity

of ejected helium Vg, (=213 m/s). Nug,,, is obtained by following formula [21].
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where r is aradius of the region for the average (=10 mm). As a result, Nu,,,, = 160
and Nug,, = 6.77 are obtained. Analytical lines in Figure 4-4(c) are exact solutions of
I-dimensional unsteady-state heat conduction equation for plane wall under the boundary
condition of the third kind with above Nusselt numbers [22].

In the experiment, one side of the sample was exposed to 50% H>-50% Ar and
another to pure O; at 830 °C for a few minutes, subsequently the sample was cooled to a
room temperature by changing the gas to helium of 10 L/min. Fig. 4-4(c) shows
experimental and analytical results of temperature change during quenching. At t =0
sec., gas atmosphere was quickly changed to helium. As shown in Fig. 4-4(c), the
temperature of YSZ electrolyte could be decreased from 830 to 150 °C within 1.5 sec.,
which was in good agreement with analytical results based on the average Nusselt number
Nugye. The cooling rate obtained here (1.5 sec.) is much faster than the previous ones (ca.
20 sec. ~ several minutes) by blowing inert gas to a wall of a reactor tube [7,8,13,17]. The
analytical results based on Nu,,,, predict that it takes only 0.2 sec. to decrease the
temperature from 830 to 150 °C, which is much faster than experimental results.

Based on the obtained temperature profiles in Fig. 4-4(c), diffusion length of oxygen
atom during quenching was estimated. As shown in Figure 4-5(a), 1-dimensional semi-
infinite solid of YSZ is assumed and relative %0 concentration profile is obtained by solving
a diffusion equation numerically. Before the quench, 'O is assumed to exist only near the
TPB (x = 0), which is denoted by ‘Initial’ in Figure 4-5(b). There is no 'O flux at x = 0 and

an oxygen diffusivity in YSZ bulk Dy, [m?/s] at each temperature is calculated by
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Figure 4-5. (a) Schematic of '30 diffusion in 1-dimensional semi-infinite solid of YSZ.
(b) Numerical results of relative '®O concentration profile in YSZ bulk in 5 sec. after

quench has been started.

following experimental relation [23].
Dy =8.0x107" exp(—1.11eV/k,T) (4.6)

Fig. 4-5(b) shows 80 concentration profile (¢ = 5 sec.) after the sample is cooled enough
in Fig. 4-4(c). Based on the experimental temperature profile, %0 diffuses maximum 4
um from TPB and an obvious concentration difference is observed between locations at
x =0 and 2-3 um. This indicates that the quench can suppress '*O diffusion length within
a scale of 2-3 YSZ particles with diameter of 1 pm. Fig. 4-5(b) also indicates that
quenching with Nu,,,, can give an obvious '®O concentration difference between

locations at x =0 and 1 pum.

4.3.2 Electrochemical performance and monitored temperature

First, the initial I-V characteristics and electrochemical impedance of the cell used
in the isotope exchange were measured at 1073 K, as shown in Figures 4-6(a) and (b),
respectively. The impedance spectra were measured between anode working and cathode

working at 0.14 A/cm?. The cell showed a maximum power density (Ppax) of 0.085
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Figure 4-6. (a) Initial performance of the cell used in the isotope exchange at 1073 K.
Mixture of 50% H2 — 50% Ar and pure oxygen were supplied as a fuel and oxidant,
respectively. (b) Impedance spectra at 0.14 A/cm? measured between anode working
and cathode working. (c) Terminal voltage versus elapsed time with a constant current
density of 0.14 A/cm?. (d) Temperature change of the cell during quenching measured
by the thermocouple in Fig. 4-3(a).

W/cm? and overall ohmic resistance (Ryppy,) of 2.16 Qecm?, which is larger than the value
estimated for Rypy, from the ionic conductivity [24] and thickness of the YSZ electrolyte
(1.50 Qecm?). This comes from the small contact area between the electrode and current
collector [25], and is discussed later. While a constant current density of 0.14 A/cm? was
applied, the cell showed an almost stable terminal voltage of about 0.56 V until quenching
reaction as shown in Figure 4-6(c). In the quenching process, the temperature of the cell

measured by the thermocouple in Fig. 4-3(a) decreased from 1073 K to 673 K in 1 sec.,
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as shown in Figure 4-6(d). This rapid cooling makes it possible to keep the electrode in
an operational state by suppressing the diffusion length of the oxide ion within about 3
um in ScSZ [19] and 1 nm in LSM [18]. The cooling rate observed here was a little bit
smaller than the rate in the quench performance test [Fig. 4-4(c)], which maybe resulted

from the difference of the position of thermocouples in Figs. 4-3(a) and 4-4(a).

4.3.3 Secondary ion mappings

In this study, SIMS images at the interface between the cathode and electrolyte were
taken from different three sections A, B, and C in Fig. 4-3(a). Section A is a part of cathode
reference and represents OCV (non-biased) condition while both sections B and C are
placed in cathode working (biased condition). Since several studies suggested an
inhomogeneous current density distribution induced by non-uniform contact between
cathode and current collector [25,26], SIMS images at section B (biased, far area from
current collector) and C (biased, directly under the contact area of the current collector)
were collected here. Figures 4-7, 4-8, and 4-9 show the secondary ion mappings at
sections A, B, and C, respectively. In these figures, (a) shows a phase mapping of LSM
and zirconia based on the intensity of Mn'®O and Zr'O", and (b) shows an '*0
concentration (= ¢;go) mapping represented by I(**0")/[1(1°0") + I(**0")]. Here, 1(*°0")
and 1('80") indicate the SIMS signal intensity of each ion. Obtained c;go value means a
ratio of the number of 80 atom to the total number of oxygen atom in arbitrary volume.
Prior to the calculation of c¢;go image, binarization processing is performed on the '°O-
image to remove all signal from pore phases. From the phase mapping images, the LSM,
zirconia (ScSZ, YSZ), and pore phases can be distinguished clearly in microstructure

scale.
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Section A (non-biased)
(a) (b)

Red: Mn1e0O-
Electrolyte Light blue: Zr'e0 Electrolyte
_.Cathode Black: Pore

Figure 4-7. Secondary ion mappings of the interface between the LSM/ScSZ cathode
and YSZ electrolyte obtained from section A (non-biased) in Fig. 4-3(a). (a) Phase
mapping of each material. Red and light blue represent Mn'°0" (LSM) and Zr'°O-
(ScSZ, YSZ), respectively. The black regions show the pore phases. (b) Oxygen
isotope concentration (= ¢;g0) mapping represented by 1('*07)/[1(*°0") + I(**0O")].

As shown in Fig. 4-7(b), 130 is uniformly distributed in the ScSZ phase with c¢;g¢ ~
0.25, while an almost natural value of c¢;g9 = 0.002 is observed inside the LSM bulk
under no current condition. %0 exchanges with lattice oxygen of ScSZ surface (surface
exchange) and diffuses to inside ScSZ bulk (tracer diffusion) under non-biased condition
while does not diffuse to inside LSM bulk due to a low oxygen tracer diffusivity of LSM
[18].

In SIMS image at section B shown in Fig. 4-8(b), '#0 is distributed only inside the

ScSZ bulk with c¢;50 = 0.25 as in the case with non-biased condition (section A) though
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Figure 4-8. Secondary ion mappings of the interface between the LSM/ScSZ cathode
and YSZ electrolyte obtained from section B (0.14 A/cm?-biased, far area from the
current collector) in Fig. 4-3(a). (a) Phase mapping of each material. Red and light
blue represent Mn'®0" (LSM) and Zr'°0" (ScSZ, YSZ), respectively. The black regions
show the pore phases. (b) Oxygen isotope concentration (= ¢;g0) mapping represented
by I(**O)/[1(*°O") + I1(1*0")].

section B is a part of cathode working. This means that a cathode area far from a current
collector is almost inactive. The correlation between this result and electrochemical
impedance spectra is discussed in section 4.3.4.

At section C shown in Fig. 4-9(c), an almost uniform 80 distribution in ScSZ with
a considerably higher c;50 = 0.55 compared to that in section A or B is observed. By
supplying a current, the 80 concentration in ScSZ becomes higher because of

incorporated oxygen by the electrochemical reaction. However, the TPB where %0 is
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Section C (biased, near the current collector)
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Figure 4-9. Secondary ion mappings of the interface between the LSM/ScSZ cathode
and YSZ electrolyte obtained from section C (0.14 A/cm?>-biased, directly under the
contact area of the current collector) in Fig. 4-3(a). (a) Phase mapping of each material.
Red and light blue represent Mn'%0" (LSM) and Zr'°O (ScSZ, YSZ), respectively. The
black regions show the pore phases. (b) Oxygen isotope concentration (= cgg)
mapping represented by (!307)/[1('*0O") + I(**O")]. The high resolution images in Fig.

4-12 were taken at the area surrounded by dashed lines.

incorporated could not be distinguished because of the fast tracer diffusion inside ScSZ
[19]. In contrast, we can observe a non-uniform 80 concentration image inside the LSM

at section C, and the details are discussed in section 4.3.5.

4.3.4 Effect of contact area between cathode and current collector

As shown in Fig. 4-8(b), the SIMS image at section B indicates that the area far from

the current collector is not active. In order to explore this result, the effect of a contact

98



(a) (b)

Cathode working
_—YSZ electrolyte
Silver paste

Lead wire (Pt)

20 mm
(c) (d)
1 0.3
Rohm = CellA Rpol ¢ = CellA
°
o5 I Cell B o1s L | = ® CellB
& - & -
€ -.} L.' n S
() " [ ()
S 0 nr _;—-.-»7- . & o
= 1 ¢ 2 "3 4 5 = 1§12 14 16 18 2
N ° ) !.
_% -05 . : _? -0.15 -
1 . 03 .
Re(Z) [Qecm?] Re(2) [Qecm?]

Figure 4-10. (a,b) Photographs of cathode side of (a) cell A and (b) cell B used in
power generation experiment to investigate the effect of contact area between cathode
and current collector on the electrochemical performance. (c,d) Impedance spectra of
cell A and B under OCV condition at 1073 K measured between (c) anode working

and cathode working and (d) cathode working and cathode reference.

area between cathode and current collector on the electrochemical performance was
investigated using conventional power generation equipment shown in Fig. 3-3 in Chapter
3. The same single cells as used in the isotope exchange experiment were prepared. The
electrochemical measurements were conducted at 1073 K. As a fuel and oxidant, 3%-
humidified hydrogen and pure oxygen were supplied, respectively. Total flow rate of
anode and cathode side is 200 mL/min and 60 mL/min, respectively. Current was
collected by pressing Au mesh for anode side, and by attaching Ag paste for cathode side.

In this experiment, the impedance spectra of two cells, cell A and B, with different ratio
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Table 4-1. The effect of contact area between cathode and current collector on overall

ohmic resistance and cathode polarization resistance under OCV condition at 1073 K.

Raito of cathode area covered by current ~ Overall ohmic resistance ~ Cathode polarization resistance

Cell collector (Ag paste), Sag/Scw [%] Ronm [Qecm?] Rpot,c [Qecn??]
Cell A 76.5 2.04 0.43
CellB 893 1.59 0.30

of cathode area covered by Ag paste (Sag/Scw) were collected. Photographs of two cells
are shown in Figures 4-10(a) and (b). The overall ohmic resistance Ronm Was obtained
from impedance spectra at OCV measured between anode working and cathode working
as shown in Figure 4-10(c), and the cathode polarization resistance Rpol,c Was measured
between cathode working and cathode reference in Figure 4-10(d). Sag/Scw,> Rohm. and
Rpo1,c of two cells are summarized in Table 4-1.

From Table 4-1, both Ropm and Ry decrease with increasing Spg/Scw. In the
case of cell B (Sag/Scw = 89.3%), measured Ropm = 1.59 Qecm? is relatively close to
the estimated value of 300pm-thickness YSZ, 1.5 Qecm? [24]. These results indicate that
a cathode area far from a current collector does not contribute to the electrochemical
reaction and oxide ion/electron conduction, which support the SIMS observation results
in Fig. 4-8. Several former works also show that cathode polarization increases with

decreasing a contact area between cathode and current collector [25,26].

4.3.5 Line profile analysis of '®0 concentration mappings

As shown in Fig. 4-9(b), the non-uniform distribution of '*O concentration was
observed inside the LSM at section C. c;go profiles inside several LSM particles
denoted by lines 2 to 5 in Fig. 4-9 are shown in Figure 4-11. As a comparison, a c;g¢

profile of the LSM at OCV condition, which is indicated by line 1 in Fig. 4-7, is also
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Line 1 (OCV, Section A)
Line 2 (Biased, Section C)
Line 3 (Biased, Section C)
Line 4 (Biased, Section C)
Line 5 (Biased, Section C)
---- Fitting by Eq. (4.8)

LSM/gas interface  The other LSM/gas interface

0 0.2 04 06 0.8 1
Position x [um]

Figure 4-11. c¢qg0 line profiles inside LSM particles denoted by line 1 in Fig. 4-7 and
lines 2 to 5 in Fig. 4-9. Positive direction in position x corresponds to each arrow
direction in Figs. 4-7 and 4-9. Fitting curves of Eq. (4.8) to the profiles of line 1 and 5

are also shown.

shown. From Fig. 4-11, typical monotonically decreasing diffusion profiles are observed
in line 1 and 5. On the other hand, c;50 profiles near the cathode/electrolyte interface
(lines 2 to 4) have a maximum value inside a LSM bulk, not at a surface. This can be

clearly observed in high-resolution SIMS images shown in Figure 4-12. Fig. 4-12 was
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taken at the area surrounded by dashed lines in Fig. 4-9 with a beam diameter of ca. 50
nm. The phase mapping and '*O concentration are not exactly corresponds to that in Fig.
4-9 because the measured plane in Fig. 4-12 was deeper than that of Fig. 4-9. The original
surface in Fig. 4-9 was a little bit removed by high-intensity primary ions, which was
emitted by changing the SIMS equipment from low to high-resolution modes. LSM

particles denoted by circles in Fig. 4-12 show higher c;g0 inside the bulk than that on

Section C (high resolution)
(a) (b)

| | Red: Mn60O- Electrolvt
Electrolyte Light blue: Zri60- ectrolyte -
_, Cathode Black: Pore _ Cathode 180

Figure 4-12. High-resolution secondary ion mappings of the interface between the
LSM/ScSZ cathode and YSZ electrolyte obtained from the area surrounded by dashed
lines in Fig. 4-9. (a) Phase mapping of each material. Red and light blue represent
Mn'%O" (LSM) and Zr'®0 (ScSZ, YSZ), respectively. The black regions show the pore
phases. (b) Oxygen isotope concentration ( = ci;gg ) mapping represented by
I("O7)/[I(**O") + I(**0")]. The measured plane is deeper than that of Fig. 4-9 because
the original surface was a little bit removed by high-intensity primary ions, which was

emitted by changing the SIMS equipment from low to high-resolution modes.
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the surfaces. Such a “uphill” diffusion profile under cathodically-biased condition has
been recently reported in oxygen isotope exchange experiment using a LSM thin film on
a YSZ electrolyte by Huber et al. [17,27]. In their work, an uphill diffusion profile results
from a combination of oxygen vacancy concentration distribution induced by polarization
and fast grain boundary diffusion in the LSM layer. It was also shown that this uphill
diffusion profile appears and enhanced at higher overpotential [17,27]. In Fig. 4-9(b),
uphill diffusion profiles are observed at the region where distance from
electrolyte/cathode interface (d) is shorter than 3.8 pm, indicating that local
overpotentials are higher and charge transfer reactions are more enhanced at the region
of d < 3.8 um than those at other regions. This result qualitatively shows that reaction
sites near the cathode/electrolyte interface are more electrochemically active than those
at other regions. Some previous study showed that cathode polarization resistance
decreases with increasing LSM/YSZ layer thickness t at t < ~ 2-6 um while becomes
constant value at t > ~ 2-6 um [28,29], indicating the existence of active regions near the
cathode/electrolyte interface. In addition, several numerical simulations [2,4,5,30]
showed that local charge transfer current densities increase when the position approaches
from cathode top surface to cathode/electrolyte interface. These works are qualitatively
consistent with the SIMS result obtained here. This is the first experimental work to
visualize active sites in an SOFC porous electrode in microstructure scale.

In the OCV (section A) and the region at d > 3.8 um of section C, c;gg profiles in
LSM particles can be analysed by assuming diffusion in a semi-infinite media because
c1g0 drops to an almost natural value, 0.002, around the center of each particle as shown
in lines 1 and 5 in Fig. 4-11. At the gas/LSM interface, the rate of isotope exchange is

assumed to be proportional to the isotope concentration difference between gas and solid
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phases. This boundary condition is descried as follows

_ D* ac180

ox =k’ (Clgso - Clsso) (4.7)

x=0

where D* is the oxygen tracer diffusion coefficient, £* is the surface exchange coefficient,
Cigo is the *O fraction at the surface, and cf; (=97.5 %) is the isotope enrichment of
the gas. The analytical solution of 1-dimentional diffusion equation for a semi-infinite

media under the boundary condition (4.7) is given as follows [31].

Ciso — cfgo { } (k*x k*ztj { f t }
—5——25 =erfc + xerfc (4.8)
Ciso ~Cigo 2\ D" 2./D*

Here, C180 (= 0.2 %) is the natural isotope background level of 180 and 7 (= 188 s) is the

time of the isotope anneal. c;50 profiles can be well fitted to Eq. (4.8) as shown in lines
1 and 5 of Fig. 4-11, and D* and £* values can be determined.

Both in the case of section A and C, D* and £* are determined at 15 measured points
and plotted against d as shown in Figures 4-13(a) and (b). Here d is defined as a relative
position of each point (LSM/gas interface at each measured line profile) from
electrolyte/cathode interface. All measured points, an example of fitted graph, and
obtained D* and k* values are shown in Appendix E. At the OCV, averaged D*=1.21 x
10713 cm?/s is within the range of reported order of magnitude of D* in LSM bulk at 1073
K, 10" to 103 cm?/s [18,32,33]. Averaged k* = 1.17 x 10 cm/s obtained here is
relatively close to 2.67 x 10 cm/s by Fearn et al. [33]. From Figs. 4-13(a) and (b), both
averaged D* (3.24 x 10°"® cm?/s) and k* (5.91 x 10 cm/s) at section C are clearly higher
than those at section A, indicating that under biased condition, both LSM bulk diffusion
and surface exchange reaction are enhanced compared to non-biased condition. The
enhanced £* under biased condition also seems to be attributed to the increased oxygen

vacancies in LSM, as is the case with enhanced D* mentioned in Fig. 4-1. Previous
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Figure 4-13. (a) Oxygen tracer diffusion coefficient D* and (b) surface exchange
coefficient £* of LSM particles are plotted against distance from cathode/electrolyte
interface (d) in the case of sections A and C. Each averaged value of 15 measured
points is also shown. For section C, D* and £* are not obtained at d < 3.8 pm as uphill
diffusion profiles are observed in this region.

experimental and numerical studies [34,35] pointed out that a higher oxygen vacancy

concentration in cathode materials such as LSM or LSCF resulted in a higher surface
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exchange rate (higher £*) because the reaction seems to occur at the surface oxygen
vacancy. In this case, increased bulk and surface oxygen vacancies of LSM induced by
overpotential are followed by the enhanced D* and k*, respectively. In this experimental
condition, however, obvious dependence of D* and £* on d was not observed in the range

of 3.8 <d < 13 pum at section C.

4.3.6 Grain boundary diffusion and inactive LSM particles

Some other valuable information related to the oxygen transport mechanism and/or
active site distribution can be also obtained from the SIMS signal in several LSM particles.
Figures 4-14(a) and (b) show magnified phase and c;530 mappings of LSM particles
denoted by spot I in Fig. 4-7 (OCV) and spot II in Fig. 4-9 (biased), respectively. Grain
boundary diffusion inside LSM bulk is observed in these spots, and the line profile of
both spots (Figure 4-14(c)) indicate that grain boundary diffusion is enhanced at biased
condition (spot II) compared to at OCV (spot I). In addition, LSM particles in spots I1I
and IV at Fig. 4-9 show no 'O diffusion inside their bulk though these locations are close
to the electrolyte/cathode interface. This means that these particles are inactive (or at least
less active) than others, which possibly results from an insufficient network of LSM
particles in the microstructure. The reported 3D-microstructure analysis by FIB-SEM
[36] shows that in the conventional LSM-YSZ composite (LSM:YSZ = 50:50 wt%), the
pore and YSZ phase networks are entirely connected (> 99 vol%), while 10-20 vol% of
the LSM particles are isolated. The combination of active sites imaging conducted here
and 3D-microstructure observations by FIB-SEM can give further understanding of the

phenomena inside the LSM/ScSZ porous cathode.
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Figure 4-14. Grain boundary diffusion in LSM. (a,b) Magnified phase and c;gq
mappings of LSM particles denoted by (a) spot I in Fig. 4-7 (OCV) and (b) spot II in
Fig. 4-9 (biased). (¢) c1go line profiles denoted by arrows in (a) and (b)

4.4 Summary

Imaging technique of active reaction sites in SOFC porous electrodes was developed
in microstructure scale. A power generation equipment with a nozzle for direct helium
gas impinging jet to the cell was newly prepared to quench an SOFC reaction. The quench
performance test showed that the temperature of YSZ electrolyte could be decreased from
830 to 150 °C within 1.5 sec, which was in good agreement with analytical results based
on the average Nusselt number of impinging jet heat transfer. Using constructed quench
system and oxygen isotope labeling, active sites for oxygen reduction reaction in

LSM/ScSZ porous cathode were visualized. From the '*O concentration mappings of the
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quenched cathode obtained by SIMS, it was disclosed that cathode area far from a current
collector does not contribute to the electrochemical reaction and oxide ion/electron
conduction. This result was also supported by the dependence of electrochemical
performance on contact area between cathode and Ag paste current collector. In addition,
the expansion of the oxygen reduction sites from a TPB to a DPB enables us to identify
those positions in electrode particle scale by slow oxygen tracer diffusion in the LSM
bulk. Enhanced 30 concentration and uphill diffusion profiles inside LSM observed only
near the cathode/electrolyte interface indicates that reaction sites near the
cathode/electrolyte interface are more electrochemically active than those at other regions.
This is the first experimental work to visualize active sites in an SOFC porous electrode
in microstructure scale. Finally, an oxygen tracer diffusion coefficient and a surface
exchange coefficient of each LSM particle were quantified from c;g9 line profiles,

which were enhanced at current-biased condition compared to those at OCV.
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Chapter 5

Analysis method of oxide ion flux at cathode/electrolyte

interface through oxygen isotope labeling

5.1 Introduction

In Chapter 4, active sites of LSM/ScSZ cathode were identified in microstructure
scale based on the '®O diffusion into LSM induced by overpotential. However, the
quantitative discussion of the reaction rate or oxide ion flux incorporated to the cathode
is difficult only from the information in LSM because most flux is directly incorporated
from a zirconia surface (YSZ, ScSZ) near the TPB (Fig. 4-1, TPB path). As shown in
Chapter 4, the fast '*0 diffusion inside ScSZ resulted in a uniform 'O concentration in
the cathode microstructure scale, which is difficult to analyze by diffusion equation.

In this chapter, the oxygen isotope exchange experiment is conducted at 973 K,
100 °C lower than in Chapter 4, to suppress the 'O diffusion in a zirconia phase, and the
80 diffusion profile in YSZ electrolyte is analyzed. Based on the results, quantitative

oxide ion flux incorporated from the cathode/electrolyte interface is estimated.

5.2 Experimental section

In this experiment, a YSZ-electrolyte supported cell with a Ni/YSZ anode and
LSM/YSZ (LSM:YSZ =50:50 wt%) cathode was used. The cell geometry and fabrication

process are the same as in Chapter 4, and only ScSZ in the cathode was changed to YSZ.
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Figure 5-1. (a) Initial performance of the cell used in the isotope exchange at 1073 and
973 K. Humidified mixture of 50% H2 — 50% Ar and pure oxygen were supplied as a
fuel and oxidant, respectively. (b) Impedance spectra at 0.09 A/cm? measured between
anode working and cathode working. (c) Terminal voltage versus elapsed time with a
constant current density of 0.09 A/cm?. (d) Temperature change of the cell during

quenching measured by the thermocouple attached in anode reference (Fig. 4-3(a)).

Here, the electrode area covered by an Ag current collector was about 46.7 % (Sag/Scw =
0.467 in Fig. 4-3(a)) .The experimental procedure is almost the same as in Chapter 4.
Initially, the cell was operated in a mixture of 50% H> and 50% Ar, which was humidified
by a bubbler, for the anode side and in 100% normal O for the cathode side at 973 K for
10 min under a constant current density of 0.09 A/cm?. Then, the normal O, was switched
to 802 (>97.5%), and the cell was operated for 70 sec. Finally, the cell was abruptly
quenched to a room temperature by the helium impinging jet. The initial performance of

the cell at 1073 and 973 K, impedance spectra at 0.09 A/cm? measured between anode
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Figure 5-2. SEM images of the polished cross section of the cell. The position of
sections B and C are shown in (a) and (b), respectively. Most part of Ag paste was
peeled off from the cathode surface during the quench process. The sample is
infiltrated with an epoxy resin and sandwiched with two glass plates for the polishing

process.

working and cathode working, the terminal voltage with time until quenching, and
temperature change of the cell during quenching are shown in Figures 5-1(a)—(d),
respectively. The cell showed an almost stable terminal voltage of about 0.42 V at 0.09
A/cm? until quenching reaction as shown in Fig. 5-1(c).

The '80 distribution in a cross section of the quenched cathode was obtained by
NanoSIMS 50L (CAMECA), as is the case in Chapter 4. Here, SIMS images at the
interface between the cathode and electrolyte were taken from both reference (Section A)
and working (Section B and C) electrodes. The position of section A is the same as in Fig.
4-3(a), which represents OCV (non-biased) condition. Both sections B and C are placed
directly under the contact area of the Ag paste current collector of cathode working
(biased condition). As shown in Figures 5-2(a) and (b), section B is inside the area covered

by Ag paste while section C is near the edge of the paste.
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5.3 Results and discussion

5.3.1 Secondary ion mappings

Figures 5-3 and 5-4 show the secondary ion mappings of the interface between the
LSM/YSZ cathode and YSZ electrolyte at OCV (Section A) and biased (Sections B and
C) conditions, respectively. Among these, Figs. 5-3(a), 5-4(a), and 5-4(c) show phase
mappings of LSM and YSZ based on the intensity of Mn'®0" and Zr'%0", and Figs. 5-3(b),
5-4(b), and 5-4(d) show 30 concentration ( = c;go ) mappings represented by

I("O)/[I(*°0") + I(130")]. Here, I(1°0°) and 1(**0O") indicate the SIMS signal intensity of

Section A (OCV)
(a) (b)

Red: Mn1t0O-
Electrolyte Light blue: Zr60 Electrolyte
\ Cathode Black: Pore

Figure 5-3. Secondary ion mappings of the interface between the LSM/YSZ cathode
and YSZ electrolyte at OCV condition obtained from section A (cathode reference).
(a) Phase mapping of each material. Red and light blue represent Mn'0" (LSM) and
Zr'%0" (YSZ), respectively. The black regions show the pore phases. (b) Oxygen
isotope concentration (= ¢;go) mapping represented by I(*307)/[1(*°0O") + 1(**0")].
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@
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Figure 5-4. Secondary ion mappings of the interface between the LSM/YSZ cathode
and YSZ electrolyte at biased condition obtained from sections B (a,b) and C (c,d) in
Fig. 5-2. (a,c) Phase mapping of each material. Red and light blue represent Mn'¢0
(LSM) and Zr'®O" (YSZ), respectively. The black regions show the pore phases. (b,d)
Oxygen isotope concentration (= c;g50) mapping represented by I(*0O")/[1(°O") +
1("*0")].
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each ion. Prior to the calculation of ¢;50 image, binarization processing is performed on
the '0" image to remove all signal from pore phases. As shown in Fig. 5-3(b), c;g0 =

0.04 of YSZ phases in cathode part is higher than that in the electrolyte (maximum

Section A (OCV, high resolution)
(a) (b)

R.ed: Mn1éO- . Electrolyte
Cathode Light blue: Zre0O Cathode

\ Black: Pore C180
_ e ) e

Electrolyte
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o 004 S:%’.,‘ ”””””””””””””””””””””””
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° 002 .’"#’.'o" ’S‘? ””””
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Figure 5-5. High-resolution secondary ion mappings of the interface between the
LSM/YSZ cathode and YSZ electrolyte at OCV condition in section A (cathode
reference). (a) Phase and (b) 'O concentration (c;g0) mappings are shown. c;gq
profile in Line 4 is also shown in (¢).
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c1g0 = 0.025 at the surface) at OCV condition. This is because the surface to volume
ratio of YSZ phase in cathode part is much larger than that in electrolyte part. At biased

condition, c;g0 in YSZ phase is around 0.12-0.16 at cathode or electrolyte surface,

Section B (Biased, high resolution)
(a) (b)

Electrolyte Red: Mn?¢0- Electrolyte
Light blue: Zr'eO-
Cathode
Black: Pore

0.18
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— 0.16 Phe °
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012 [ @ Goqonm o
e O
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Figure 5-6. High-resolution secondary ion mappings of the interface between the
LSM/YSZ cathode and YSZ electrolyte at biased condition in section B (cathode
working). (a) Phase and (b) 80 concentration (c;509) mappings are shown. c;gq
profile in Line 5 is also shown in (¢).
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which is higher than that at OCV condition because of additionally-incorporated %0 by
the electrochemical reaction. Both in OCV and biased conditions, c;gg in the electrolyte
gradually decrease from cathode/electrolyte interface to anode side.

Figures 5-5 and 5-6 show the high-resolution secondary ion mappings at section A
(OCV) and B (biased), respectively. As is the case in Chapter 4, 0 diffusion to LSM
bulk was only observed at the region near the cathode/electrolyte interface under biased
condition. In addition, cyg9 in the electrolyte is uniform near the cathode/electrolyte
interface at OCV while inhomogeneous at biased condition, which may come from the

non-uniform oxide ion flux incorporated from the interface.

5.3.2 180 diffusion profile analysis in YSZ electrolyte
c1g0 line profiles inside YSZ electrolyte denoted by Line 1 in Fig. 5-3 (OCV) and

Line 2 and 3 in Fig. 5-4 (biased) are shown in Figure 5-7. In this study, polycrystalline
YSZ (8mol%Y203-ZrO2) was used as an electrolyte. In all cases, typical monotonically
decreasing diffusion profiles are observed, which can be analyzed by 1-dimensional
diffusion in a semi-infinite media. As shown in Fig. 5-7, the analytical solution of
diffusion equation (Eq. (4.8)) is well fitted to each profile, which gives oxygen tracer
diffusion coefficient D* and surface exchange coefficient £* The D* and k* obtained
here and other references [1,2] are summarized in Table 5-1. At OCV, obtained D*=9.70
x 10713 m%/s and k* = 2.45 x 10”° m/s are relatively close to those of polycrystalline YSZ
(9.1mol%Y203) by Naito et al. [1], and within the range of summarized data sets by
Knoner et al. (single crystal, polycrystalline) [2].

When the current is applied, D* increased by a factor of only 1.2 (section B) to 1.5

(section C) compared to that of OCV while £* was enhanced by one order of magnitude,
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0.16 : ® Line 1(OCV, Section A)
® Line 2 (Biased, Section B)
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. Fitting curves by Eq. (4.8)
2 0.08
—
S
0.04
0 M—
0 5 10 15 20 25
x [um]

Figure 5-7. c1g0 line profiles inside YSZ electrolyte denoted by Line 1 in Fig. 5-3
(OCV) and Line 2 and 3 in Fig. 5-4 (biased). Positive direction in position x
corresponds to each arrow direction in Figs. 5-3 and 5-4. Analytical solution of
diffusion equation (Eq. (4.8)) is fitted to each profile.

as shown in Table 5-1. The weak enhancement of D* means that the enhancement of 130
diffusion in YSZ bulk by the current is small. In a YSZ, oxide ion moves through vacancy
diffusion mechanism [3]. In a fuel cell operation, when one oxide ion is incorporated to
an electrolyte form a cathode, one oxide ion is emitted to an anode accompanied by a
generation of oxygen vacancy in the electrolyte. Subsequently the generated oxygen
vacancy moves from anode to cathode side. Therefore, incorporated %0 itself does not
move along the electrochemical potential gradient of oxide ion, Vfig2- (see Appendix
B), but moves along the '*0 concentration gradient Vc,gq.

On the other hand, the one order enhancement of apparent k* indicates that 30 flux
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Table 5-1. D* and k* of YSZ electrolyte at 973 K obtained in this study and other

references. All literature values were measured at non-biased condition.

Measurement Sample D* [m?/s] k* [m/s]

Section A (OCV) 8molo6Y,0,-Zr0, 9.70 x 1013 2.45 x 10
Section B (Biased)  Polycrystalline 1.15 x 10°%2 1.50 x 108
Section C (Biased) ~ (With LSM/YSZ cathode) 145 x 102 2,08 x 108

9.1mol%Y,0;-Zr0,

. -13 -9

Naito et al. [1] Polycrystalline 4.0 x 10 1.4 x 10

Knéner et al. [2] 2.8-16mol%Y,04-Zr0, 2.1 x 1013 2.0 x 101
' Single crystal, Polycrystalline  —4.0 x 1012 -2.8 x 108

incorporated from the cathode/electrolyte interface to the electrolyte is greatly increased
by applying the current. The detail of the 30 flux is quantitatively discussed in the next

section.

5.3.3 Ocxide ion flux incorporated from the cathode/electrolyte interface
As shown in Figure 5-8(a), three kinds of !0 fluxes, ]fg(()c/ E), ]fég/ E), and ]i(;(l)(c/ E)

contribute to a total '*O flux at the cathode/electrolyte interface. ]fgéc/ ) is a 180 flux by

a '®0/"®0 exchange at a free electrolyte surface and ]i(:;(l)(c/ ) is an isotope oxide ion

('80%) flux by an electrochemical reaction at a LSM/YSZ/gas TPB on the electrolyte
surface. In addition, c;g9 of YSZ phase in the cathode is generally higher than that of

the electrolyte due to the higher surface to volume ratio of YSZ phase in the cathode, as

mentioned previously (section 5.3.1). ]fgg/ B is a 180 flux by the cy50 difference of

YSZ phase between cathode and electrolyte part. Here ]fgéc/ ) and jlcé%/ ) flow at both

OCYV and biased conditions while ]i%g(c/ E) exists only at biased. Therefore, the total %0

flux incorporated from the cathode/electrolyte interface to the electrolyte at OCV and

biased conditions, ]fscg ©/B) and ]fgigsed(c/ E) are described as follows.
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Figure 5-8. (a) Three kinds of 'O fluxes incorporated from the cathode/electrolyte

interface to the electrolyte. ]legéc/ B and ]fg(:)/ B flow at both OCV and biased
conditions while ]i%%(c/ ) exists only at biased. (b) The relationship between c;gg

profile and total '®O flux incorporated from the cathode/electrolyte interface to the
electrolyte

J]%%V(C/E) — Jfé(éC/E) +Jfg(g/E) (51)
J BisedCIE) _ g e(CIE) | JeCIE) 4 lon(CiE) (5.2)
As shown in Figure 5-8(b), ]108(3/ €/ and ]fgigsed(c/ E) [mol/(m2es)] corresponds to a

c1g0 gradient at cathode/electrolyte interface (x = 0), which can be described as follows.

} (5.3)

Biased
} 5.4)
x=0

Here Dicy and Dpiaseq [M?/s] represents the oxygen tracer diffusion coefficient at

ac,
OCV(CIE) __ YSZ v+ 80
JlSO - _Co I:)ocv |: ox

180 Biased
OX

J Biased(C/E) — —C YSz D* |:6C180
o)

OCV and biased condition, respectively. Cg SZ [mol/m’] is an absolute concentration of
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YSZ unit cell

e 8.3mol%Y,05-Zr0,

e Fluorite structure

e Lattice constant:5.135 A

e /rsite: 4, O site: 8
*Zr:¥Y:0:V5y=10:2:23:1
o CS5% = 9.41 x 10* mol/m3

Figure 5-9. Fluorite structure of zirconia and information of YSZ unit cell to calculate
CYSZ. Lattice constant is refereed from Hayashi et al [4]. Vo represents an oxygen
vacancy in the lattice. The illustration of the structure was created using the VESTA

package of Momma and Izumi [5].

total oxygen atom in a YSZ bulk, which is calculated based on the lattice structure as

shown in Figure 5-9. The calculated ]fégsed(c/ £) is one order of magnitude larger than

]fgc(;/ ©/E) 45 summarized in Table 5-2.

At OCV, ]108c(;/ ©/E) is also described by the surface exchange coefficient kqcy

[m/s] as follows:

ocv
OCV(CIE) _ qex(CIE) ¢(CIE) _ ~YSZ|, * gas
Jiso =Jpo tdigo = Co kocv [0180 - C180|x=0:| (5.5)

where clgg(s) is a relative '30 concentration in gas phase (= 0.975) In the above expression,

it seems to be difficult to separate the contribution from ]fg(()c/ ) and jlcg(:)/ E) precisely.

Therefore, in order to calculate ]i(;g(c/ 5 in Eq. (5.2), jlegéc/ B4 jlcéf)/ E) at biased

condition is roughly estimated below.

Both in OCV and biased condition, surface exchange coefficient on free YSZ surface,

which determines ]fg(()c/ E), should be the same. In addition, jlcég/ ) at OCV is not more

than 2.18 x 10" mol/(m?ss) from Eq. (5.5) and Table 5-2. As shown in Fig. 5-8(a), the

driving force of jlcég/ B is the difference of c1g0 (Acqgo) between cathode and
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Table 5-2. '*O flux incorporated from the cathode/electrolyte
interface to the electrolyte estimated by diffusion profiles. Total

0% flux at given current density is also shown.

Flux \alue [mol/(m?es)]

OCV(C/E) :

o 2.18 x 10+

Biased(C/E) 1.21 x 103 (Section B)

J1g0 1.63 X 103 (Section C)

ion(C/E) 1.01 x 103 (SeCtion B)

J1g0 1.43 x 103 (Section C)

JionGi 458 x 10 (i = 0.09 Alcm?, ¢S = 0.975)

electrolyte part. From c;g0 line profiles in Figs. 5-5(c) and 5-6(c), Ac;g0 at OCV (=

0.015) and biased condition (= 0.03) is the same order of magnitude. Therefore, ]fé%/ E)

at biased condition is also estimated to be less than or equal to 10 order of magnitude.

Because ]fgiased(c/ B is 107 order of magnitude, rough estimation of ]fgéc/ B4 ]fé%/ E)

at biased condition (10 order of magnitude) does not strongly affect ]igg(c/ B,

Based on the above discussion, sum of ]f;(()c/ E) and ]fég/ E) at biased condition was

approximately estimated using kgcy as follows.

ex c Biased « as Biased
[Jlsc()C/E) + ‘]lég/E)] = Cg Szkocv [Clgso —Cigo |X:0] (5.6)
Substitution of Egs. (5.4) and (5.6) into Eq. (5.2) gives ]i(:;(l)(c/ E), which are summarized
in Table 5-2. The total 80" flux incorporated from whole cathode ]igg(an) at given

current density i [A/m?] is also shown in this table.
i i
J ion(all) N 57
180 ClSO 2F ( )
Under the assumption that whole cathode area contributes to the electrochemical reaction

equivalently, the results in Table 5-2 indicate that 22% (section B) ~ 31% (section C) of
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the overall electrochemical reaction (oxide ion incorporations to YSZ phase) occurs at the
cathode/electrolyte interface, while the remaining 69~78% of those proceeds inside the
porous cathode.

In 3-dimensional numerical simulation of LSM/YSZ porous cathode (LSM:YSZ =
50:50 wt%) based on the actual microstructure by Miyoshi et al [6], charge transfer
current distribution in the cathode thickness direction was calculated at 850 °C. In their
result, 22.5% of the overall electrochemical reaction occurs at the region within 1.25 pm
from the cathode/electrolyte interface, which is relatively close to the scale of one LSM

particle on the electrolyte as shown in Fig. 5-6.

5.4 Summary

Oxygen isotope exchange and quench experiment was conducted at 973 K using the
electrolyte-supported cell under fuel cell operation condition. From the analysis of '*0
diffusion profiles in YSZ electrolyte, it was disclosed that by applying a current, oxygen
tracer diffusion coefficient D* increased by a factor of only 1.2-1.5 while surface
exchange coefficient £* was enhanced by one order of magnitude. The greatly enhanced
k* comes from oxide ion flux incorporated from the cathode/electrolyte interface to the
electrolyte. Based on the '*O profiles, quantitative oxide ion flux incorporated from the
cathode/electrolyte interface was estimated. The results indicated that 22~31% of the
overall electrochemical reaction occurs at the cathode/electrolyte interface, while the

remaining 69~78% of those proceeds inside the porous cathode.
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Chapter 6

Conclusions

6.1 Key findings and contributions

In this thesis, toward construction of the detailed reaction kinetics and dynamics on
SOFC porous electrodes, analytical reaction model was constructed and active sites
imaging was conducted for more accurate understanding and description of species
transport phenomena coupled with electrochemical reactions proceeding inside SOFC.
The key findings and contributions from the study are summarized below.

» The analytical model for hydrogen oxidation at anode, species territory adsorption
model, was newly proposed. Based on the model, explicit expressions of the current
density with respect to oxygen activity and the anode overpotential with respect to
current density could be obtained. The latter could combine the overpotentials at low-
and high-current-density regions to unique expression, which were conventionally
expressed independently.

* Based on the model, the current density asymptotes the limiting value as the oxygen
coverage around the TPB approaches unity. The theoretical limitation of current density
given by the model is determined by the rate constants of surface reactions and the
coverage of adsorbed hydrogen on Ni.

* From referenced DFT-database and careful fitting process between the analytical and

experimental results, all thermodynamic and kinetic parameters for the species territory
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adsorption model were determined. This made it possible to estimate effective anode
thickness based on the model, which tends to increase with temperature in six kinds of
Ni/YSZ anodes used in this study and references.

* The proposed model can predict more precise dependence of anode overpotential on
steam partial pressure than that by Butler-Volmer equation with empirical exchange
current density when the same Ni-patterned anode experiment is selected as a basic
data.

» The power generation equipment with a nozzle for direct helium gas impinging jet to
the cell was newly constructed to quench an SOFC reaction for active sites imaging of
porous electrodes. By using the equipment, the temperature of YSZ electrolyte could
be decreased from 830 to 150 °C within 1.5 sec., which was in good agreement with
analytical results based on the average Nusselt number of impinging jet heat transfer.

* By using the developed quench apparatus and oxygen isotope labeling, active sites in
LSM/ScSZ porous cathode were first visualized in microstructure scale. The obtained
30 mapping showed that the reaction sites near the cathode/electrolyte interface are
more electrochemically active than those at other regions.

* Quantitative estimation of oxide ion flux incorporated from the cathode/electrolyte
interface to the electrolyte indicates that 22~31% of the overall electrochemical
reaction occurs at the interface, while the remaining 69~78% of those proceeds inside

the porous cathode.

6.2 Future perspective

Future perspective to extend this study are suggested and summarized as follows.

* The introduction of the species territory adsorption model into numerical simulation
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instead of Butler-Volmer equation can give more accurate prediction of the polarization
behavior of Ni/YSZ anode. Based on numerically-solved local oxygen chemical
potential, the model can give local charge transfer current density.

* The information of effective anode thickness predicted by the model is useful to design
two-layered anode (Ni1/YSZ as an active layer and porous metal as a current collecting
layer), which can reduce ohmic resistance of a tubular SOFC in the longitudinal
direction while enough anode reaction sites remain.

* The sensitivity analysis of the model indicates that anode overpotential can be
drastically reduced by changing the adsorption state of oxygen on oxide ion conductor
near the TPB, which can be new guideline to develop and design anode materials.

» The quench technique can be applied to visualize active sites of fuel electrode (e.g.
Ni/YSZ), where the species territory adsorption model was assumed in this study. The
adsorbed hydrogen, oxygen, or water around the Ni/YSZ/gas TPB in quenched anode
can be detected through surface analysis, e.g. X-ray photoelectron spectroscopy (XPS).
In addition, oxygen migration in the YSZ bulk near the TPB can be tracked by oxygen
isotope labeling in the case of electrolysis reaction because oxygen incorporation sites
can be easily imaged in this method.

* The effect of cathode materials, operating temperature, gas compositions, and current
density on active sites distribution can be investigated by developed quench and
oxygen isotope labeling method. In addition, the electrochemical impedance or
overpotential should be linked to the imaged active sites distribution.

» The changes of active sites distribution and cathode degradations such as chromium
poisoning, secondary phase formation, or segregation of strontium component can be

tracked simultaneously during long-term operation, which can give valuable
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information to further understand and improve SOFC stability.

* The correlation between oxide ion flux incorporated from a cathode/electrolyte interface
to an electrolyte and various parameters and factors, e.g., electrochemical impedance,
cathode composition or microstructure, and operating temperature, can be investigated.

* In order to suppress a cathode degradation by electrochemically-enhanced chromium
poisoning especially at the region near the cathode/electrolyte interface, the reaction
should proceed uniformly in the entire cathode. Active sites imaging can give useful
information to design a cathode material, composition, or structure to realize uniform

reaction distribution in the entire cathode.
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Appendix A

Derivation of coverage formulas

In this Appendix, the detailed derivation of coverages in Areas 1 and 2, ;¢ [Egs.
(221)—(228)], arc given. From EqS (213)—(216), 0H(1)a 91.[20(1), 0].[20(2), and 00(2)

are expressed using 6y (1) or Oy (), as follows:

HH(l) = \[ Ky PHZ 6(/(1) (A.1)

0H20(1) = KHZO PHzoa/(l) (A.2)
0H20(2) = KI,-|20 PHZOQ/(Z) (A.3)
‘90(2) = Koaoal(z) (A4)

From Egs. (2.18) and (2.19) and above expressions, 6Oy,) and 61y are expressed

using By ;) or By(y), as follows:

o
9H(2) = KH(ele) HH_(I)GV(z) = KH(ele) KHPHZ GV(Z) (A.5)
V(1)
0,
‘90(1) = KO(ele) 00_(2)9\/(1) = KO(ele) Koaogv o (A.6)
V(2)

Substitution of Egs. (A.1), (A.2), and (A.6) into Eq. (2.11) gives following equation:

(1+ N Ky F)H2 + Koy Koo + KHZO PH20 )6{/(1) =1 (A7)
From Eq. (A.7), Oy(q) is derived as shown in Eq. (2.21). By substituting Eq. (2.21) into

Egs. (A.1), (A.2), and (A.6), Egs. (2.22)—(2.24) are derived.
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In the same way, substitution of Egs. (A.3)—(A.5) into Eq. (2.12) gives following

equation:

(1+ Koz KnPa, +Kodo +Kipo PHZO)E(,(Z) =1 (A.8)
From Eq. (A.8), 6y, is derived as shown in Eq. (2.25). By substituting Eq. (2.25) into

Egs. (A.3)(A.5), Egs. (2.26)—(2.28) are derived.
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Appendix B

Oxygen transport and reaction described by chemical

potential

B.1 Introduction

In Chapter 2, the relationship between anode potential and oxygen activity (Eq.
(2.47)) is used. This expression is originated from a concept of chemical potential, which
has been often introduced in solid state chemistry [1]. In the case of electrochemical
devices such as SOFCs, both ion/electron transports in solids and chemical reactions at
electrodes are described by using chemical potentials [2]. Several numerical studies have
expressed overpotentials and ion/electron fluxes in SOFC electrodes using chemical
potentials [3.,4]. In this Appendix, equations for particle transport in solid written by
chemical potentials are explained, typical chemical potential distributions in an SOFC are

presented, and the derivation of Eq. (2.47) are shown.

B.2 Equation for particle transport in solid

As shown in Figure B-1, it is assumed that each particle (neutral atom, ion) in an
ordered crystal lattice in a solid receives a periodic potential energy with a barrier of
Eqct~10 — 100 kJ/mol. If a thermally-vibrated atom has an energy higher than E,, the
atom can jump a potential barrier and move to a next lattice position. This probability p

is generally described by using Boltzmann factor as follows.
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(SOlid ) energy atom has an energy higher than E,
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Figure B-1. Potential energy of each particle (neutral atom, ion) in an ordered crystal

lattice in a solid.

E
p :exp(—RL_lcfj (B.1)

The mean-square displacement of each particle per sec. R?,, [m?/s] is described by

lattice constant r [m], vibrational frequency of atom v, [/s], and p as follows [2].
R,2=r’v,p (B.2)

The diffusion of particle in solid is assumed to occur equally in all 6 directions, which

gives self-diffusion coefficient D [m?/s].

R, r? E
D=—2a — 0 axp| — —act B3
6 6 p( RT ) B3)

The tracer diffusion coefficient D* discussed in Chapter 4 is generally smaller than D
especially for oxygen diffusion in oxide through vacancy-diffusion mechanism. This is
because an oxygen can jump to a next lattice position only when the next site is a vacancy,
thus the diffusion is not isotropic. The relationship between D* and D is expressed by

using correlation factor /(0 <f< 1) as follows [2,5].
D'=1fD (B.4)

When particles in solid are under a potential gradient, such as chemical potential
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(including concentration) gradient, electric field, magnetic field, or temperature gradient,
the potential energy distribution changes as shown in Figure B-2. Here, only chemical
potential and electric field is considered as an external field, and sum of those is called an
electrochemical potential f;(x). In this situation, diffused particle flux from left to right

direction j g [mol/(m?ss)] is below:

2 .3
jLR = (1) Crvy exp(_LAE/Zj (BS)
r

6 RT

where c is a concentration of diffused particle [mol/m’] and AE is a potential difference
between two lattice positions generated by the potential gradient (Fig. B-2). Considering
the order of number of atoms in solid ~107/cm, AE~E,. /107 < E,., canbe assumed.

Using this approximation, jjr is rewritten as follows.

j = Vo exp( = M1+—AE/ 2) (B.6)

6 " RT RT

In the same manner, diffused particle flux from right to left direction jg; [mol/(m?es)] is

obtained as follows.

Potential
energy

Without potential gradient

AE/2 /

With potential gradient

E‘CI.ClL

— A/ g

AE| ~ ¢ i (x)

Figure B-2. Potential energy of each particle (neutral atom, ion) in an ordered crystal
lattice in a solid with and without potential gradient. [i;(x) is an electrochemical
potential.
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. cry, E.. ( AE/ZJ
= exp| ——= || 1-—— B.7
REWERTRC o

Finally, net flux of diffused particle from left to right j [mol/(m?s)] is below.

o . crv, E. cD o
—j —j_ =—"0ayp| ——at | AE =——= .21 B.8
1= e = e 6RT p( RT) RT ox (B-8)

Here, Eq. (B.3) and following relationship are used.

AE = —(%jr (B.9)

Eq. (B.8) is a general form of a basic equation for particle transport in solid.

B.3 Fick’s first law and equation for ion conduction

Electrochemical potential of species i, fi;, consists of chemical potential u; and

electric field Z;F¢ below:

(X)) = w1 (X) + Z,Fp(x)
=1 +RTIna (x)+Z,F¢(x) (B.10)
= 1 + RT Iny, (X)c; (x) + Z;F #(X)
where Z; is a valence, F a Faraday constant [C/mol], ¢ an electro-static potential
[J/C], u; achemical potential at standard condition [J/mol], a; an activity (= y;c;), ¥;
an activity coefficient (0 < y; < 1),and ¢; a concentration [mol/m?]. Substitution of Eq.

(B.10) into Eq. (B.8) gives:

j=—SP[groIn7 | proInG ;09 (B.11)
RT ox ox ox

The first, second, and third term on the right side in the above expression is a contribution
of activity coefficient gradient, concentration gradient, and electrical potential gradient,
respectively.

In the case of neutral atom (Z; = 0) or V¢p = 0, Eq. (B.11) is reduced to following

expression.
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ji:_CiDi(M—'_mj:_Di 1+M % (Blz)
OX OX dinc, ) ox

Here, (1 + dIny;/0d1Inc;) is called a thermodynamic factor. If species i behaves as an

ideal solution in a solid, y; becomes unity and Eq. (B.12) corresponds Fick’s first law.

Ji =—Di% (B.13)
OX

In the case of ion (Z; # 0) and Vu; = 0, Eq. (B.11) becomes below.

j = 4FaD 09 (B.14)
RT  ox

Using the definition of current density i; = Z;Fj; [A/m?] and Ohm’s law, i; =

o;(—d¢/dx), following Nernst-Einstein equation is derived.

Z’F%.D.

o =——" (B.15)
RT

Here o; is an ionic conductivity [S/m]. Finally, basic equation for ion conduction can be

obtained as follows.

j =0 O (B.16)
ZF ox

As shown here, both Fick’s first law and basic equation for ion conduction are derived

from the same equation (B.11).

B.4 Chemical potential distribution in SOFC

In this section, typical chemical and electrochemical potential distributions in an
SOFC are explained. Here, a single cell consisting of YSZ electrolyte, Pt porous cathode,
and Ni porous anode is assumed as shown in Figure B-3. In this figure, the number 1-8
represents the position of electrode top surfaces or electrode/electrolyte interface. In this

cell, electrochemical reaction sites are limited to Pt/YSZ/gas TPB (position 2, 6) for
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Figure B-3. Typical chemical and electrochemical potential distributions (y;, f;) with
respect to thickness direction x of an SOFC consisting of YSZ electrolyte, Pt porous
cathode, and Ni porous anode. Both non-biased and biased conditions are shown. The
number 1-8 represents the position of electrode top surface or electrode/electrolyte

interface.

cathode and Ni/YSZ/gas TPB (position 3, 7) for anode. The cathode side is exposed to
high oxygen partial pressure Pozhigh (~0.21-1 atm) while the anode side to low oxygen
partial pressure P, '®" (~102° atm in humidified hydrogen). Fig. B-3 shows the
distributions of chemical potential of oxygen pg and electrochemical potentials of oxide
ion fig2- and electron fi.- with respect to the thickness direction x at both non-biased

and biased conditions.
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In addition to oxide ion, electron also exists as a minor career in YSZ. From Eq.

(B.16), the equations for oxide ion and electron conduction in YSZ are described as

follows:
o, O,
i, =—92. 09 B.17
°© 2F  0ox ( )
o. Ol
i =% e (B.18)
€ F ox

where 0g2- and o0.- shows an ionic and electronic conductivity of YSZ, respectively.
In the non-biased condition, pg (equivalent to oxygen partial pressure) in YSZ
continuously decreases from the cathode to anode side as shown in Fig. B-3. In a steady
state (igz- and i.- is independent of x), Vfiy2- is constant based on Eq. (B.17)
because 02~ is independent of pg. On the other hand, Vjii.- is not constant because
0.~ in YSZ depends on g [6]. In addition, local equilibrium between 0?7, O, and e~
(0%~ & 0 + 2e7) is assumed in any position of YSZ [3], giving following relationship.

Hp = Ho +2[1, (B.19)
In non-biased condition, there is no oxide ionic flow and Vjigz- is zero. As a result, flo-
continuously increases from the cathode to anode side and its profile has an upside-down
curve of g, as shown in Fig. B-3. The [i.- of Pt and Ni, which are actually detected in
electrochemical measurement, can be assumed to be the same as those of YSZ at
electrode/electrolyte interface at non-biased condition (position 2 and 3). The difference
of fi,- between anode and cathode (fi.-(4) — fi.- (1)) detected here is an OCV.

The origin of OCV can be also qualitatively interpreted based on the
phenomenological description. An oxygen vacancy formation in YSZ is described as

follows:

Of &V +2¢ +%O2 (B.20)
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where 03 and Vj represent O* and oxygen vacancy in the YSZ bulk, respectively. The

equilibrium constant K, of reaction (B.20) is below.

K.=|V5 ], R, (B.21)

e

In YSZ, vacancy concentration [V] is determined by the additive amount of yttrium and
is independent of Pgp,. Therefore, electron concentration in YSZ c, is proportional to
Poz_l/ *. At anode side (POZIOW), more electrons are stored compared to cathode side
(Po, highy resulting in the higher -

In the biased condition, f[ij2- linearly decreases from cathode to anode side
accompanied by an O* flow, and the decrement of figz- corresponds IR loss of
electrolyte (IR,;.). At the cathode/electrolyte interface, pug drastically decreases from
Uo(5), which corresponds to Pozhigh, to Uocrpe, and the difference po(5) — pocrpB
is equivalent to cathode overpotential n.. Here pg(k) (k=1-8)denotes pg in position
k. In the same manner, the difference pgarpg — Ho(8) corresponds to anode
overpotential 7,. In addition, fIo- of Pt and Ni linearly decreases from position 5 to 6
(Pt) and 7 to 8 (N1), which come from IR losses in cathode layer (/R.) and anode layer
(IR,), respectively. As a result, terminal voltage corresponding to f.-(8) — fi.-(5) is
smaller than OCV, as shown in Fig. B-3. The calculation method of precise pg profile

inside YSZ electrolyte is given by Choudhury and Patterson [7]

B.S Overpotentials described by oxygen activity

The oxygen activity of YSZ near the anode TPB, ag, introduced in Chapters 2 and

3 corresponds to g arpg 1n Fig. B-3. From Fig. B-3,

Hoares — Ho (8) = 2F 77, (B.22)
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Here gas phase Pp, is assumed be constant at non-biased and biased condition in both

anode and cathode sides, that is, ug(1) = po(5) and pg(4) = up(8). As a result,

Hoatee = Ho (4)+2Fn,

(B.23)
= 1, () -2F -OCV +2Fn,
Uo 1s rewritten by ag as follows:
Uo +RTInag 1os = 15 +RT Ina, (1) +2F (na —OCV) (B.24)

where ag,rpg and ap(1) represents an oxygen activity of YSZ at anode TPB and of

gas phase in positon 1, respectively. From Eq. (B.24), following relationship is obtained.

a

n. —OCV = J1 || Zoares (B.25)
2F a, (@)

Replacing OCV with Vi_g and ag(1) with ao(cry gives Eq. (2.47) in Chapter 2.

In the same manner, 7, can be also described by ag crpp, an oxygen activity of

YSZ at cathode TPB. From Fig. B-3,

1o (M)~ o ron = 2F 7, (B.26)
Uo 1s rewritten by ag as follows:

Ho +RT Inag (1) —{ 145+ RT INag o5 | = 2F 7, (B.27)

This gives following expression.

_RT | 2@ B.28
77C 2F In|:aO,CTPB:| ( . )

As shown in Egs. (B.25) and (B.28), both anode and cathode overpotentials are related to

oxygen activities near the reaction sites [8,9].
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Appendix C

IV curves and fitting results of impedance spectra

The I-V curves of power generation experiment at 1073 K using YSZ electrolyte-
supported single cell with Ni/YSZ anode and LSM/ScSZ cathode are summarized in
Figure C-1, which were mentioned in Chapter 3, section 3.2. In addition, impedance
spectra, fitting curves, and obtained Ronm, Ri, and R» are shown in Figure C-2 for
(Pu,, Pu,0) = (0.97,0.03) atm, in Figure C-3 for (Py,, Pyy,0) = (0.07,0.03) atm, in
Figure C-4 for (PHZ,PHZO) = (0.02,0.03) atm, and in Figure C-5 for (PHZ,PHZO) =

(0.015,0.01) atm.

(PHZ’ PHZO) atm

14
= 1, | -0~ (0.97,0.03)
T -0~ (0.07,0.03)
g 48 -0~ (0.02,0.03)
ER -O- (0.015,0.01)
)
c
= 4 r
E
lq_) .

0 1 1 1

0 0.1 0.2 0.3 0.4

Current density [A/cm?]

Figure C-1. I-V curves of YSZ electrolyte-supported single cell with Ni/YSZ anode
and LSM/ScSZ cathode at 1073 K under different four fuel compositions on anode
side. At cathode side, pure oxygen is supplied.
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Figure C-2. Impedance spectra and fitting curves of N1/YSZ anode at a direct current
of (a) 0 A/ecm?, (b) 0.082 A/cm?, (c) 0.16 A/cm?, and (d) 0.24 A/cm? under
(PHz' PHZO) = (0.97,0.03) atm. The obtained fitted values Ronm, Ri, and R are also

shown. The equivalent circuit for the fitting process is shown in Figure 3-4(b) in

Chapter 3.
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Figure C-3. Impedance spectra and fitting curves of Ni/YSZ anode at a direct current
of (a) 0 A/ecm?, (b) 0.082 A/cm?, (c) 0.16 A/cm?, and (d) 0.24 A/cm? under
(PHz' PHZO) = (0.07,0.03) atm. The obtained fitted values Rohm, R1, and R» are also
shown. The equivalent circuit for the fitting process is shown in Figure 3-4(b) in
Chapter 3.
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Figure C-4. Impedance spectra and fitting curves of Ni/YSZ anode at a direct current
of (a) 0 A/ecm?, (b) 0.082 A/cm?, (c) 0.16 A/cm?, and (d) 0.24 A/cm? under
(PHz’ PHZO) = (0.02,0.03) atm. The obtained fitted values Rohm, R1, and R» are also
shown. The equivalent circuit for the fitting process is shown in Figure 3-4(b) in

Chapter 3.
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Figure C-5. Impedance spectra and fitting curves of Ni/YSZ anode at a direct current
of (a) 0 A/cm?, (b) 0.082 A/cm?, and (c) 0.16 A/cm? under (PHz’ PHZO) =
(0.015,0.01) atm. The obtained fitted values Rohm, R1, and R» are also shown. The
equivalent circuit for the fitting process is shown in Figure 3-4(b) in Chapter 3.
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Appendix D

Thermal design of quench system

D.1 Detailed structure of quench nozzle

In this Appendix, the detailed thermal design of the developed quench system in
Chapter 4 is presented. Figure D-1 shows the detailed structure of the helium nozzle
covered by the water cooling jacket and heat insulator. Inside the stainless tube with an
inner diameter of D; = 6 mm and outer diameter of D, = 8 mm, other two stainless
tubes for supply of cooling water (outer diameter Dy o = 3.5 mm, wall thickness = 0.5
mm) and for helium nozzle (outer diameter Dye o = 2 mm, wall thickness = 0.5 mm)
are inserted. The tube is covered by the heat insulator made of a ceramic fiber GM™,
NEXTEL™) with an outer diameter of D; = 10 mm. This cooling unit is set inside a
mullite tube with an inner diameter of D, = 16 mm and outer diameter of D; = 21

mm. The mullite tube is fixed with a SOFC single cell using a glass seal.

D.2 Assumed temperature distribution

Figure D-2 shows a schematic of an assumed temperature distribution of in a radial
direction of the cooling tube. Here, Q is a heat flux from a tubular electric furnace (Asahi
Rika Seisakusho Co., Ltd., ARF-50KC, Power output: 700 W). For simplicity in heat
calculation, the helium nozzle tube is not considered and the coaxial structure of two tubes

with the outer diameter of Dy o and D, are assumed in Fig. D-2, which are actually
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Mullite tube Heat insulator Stainless steel tube

\ / /
|

.

SOFC cell

Figure D-1. Detailed structure of the helium nozzle covered by the water cooling jacket
and heat insulator. The cooling unit is set inside a mullite tube, which is fixed with a
SOFC single cell using a glass seal.

eccentric as shown in Fig. D-1. The flow rate of cooling water and hydrogen gas are
assumed to be 0.9 L/min and 0.2 L/min, respectively. Each position in the radial direction
is numbered by 0 to 5 in Fig. D-2, and the temperature and radius of each position are
denoted by T; and r; (i = 0~5), respectively. T3, is a temperature of a middle
position between wall 3 and 4. In the experiment, an inside of the nozzle should be kept
at around room temperature while the SOFC cell is operated at 1073 K. Therefore, the

requirement of the thermal designis T; < 100°C and T3, = 800°C.
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Temperature Mullite tube Radius

<« -5.1. 15 =10.5mm
<41, =8mm

_— Heat insulator

r3 =5mm
, =4 mm
7, = 3 mm
0mm

tube

L = 150 mm (length of heated region)

Figure D-2. Assumed temperature distribution of in a radial direction of the cooling

tube. Q is a heat flux from a tubular electric furnace.

D.3 Heat transfer calculation

In order to calculate temperature of each position (Ty~T5), heat resistance of each
position needs to be calculated. Nusselt number near the wall 1 cooled by water (Nu) is

given as follows, which is for turbulence heat transfer in concentric annulus [1].

N D 0.6
Y _1 0.4 WO (D.1)
Nu(D,) D,

Here, Dy = D; — Dy o 1is a hydraulic diameter and Nu(Dy) is a Nusselt number of a
tube flow with a diameter of Dy, which is calculated by Gnielinski’s expression [2].

(f/2)[Re(D,)~1000]Pr

1+12.7,f/2(Pr*° -1

Nu(D,) = (D.2)
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where Pr is a Prandtl number of water and Re(Dj,) is a Reynolds number based on the
representative length Dj,. Friction factor in the pipe f is calculated by Blasius equation

as follows [2]:

0.079

As a result, Nu; = 17.9 and heat transfer coefficient in the wall 1, h; = 4.39 x 103

W/(m?sK) are obtained. The heat resistance near the wall 1, R; is expressed as follows:
= (D.4)
where L is a length of heated region (= 150 mm).

Nusselt number near the wall 3 (Nuz) or 4 (Nu,) (Nuz = Nuy) is given by Stephan

as follows, which is for laminar heat transfer in concentric annulus [1].

0.8
0.19(Repr Dh“j

D 05 D V3 L P 011
Nu, = 3.66+1.2[E3] +{1+0.14[33j } — [Pr]
' I
: ¢ 1+O.117(RePrDLh4j w

(D.5)

Here, Dpy = D, — D3 is a hydraulic diameter, Re is a Reynolds number based on the
representative length Dy,, Pr is a Prandtl number of hydrogen at 800 °C, and Pr,, isa
Prandtl number of hydrogen at wall temperature (Pr = Pr,, is assumed). As a result,
Nuz = Nu, = 4.61 and heat transfer coefficient in the wall 3 or 4, hy = hy = 3.97 X
102 W/(m?+K) are obtained. The heat resistances near the wall 3 and 4, R; and R, are

expressed as follows.

R-—t .1 (D.6)
2L rh,

SIS o
2L rh,
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The heat resistances by heat conduction from wall 1 to 2, 2 to 3, and 4 to 5 are

denoted by R;,, R,3,and R,s, respectively. These are expressed as follows.

1 r
= In| 2 D.8
R 2Lk, (I‘l] (D-8)
1 r,
R,.= In| 2 D.9
2 2xlLk, (rz] ©-5)
1 I,
R, = In| = D.10
® 27lk, [rJ ( )

Here kg, ki, and k,, isathermal conductivity of a stainless steel (ks = 16.7 W/(m*K)),
heat insulator made of a ceramic fiber (k; = 0.1 W/(m<K)), and mullite (k,, = 3.4
W/(meK)), respectively.

As shown in Figure D-3, linear temperature profile is assumed for cooling water
flowing in the stainless tube to roughly estimate water temperature T,. The energy

balance of the water is described as follows:

zD}? oT zD? T,-T,
pCpUX 41 '&:pcpux 41 'OT:qﬂ'Dl (D.11)

where p and C, is a density and specific heat of water at room temperature, u, is a
flow velocity, q is a heat flux from the tubular electric furnace (¢ = Q/(mD;L)), and
Ti, 1s an inlet temperature of cooling water (Tj,, = 25°C). Here, total heat flux @ should
be lower than 350 W (half of maximum output of the electric furnace, 700 W). In this

calculation, Q@ = 260 W is assumed and T|, is determined as follows.
4qL

=————+T,,=29.2°C (D.12)
pC,u, D,

TO
Finally, T;~T5 are determined as follows.

T,=T,+QR, =50.1°C (D.13)
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L = 150 mm (length of heated region)

Figure D-3. Assumed linear temperature profile of cooling water. @ is a heat flux

from a tubular electric furnace.

T,=T,+QR, =54.9°C (D.14)
T,=T,+QR,, =670°C (D.15)
T,, =T, +QR, =809°C (D.16)
T, =T, +QR, =896°C (D.17)
T,=T,+QR, =918°C (D.18)

These results fulfill the requirement of the thermal design: T; < 100°C and T34 =
800°C.

Figure D-4 shows a drawing of the helium nozzle combined with water-cooling
jacket used in this study. In this figure, flow directions of helium and water are also shown.
The total pressure drop of helium (10 L/min) and water (0.9 L/min) lines are estimated to

be 62.7 kPa and 28.9 kPa, respectively.
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Figure D-4. A drawing of the helium nozzle combined with water-cooling jacket. Flow

directions of helium and water are shown.
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Appendix E

Oxygen tracer diffusion coefficient and surface

exchange coefficient of LSM

Oxygen tracer diffusion coefficient D* and surface exchange coefficient £* of LSM
particles were determined by fitting Eq. (4.8) to line profiles of '®O concentration c;gq
in Chapter 4, section 4.3. All measured points, examples of fitted graph, and obtained D*
and k* values are shown in Appendix E. All measured points in section A (OCV) and C
(biased, directly under the contact area of the current collector) are shown in Figure E-
1(a) and (b), respectively. Examples of fitting results are shown in Figure E-2, and all D*
and £* values obtained here are summarized in Table E-1 for section A and in Table E-2
for section C. In Table E-1 and E-2, distance d of each point (LSM/gas interface at each

measured line profile) from electrolyte/cathode interface is also shown.
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(a) Section A

Figure E-1. All measured points of cygg line profiles to determine oxygen tracer
diffusion coefficient D* and surface exchange coefficient £* for (a) section A (OCV)

and (b) section C (biased, directly under the contact area of the current collector).
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(a) Point#13 in section A

(b) Point #11 in section C
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Figure E-2. Fitting results of diffusion equation [Eq. (4.8)] to '30 concentration profile
C1go at (a) Point #13 in Section A (OCV, Fig. E-1(a)) and (b) Point #11 in Section C

(biased, Fig. E-1(b)). Positive direction in position x corresponds to each arrow
direction in Fig. E-1.
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Table E-1. All fitted D* and £* of LSM at point #1-15 in section A (OCV, Fig. E-1(a)).

Distance of each point from electrolyte/cathode interface (d) is also shown.

Point # D* [cm?/s] k* [cm/s] d [um]
1 6.70 x 1014 5.50 x 10-10 0.424
2 5.00 x 1014 4.40 x 10-10 0.693
3 2.00 x 1013 1.30 x 10-° 4977
4 7.00 x 1014 7.00 x 1010 5.762
5 9.00 x 1014 4.80 x 10-10 9.676
6 7.00 x 1014 4.33 x 10-10 10.0039
7 9.50 x 1014 9.30 x 10-10 6.63
8 1.50 x 1013 1.10 x 10°° 5.822
9 1.50 x 1013 1.10 x 10-° 4.7
10 1.80 x 1013 1.30 x 10-° 4,199
11 5.50 x 1014 8.70 x 10-10 6.858
12 8.80 x 1014 1.85 x 109 10.739
13 1.30 x 1013 1.65 x 109 3.458
14 1.85 x 1013 2.40 x 109 1.452
15 2.30 x 1013 2.40 x 10° 8.412
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Table E-2. All fitted D* and £* of LSM at point #1-15 in section C (biased, Fig. E-

1(b)). Distance of each point from electrolyte/cathode interface () is also shown.

Point # D* [cm?/s] k* [cm/s] d [um]
1 5.50 x 10-13 6.20 x 10° 4.367
2 3.50 x 1013 4.80 x 10° 5.089
3 2.70 x 1013 3.00 x 10°? 9.131
4 3.70 x 1013 3.20 x 10°° 9.045
5 3.00 x 10-13 1.50 x 108 12.909
6 2.40 x 10-13 1.25 x 108 12.821
7 1.00 x 10-13 1.35 x 10-° 12.633
8 2.70 x 1013 6.50 x 10-° 3.786
9 2.60 x 10-13 2.60 x 10° 4.289
10 2.20 x 1013 8.00 x 10° 5.016
11 3.00 x 1013 5.05 x 10° 5.361
12 4.40 x 10-13 4.00 x 109 10.795
13 3.80 x 10-13 2.90 x 10? 10.184
14 2.50 x 10-13 7.20 x 10° 6.299
15 5.60 x 1013 6.30 x 10 7.42
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