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Abstract

Fuel cells directly convert chemical energy to electrical energy. Thanks to their highly efficient
operation and eco-friendly performance, fuel cells have become promising energy converters to
power the future. Solid oxide fuel cell as one kind of fuel cells, exhibits its advantages such as
fuel variability. Capable of running on renewable fuels like biomass, SOFCs are regarded as
potential solution to carbon-neutral energy conversion path. SOFCs operate on fuel supplied to
the anode and oxidant supplied to the cathode. The anode is ought to facilitate the oxidation of
fuel and transport of electrons from the reaction site to the current collector. It should also
enable the diffusion of gaseous fuel to the reaction sites and reaction products away from the
reaction sites. Meeting abovementioned requirements, Ni/YSZ cermets are competent SOFC
anodes, where Ni is an electronic conductor, YSZ is an ionic conductor, and pores in between Ni
and YSZ facilitate the fuel supply. Fuel oxidation is believed to occur in the vicinity of triple
phase boundaries (TPBs), where Ni particles, YSZ particles and pore interact. Thus, TPB length
quantifies the electrochemically active sites within the anode. The fuel oxidation involves
physical processes and multi-elementary reaction steps in reality, among which exists a
rate-limiting step. The overall reaction rate can be represented by the rate-limiting step whose
kinetics are proposed as a function of the TPB length. In many past computational studies of the
cermet anode, a global electrochemical reaction expressed by Butler-Volmer equation is put
forward, simplifying electrode reaction to a single step process and probably inadequately to
present insights into intrinsic processes occurring within the anode. In this work, TPB-based
kinetics, derived from the pattern anode experiment, are implemented in a CFD model to
evaluate the performance of Ni/YSZ cermet-based cells. For model validation, simulated
polarization curves are compared with the experimental ones. TPB length as a fitting parameter
is determined to ensure the agreement between simulated polarization curves and experimental
ones. The fitted TPB length is found to be several orders of magnitudes lower than physical TPB
length of typical Ni-YSZ cermet anode, which might imply that only a small fraction of the
physical TPB length actually participates in the electrochemical reactions. CFD behavior like
species distribution and electrochemical behavior like overpotential breakdown are investigated.
The gradient of species molar fraction in anode turns to be larger than that in fuel channel,
agreeing with the fact that fluid flow is much slower in anode where species transport in porous
electrode is dominated by diffusion rather than convection. The cathode activation overpotential
makes the most significant contribution to the overall overpotential. The anode activation
overpotential at high current density region in the case of low molar fraction of inlet hydrogen

yields rapid increase, which could be explained as a consequence of rapid decrease of exchange



current density in the vicinity of anode/electrolyte interface. Parametric study of operating
temperature is conducted later to see its effect on the cell performance. The higher the
operating temperature is, the slower drop of cell voltage with respect to cell current is
observed. At a fixed cell voltage, an elevated temperature will cause intensified fuel
consumption/vapor generation within anode, leading to a larger gradient of species molar

fraction and accordingly a larger concentration overpotential.

Keywords: SOFC, Ni/YSZ anode, TPB length, rate-limiting step, TPB-based kinetics
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Nomenclature

a; chemical activity of species i
b; Langmuir parameter of species i 1/Pa
CiTPB concentration of species i at TPB mol/m3
Ci local intrinsic concentration of species i mol/m3
at site adjacent to TPB
Cip concentration of species i in bulk phase mol/m3
Dy binary diffusivity of species i and species m?/s
k
Diy Knudsen diffusivity of species i m?/s
D; diffusivity of species i m?/s
Dj surface diffusivity of species i m?/s
Erey cell reversible potential |4
E, anode potential 1%
E, cathode potential 1%
Eeq electrolyte potential at electrolyte/anode 1%
interface
Ee. electrolyte potential at |4
electrolyte/cathode interface
AEy e electric-potential difference between the 1%
anode and electrolyte
AE, electric-potential difference between the 1%
cathode and electrolyte
F Faraday constant (96500) ¢/mol
g molar Gibbs free energy J/mol
h molar enthalpy J/mol
I identity matrix
i currnet density Consistent unit
i TPB length-specific current A/m
iq area-specific current Afm?
iy volume-specific current A/m?3
i° exchange current density Consistent unit
ke forward reaction rate constant Consistent unit
k, reverse reaction rate constant Consistent unit
K equilibrium constant
larps area-specific TPB length m/m?
Lyrea volume-specific TPB length/TPB density m/m3
M; molar weight of species i g/mol
Mgy inlet mass flow rate of fuel kg/s
Mg inlet mass flow rate of air kg/s




n number of electrons
Po standard pressure (1) atm
Di partial pressure of species i Pa
Q volumetric charge source A/m3
Qun volumetric flow rate at fuel channel inlet m3/s
Qca volumetric flow rate at fuel channel inlet m3/s
R universal gas constant (8.314) Ji
mol - K
Ty electrode pore radius m
Ronm area-specific resistance Q-m?
R; chemical mass source term of species i kg
m3-s
s molar entropy ]
mol - K
t time s
T temperature K
velocity m/s
f diffusion volume of species i
X; molar fraction of species i
Qg anodic charge transfer coefficient
a; cathodic charge transfer coefficient
Ba anodic symmetric factor
Be cathodic symmetric factor
o conductivity S/m
€ electrode porosity
T electrode tortuosity
K electrode permeability m?
pi density of species i kg/m3
Wi fluid dynamic viscosity Pa-s
v stoichiometric coefficient of species i
Nact activation overpotential 1%
Norm Ohmic overpotential |4
Neon concentration overpotential |4
OoCv open circuit voltage |4




Introduction

1.1 Fuel cell origin

The world is now being haunted by several environmental challenges like global warming, air pollution and
acid precipitation. On the other hand, increasing global population calls for an escalating energy supply.
Considering fossil fuels are being depleted day after day, development of innovative power generation
technologies is highly wanted. As an efficient and effective solution to environmental problems and energy

need, fuel cell comes into people’s view [1].

Fuel cells are energy converters, directly transforming chemical energy to electrical energy through
electrochemical combination of gaseous fuel and oxidant gas [1]. Attempts to develop fuel cells as power
sources have been made over many years. At the very beginning, they were created for space and defense

applications, thanks to their compactness and high-energy renewability [2].

Compared to conventional power devices, fuel cells have their unique advantages:

1. Unlike diesel or gas engines, fuel cell efficiency is not limited by the Carnot cycle. A general fuel
cell efficiency is reported to fall in the range between 40% and 60% [3].

2. Different from internal combustion engines, fuel cells are favored for their silent operation,
making it a suitable power source within buildings such as hospitals.

3. In contrast to batteries, fuel cells rely on continuous supply of fuel and oxidant other than energy
stored in chemicals. During operation, fuel cells serve as sustaining power source as long as fuel
and oxidant are supplied.

4. Emitting orders of magnitude lower pollutant output than traditional technologies, fuel cells can
mitigate pollution resulting from burning fossil fuels. For instance, the final products of Polymer

Electrolyte Membrane Fuel Cell (PEMFC) is moisture only.

1.2 Fuel cell types

Judging from chemical characteristics of electrolyte as ion conductor, fuel cells could be categorized into

different groups [3][4].

1. Polymer Electrolyte Membrane Fuel Cell (PEMFC)
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Common Electrolyte: perfluoro sulfonic acid
Operating Temperature: 50 — 100°C

Typical System Size: 1kW — 250kW

Efficiency: 60% (transportation) & 35% (stationary)

Applications: backup power, portable power, distributed generation, transportation, and specialty

vehicles
Advantages: solid electrolyte reducing corrosion and electrolyte management problems, low
temperature, and quick start-up

Disadvantages: expensive catalysts, sensitive to fuel impurities, low temperature waste heat

Alkaline Fuel Cell (AFC)

Common Electrolyte: Aqueous solution of potassium hydroxide soaked in a matrix
Operating Temperature: 90 — 100°C

Typical System Size: 10kW — 100kW

Efficiency: 60%

Applications: Military and space

Advantages: Low cost components; high performance resulting from faster cathode reaction

Disadvantages: Sensitive to C0, in fuel and air and difficult in electrolyte management

Phosphoric Acid Fuel Cell (PAFC)

Common Electrolyte: Phosphoric acid soaked in a matrix

Operating Temperature: 150 — 200°C

Typical System Size: 50kW — 1MW

Efficiency: 40%

Applications: Distributed generation

Advantages: CHP configuration enabled by high temperature; increased tolerance to fuel
impurities

Disadvantages: High cost of Pt catalyst; long stat-up time; low current and power

Molten Carbonate Fuel Cell (MCFC)

Common Electrolyte: Solution of lithium, sodium, and /or potassium carbonates, soaked in a
matrix

Operating Temperature: 600 — 700°C

Typical System Size: 1kW — 1MW

Efficiency: 45% — 50%

Applications: Electric utility and distributed generation

Advantages: High efficiency; fuel flexibility; diversity of catalysts; suitability for CHP
Disadvantages: High temperature corrosion and breakdown of cell components; long start-up

time; low power density

Solid Oxide Fuel Cell (SOFC)



Common Electrolyte: Yttria stabilized zirconia
Operating Temperature: 700 — 1000°C
Typical System Size: 1kW — 3MW

Efficiency: 60%

Applications: Auxiliary power; electric utility; distributed generation

Advantages: High efficiency; fuel flexibility; diversity of catalysts; solid electrolyte; suitability for
CHP of hybrid GT-integrated cycle
B Disadvantages: High temperature corrosion and breakdown of cell components; long start-up

time

The first 3 types are characterized by their low to medium temperature of operation (50 — 200°C). The
latter 2 types are characterized by their high temperature of operation (600 — 1000°C), their ability to

operate on diverse fuels such as methanol and their possibly high efficiency with heat recovery.

1.3 SOFC operation

Among the abovementioned fuel cell types, the SOFC is characterized by its ceramic electrolyte. As
illustrated in Figure 1.3, a representative SOFC encompasses two electrodes. H, as the fuel, is supplied to
the anode side, where it is oxidized to produce H,0, releasing free electrons; 0, as the oxidant, is supplied
to the cathode side, where it is reduced to 027, accepting free electrons coming from the anode side. An
external electric circuit bridges anode and cathode, allowing free electrons to pass from the anode to the
cathode; The electrolyte connects cathode and anode, permitting 0%~ to migrate from the cathode to the

anode.

Electric Current

=)

Fuelln e I Arrin
= ' e <=
e Y.
t - e
(@]
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o= O:
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<= >
/ \
Anode Cathode
Electrolyte

Figure 1.1 Schematic of SOFC operation [5]

1.4 SOFC advantages and applications



On top of general advantages of fuel cells summarized before, SOFC has its special competitiveness.

1.

SOFCs have the highest overall fuel to electric efficiency among fuel cells currently being
developed globally. For currently available commercial SOFCs, an efficiency of 60% can be
reached [6]. Moreover, due to high exhaust gas temperature, a possibility of CHP implementation
can be expected. For such hybrid systems, an overall efficiency of 85% can be achieved [6]. In
addition, the high temperature exhaust gas can be supplied to a gas turbine to realize an SOFC-GT
hybrid system where the system efficiency of 80% can be achieved [7].

SOFCs are adaptable in terms of fuel types. Not only hydrogen but also carbon-based fuels like
natural gas can be supplied. In addition, solid oxide fuel cell can be fueled by renewable energy
source such as biomass, realizing a carbon-neutral energy conversion path [6].

SOFCs do not require noble metals such as Pt which can be problematic in resource availability
and price issue in high volume manufacture [1].

SOFCs are free from liquid electrolyte which can be corrosive and cause handling problems [1].

Based on the abovementioned advantages, SOFCs have extensive range of applications. Thanks to their

high conversion efficiencies, SOFCs are suitable for distributed generation like stationary power where fuel

costs a lot due to long delivery chain to end customers.

1.5 SOFC configurations

There are two common configurations of SOFCs. One configuration exhibits tubular geometry where tube

consists of an assembly of electrodes and electrolyte in between, with fuel flowing by the external surface of

tube and oxidant flowing by the internal surface of tube, as can be seen in Figure 2.1.

Fuel flow ®

» Interconnection

Fuel electrode

Electrolyte

Air electrode

® Air flow

Figure 2.1 Typical tubular SOFC configuration [1]

Another configuration demonstrates planar geometry where electrolyte is sandwiched between electrodes,



with fuel and oxidant flowing through channels on one side of electrode face, as can be seen in Figure 1.3.

Current flow

)

—>» End plate

Anode
Electrolyte

Repeating unit Cathode

-5 [
Oxidant flow
2t B g O =y |
Anode
Bipolar separator
Fuel flow

Figure 1.3 Typical planar SOFC configuration [1]

1.6 SOFC anode

Anode should facilitate the oxidation of fuel and transport of electrons from reaction site to current
collector. It should also enable diffusion of gaseous fuel to the reaction sites and reaction products away
from the reaction sites. Properties pertaining to structure, electricity, and electrochemistry have to be
taken into consideration while choosing materials for anode. High temperature and intensive reducing
atmosphere where anode has to operate, impose stringent criteria for anode material selection and give
rise to special challenges concerning chemical stability and material degradation. To ensure electrode’s
satisfactory performance, anode materials should meet the following requirements [8]:
1. High electrocatalytic activity favoring oxidation of gaseous fuel
2. Predominant electronic conductivity permitting path of electrons
3. Thermal expansion coefficient (TEC) compatibility with adjacent components
4. Chemical compatibility with adjacent components
5. Continuous porous structure allowing rapid transport of gaseous fuel and reaction products in
and out of the electrode
Porous Ni/YSZ (yttria-stabilized zirconia) cermet electrodes meet most of the abovementioned
requirements, making them as ideal anodes for hydrogen-fed SOFCs [8]:
1. Niserves as a competent electrocatalyst for electrochemical oxidation of H,.
2. Ni conducts electrons with its satisfactory conductivity
3. Ni/YSZ anode is able to match adjoining components including YSZ electrolyte in terms of
thermal expansion coefficient.

4. YSZ could inhibit the coarsening of Ni during operation.



5. YSZ provides a framework where Ni could be dispersed. Pores in between enable rapid transport

of gaseous fuel and reaction products.

1.7 TPB-based kinetics in SOFC anode

Ni-YSZ cermet is one of the most prevailing anode materials for SOFC. In fact, physicochemical processes
taking place within such an anode are very complicated, involving highly coupled catalytic and
electrochemical reactions and transport phenomena. Obtaining a good understanding of such
physicochemical mechanisms is one of the prerequisites to anode’s optimization such as voltage loss
mitigation. Considering that direct measurement of electrochemical reactions in porous structure is very
difficult, developing an accurate model describing such physicochemical processes within anode is highly

wanted [9].

In many past computational studies of the cermet anode, coupled with conservation equations
representing gas transport and charge migration, a global electrochemical reaction expressed by
Butler-Volmer equation is put forward, simplifying electrode reaction to a single step process [10][11][12].
Although such macro scale modelling generated results turning to be well-fitted with experimental outputs,
it failed to present insights into intrinsic processes occurring within the anode. Accordingly, more
fundamental modelling is anticipated to investigate the nature of anode reactions where parameters of

interest such as triple-phase boundary length are specifically studied.

As demonstrated in Figure 1.4, a typical cermet anode consists of Ni particles for electronic conducting and
YSZ particles for ionic conducting, with pores in between for transport of gaseous species. Within electrode,
electrochemical reaction occurs in the vicinity of triple-phase boundary where Ni, YSZ, and pore interact.
Triple-phase boundary length, as a parameter quantifying the electrochemically active region, influences
electrochemical kinetics and anode performance [1]. Therefore, a quantitative knowledge of the TPB length

is required to study electrochemical kinetics and anode performance.

Ni/YSZ - cermet

clectrochemical
fuel oxidation :

H; + O'— H.O + 2e¢

at the active
3 - phase boundaries

NSZ electrolyre
Figure 1.4 Ni/YSZ Anode of SOFC [13]



However, due to the complex microstructure of a Ni-YSZ cermet, quantification of the TPB length in such a
3D porous structure is technically inconvenient. In addition, the measurement of the TPB fraction actually
participating in the reaction is also experimentally difficult. To circumvent such a dilemma, a Ni pattern
anode is employed. The triple phase boundary length of a pattern anode is specified during the fabrication,
enabling a study on TPB related electrochemical oxidation mechanism. Actually, an electrochemical
reaction at the TPB is constituted by a sequence of elementary steps such as surface reactions and
charge-transfer reactions. Through modelling pattern cell using an elementary kinetics approach,
rate-limiting process is identified and TPB length effect is attempted to estimate. TPB-based kinetics
assuming a rate-limiting step is then formulated, eligible to be applied to cermet anode as well. Such
TPB-based kinetics lead to Butler-Volmer formulation representing the kinetics of rate-limiting step and
overall electrode reaction. In that case, detailed electrochemical oxidation mechanism in anode is

considered and described.

1.8 Thesis objective

The overall objective of the thesis is to incorporate the TPB-based kinetics, derived from the pattern anode
experiment, in a CFD model to evaluate the performance of Ni/YSZ cermet-based cells, with insights into
intrinsic processes occurring within the anode presented. Such a model is expected to describe the species
transport in the anode microstructure, in the gas phase and at the surface. Polarization curves, which
typically characterize the cell performance, are simulated where TPB length as a fitting parameter is tuned
to enable the agreement between simulation and experimental curves. Overpotential breakdown and

species distribution are then investigated. Effects of operating temperature on SOFC is further studied.

1.9 Thesis outline

Chapter 2 presents the theoretical background of the modelling work and subsequent validation and
analysis. The literatures cover TPB based kinetics to be incorporated into modelling work and cell
polarization behavior to be employed in model validation & performance analysis. Chapter 3 provides
formulas and equations concerning charge transport, species/mass transport and momentum transport.
Implementation of TPB based kinetics in electrochemistry modelling is highlighted. Chapter 4 offers
polarization resulting from a validated model. Starting from that, overpotential breakdown and species
distribution are then investigated. In addition, the operating temperature is tuned to study its effects on

cell performance. Chapter 5 draws the conclusion of the report and projects the outlook for future research.



Literature Survey

2.1 Polarization behavior

An operating SOFC outputs cell current at given cell voltage. It’s necessary to evaluate SOFC
performance quantitatively by current — voltage figure. At any stationary state, a single given
voltage leads to a single current.

When electrodes are not electrically connected, no net current can be detected and an open
circuit voltage would be measured. Once electrodes are electrically connected, the cell voltage
turns to be lower than open circuit voltage. Such drop is attributed to irreversible losses like (1)
activation overpotential, (2) Ohmic overpotential, and (3) cncentration overpotential.

2.3.1 Activation overpotential
The activation overpotential originates from slowness of reaction occurring at electrode. When
evaluating overall rate of a reversible reaction, the rates of both forward and reverse directions
should be considered. The net rate is given by the difference between the forward and reverse
reaction rates. For example, the second charge transfer reaction at anode (Reaction 4) concerns
forward and reverse reactions.
Forward reaction H(Ni) + OH~(YSZ) - (Ni) + H,0(YSZ) + e~ (Ni)
Reverse reaction (Ni) + H,0(YSZ) + e~ (Ni) » H(Ni) + OH~(YSZ)
Assuming ], as the forward reaction rate and J, as the reverse reaction rate, the net reaction
rateis Jper =Jr —Jr
Current density i and reaction rate J are related by i = nFJ. Similarly, net current density i,
is the difference between the current density of forward reaction i, and the current density of
reverse reaction i,.
Inet = Uf — iy

In more details

i = i g ®anFnact/RT

i = {0 @—@cnFNqct/RT
In equilibrium, forward and reverse reaction rates must balance. In that case, activation
overpotential is zero, making both forward and reverse current densities equal exchange current
density, leading to zero net current density. If such dynamic balance is tipped, positive
activation overpotential would favor anodic reaction, leading to non-zero net current density.
It’s easy to tell that higher activation overpotential leads to higher net current density, assuming
exchange current density to be a constant.



Since Butler-Volmer equation must be solved implicitly for activation overpotential, several
explicit approximations have been raised [14]. The formula of approximation varies depending

on current density range.

High current density field n,. = ln(—) (— > 4)
Mid current density field 7,c = ——sinh~ 1(—) 1<5<4
Low current density field 7, = poge (l—) (— <1)

2.3.2 Ohmic overpotential
Due to resistance to electronic flow at electrodes and resistance to ionic flow within electrolyte,
the cell voltage would drop as long as there is net current passing through the cell. Assuming cell
resistance to be a constant, when current climbs up, Ohmic overpotential would consequently
increase linearly.

Nonm = laRonm
Considering most of the Ohmic overpotential is attributed to ionic resistance exerted by
electrolyte [15], Ohmic overpotential could be estimated as the potential difference between

electrolyte interfaces.

2.3.3 Concentration overpotential

Concentration overpotential is attributed to electrochemical reaction causing reactant depletion
and product generation at TPB site. Such loss in reversible cell voltage can be predicted by
Nernst equation [16].

Pk

Ncon = 1 ( T,,ka)

p? is the partial pressure of species k in bulk phase

prPE is the partial pressure of species k at TPB site

For the SOFC studied, hydrogen is injected to the anode and air is injected to the cathode. The
concentration overpotentials of anode and cathode could be figured out respectively.

L Ph, pfé’g)
con,a 2F P;EI:B pgzo

P
Necon,ec = ln( TpZB

Neona 1S the concentration overpotential in the anode

Neone IS the concentration overpotential in the cathode



2.2 Hydrogen oxidation at Ni/YSZ anode

SOFC operates on electrochemical reactions occurring at electrodes. The nature of oxidation
occurring at anode lies in the charge transfer processes. Together with hydrogen
adsorption/desorption and incorporation of oxygen ions between electrolyte surface and
electrolyte bulk, charge transfer processes constitute a half-cell reaction. Among those
elementary steps, a certain reaction is assumed to be rate-limiting, dictating the reaction rate of
the overall oxidation reaction. The anode half-cell reaction can be globally formulated as:

H,(g) + 0%(el) = H,0(g) + V' (el) + 2e(a) Reaction 1
0% islattice oxygen

V5 is oxygen vacancy in electrolyte bulk

Notations in brackets are short for gas, electrolyte and anode respectively, standing for phases in
which the relevant species exist.

2.2.1 Charge-transfer mechanisms

In Vogler’s paper [17], a modelling study of hydrogen oxidation at Ni patterned anode is
presented. Seven different charge transfer mechanisms are investigated via experimental data of
patterned anode obtained by Bieberle [18] under a range of operating conditions.

Different scenarios picturing the actual pathway and nature of elementary step are proposed by
Vogler [17]. The schematics in Figure 2.1 illustrate five different scenarios of elementary kinetics
at Ni/YSZ TPB. The projected scenario (a) represents surface hydrogen spillover, involving
Reaction H1 and Reaction H2. Reaction H1 depicts that a Ni-adsorbed hydrogen atom hopping
to a hydroxyl ion on YSZ. Reaction H2 describes that a Ni-adsorbed hydrogen atom hopping to
an oxygen ion on YSZ. The projected scenario (b) represents surface oxygen spillover, involving
Reactions O1-O5. Reactions 01-04 depicts that oxygen ions may hop from YSZ surface to Ni
surface, undergoing two charge-transfer reactions that can take place before, after, or during the
hop. Reaction O5 describes that oxygen ions may hop from YSZ surface to Ni surface,
undergoing only one charge-transfer reaction that can take place during the hop. The projected
scenario (c) represents surface hydroxyl spillover, involving Reaction OH which depicts that
hydroxyl ion may hop from YSZ surface to Ni surface, undergoing only one charge-transfer
reaction that can take place during the hop. The projected scenario (d) represents charge
transfer by an interstitial hydrogen. The projected scenario (e) represents charge transfer on
electrolyte surface only.

Abovementioned elementary reactions are formulated below.
H2 Hy; + 0% ys; @ OH ysz + ey + (NQ)

O1 0% ys; 20 ysz+e

02 0y +(Ni) = Oy;+ ey +(YSZ)

03 0%y, + (ND) 20 y; + ey + (YSZ)

04 07y = Oy tey;

05 0% yg; + (Ni) 2 Oy; + 2™y + (YSZ)

10



OH OH yg; + (Ni) = OHy; + ey + (YSZ)

()

(b)

)

(d)

(e}

#== (Chemical reaction #—u Charge-transfer reachon

Figure 2.1 Elementary kinetics scenarios at Ni/YSZ TPB [17]

A total of seven different combinations of one or two elementary charge-transfer reactions, were
referred as charge transfer mechanisms: two single hydrogen spillover mechanisms (H1 and H2),
one double hydrogen spillover mechanism (H1+Hz2), three different oxygen spillover
mechanisms (01+02, 03+04 and O5), and one hydroxyl spillover mechanism (OH).

In Vogler’s modelling study, polarization resistance and Tafel plot were simulated and compared
to experimental data set under different operation conditions. Only one reaction mechanism

was enabled at a time for trial simulation, while the other mechanisms were disabled. Ultimately,
only the double hydrogen spillover mechanism, as shown in Figure 2.1 (a), turned to yield
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agreement with the complete experimental data set. Consequently, the double hydrogen

spillover from Ni to YSZ surface is reasonably considered as the dominant mechanism at anode
[17].

2.1.2 Rate-limiting step

In Zhu'’s paper, a numerical framework of modelling chemically reacting flow in
anode-supported SOFC is presented [19]. The model is capable of representing elementary
heterogeneous chemical kinetics in form of multistep reaction mechanisms. A modified
Butler-Volmer expression originating from elementary reactions depicts the charge-transfer
chemistry, assuming a single rate-limiting step.

A detailed mechanism involving 5 elementary reactions at Ni-YSZ TPB is proposed.
Adsorption/desorption of H, on Ni surface

H,(g) + 2(Ni) = 2H(Ni) Reaction 2
First charge-transfer reaction at TPB site (the same as Reaction H2)

H(Ni) + 02~ (YSZ) = (Ni) + OH™(YSZ) + e~ (Ni) Reaction 3
Second charge-transfer reaction at TPB site (the same as Reaction H1)

H(Ni) + OH~(YSZ) = (Ni) + H,0(YSZ) + e~ (Ni) Reaction 4
Desorption/adsorption of H,0 on YSZ surface

H,0(YSZ) = H,0(g) + (YSZ) Reaction 5
Transfer of oxygen ions between surface YSZ and bulk YSZ

0%(YSZ) + (YSZ) = 0%~ (YSZ) + V) (YSZ) Reaction 6

On the surface of Ni, 1 gaseous hydrogen molecule is adsorbed, split into 2 hydrogen atoms, with
2 empty Ni surface sites occupied. Later, 1 of the adsorbed hydrogen atoms reacts with 1 oxygen
ion on YSZ surface, liberating 1 free electron at Ni, with 1 empty Ni surface site spared and 1
hydroxide ion on YSZ surface formed. Subsequently, the other produced hydrogen atom reacts
with just-produced hydroxide ion on YSZ surface, releasing another free electron at Ni, with
another empty Ni surface site spared and 1 vapor molecule on YSZ surface formed. And then,
the produced vapor molecule gets desorbed from YSZ surface, resulting in 1 gaseous vapor
molecule and 1 empty YSZ surface site. Finally, 1 lattice oxygen within YSZ bulk possesses 1
empty YSZ surface site, generating 1 oxygen ion on YSZ surface and 1 oxygen vacancy within
bulk YSZ.

The abovementioned five elementary reactions involve six surface species and two gaseous
species. The site fractions of adsorbed H and empty Ni must sum to unity. And the site fractions
of oxygen ion, hydroxyl ion, vapor and empty YSZ must add up to unity as well.

Oy +60y; =1 Equation 2.1
0o + Oon + Oy,0 + Oysz =1 Equation 2.2

In Zhu’s paper, the second charge-transfer reaction (Reaction 4) is assumed to be the

rate-limiting one. Consequently, the other 4 reactions are assumed to be in equilibrium.
Consequently, relevant surface coverages and partial pressures can be linked via equilibrium
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constants of the 4 reactions in equilibrium.

Tﬂ = KZ Equation 2.3

OnifoH :
onfp K xp(—RT ) Equation 2.4
Oysz( ZZO) .
' =Kg Equation 2.5
OH,0
b0 _ g, Equation 2.6
Oysz

Coupling Equations 2.1 — 2.6, species surface coverages could be sorted out respectively:

Ao Equation 2.7
1+ /sz

1 .
0y = —— Equation 2.8
M e

PH,0
Po

)

Equation 2.9

0 ¢
H,0 = PH Oy
( §O)+K5+K5K6+—9 K3K5K6exp( “/e)

Ks

Oysz = (pH20 Equation 2.10

po

)+K5+K5K6+9 K3K5K6exp( “/e)

_ KsKg .
0o = PH,0 0y a/e Equation 2.11
( o )+K5+K5K6+—K3K5K6exp( )
—K3K5K69Xp( ~aje, _
Ooy = PHy0 o a/e Equation 2.12
( o )+K5+K5K6+g K3K5K6exp( )

The area-specific current density of the rate-limiting reaction can be written in elementary form.

(Ba,a 4FAE Bea aFAE .
%‘”E) — Ky 401,00n; €xp (— %"/9)] Equation 2.13

a4 = larpsFlkr.q 40uB0n exp
igq 4 isthe area-specific current of Reaction 4

ks q 4 is the reaction rate constant of the forward reaction of Reaction 4
k.o 4 is the reaction rate constant of the reverse reaction of Reaction 4
Ba,a 4 is the anodic symmetric factor of Reaction 4 in the anode

Bc.a 4 is the cathodic symmetric factor of Reaction 4 in the anode

Substituting Equations 2.7 — 2.12 into Equation 2.13, a more compact Butler-Volmer form is
presented.

(Ba,a_ atDFnacta

Be,a aFNacta .
o ) —exp(——=——""9)] Equation 2.14

. _ .0
la,a_4- - La,afl— [exp ( RT
i9 4 4 is the area-specific exchange current of Reaction 4

1

. P p p P
0,0 = Lairps Ky 0 a(Ky Koo K5 Ke)Peas/2 P2y e 2 (201 oo o/2((1 + Kz (222))[(2222) 4 K5 +
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1
1 = FAES]
KsKg + KsKsKoKy2 (%)Z exp(—2L9)]} ! Equation 2.15

Nact,a = AEa/e —AE]

aje Equation 2.16
Nactq 1S the anode activation overpotential
AE, . is the electric-potential difference between anode and electrolyte

AEY]

a/e 1s the equilibrium electric-potential difference between anode and electrolyte

The Butler-Volmer equation can be simplified by assuming that YSZ surface is nearly fully
covered by oxygen ions. In that case, the exchange current density of the rate-limiting step can
be rewritten.

szﬂ)ﬂc,a_z}ﬂ (pH_ZO)l—ﬁ’c,a_zt/Z

( .
i90 4 = lrpsFky o 4(KyK3)Peasl? (ﬁ)l—ﬁc.aﬁﬂ Po P Equation 2.17
5Ke 1+ (K B

Actually, there are 2 charge-transfer reactions, with Reaction 4 assumed to be rate-limiting and
Reaction 3 assumed to be in equilibrium. As a result, the area-specific current density in the
anode is twice the area-specific current density of Reaction 4 [19].

(ﬁa,a_4+1>Fnact,a) ~ exp (_ ﬁc,a_ztpﬂact,a)]

Equation 2.18
RT RT

. _ . _ .0
la,a - 2la,a_él- - 2la,a_Al— [exp(

igq isthe area-specific current density in the anode

2.3 Oxygen reduction at cathode

According to Zhu [19], the area-specific current density in the cathode can be expressed in
Butler-Volmer form.

ﬁa,anact,c) _ exp(— ﬁc,anact,C)]

loc = ige [E‘XP( o o Equation 2.19

i is the area-specific current density in the cathode

ig . is the exchange current density in the cathode

Ba,c is the anodic symmetric factor of the cathode reaction
Bc.c is the cathodic symmetric factor of the cathode reaction
Nact,c 1S the cathode activation overpotential

. . (Do /o )M* .

9. =1p, W Equation 2.20
2

ia,0, 1s used as an empirical parameter to fit experimental observation

According to Zhu, i;,, = 2.8 A/cm”2 is obtained [19].

According to Matsuzaki and Yasuda, p;, = 0.090273 atm is obtained [20].

2.4 TPB length in anode

State of the art fuel cell electrodes typically have a complex microstructure involving
interconnected electronically and ionically conducting phases, gas-phase porosity. Determining
such microstructure is a critical yet missing link between material properties and performance
of electrode. To obtain a detailed 3D understanding of the microstructure, a 3D microstructure
reconstruction could be conducted [21]. With the help of focused ion beam technique, a trench
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into a cross-sectional surface in the vicinity of anode is milled. Subsequent scanning electron
microscopy generates a series of consecutive images which could be stacked in 3D space later on.
Through such 3D reconstruction process, TPB length and percolated TPB portion feasible to
contribute to electrochemistry are revealed. TPB length, widely viewed as a critical geometrical
parameter of electrode, is expected to influence reaction rate. For effective TPB sites
contiguously accessing the rest of microstructure, connections of pore to gas flow via
neighboring pore network, nickel phase to external circuit via nickel network, and YSZ phase to
bulk electrolyte via YSZ network are all ensured. What’s more, of such percolated portion, only a
tiny fraction which is located in a small depth from electrolyte/electrode interface actually
participates in the electrochemical reaction, forming an electrochemically active thickness [22].
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Model Development

3.1 Purposes and assumptions

A model with high fidelity is expected to be created in Comsol possessing multi-physics. The model should
resemble experimental sample tested by Jiang [25]. The simulated polarization curves are compared to the

experimental ones for validation.

To simplify the modelling work, some assumptions are made ahead of model development:
1. The gases within both electrodes and channels are ideal.
2. The gaseous flows within both electrodes and channels are Laminar ones.
3. The cell is operated in a steady state.
4. The cell has a homogeneous temperature.
5. TPB length and specific active area are both homogeneous microstructural properties of anode,

assuming TPB sites are homogeneously distributed at anode.

3.2 Geometry and materials

In Jiang’s experiment [25], the cell was fixed at a test rig where Ni-YSZ anode is exposed to fuel gas
injected upwards through alumina tube and cathode was exposed to air flow injected downwards from the
top, as illustrated in Figure 3.1. Surrounded by furnace, the cell was heated to a desired operating

temperature. Operating pressure was specified as 1 atm.



Fuel Cell
Furnace

: Testing
/. / device

Fuel-channel
H, /H,O outlet

Fuel -channel Lo

inlet _m_

Figure 3.1 Experimental testing system [26]
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Figure 3.2 Axisymmetric model used for simulation

A 2D axisymmetric model (Figure 3.2) is developed in Comsol, consisting of 2 gas channels, 2 electrodes

and 1 electrolyte. When sweeping around its symmetric axis (indicated in red where r = 0), such 2D

axisymmetric model is converted to the 3D geometry of experimental set-up.

Ni-YSZ anode was prepared from NiO and YSZ powders [25]. Raw powders were premixed in a certain

composition of 55% volume fraction of NiO and 45% volume fraction of YSZ . After successive processes

of ball-milling, drying and screening, raw materials turned to a circular disk shape which was further

die-pressed and pre-sintered. Subsequently, the disk was coated with a thin layer of NiO-YSZ after firing

treatment. Finally, NiO/YSZ was reduced in N,+H, atmosphere at cell operating temperature before

electrochemical characterization.

3.3 Multiphysics modelling

The SOFC model should involve charge transport, species/mass transport and momentum transport,

corresponding to charge balance, mass balance, and momentum balance, respectively. Accordingly,

specific physics in the Comsol are selected to solve for relevant conservation equations.

Conforming to the charge conservation, electrochemical reaction kinetics, and electronic and ionic charge

migration are presented in the physics of Secondary Current Distribution. The physics of Secondary

Current Distribution deals with transport of charged ions in an electrolyte of uniform composition and

current conduction at electrodes using Ohm’s law in combination with a charge balance. In addition, the

physics accounts for activation overpotential, which is linked to the electrochemical rate of the charge

transfer reaction current via Butler-Volmer equation.

Abiding by mass conservation, multicomponent gaseous species transport in gas channels and porous

electrodes is presented in the physics of Transport of Concentrated Species. The physics of Concentrated

Species Transport is used to study fluid mixtures where the species concentrations are of the same order of
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magnitude. In that case, properties of the mixture depend on the composition. The molecular/ionic
interactions among all species need to be considered as well. The physics includes model for
multicomponent diffusion, where the diffusive driving force of each species depends on the mixture

composition, temperature, and pressure.

Complying with mass and momentum balance, gas flow distribution in gas channels and porous electrodes
is presented in the physics of Free and Porous Media Flow and categorized to computational fluid
dynamics. The physics of Free and Porous Media Flow is used to compute velocity and pressure fields of
single phase flow where free flow is connected to porous media. The physics is used over at least two

different domains: a free channel and a porous medium.

Together with governing equations in physics, relevant initial conditions and boundary conditions are
specified considering they are indispensable when solving problems. Boundary conditions provide a set of
constraints when exploring a specific solution. Initial values offer a guess for some quantity to initiate the

iterative study.

3.3.1 Electrochemistry
The modelling of electrochemistry aims to relate electrical variables (i.e. current and voltage) and chemical
ones (i.e. species partial pressure). To approach such target, it is essential to apply governing equations

presenting a reasonable description of electrochemical phenomena taking place in a fuel cell.

When fuel is supplied to the anode and oxidant is supplied to the cathode, a potential difference arises
between the electrodes. If the electrodes are not electrically connected and fuel-crossover is not taken into
account, the potential difference would equal the electromotive force (also called open circuit voltage)
resulting from the redox reactions. In addition, open circuit voltage (OCV) represents the maximum
potential difference provided by the cell at given conditions. When current is drawn from the cell, the

potential difference between the electrodes decreases.

In the following sections, specific mathematical descriptions are provided for electrode potential difference,

cell electrochemical reactions and charge transport.
3.3.1.1 Cell Voltage

The potential difference between electrodes is determined by redox reactions taking place at electrodes. A
pair of half-cell reactions involve oxidation of fuel on the anode side and reduction of oxygen on the
cathode side.
The half-cell hydrogen oxidation reaction is given by:

H,(g) + 0%~ (el) = H,0(g) + 2e~

The half-cell oxygen reduction reaction is given by:
1
5 0,(9) +2e~ = 02 (el)

The reversible potential of the cell is defined as the difference between the equilibrium potentials of anode

and cathode.
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Eyey = E; — Eg? Equation 3.1
E,¢, is the cell reversible potential
EZ? is the anode equilibrium potential

EZ? is the cathode equilibrium potential
As a function of Gibbs free energy of relevant reaction, the equilibrium potential depends on the
temperature and activities of reactants and products. The equilibrium potential of single electrode is given
by:

E®l = % [Ag° + RT In [T a; V] Equation 3.2
E®? is the equilibrium potential

n is the number of participating electrons

Ag® is the molar standard state Gibbs free energy change

ay is the chemical activity of species k

v is the stoichiometric coefficient of species k

Coupling anode and cathode reactions, equilibrium potential difference between electrodes leads to Nernst

formulation of reversible potential:

1

AgR,_m,0 | RT, _,GH,40,2% .
Eypp = ——2—2 + —In(—== E ion 3.
rev oF + oF ( a0 ) quation 3.3
Ph
— 2 .
ay, = o Equation 3.4
Phs0
ap,0 = p2 Equation 3.5
0
P4
— 2 .
o, =, F Equation 3.6

Agh,—u,o is the molar standard state Gibbs free energy change of the overall cell reaction

p? is the partial pressure of species k in bulk phase

In ideal case where fuel crossover or leakage is avoided, open circuit voltage equals cell equilibrium

potential [27]. In the work, experimentally measured open circuit voltage is used.

Once the cell is connected to an electric load, activation overpotential, ohmic overpotential and

concentration overpotential would cause a drop in cell voltage.

Veeuu = OCV = Nconc,a — Neonc,e — Nacta — |77act,c| — Nohm Equation 3.7
Nacta = DEqje — DEq) e Equation 3.8
Nacte = BEcje — AE ;™ Equation 3.9
Nonm = icetRonm Equation 3.10
Necon,a = g n(:}ézg : Zggf) Equation 3.11
RT, D& .
Neon,e = Eln(pgfﬂ Equation 3.12

Veenr is the cell voltage
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icen is the cell current density
AE,;.°? is the electric-potential difference between the anode and electrolyte
AE,;.*? is the electric-potential difference between the cathode and electrolyte

pIPB is the partial pressure of species k at TPB site

For the cell to be studied, V,,; is pre-defined and OCV is pre-determined. The overpotentials and the cell
current density are unknowns. The activation overpotential is involved in the Butler-Volmer equation
where it is linked to the cell current density. Since the electrolyte’s resistance is constant, the Ohmic
overpotential is linear to the cell current density. The concentration overpotential is defined as a function
of the partial pressure of species in bulk phase and the partial pressure of species at TPB site, where those
pressures are linked to the cell current density as well. The overpotentials and the cell current density are

iteratively solved for by Comsol at every stationary state.
3.3.1.2 Electrochemical Reactions

For a TPB to contribute to anode electrochemistry, the gaseous, ionic, and electronic phases adjoining the

TPB must have a contiguous connection to the rest of the microstructure.

It is assumed by Vogler [17] that processes occurring at the TPB sites are made up of complicated
physiochemical phenomena, including adsorption/desorption of H, molecules on/from Ni,
charge-transfer reactions, desorption/adsorption of H,0 molecules from/on YSZ and transfer of oxygen

ions between surface and bulk YSZ.

It is assumed by Zhu [19] that one charge-transfer reaction is the slowest step of the entire reaction scheme.

So the rate of the electrochemical oxidation can be determined by the rate of such limiting step.

The area-specific current density of the rate-limiting reaction (Reaction 4) can be written in Butler-Volmer

form [19].

(Ba,a,4+1)F71act,a) — exp(— 3c,a,4F77act,a)] Equation 3.13

lga4 = ig,a_4 [exp( RT RT
iqq 4 isthe area-specific current of Reaction 4 in the anode

i2 o 4 is the area-specific exchange current of Reaction 4 in the anode
Pa,q 4 is the anodic symmetric factor of Reaction 4 in the anode

Pe.a 4 is the cathodic symmetric factor of Reaction 4 in the anode
According to Tabish’s report, ;4,4 = 0.3 and S, 4 = 0.7

Nactq 1S the activation overpotential in the anode

There are 2 charge-transfer reactions, with Reaction 4 H(Ni) + OH~(YSZ) = (Ni) + H,0(YSZ) +
e~ (Ni) assumed to be rate-limiting and Reaction 3 H(Ni) + 0%~ (YSZ) = (Ni) + OH™(YSZ) +
e~ (Ni) assumed to be in equilibrium. Thus, the overall current density is twice the current density

resulting from Reaction 4 [19].

(ﬁa,a,4+1)F77act,a) —exp (_ ﬁc,aAF’Iact,a)]

o7 o Equation 3.14

la,a - Zla,afl- - 2la,a_4 [exp(
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igq isthe area-specific current in the anode
Dependent on partial pressure of gaseous species as well, area-specific exchange current in the anode is
fully defined as a function of area-specific TPB length [19]. Divided by area-specific TPB length, the

area-specific exchange current is converted to TPB length-specific exchange current.

PHp\Bc,a 4/2 PH20\1-Bc g 4/2
(K By cas/2(— 25y 1-Fea

. 1 — .
i8a = 2larpeFky,qa(KyK3)Poasl? (@)1 Bea.a/2 Equation 3.15

PH,
1+(K—2)1/2
( zpo)

PH ﬁc,agl/z PH,0 1_ﬁc,a,4/2
1B 4/2 (K27 2 —2=

10 = 2 = 2Fk, o 4(K4K3) oot/ (=) = 2 Equation 3.16
la,rPB KsK¢ 1HE p”z)
Zpo
Ky 4=k} qexp (— if;) /K4 Equation 3.17
a9
K;=e &t Equation 3.18
Ag; = Ah; — TAs; Equation 3.19

ig 4 isthe area-specific exchange current of the anode

il is the TPB length-specific exchange current of the anode

lorpp 1s the area-specific TPB length

k, . 4 is the reverse reaction rate of Reaction 4 in the anode

K; is the equilibrium constant of Reaction i in the anode

kJ 4 is the pre-exponential factor of the forward direction of Reaction 4
According to Tabish’s report, k) , = 15 % is obtained

EZ is the activation energy of the forward direction of Reaction 4
According to Patel’s report, E&* = 1.31 eV is obtained [23]

Ag; is the molar Gibbs free energy change in Reaction i

Ah; is the molar enthalpy change in Reaction i

As; is the molar entropy change in Reaction i

The equilibrium constant of each reaction can be calculated from the thermodynamic data provided by

Connor [28] and Vogler [17].

Species h (kJ /mol) s (K -]mol)
H,0 (g) [28] —-212.8 235.5
H, (g) [28] 22.9 168.3
H (Ni) [28] -31.2 411

OH™ (YSZ) [17] —283 67
02~ (YSZ) [17] -236 0
H,0 (YSZ) [17] -273 98
0X(YSZ) [17] —-236 0

Table 3.1 Thermodynamic data of relevant species
Multiplied with effective volume-specific TPB length in cermet anode, the TPB length-specific exchange

current is converted to volume-specific exchange current density in anode. Furthermore, divided by active

specific area which represents the amount of catalytic active area (the area of Ni for Ni-YSZ cermet anode)
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per unit volume of electrode, the volume-specific exchange current density is converted to area-specific
exchange current density.

i9a = la(@lyrpp) Equation 3.20

Bcay 1_5aa4
2

Bcay PH,

Boay ;4 \1-—5% (Koo z =
(1) (k52) = (5&)

-0
0 _ Wa _

i, =——=2Fk K,K;) 2

a,a ap r,a4( 4 3) KsKg

(olyrp)/ay Equation 3.21

l,rpp is the physical volume-specific TPB length in the anode

¢ is the active portion of volume-specific TPB length in the anode

ol,rpp is the effective volume-specific TPB length in the anode which quantifies the TPBs
actually participating in the electrochemical reaction

a,, is the active specific area

According to Zhu’s paper, a, = 1080 cm?/cm?®

3.3.1.3 Charge Transport and Conservation

The charge transport within SOFC can be realized within electronic conducting media like Ni and ionic
conducting media like YSZ. Charge movement is governed by the potential difference across electrodes.
Charge flux, termed as current density as well, is given by Ohm’s law:

i=—0VE Equation 3.22
i isthe area-specific current density

o is the conductivity

E is the potential
In addition, charge conservation is depicted.
Vi=Q Equation 3.23

Q is the volumetric charge source term

Q is nonzero only in the reactive region where charge transfer occurs

3.3.1.4 Initial values

Over the domains of electrolyte and anode, electrolyte potential and electric potential are both preset as
zero. Over the domain of cathode, electrolyte potential is preset as zero while electric potential is set as cell

voltage.

3.3.1.5 Boundary condition

The upper side of cathode is maintained at cell voltage which is assigned manually before simulation. The

lower side of anode is grounded.

3.3.2 Computational fluid dynamics -- Species transport

Maxwell-Stefan diffusion model with convection, as transport mechanism, is selected for the physics of
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Transport of Concentrated Species. This option employs the most detailed diffusion model, requiring that

all the binary diffusivities of all component pairs are known.

3.3.2.1 Species conservation

This section solves for mass fractions of species. The basic equation for the transport of species i takes
diffusion, convection and chemical reaction into account.

V-(pwju) =-V-j, +R; Equation 3.24

V- (pw;u) is the convection term

p is the density

w; is the mass fraction of species i

u is the velocity

V- j; is the diffusion term

ji is the mass flux of species i

R; is the chemical mass source term of species i

R; islinked to electrode current density via coupling with electrochemistry interface in later section

Considering that the Maxwell-Stefan model is selected to employ the species diffusion, abovementioned

mass flux can be written as [29].

. M \V4 vp .

Ji = —pw; Xk Dikesy (M—k (Vwk + wy 7) + (o — ) ) Equation 3.25

M =Y x . M, Equation 3.26
PM

= Equation 3.27
Dixcrr is the effective binary diffusivity of species i and k

M is the averaged molar mass

M, is the molar mass of species k

x; is the molar fraction of species k
3.3.2.2 Extended Maxwell-Stefan Model

On top of molecular diffusion, Knudsen diffusion within electrode should be considered as well, entailing
an extended Maxwell-Stefan model [30]. Due to porosity and tortuosity in electrodes, diffusivity is

normalized with these structural parameters.

Taking Knudsen diffusion and porous structure into account, effective binary diffusivity concerning species
i and k is modified [31].

1 1 .
Dikerr = % [ =t Equation 3.28
Dik Dim  Dik Dkm

¢ is the porosity of electrode
T is the tortuosity of electrode

Dj, is the binary diffusivity of species i and species k
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Diiy is the Knudsen diffusivity of species i/ k

Knudsen diffusivity is defined as a function of particle radius of electrode and molecular weight of diffusing

species [30].

D _2r, [8RT
i/kM — 73 My

1, is the pore radius of electrode

Equation 3.29

M, is the molar mass of species i/k

According to Fuller-Schettler-Giddings method, binary molecular diffusivity is defined below [32].

10737175 ()2

Dy, = ———k— Equation 3.30
PIEVI+E Vi3]

P is total pressure

Vi/k is the diffusion volume of species i/k

The diffusion volumes for relevant species are listed. [32]

Species H, H,0 0, N,

Diffusion volume 7.07 12.7 16.6 17.9

Table 3.2 The diffusion volumes for relevant species

Based on extended Maxwell-Stefan model, the local intrinsic concentration of fuel reactant at site adjacent
to TPB is evaluated. To take further step, fuel reactant concentration at TPB region is obtained by
considering the surface diffusion as well [33]. Assume that species i is referred to as fuel reactant.

Citpe = Cip — (D;'—f)l ” (cip — i) Equation 3.31
cirpp 1S the concentration of species i at TPB site

c;p is the concentration of species i in bulk phase

¢; is the local intrinsic concentration of species i at site adjacent to TPB

D;sr is the effective diffusivity of species i

D; s is the surface diffusion coefficient of species i

0; is the relative surface coverage of species i

The involved effective diffusivity of species i is defined [31].

Diefr = E(Diik + ﬁ) Equation 3.32
The surface diffusion coefficient of species i is defined [30].

D:. 1=®ip. 8 .
D, . = Diso is1 Equation 3.33
LS 1-0;
13

D; s o is the surface diffusion coefficient of species i at zero coverage

D; s 1 is the surface diffusion coefficient of species i at full coverage

The relative surface coverage of species i is defined [30].

_ _bii
Xk brbk

Equation 3.34

i

by, is the Langmuir parameter of species k
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Py is the partial pressure of species k

The parameters concerning surface diffusion at 800°C are listed [33]

Parameters DHZ.S_O DH2 s.1 bH2 sz 0

Values 4 %1075 m?/s 4x1077 m?/s 2.858 x 107 1/Pa | 3.484 x 108 1/Pa

Table 3.3 The extreme surface diffusivities and Langmuir parameters of the anode species
3.3.2.3 Initial values

The initial molar fraction of oxygen over the domains of cathode and air channel is preset as x02. The
initial molar fraction of hydrogen over the domains of anode and fuel channel is preset as xH2. x02 is
constantly equal to 0.21. xH2 equals 0.85/0.50/0.20 when molar fraction of inlet hydrogen is 0.85/0.50/
0.20.

3.3.2.4 Boundary condition

The molar fraction of oxygen at the inlet of air channel is fixed at xO2 and the molar fraction of hydrogen
at the inlet of fuel channel is maintained at xH2. xO2 is constantly equal to 0.21. xH2 equals 0.85/0.50/
0.20 when molar fraction of inlet hydrogen is 0.85/0.50/0.20.

3.3.2.5 Coupling

A mass source linked to electrode current density in an electrochemistry interface is defined.

R; = Vni—?’Ml- Equation 3.35

R; is the chemical mass source of species i

v; is the stoichiometric coefficient of species i
i, is the volume-specific current density

n is the number of electrons

M; is the molar mass of species i

3.3.3 Computational fluid dynamics — Gas flow distribution

Compressible flow (Ma<o0.3), as the most general case for compressibility of isothermal flow, is selected for
the physics of Free and Porous Flow. This option makes no assumptions for the system that is being solved.
Any dependency that the fluid properties may have on the variables is considered. In this case, any kind of

flow including incompressible flow can be modelled and described [34].
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3.3.3.1 Mass conservation

In Navier-Stokes equation, continuity equation is employed to describe mass conservation.

V-(puw) =0 Equation 3.36
PM .

P=ar Equation 3.37

M =Y x; M, Equation 3.38

p is the density

u is the velocity

M is the averaged molar mass

x; is the molar fraction of species k

M, is the molar mass of species k

In Brinkman equation, mass conservation is described differently.

V- (pw) = Qmass Equation 3.39
Qmass = Zi Ri Equation 3.40
Qmmass 1s the sum of chemical mass source terms

R; is the chemical mass source term of species i

R; islinked to electrode current density via coupling with electrochemistry interface in later section
3.3.3.2 Momentum conservation

Flow velocity is solved for via momentum conservation equation. Rather than particle’s trajectory of
position, the solution implies a field which is defined at each point within certain confined space during
certain interval of time. Beginning with calculated velocity field, other quantities of interest like pressure

could be computed with aid of extra coupling equation like mass continuity equation.

Within gas channel, momentum conservation of flow is described by Navier-Stokes equation [29].
pu-Vu=v- [—PI +u(Vu+ (Vw)T) — gy(V . u)I] Equation 3.41

p(u - V)u is the inertial force term

—V - (PI) is the pressure force term

I is the identity matrix

V-(u(Vu+ (V)T — gu(V -w)I) is the viscous force term

u is the dynamic viscosity

Within porous electrode, momentum conservation of flow is described by Brinkman equation. Brinkman

equation is well suited for transitions between the flow in porous electrode and the flow in gas channel

[29].
(% + Qmass) u=VvV- [—PI + % Vu+ (Vw)T) — %% (V- u)I] Equation 3.42

—V - (PI) is the pressure force term
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V- (g Vu + (V)T — %% (V- u)I) is the viscous force term
K is the permeability of electrode

¢ is the porosity of electrode

Species Viscosity (x 1075 Pa - 5)
H, —4x1077T% 4+ 0.0021T + 0.3070
H,0 7 x 1077T? + 0.0032T + 0.0336
N, —2x107°T2 + 0.0053T + 0.3355
0, —2x107°T2 + 0.0063T + 0.3608

Table 3.4 The viscosities of the relevant gaseous species

3.3.3.3 Initial values

The initial condition of the pressure and velocity fields on both anode and cathode sides are preset as zero.

3.3.3.4 Boundary condition

The inlet condition is characterized by inlet mass flow rates of air and fuel, which can be defined by
volumetric flow rates, species densities and species molar fractions.
Man = (PR, X5, + Pil0%M,0)Qan Equation 3.43
Meq = (8,8, + PN, *N,)Qca Equation 3.44
my, is the mass flow rate at fuel channel inlet
my, is the mass flow rate at air channel inlet
Qan 1s the volumetric flow rate at fuel channel inlet
Q.. is the volumetric flow rate at air channel inlet

0

X

¢ is molar fraction of species i at channel inlet

p? is density of species i at channel inlet
The outlet flows are assumed to exhibit operating pressure.
The side surfaces which exclude flow inlet/outlet and symmetric axis are characterized by No slip condition,

implying stationary fluid on it.

3.3.3.5 Coupling

A mass source based on electrode current density in an electrochemistry interface is defined.

Vily

Ry =-"2M; Equation 3.45

R; is the chemical mass source of species i

v; is the stoichiometric coefficient of species i
i, is the volume-specific current density

n is the number of electrons

M; is the molar mass of species i
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3.4 Methodology and Software

3.4.1 Discretization

Comsol employs discretization to split the entire domain of interest into discrete sub-domains for solving
the equations describing charge, mass/species, and momentum balances. The description of physical laws
for space or time dependent problems are usually expressed in terms of partial differential equations. For
the most of geometries and problems, those partial differential equations can not be solved analytically.
Instead of that, an approximation of the equations can be established, which is based on discretization. A
discretization method approximate partial differential equation with numerical model equation, which can
be solved numerically. The solution to numerical model equation, in turn, is an approximation to of real
solution to partial differential equation. The finite element method is used as discretization manner, which

will be elaborated in Appendix.

3.4.2 Mesh

The meshing of the full geometry is shown in 3 sepearate components in Figure 3.3. The established mesh
involves 20932 domain elements in it. The entire geometry is discretized by two kinds of meshing: mapped
and triangular, accounting for 3680 and 17252 elements respectively. Mapped mesh, as a sort of structured
mesh, is applied on the cell of regular geometry, which consists of the anode, the electrolyte, and the
cathode. Triangular mesh, as a sort of unstructured mesh, is applied on U-shaped air and fuel channels.
Meshing in the vicinity of sensitive regions such as the corners of channels and intersections of SOFC are

refined to get more accurate simulation result.
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Figure 3.3 (a) Mesh of cathode channel Figure 3.3 (b) Mesh of anode channel
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3.4.3 Convergence

Convergence is a key factor indicating the reliability of data. In the Comsol model, a fully coupled approach
is introduced for solving the steady-state Multiphysics problem. The approach considers all the physics
involved in the model at the same time and solves the couplings between the physics simultaneously. The
fully coupled solver starts from an initial guess and applies Newton-Raphson iterations until the solution

has converged as illustrated below.

Choose initial
A 3242 5 i=0
conditions: Uy r p

Solve Newton-Raphson Step:

uitl = u? — [f(u?)]"1f(u’)
o

~

fmix1] o

_— Convergence?

No \\\\\\, qu—i—l =l |. <€ //// Yes
L A

St \
:., Done
\__ L 4

Figure 3.4 The schematics of fully coupled approach

The model is verified for the conservation of mass and charge when relative tolerance factor is lower than
10712,

U

Monlinear solver
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Figure 3.5 The convergence plot of relative error

Theoretically speaking, the consumed fuel should correspond to the cell current as below:

Man_in—M, I .
an_in an out __ Icell Equat]on 3.46
My, nF

Mgn_in 1 the fuel influx
Mgn_oue 1S the fuel outflux
My, is the molar weight of H,
Icen is the cell current

n is the number of participating electrons
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F is the Faraday constant
During the study, Mgy, in, Man oue and Iy are unknowns to compute. After some iterations, those
unknowns converged to constant values as shown in Fig 3.6.
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Figure 3.6 (a) The convergence plot of fuel flux
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Figure 3.6 (b) The convergence plot of cell current
What’s more, the left hand side of Equation 3.46 can be calculated based on fuel influx and fuel outflux.

The right hand side of Equation can be calculated based on the cell current. The results on both sides imply

the molar consumption rate of fuel. Their relative difference is plotted as a function of iteration number.
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Figure 3.6 (c) The convergence plot of relative difference
As can be seen from Fig, the relative difference between the left hand side and the right hand side is

approaching zero once the iteration number reaches 50. After that, it can be assumed that the mass and

charge conservations are converged.
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Results and Discussion

Based on pre-derived TPB-based kinetics, polarization curve indicating current-voltage
relationship is simulated under a given cell voltage range and a given fuel composition. The
simulated curves are then fitted to the experimental ones for validation. The model is then used
to understand overpotential breakdown, species distribution and current distribution. In
addition, a parametric study is conducted to analyze the influence of geometric and operating

variables on the cell performance.

Geometrical parameters, material properties and operating conditions are tabulated

respectively.
Geometrical parameters Value Units
Anode radius [25] 0.01385 m
Anode thickness [19] 1220 um
Electrolyte radius [35] 0.01385 m
Electrolyte thickness [25] 10 um
Cathode radius [25] 0.59173 cm
Cathode thickness [19] 30 um
Table 4.1 Geometrical parameters of the SOFC
Material properties Value Units
Anode porosity [19] 0.35
Anode tortuosity [19] 3.5
Anode permeability [30] 1.0 x 10712 m?
Anode pore radius [19] 0.50 um
Anode specific catalyst area 1080 em?jem’
[19]
Anode electronic 1 1150
conductivity [30] 9.7 X 107 X 7 X exp(=——) s/m
Ionic conductivity [30] 3.34 X 10* x exp(— 1073100) S/m
Cathode porosity [19] 0.35
Cathode tortuosity [19] 3.5
Cathode permeability [30] 1.0 x 10712 m?
Cathode pore radius [19] 0.50 um

Cathode specific catalyst area 1080 cm?/cm?®




[19]

Cathode electronic 1 1200
4.2 x 107 x 7 X exp(— T) S/m

conductivity [30]

Table 4.2 Material properties of the SOFC

Operating conditions Value Units
Fuel flow rate [25] 140 ml/min
Air flow rate [25] 550 ml/min
Molar fraction of inlet
0.85/0.50/0.20
hydrogen
Open circuit voltage 0.975/0.887/0.844 %4
Operating temperature [25] 800 °C
Operating pressure [25] 1 atm

Table 4.3 Operating conditions of the SOFC

4.1 Polarization curve

3 compositions of humidified hydrogen are studied in this simulation as shown in Figure 4.1.
For validation, the experimental data from Jiang and Virkar [25] are used. For convenience,
experimental OCVs are used as model inputs rather than calculated ones from the Nernst
equation.

As discussed previously, the area-specific exchange current density in the anode is expressed as

below
p . Bca a » 1 Peaa
i = 2Fkraa(KiKa) 2 () 0 P (plyren) Equation 4.1
1+(K2%)2

ig . is the area-specific exchange current in the anode

k, . 4 is the rate constant of the reverse reaction of Reaction 4

K; is the equilibrium constant of Reaction i

Be.a 4 is the cathodic symmetric factor of Reaction 4

pi is the partial pressure of species k

l,rpp is the physical volume-specific TPB length in the anode

The typical physical volume-specific TPB length of Ni-YSZ cermet anode is reported to be 102
to 10 m-m™3

5% 102 m-m3.

in James’ paper [21]. Accordingly it can be reasonably assumed that 1, pp =

@ is the active portion of volume-specific TPB length in the anode
@l,rpp is the effective volume-specific TPB length in the anode which quantifies the TPBs
actually participating in the electrochemical reaction

a,, is the active catalyst area per unit volume

Since all the terms except ¢ are known, ¢ istreated as a fitting parameter to enable the
agreement between simulation and experimental curves. Consequently, ¢ is figured out to be
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5.34 x 107¢ . The value of effective volume-specific TPB length is several orders of magnitude
lower than the typical physical volume-specific TPB length, implying that only a small fraction
of the physical TPBs actually participate in the electrochemical reaction.

® Experimental 0.85 H2 inlet

® Experimental 0.5 H2 inlet

® Experimental 0.2 H2 inlet
—Simulation 0.85 H2 inlet

——— Simulation 0.5 H2 inlet

0 —Simulation 0.2 H2 inlet

i_Cell (A/cmA2)

Figure 4.1 Polarization curves at various fuel compositions

The polarization curves in the cases of 85%/50%/20% inlet hydrogen are simulated and
validated against Jiang’s paper [25]. When inlet hydrogen accounts for 85% molar fraction,
within simulation range, cell voltage experiences steady drop as current density increases. When
hydrogen composition is 50% or 20%, cell voltage initially decreases in a steady manner and
then experiences a rapid drop, with current density limited within a specific level. In the case of
50% inlet hydrogen, voltage rapidly decreases when current density comes to 2.3 A/cm?,
confined by limiting current density of 2.6 A/cm?. In the case of 20% inlet hydrogen, voltage
rapidly decreases when current density reaches 0.9 A/cm?, restricted by limiting current density
of 1.1 A/cm?. The contributions of activation overpotential, Ohmic overpotential and
concentration overpotential to entire polarization are investigated in Section 4.3 where the rapid
drop of the cell voltage at high current density region in the cases of diluent inlet hydrogen is
analyzed and explained as well.
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4.2 Distribution of gas species

Figure 4.2 shows the molar fractions of gaseous H, in fuel channel and in porous anode for the
case of 85% inlet H, and various cell voltage.
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Figure 4.2 (c) Hydrogen distribution at 0.57V Figure 4.2 (d) Hydrogen distribution at 0.42V

It can be observed that the molar fraction of H, first drops slowly in fuel channel and the
decrease becomes more rapid when H, reaches anode/channel interface toward the
anode/electrolyte interface. The gradient of species molar fraction in the anode turns out to be
larger than that in the fuel channel, agreeing with the fact that species transport is much slower
in the anode because species transport in porous electrode is dominated by diffusion rather than
convection [36]. The molar fraction of H, leaving the fuel channel allows us to determine the
fuel utilization, which is found to be 2.4%/5.9%/9.4%/12.9% at 0.87V/0.72V/0.57V /0.42V.
With decreasing cell voltage (or increasing cell current), fuel utilization increases, which is to be
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expected.

Figure 4.3 shows the molar fractions of gaseous H,0 in fuel channel and in porous anode for

the case of 85% inlet H, and various cell voltage.
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0.15

It can also be observed that the molar fraction of H,0 shows the opposite trend compared to

H,. It increases more rapidly in the anode region nearby the anode/electrolyte interface where

H, is converted into H,0 by H, electrochemical oxidation at the active sites in the anode.

Figure 4.4 shows the molar fractions of gaseous 0, in air channel and in porous cathode for

the case of 85% inlet H, and various cell voltage.
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Due to tiny thickness of cathode, a slight decrease of 0, concentration across cathode layer is

recognized.

4.3 Overpotential breakdown

Once the cell is connected to an electric load, activation overpotential, ohmic overpotential and

concentration overpotential would cause a drop in cell voltage.

Vcell =0CV — Ncon,a — Neon,c — Nact,a — |nact,c| — Nonm
Ve is the cell voltage

V,en is pre-defined as an input parameter

OCV is open circuit voltage

OCV is pre-determined as an input parameter
Nactq 1S the anode activation overpotential

Nactc 1S the cathode activation overpotential
Nonm 1S the Ohmic overpotential

Neona 1S the anode concentration overpotential
Neonc 1S the cathode concentration overpotential
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The activation overpotential is involved in the Butler-Volmer equation where it is linked to the

cell current and species partial pressure.

The area-specific current in the anode is presented by Butler-Volmer form where anode
activation overpotential and species partial pressure are involved.

(ﬂa,a_4+1)F7'lact,a) — exp (_ ﬁc,a_ztp"lact,a)] Equation 4.3

loa = ig'a [exp ( RT RT
igq isthe area-specific current in the anode
ig . is the area-specific exchange current in the anode
Ba,qa 4 is the anodic symmetric factor of Reaction 4 in the anode
Bc.a 4 is the cathodic symmetric factor of Reaction 4 in the cathode

The area-specific current in the anode can be represented by the cell current.

. 1 .
lga = %‘” Equation 4.4

ey is the cell current
S, is the area of the anode

The area-specific exchange current in the anode is a function of the partial pressure of H, and
the partial pressure of H,0.

Bca 4 (szﬁ) 2 (pHZO)

. Beaa , 1 \1-
i§a = 2Fkyq 4(K4K3) 2 (K5K6) ’

(¢l rre)/ay Equation 4.1

k, . 4 is the rate constant of the reverse reaction of Reaction 4

K; is the equilibrium constant of Reaction i

Be.a 4 is the cathodic symmetric factor of Reaction 4

pi is the partial pressure of species k

l,rpp is the physical volume-specific TPB length in the anode

¢ is the active portion of volume-specific TPB length in the anode

@l,rpp is the effective volume-specific TPB length in the anode which quantifies the TPBs
actually participating in the electrochemical reaction

a,, is the active specific area

The area-specific current in the cathode is presented by Butler-Volmer form where cathode

activation overpotential and species partial pressure are involved.

ia,c — ig_c [exp (Ba,ci’lact,c) _ exp(— Bc,ci’;act,C)] Equation 4.5

igc is the area-specific current in the cathode

ig . is the area-specific exchange current in the cathode

Ba,c is the anodic symmetric factor of the cathode reaction
Bc.c is the cathodic symmetric factor of the cathode reaction
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The area-specific current in the cathode can be represented by the cell current.
= lceu

lac S, Equation 4.6

Iy 1s the cell current
S, is the area of the cathode

The area-specific exchange current in the cathode is a function of the partial pressure of 0,

. . (Poy/Po)M* .

0 _ ;* 2 2

tae = Y02 Tip o5 172 03 /P ) Equation 4.7
Po, = Ao,exp(—Eo,/RT) Equation 4.8

According to Zhu, i;,, = 2.8 A/cm"2 is obtained [19].
According to Matsuzaki and Yasuda, A,, = 4.9 x 10%atm and E,, = 200k] are obtained [20].

px is the partial pressure of species k

Since the electrolyte’s resistance is constant, the Ohmic overpotential is linear to the cell

current.
Norm = lceuRonm Equation 4.9
Ronm = 22 Equation 4.10

Se

Nonm 1S the Ohmic overpotential

Iy s the cell current

Ronm is the Ohmic resistance of the cell

o, isthe ionic conductivity of the electrolyte
I, is the thickness of the electrolyte

S, is the area of the electrolyte

The concentration overpotential is defined as a function of the partial pressure of species in bulk
phase and the partial pressure of species at TPB site, where those pressures are linked to the cell
current via coupling terms in the species and mass conservation equations.

b TPB

n __RT ln( PH, PH,0
con,a — TPB "D

2F  "PH,  PHy0

) Equation 4.11

b
RT p .
Neone = 5 MCros Equation 4.12
Po,
p? is the partial pressure of species k in bulk phase

prPB is the partial pressure of species k at TPB site

For the cell to be studied, V., is pre-defined and OCV is pre-determined. The activation
overpotential is involved in the Butler-Volmer equation where it is linked to the cell current and
species partial pressures. Since for the case under consideration, the electrolyte’s resistance is
constant, the Ohmic overpotential is linear to the cell current. The concentration overpotential
is defined as a function of the partial pressure of species in bulk phase and the partial pressure
of species at TPB site. What’s more, species partial pressures are linked to the cell current via
coupling terms in the species and mass conservation equations. So all the overpotentials are
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functions of the cell current which can be iteratively solved for by Comsol at every stationary
state. In every iteration, a value of cell current is assumed, leading to a calculated cell voltage. If
the difference between the calculated cell voltage and pre-assigned cell voltage exceeds the
preset error tolerance, the iterative study goes on. Otherwise, the iterative study is terminated,
with the cell current determined. Furthermore, all the overpotential can be figured out by
making use of the cell current.

The anode area-specific exchange current i, isa function of molar fraction of hydrogen at
TPB site as plotted in Figure 4.5.
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Hydrogen molar fraction at TPB site

Figure 4.5 Exchange current density as a function of hydrogen molar fraction at TPB site

When the hydrogen molar fraction at TPB site reaches 0.2, the area-specific exchange current
achieves its maximum value. When the cell current goes up, the molar fraction falls under 20%,
resulting in decreasing area-specific exchange current. Especially, when the cell current keeps
rising, the hydrogen molar fraction at TPB site is approaching zero, leading to a rapid drop in
the anode area-specific exchange current. In that case, according to the Butler-Volmer equation,
the anode activation overpotential will experience a rapid increase consequently.

The contributions of each overpotential when inlet hydrogen occupies 85%, 50%, and 20%
molar fractions respectively are shown in Figure 4.5.
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Activation overpotential turns to be the most significant loss source. Cathode activation
overpotential overwhelms anode activation overpotential. Take the case of 85% hydrogen inlet
as an example, when the cell is operated at 0.42V: As has been shown in Figure 4.2 (d), the
hydrogen molar fraction within the anode ranges from 0.8 to 0.3, which corresponds to the
range of anode area-specific exchange current between 1.64/cm? and 3.24/cm?; In contrast,
as has been shown in Figure 4.4 (d), the oxygen molar fraction within the cathode is around
0.04, which corresponds to the cathode area-specific exchange current 1.374/cm?. The large
gap between the anode and cathode area-specific exchange currents could be attributed to the
fact that hydrogen oxidation is extremely rapid on a wide range of catalysts like Ni [37]. Such
large gap contributes to the large difference in the anode and cathode activation overpotential.

What’s more, when the molar fraction of inlet hydrogen is low, say in the case of 20% inlet
hydrogen, anode activation overpotential experiences a rapid increase in high current density
region, which agrees with the finding observed by Lee [37]. In the case of 20% hydrogen inlet,
once cell current density reaches 0.95 A/em” 2 which corresponds to 0.6 V cell voltage, anode
activation overpotential increases rapidly. The distribution of hydrogen molar fraction along
symmetric axis r = 0 at various neighboring cell voltages are presented in Figure 4.7.In
addition, the distribution of electrode current density along symmetric axis r = 0 at those cell
voltages are presented in Figure 4.8. In Figure 4.7 and Figure 4.8, the horizontal axis denoted
by “—2z” stands for the distance between the point of interest and anode/electrolyte interface. i.e.
—z = 0 indicates anode/electrolyte interface; —z = 0.00122 indicates anode/channel interface.
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Electrode current density distribution
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When the cell voltage ranges from 0.59V to 0.49V, a rapid increase of current density takes
place within a fairly thin layer (0 < —z < 0.00005), implying that most of the electrochemical
reaction occurs mainly within 5oum distance from the anode/electrolyte interface. Within that
distance, hydrogen molar fraction is far less than 20%. With decreasing cell voltage, hydrogen
molar fraction approaches zero, causing rapid drop of exchange current density as shown in Fig
4.5. In other words, when current density increases, exchange decreases, implies increased
activation overpotential in Butler-Volmer equation. The rapid drop of the exchange current
density leads to the rapid increase in anode activation overpotential when cell voltage falls below
0.6V. Furthermore, as can be seen in Figure 4.8, more gradual distribution curve is generated
with decreasing cell voltage, leading to a common limiting current density though.

Ohmic overpotential can be clearly recognized as a non-negligible contribution to the overall
loss. The Ohmic overpotential is mainly attributed to ionic resistance of electrolyte, which is
assumed to be thermally activated vacancy hopping mechanism [37]. Ohmic overpotential
increases linearly with increasing current density, with a constant slope observed.

Concentration overpotential accounts for a non-negligible fraction of overall loss. Anode
concentration overpotential increases steadily with current density, comparable to anode
activation overpotential, except at high current density region in the cases of 50% or 20%
inlet hydrogen where activation overpotential increases exponentially. Cathode concentration
overpotential is almost negligible compared to any other overpotential, because of fairly small
thickness of cathode layer.

4.4 Effect of temperature
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Although the model is isothermal, the system of equations is solved at different operating
temperatures to study the influence of operating temperature on the cell performance. The cell
polarization curves are obtained at 3 temperature conditions of 700°C, 750°C and 800°C.
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Figure 4.9 Polarization curves at various operating temperatures

It is shown in Figure 4.9 that the cell performance is significantly influenced by the operating
temperature. The isothermal assumption might be over simplified. The higher the operating
temperature is, the slower drop of cell voltage with respect to cell current is observed. When the
cell voltage is fixed, different cell current densities correspond to different operating
temperatures. For instance, when the cell voltage is maintained at 0.6V, the cell current
densities at 700°C, 750°C and 800°C are 14/cm?, 1.54/cm? and 2A/cm? respectively.

As functions of the cell current density, various overpotentials at different operating
temperatures are plotted in Figure 4.10.
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Figure 4.10 (a) Anode activation overpotential at various operating temperatures
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As can be seen in Figure 4.10 (a) and (b) that with increased operating temperature,
anode/cathode activation overpotential is reduced at a certain cell current density, which
indicates that increased temperature improves the electrode reaction kinetics.
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Figure 4.10 (c) Ohmic overpotential at various operating temperatures
As can be seen in Figure 4.10 (c) that with increased operating temperature, Ohmic

overpotential is reduced at a certain cell current density, which is due to the fact that increased
temperature increases electrolyte conductivity.
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As can be seen in Figure 4.10 (d) that with increased operating temperature, anode
concentration overpotential is increased a little bit at a certain cell current density. This result is
a bit counterintuitive because mass diffusion generally improves with inceasing temperature. So
it would be expected that the loss related to mass diffusion would go down. It can be explained
using the definition formula of anode concentration overpotential:

PB
I’H I’H 0
ln( 55 " T5)

Equation 4.11
PH, HZO

Neona =

The first term g is linear with respect to the operating temperature T. It is straightforward

that an increased temperature causes increased -

2F°
PB
The second term In(—% pffﬁg pHZO) is also affected by the operating temperature T.Considering
PH, H,0

that increased temperature causes increased binary diffusivity and Knudsen diffusivity,
implying higher partial pressure of H, at TPB site and lower partial pressure of H,0 at TPB

TPB
pH PH,0
site, an increased temperature causes decreased ln( s o)

PH, H0

It can be concluded that, the influence of the temperature on the first term % exceeds that on

b TPB
the second term ln( 5 ZHZO) leading to the fact that the anode concentration overpotential
PH, H»0

increases with temperature for a given cell current density.
With increasing operating temperature, electrode activation overpotential and Ohmic

overpotential increases significantly while anode concentration overpotential drops a little bit,

resulting in the polarization curve where slower drop of cell voltage with respect to cell current
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can be observed.

When the cell voltage is maintained at 0.6V, the corresponding cell current density and the

corresponding anode concentration overpotential are tabulated at different operating

temperatures.
T (°0) icen (A/cm?) Neon,a (V)
700 1 0.0158
750 1.5 0.0225
800 2 0.0290
Table 4.4 The cell current density and the anode concentration overpotential at 0.6V cell voltage

As has been summarized in Table 4.4, with increasing operating temperature, both the cell
current density and the anode concentration overpotential increase. Such behavior is expected

to be linked to the species transport processes at different operating temperatures, the

distributions of gaseous species along symmetric axis r = 0 at various temperatures at cell
voltage 0.6V are plotted in Figure 4.11. The horizontal axis denoted by “—z” stands for the
distance between the point of interest and anode/electrolyte interface.i.e. —z = 0 indicates

anode/electrolyte interface; —z = 0.00122 indicates anode/channel interface.
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Figure 4.11 (a) Axial distribution of hydrogen molar fraction at various operating temperatures at 0.6V
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H20 molar fraction distribution

0.5H
0.48 1|
0.46 |
0,44 F |
0,42

o4k
0.38F "\ |
0.36F |
0.34
0.32

0.3
0.28
0.26
0,24
0,22
0.2
0.18
0.16

mole frac of H20 (1)

Cathode
——

— 700 Celsius
— 750 Celsius
— 800 Celsius

Electrolyte
]

Anode

0.002 0.004 0,008

0.008
z (m)

0.01 0.012 0,014

Figure 4.11 (b) Axial distribution of vapor molar fraction at various operating temperatures at 0.6V

Within the fuel channel (0.00122 < —z < 0.00122), the molar fraction of hydrogen decreases
from channel inlet toward anode/channel interface. Within the anode, the molar fraction of
hydrogen decreases from anode/channel interface toward anode/electrolyte interface. The
gradient of hydrogen molar fraction within the anode is much larger than that within the fuel
channel. Such difference can be attributed to the fact that within the fuel channel, convection
dominates the species transport while within the anode, diffusion dominates the species

transport where species concentration drops rapidly due to the anode’s porous structure.

Within the anode (0 < —z < 0.00122), the gradient of hydrogen molar fraction increases with
escalating operating temperature, implying that more hydrogen is consumed at higher operating
temperature. In contrast, the vapor produced in anode shows opposite trend compared to

hydrogen, and the generation of vapor increases with escalating operating temperature. So at a
fixed cell voltage, when the operating temperature is raised, fuel consumption and vapor

generation within anode are intensified, leading to a larger gradient of species distribution and

accordingly a larger concentration overpotential.
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Conclusions and Outlook

5.1 Conclusions

In this project, a TPB based kinetics deriving from pattern Ni anode study is applied to a cermet
Ni/YSZ anode. Together with CFD considering molecular, Knudsen and surface diffusions, the
TPB based kinetics is incorporated into a mathematical model of humidified hydrogen fed SOFC.
Fitting the simulated polarization curves to the lab results helps determining the TPB density in
the cermet anode. Based on fitted polarization curves, the established SOFC model is assumed
to be valid. The gas species distributions within the SOFC are plotted. Hydrogen and oxygen as
reactants show drop in molar fraction as approaching to electrode/electrolyte interface. In
contrast, vapor as product shows an opposite trend. With decreasing cell voltage, gaseous
species exhibits a larger gradient of molar fraction distribution. On top of that, the overpotential
breakdowns in the cases of various inlet fuel compositions are investigated. The cathode
activation overpotential contributes the most to the cell’s overall voltage loss. According to the
derived TPB based kinetics which is built on the detailed insights into the intrinsic processes in
the anode, the exchange current density in the anode is presented as a function of hydrogen
molar fraction, operating temperature and TPB density. A soaring behavior of the anode
activation overpotential at high current density region in the case of diluent inlet hydrogen is
recognized, attributed to the depletion of hydrogen in the vicinity of anode/electrolyte interface
which is found to be the most electrochemically active region in the anode. Furthermore, the
parametric study of operating temperature is conducted to see their effects on SOFC
performance. When the operating temperature is lifted, a more gradual polarization curve is
generated. At a fixed cell voltage, an increasing operating temperature causes intensified
hydrogen consumption and vapor production, leading to increased anode concentration
overpotential.

5.2 Outlook

In this project, some factors influencing SOFC’s performance has been simplified and idealized.
TPB sites in reality, are not homogeneously distributed within the anode. With the help of 3D
reconstruction of the anode’s porous structure, TPB sites’ actual distribution can be explored
and imaged [21]. Taking such heterogeneity into consideration can definitely approach a more
accurate model, with huge computational cost generated though. In addition, the temperature in
SOFC is not exactly constant over the entire domain. It has been revealed that the operating
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temperature has huge influence on cell performance. With the assistance of energy transport
and conservation law, the heat transfer in SOFC can be modelled, allowing the prediction of
temperature distribution within the cell [16]. Similarly, such higher fidelity requires extra
expense of computation.
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