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Wir wissen jedoch, dass unsere Sehnsucht nach Energie uns dazu vertfiihrt
hat, gefdhrliche Risiken in Kauf zu nehmen. [...] Ein sich verdnderndes
Klima, ein gescheitertes Wagnis, wie der Bau von Atomreaktoren in kiis-
tennahen Verwerfungszonen, dies sind Zeichen dafiir, dass der Weg einer

ganzen Welt woanders hin fiihrt.

[Alan Weisman, January 2012]

,,Die sichere, klimavertragliche, nachhaltige und kostengiinstige Bereitstel-
lung von Energie ist eine der grof3ten Herausforderungen des 21. Jahrhun-

derts fiir eine weiterhin wachsende Menschheit.”

[German Academy of Sciences Leopoldina, Energiepolitische und
forschungspolitische Empfehlungen nach den

Ereignissen in Fukushima, June 2011]

"Change doesn't come from the sky. It comes from human action"

[Tenzin Gyatso, 14" Dalai Lama)]
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Abstract

ABSTRACT

Due to their fuel flexibility and high efficiency solid oxide cells (SOC) are a promising tech-
nology for energy conversion in a future sustainable energy scenario. However, durability is a
major issue for reliable operation of SOC systems. This thesis gives a detailed description of
nickel oxide (NiO) formation in the electrodes of SOCs. It is based on the development of a
computational modeling framework which incorporates multi-phase electrochemistry as well
as multi-scale transport processes. A continuum approach is used for describing the two-
dimensional spatiotemporal evolution of gaseous, liquid and solid phases. Formation of NiO
is modeled via thermochemical and electrochemical reaction pathways. The feedback between
nickel oxidation and cell performance is modeled by taking into account a loss in kinetic per-
formance (via reducing three-phase boundary length) and a reduction in gas-phase diffusivity
(via porosity decrease upon solid volume expansion). Irreversible degradation of cell perfor-
mance is described by loss of active nickel volume. On the microscale, NiO formation is
modeled as a growing film layer on top of the nickel phase. Here, the oxidation rate is con-
trolled by transport of species across the film. Simulations allow the quantification of nickel
oxide formation over time and its influence on cell performance. Analysis allows, for exam-
ple, the prediction of ‘safe’ operating conditions to avoid nickel oxide formation. In addition
to providing insight in interpreting experimental observations, this work provides a quantita-
tive predictive capability for improving electrode design and controlling operating conditions

of solid oxide cells.
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ZUSAMMENFASSUNG

Festoxid-Zellen (solid oxide cell, SOC) sind eine vielversprechende Technologie im Szenario
einer nachhaltigen Energieversorgung, da sie sowohl die hocheffiziente Umwandlung von
elektrischer in chemische Energie (solid oxide electrolysis cell, SOEC), als auch von chemi-
scher in elektrische Energie (solid oxide fuel cell, SOFC) ermoglichen. Ein wesentliches Hin-
dernis fiir die Markteinfiithrung stellt jedoch die begrenzte Alterungsbestindigkeit der Zellen
dar. Ziel der vorliegenden Dissertation ist die detaillierte Beschreibung von Nickeloxidbil-
dung in den Elektroden von SOCs. Grundlage der Arbeit ist die Entwicklung eines mathema-
tischen Modellierungsgeriistes, das sowohl die numerische Simulation von Multi-phasen-
Elektrochemie als auch von Multi-Skalen-Transportprozessen ermoglicht. Die (elektro)-
chemischen Wechselwirkungen zwischen beliebigen gasformigen, fliissigen und festen Pha-
sen, sowie die Riickkopplung auf die Mikrostruktur der Zelle, werden mittels eines Kontinu-
umansatzes in 2D beschrieben. Die Bildung von Nickeloxid (NiO) ist liber einen thermoche-
mischen und einen elektrochemischen Reaktionspfad implementiert. Das Modell beriicksich-
tigt den Einfluss von NiO auf die Zellleistung durch eine Verringerung der Reaktionskinetik
(Verkiirzung der Dreiphasengrenze) und eine Verlangsamung des Gastransportes durch die
porose Elektrode (Reduktion der Porositit). Irreversible Effekte auf die Leistung der Zelle
werden durch eine Reduktion des aktiven Nickelvolumens modelliert. Ein zusitzliches Mik-
ro-Modell ermdglicht die Beschreibung von NiO-Bildung als wachsende Oxidschicht an der
Grenzflache zu metallischem Nickel. Dabei wird die Oxidationsrate durch den Transport von
Spezies durch die wachsende Schicht limitiert. Die Simulationsergebnisse ermdglichen die
Quantifizierung von Nickeloxidbildung tiber der Zeit und seine Auswirkungen auf die Leis-
tung der Zelle. Dies ermdglicht, unter anderem, die Vorhersage von sicheren Betriebsbedin-
gungen beziiglich der Bildung von NiO. Zusitzlich zum erweiterten Verstindnis von experi-
mentellen Messungen, ermdglicht die vorliegende Arbeit quantitative Vorhersagen zur Ver-

besserung des Elektrodendesigns und der Betriebsfiihrung von Festoxid-Zellen.
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Introduction

1 INTRODUCTION

In the light of dwindling fossil resources switching to alternative ways of electrical energy
generation is a vital requirement. In recent years technologies for harvesting renewable energy
have made a substantial step forward. In 2011 already 20 % of Germany’s electrical energy
demand was produced by renewable sources, which correlates to an energy of 123 TWh [1].
The largest contributions are from wind (8 %), biomass (5 %), photovoltaics (3 %) and hy-
dropower (3 %). The governmental plan foresees an increase up to 80 % by the year 2050. A
study by Henning and Palzer [2] shows that even a total of 100 % of heat and power in Ger-
many could come from renewable sources, with costs that do not exceed the price for today’s

fossil based economy.

The big challenge which arises in switching to 100 % renewable energy is storage of exces-
sive energy in times of high energy production (sunny and windy) and its supply to the grid in
times of low production (dark and calm). Solid oxide cells (SOC) are a promising technology
which can contribute to achieve these requirements. In electrolysis mode (SOEC) the cells can
convert excessive electrical energy from renewable sources, like wind turbines, into fuels
(power-to-gas technology). For example, hydrogen (2 H,O + energy = 2 H, + O;) or syngas
(H,O + CO; + energy = H, + CO + O,) can be produced and either stored or, alternatively,
fed into the gas grid. In fuel cell mode the reverse processes take place, providing electrical
energy. Both technologies are highly efficient with more than 50% fuel-to-electricity efficien-
cy for SOFC [3] and even up to 95 % for high temperature steam electrolysis in SOEC [4].
Figure 1 shows a possible energy scenario for an economy based on energy provided by the

sun, developed by Kreuter and Hofmann [5].

However, durability is a major issue for reliable operation of SOC systems. The aim for mar-

ket access is securing a minimum lifetime of 40,000 hours [6]. But, current SOC components
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are not yet suitable for long-term operation. Supported by the high operating temperatures

between 600 and 1000 °C, a variety of corrosive processes is causing permanent performance

degradation. Additionally, transient operation like thermal cycling can lead to total failure of
the cell. Although the phenomena of degradation are widely known, the exact mechanisms are
still controversial and not yet studied in sufficient depth. Their experimental investigation is
difficult. Because measurement data from inside a closed high-temperature system is difficult
to obtain, typically only indirect techniques like electrochemical impedance spectroscopy

(EIS) and post-mortem analysis are used to draw conclusions on degradation.

The Sun
v ) v v
moor | | power | | Mina | |
v v v v
Electricity Gas

— Electrolysis —>

A — Fuel Cell D m—

Mobi- Chemi-
lity cals

Figure 1. The sustainable energy scenario. Modified from [5].

Aim of the present thesis is the development and application of mathematical models that will
enable SOC life time prediction using computer simulations. Namely, an existing in-house
modeling framework which describes multi-scale transport processes and the complex elec-

trochemistry in electrochemical cells [7] is extended for handling reactions in-between multi-
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ple solid, liquid and gaseous phases, including phase formation and dissolution processes [8].
The framework is applied for the detailed analysis of nickel oxide (NiO) formation in solid
oxide fuel and electrolyzer cells. This includes the prediction of safe operation conditions [9]
and simulation of irreversible degradation, as well as detailed description of a growing NiO
film on nano/micro scale [10]. The model provides a quantitative predictive capability for

improving electrode design and controlling operating conditions.

The work is structured as follows. Fundamental knowledge on the working principle of SOCs,
including thermodynamics, electrochemistry, transport phenomena and degradation mecha-
nisms occurring at the fuel electrode is given in the Background chapter (Chapter 2). It is
complemented by a section on numerical modeling. The following chapter describes the de-
veloped Multi-phase modeling and simulation framework (Chapter 3), which is the basis for
all simulations of nickel oxide formation. It is concluded by the presentation of three exem-
plary models which were used for validation and, simultaneously, for demonstration of the
framework’s capability to describe secondary phase formation in other types of electrochemi-
cal cells. Central part of this work is the chapter on Nickel oxidation in SOFC and SOEC elec-
trodes (Chapter 4). It begins with a thermodynamic description of the oxidation of nickel by
oxygen or steam from the gas phase (thermochemical pathway) or by oxygen ions from the
electrolyte phase (electrochemical pathway), followed by a section on model parameterization
based on experimental data from literature. A detailed description of NiO formation in SOFC
and SOEC due to different operation conditions is given. This includes the prediction of a
hysteresis in the polarization curve caused by NiO formation, a temporally and spatially re-
solved process analysis, as well as the prediction of safe operation points under local and
global aspects. Additionally, the model capability to predict irreversible degradation phenom-
ena is shown by exemplary simulations and a summary of possible modeling errors and limi-
tations is given. For a more detailed analysis the model was enhanced by a description of the
growth of a NiO film on micro/nano-scale, which is presented in the chapter Detailed model-
ing of nickel oxide film growth (Chapter 5). The chapter includes a description of the film
model, model parameterization by literature data and the presentation and discussion of simu-
lation results. Finally, the chapter Summary and outlook (Chapter 6) gives a summary of this

thesis, together with suggestions for further research.
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Background

2 BACKGROUND

2.1 The solid oxide cell

The term solid oxide cell (SOC) indicates an electrochemical cell for energy conversion
which is based on a charge separator made of solid ceramic (oxide) material [11, 12]. Two
modes of SOC operation can be distinguished depending on the direction of energy conver-
sion: in fuel cell mode chemical energy is transferred to electrical energy (solid oxide fuel
cell, SOFC) and in electrolysis mode the reverse process can convert electrical energy into
chemical energy, like synthetic fuels (solid oxide electrolysis cell, SOEC). The working prin-
ciple is illustrated in Figure 2: Major components of the cell are two porous electrodes and the
solid electrolyte. Reactants are typically gaseous and fed to the cell by flow channels. At the
cathode side oxygen containing reactants are reduced, which releases oxygen ions (O*). They
migrate through the ionic conducting electrolyte and act as oxidant for the fuel gas at the an-
ode. Electrons cannot pass the electrolyte. They are conducted through an external circuit

which is connected to a load or source.

The amount of released or consumed energy is given by the thermodynamics of the respective

reactions. The four main reaction mechanisms in global kinetic formulation are [11-14]:

1) Hydrogen oxidation: H,; + 20, = H,O (AG® =—-228.59 kJ/mol) (1)
2) Steam electrolysis: H,O = H; + L0, (AG® =+228.59 kJ/mol) (2)
3) Methane oxidation: CH4 + 20, = 2H;0 + CO, (AG0 =—-800.68 kJ/mol) (3)

4) CO; reduction: CO, + H,O = CO + H, + O, (AG0=+486.19 kJ/mol) (4)
(Co-electrolysis)

Here, AG® is the standard-state Gibbs free energy of the reactions (25 °C, 1 bar). Negative
values indicate a net release of electric energy. In electrolysis mode the required Gibbs energy

has to be applied by an external source.
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SOFC

Air out <

4=mm Airin

mmmm) Air out

| &== 11,0, CO,

] wmmmp H,, CO, O,

Figure 2. Cross-section of a solid oxide cell illustrating the differences of operation in fuel

cell mode (SOFC) and in electrolysis mode (SOEC).

Materials for SOC components have to be chosen with respect to three main requirements:

conductivity (ionic and electronic), catalytic activity (for the respective reaction) and structur-

al stability (mechanical and chemical) [15]. Table 1 gives an overview of the most common

materials and their specific properties.

Table 1. Common materials for SOC components [16—18].

Material Name Properties Component
Ni Nickel Electronic conductor, catalyst for H,  Fuel electrode
oxidation reaction (HOR) and for
hydrocarbon reforming
ZrOy(Y,0;)  Yttria stabilized zir-  Ionic conductor, high mechanical and Fuel electrode, elec-
conia (YSZ) chemical stability trolyte
CeO, Gadolinia doped ceria Mixed ionic and electronic conduc- Electrolyte, diffusion
(GDC or CGO) tor, catalyst for CH4 oxidation barrier in oxygen elec-
trode, fuel electrode of
SOFC
LaMnO; Lanthanum strontium  Ionic conductor, catalyst for oxygen = Oxygen electrode
manganite (LSM) reduction reaction (ORR)
LaSrCoFeO; Lanthanum strontium Mixed ionic and electronic conduc- Oxygen electrode

cobalt ferrite (LSCF)

tor, catalyst for oxygen reduction
reaction

Crucial for SOC performance is a high ionic conductivity of the electrolyte material. With

current electrolytes, like YSZ, a reasonable conductivity can only be achieved for a tempera-

ture > 800 °C. Therefore typical operation temperatures of solid oxide cells vary between 800
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and 1000 °C [11]. In comparison to competitive systems like proton-exchange membrane fuel

cells (PEFC) or alkaline electrolysis cells (AEC), which run at temperatures between 50 and

220 °C, high temperature operation brings several advantages:

)

2)

3)

With increasing temperature the kinetics of chemical reactions increase, which decreas-

es polarization losses and increases efficiency.

a. For SOFC the chemical to electrical energy conversion efficiency is 45 to 65 %,
which is about twice that of an internal combustion engine. In combined use of
power and heat, efficiency is increased further up to more than 85 % [19].

b. For SOEC an electricity to H; efficiency of more than 95 % can be achieved [4].

At higher operation temperature less electrical energy is needed for electrolysis, because
a substantial part of energy demanded by the endothermic reaction is provided thermal-
ly. Especially if excess heat from external sources, e.g., from industrial processes, is

used system efficiency can be further increased [20].

Due to internal reforming SOFC can be operated on a broad variety of fuels including

natural gas and gases obtained from biomass or municipal waste [21].

Unfortunately the drawbacks of high operation temperature cannot be neglected:

1)

2)

3)

System start-up and shutdown can take up to several hours, which is a challenge for

mobile applications, like portable power and transportation.

Due to thermally insulating housing, SOC systems are typically big and have higher in-

vestment costs than low-temperature cells.

High temperatures cause a high stress on the used materials. Especially regarding long-
term operation material degradation is a major issue currently impeding the market en-

try of SOFC and SOEC systems [4, 6].

Details about thermodynamics, the fundamental processes inside the electrodes, and degrada-

tion mechanisms will be presented in the following sections.
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2.2 Predicting the performance of an SOC

The performance of an electrochemical system is measured by its cell voltage (Ece) versus
current density (7) characteristics. In cell operation current is typically given as external input
(demand of a load or output of a source), while the voltage is a result of the cell response on

that current. Thus mathematically formulated we are looking for a function
Ecell zf(l) (5)

Three main mechanisms are governing the voltage under cell operation: (1) thermodynamics,
(2) electrochemistry and (3) transport phenomena. Fundamental aspects of each mechanism,
with focus on prediction of the performance of SOCs, will be summarized in the following

subsections. For more detailed derivations please refer to common text books [11, 22, 23].

2.2.1 Thermodynamics

Thermodynamics describes the conversion of energy from one form into another. Basis for
many thermodynamic considerations is the Gibbs-Helmholtz equation,

AG = AH —TAS (6)

b

where AG is the Gibbs free energy, AH the reaction enthalpy and AS the entropy of the reac-
tion. Regarding solid oxide cells thermodynamics can be applied, for example, to predict the
direction of (electro-)chemical reactions, as well as the energy and heat produced or con-
sumed by these reactions. While AH describes the maximum amount of total energy that can
be gained from a system, AG can be associated with the maximum electrical energy and AS

with the heat energy which is released by an electrochemical reaction.

Under presumption that the total energy released by the reaction is transformed into electrical
energy (ideal cell), thermodynamics can be used to calculate the voltage of an electrochemical
cell at open circuit (OCV, i = 0),

2o AG®
rev ZF

()

9

where E° is the standard-state (STP) reversible voltage, z the number of electrons transferred

and F Faraday’s constant. If more than one reactive species is present at each electrode, Eq. 7

has to be extended by an additional term, which leads to the Nernst equation [11],
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where a is the activity and v; the stoichiometric coefficient of each species participating in the
reaction. The activity depends on the type of each species. For gas-phase and dissolved spe-
cies it is equal to partial pressure or concentration (c;/co or p;/po), for surface adsorbates it
equal to coverage (#), and for solid bulk phases it is unity. By replacing the standard-state
Gibbs energy AG by its value corresponding to different temperatures, the OCV for arbitrary

operation conditions can be predicted.

Requirement for thermodynamic calculations is the knowledge of thermodynamic data, that is
enthalpies and entropies for all species involved. An extensive database is provided, e.g., by
McBride and co-workers [24]. A collection of data for the most prominent species used in

SOC application is summarized in [11].

2.2.2 Electrochemistry

The current produced or consumed by an SOC depends on the rate of the proceeding electro-
chemical reaction(s). For an electrochemical reaction with a transfer of z electrons the result-

ing Faradaic current density is,
ip =zFs 9)
where § is the rate of the electrochemical reaction. According to mass-action kinetics [25] the

net production rate of a species i is given by,

§; = v{kaa? —era;vf} , (10)

where krand k, are the forward and backward rate constants, v; denotes the stoichiometric co-
efficient of species i, a; the activities, and v"and v"" represent the positive stoichiometric coef-

ficients for all reactants of the forward and backward reaction, respectively.

The forward rate constant is given by a modified Arrhenius expression [8],

EX* oazF
ke = kyT" exp| — —— A |, 11
¢ =k exp( RTJexp[ 2T ¢j (11)

where k| is the pre-exponential factor, T the temperature, £ the activation energy, B a tem-

perature exponent, and R the ideal gas constant. In case of a charge-transfer reaction, the last
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exponential term represents the influence of the electric potential difference Ag, with a net
transfer of z electrons, the Faraday’s constant ' and a symmetry factor « . For thermochemi-
cal reactions (no charges involved, therefore z = 0) Eq. 11 reduces to the standard Arrhenius
equation [25]. Note, that the combination of Egs. 9—11 allows for deviation of the well-known

Butler-Volmer equation [22].

The reverse rate constant follows from thermodynamic consistency using thermodynamic

data,

ke _ exp(— EJ . (12)

In contrast to the globally formulated reactions given in the previous section (Eqs. 1—4) the
actual reactions taking place during SOC operation are complex. Work in the recent years has
revealed multiple elementary reaction steps which are involved [26-29]. Exemplarily the
main reaction mechanism occurring at the anode of an SOFC will be presented in the follow-

ing.

At the anode of hydrogen fuelled SOFCs the gaseous H, reacts with oxygen ions (0% to

steam, releasing two free electrons,

H, + 0 = H,0+2¢ . (13)
A more detailed reaction pathway can be developed by analysis of the involved surface reac-
tions (elementary kinetic approach). This includes surface-surface-reactions (Langmuir-
Hinshelwood type mechanism), charge transfer, adsorption and desorption, as well as bulk-
surface reactions (Eley-Rideal type mechanisms) [30]. Taking into account these reactions we
can derive a complete mechanism consisting of nine elementary reaction steps, which is
shown in Figure 3 [26, 27]. Kinetics of the elementary reactions can be determined either by
experiments like temperature-programmed desorption (TPD) [28] or by mechanistic calcula-

tions based on DFT (density-functional theory) [31, 32].
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Interface Reaction
Nickel surface H, + (Ni) + (Ni) 2 H(Ni) + H(Ni)
H,0 + (Ni) 2 H,O(Ni)
H(Ni) + O(Ni) 2 OH(Ni) + (Ni)
H(Ni) + OH(Ni) 2 H,O(Ni) + (Ni)
H,O(Ni) + O(Ni) 2 OH(Ni) + OH(Ni)
YSZ surface (YSZ) + O* ysz 2 O*(YSZ) + Vysz
H,0 + (YSZ) 2 H,0(YSZ)
H,O(YSZ) + 0* (YSZ) 2 OH (YSZ) + OH (YSZ)
Three-phase boundary H(Ni) + OH (YSZ) 2 H,O(YSZ) + (Ni)+ e

9 H,0 o o H >, H,0

\\\\
Qs

YSz @3
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== Chemical reaction = Charge-transfer reactior

Figure 3. Elementary reaction steps at the three-phase boundary (TPB) of a hydrogen fueled
SOFC anode [27].

2.2.3 Transport phenomena

In an SOC three main regimes of transport can be distinguished, as illustrated in Figure 4:
(1) gas transport inside the porous electrodes, (2) transport of gaseous species to and away
from the electrodes and (3) charge transport through the electronic and ionic conducting phas-
es. On atomic scale additional transport processes can be relevant. This includes, e.g., diffu-

sion of species sticking to a surface or the diffusion of species inside a solid bulk material.

(1) The electrodes of solid oxide cells are usually porous structures with average pore sizes
between 5 um (supporting layer) and 100 nm (active layer). Here, the main transport mecha-
nism is diffusion driven by concentration gradients. For a binary mixture the molar flux J of a
species can be described by Fickian Diffusion,

J =—D —i , ( 14)

where D; is the diffusion coefficient and ¢; the concentration of a species i. For a gas phase
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containing more than two species the diffusion is more complex, because the flux depends on
the concentration gradient of all species [23]. In this case the Stefan-Maxwell equations for

multi-component mixtures have to be applied,

o(ctX;) inJj_XjJt

eff
ax jeSg D[j

(15)

where ¢® is the total gas-phase concentration, S, is the set of all gas-phase species, X specifies

the molar fraction of a species and D" is the effective diffusion coefficient.

Gas channel

laminar flow
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Figure 4. Schematic of the different transport mechanisms within a solid oxide cell.

A common method for modeling transport in porous media is the homogenization approach
[33]. It is applied to describe a complex geometrical structure by means of effective transport
properties. Important properties are porosity ¢ and tortuosity ¢ which describe the geometry of
the system. Porosity is defined as the ratio of free pore space over total volume, while tortuos-
ity is a dimensionless parameter. It describes the deviation between the actual, winding, diffu-

sion path against straight and parallel streamlines [34],

A

where / is the average length of the fluid paths and L is the geometrical length of the sample.

The effective diffusion coefficient follows as [35],

€ gi
Diff :_;Di (17)

N
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(2) Transport in the gas channels above the electrodes is typically described as laminar flow.
In this flow regime the main forces acting on the fluid are its inertia and the friction at the
channel walls. For flow through a circular channel the resulting pressure drop can be derived
by the simplified equation [11],

dp _32v.

dx  d* , (18)
where v is the mean flow velocity and d the channel diameter. A much more accurate and
universally valid solution for the flow of a fluid is given by the Navier-Stokes equations
(NSE). The NSE are a set of partial differential equations which describe mass, momentum

and energy conservation for a fluid in a given space. In one-dimensional formulation for an

incompressible fluid (valid for flow velocities < 0.3 Ma) they read as follows [7],

a_p B a(pv) Pcha

chem ; cha
at = ax + Ak;ha Si Mi (19)
cha
o) _ _apw _p _R™ (20)
ot Ox o AT
- diff cha

b

where p is the density and v the viscosity of the fluid (here: gas), P and B™ are electro-

chem

chemically active and hydraulic channel diameter, 4™ the channel cross-sectional area, s

is the exchange rate between channel and porous electrode, M the molar mass of the species

and 7, the shear-stress factor.

(3) Charge transport occurs inside the electronically and ionically conducting phases. It de-
pends on the conductivity g, which is a measure for the charge transport properties of a mate-
rial. The classical way to describe charge transport is by Ohm's law,

V=IR= c (22)
which quotes, that voltage V' follows the product of current / and resistance R or the quotient
of current and conductance G, respectively. This can be applied to calculate the voltage loss

caused by the solid electrolyte of an SOC (#elcctrolyte),

i
nelectrolyte = > (23)

electrolyte

where 7 and Ociecrolyte Indicate the volume specific measures for cell current and electrolyte
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conductivity.

Applied to the conducting phases inside a porous electrode the conductivity of the material

has to be corrected by its porosity and tortuosity, which gives the effective conductivity [8],

ot = b (24)

2.2.4 Polarization curve

If reaction steps, reaction kinetics transport properties and geometrical data are known, the
prediction of current and voltage of the system is possible. The plot of the function Ece; = £ (i)
(Eq. 5) is called polarization curve. At OCV (i = 0) no losses appear and the cell voltage
equals the thermodynamically predicted Nernst potential (Eq. 8). Under polarization (i # 0)
the losses induced by electrochemistry and transport sum up to the overvoltage #. The over-
voltage can be subdivided into three parts: (1) activation overvoltage #.., Which describes
losses due to reaction kinetics, (2) ohmic overvoltage #,nm, Which describes the losses due to
electronic and ionic resistances, and (3) concentration overvoltage #conc, Which describes loss-
es due to transport of reactants to the electrochemically active regions. Thus, the voltage of an

SOC under polarization can be written as,
Ecell = Erev ~Mact ~ Mohm ~ Meonc (25)

Figure 5 shows the simulated polarization curve of an H, fueled SOFC together with power
density and the overpotential contributions from anode, cathode and ohmic resistance. The
ohmic overvoltage increases linearly with current density due to Ohm’s law (Eq. 22). While
the anode activation potential is relatively small, the cathode activation potential has one of
the largest contributions to the total losses. Anode concentration overvoltages are relatively
high due to the high thickness of the simulated anode of 1000 um. At high current densities
Neonc.an INCreases significantly, indicating that the limiting current density (as given by the fuel
inflow velocity) is reached. The cathode concentration overpotential is almost zero over the
whole polarization curve, because of the low cathode thickness of 55 um and high air inflow

velocity. It is not shown here.

Note, that in fuel cell mode losses cause a decrease of cell voltage (as shown in Figure 5),
while it is increased in electrolysis mode. The sign of # is chosen equal to the direction of

current flow (&i).
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Figure 5. Cell voltage, power density and overpotentials as functions of current density for an

SOFC operating on a fuel stream of 1 slm containing 97 % H, and 3 % H,O against an air

cathode.
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2.3 Fuel electrode degradation

In addition to the losses caused by kinetics of the charge-transfer reaction and transport mech-
anisms, the losses caused by undesired side reactions and long term degradation effects have
to be considered. Each component of an SOC can undergo degradation. Frequently the exper-
imentally observed drop in cell performance over time is a combination of multiple processes.
Degradation rates are often measured as voltage change (in %) per 1000 hours of operation at
a constant current. Figure 6 shows an example of SOEC long term degradation measured at
Forschungszentrum Jiilich [36]. Alternatively degradation can be quantified by the change of

the area specific resistance (ASR) of a cell.

A huge body of literature is available dealing with the experimental observation and modeling
description of degradation issues. Recent reviews are given by Yokokawa [37] and Knibbe et
al. [18]. The following paragraphs give an overview over the degradation phenomena which

are known to occur at the fuel electrode of solid oxide cells.
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Figure 6. Long term degradation of an SOEC during operation at i = —1.0 Acm °. Modified
from [36].

2.3.1 Nickel oxidation

Focus of this thesis is the oxidation of the nickel electrode. This behavior due to reduction and
reoxidation cycles (RedOx) and its effects on durability of SOFCs are well known from ex-

perimental literature [38]. Main problem is the volume increase of oxidizing nickel particles,
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due to a change of molar volume from Ni to NiO by 69.9 % [39]. This produces mechanical
stresses inside the porous anode structure [40], which can cause anode extension [41, 42],
cracks [43, 44] and delamination from the electrolyte [45]. Figure 7 shows the impact of reox-
idation on anode and electrolyte of an SOFC by SEM imaging [46]. After the first re-
oxidation the electrolyte phase has cracked due to the large volume expansion from nickel to
nickel oxide. Additionally, nickel oxide (NiO) is an isolating material with very low ionic and
electronic conductivity [47]. Therefore a layer of NiO can block the triple-phase-boundary
(TPB) between nickel, electrolyte and gas phase, causing a break-down of the charge-transfer
reaction (CTR). Another effect which has been observed is the reconfiguration of nickel parti-

cles during redox cycles, which can permanently decrease the TPB length [48].

Figure 7. Microstructural changes in the anode of a SOFC [46]. a) New manufactured cell

before first reduction (NiO/YSZ anode), b) reduced cell, c) re-oxidized cell.

Figure 8 shows data measured by Ivers-Tiffée et al. [49]. Plotted is the power density P

(0.7 V) as a function of redox cycles for an electrolyte supported cell (ESC) in comparison to

an anode supported cell (ASC) at three different temperatures. After 50 cycles the oxidation
time was changed from 1 min to 10 min airflow. Results for the ESC show an increased loss
of power output throughout the experiment. However, for the ASC results differ due to opera-
tion temperature. At 600 °C no effect is measured for short cycling and only a slightly de-
crease during the 10 min cycles. At 700 °C a small decrease of power is visible during the
short cycles, which gets stronger during the longer cycles. At 800 °C the power oscillates

around the initial value for the first 20 redox cycles, but breaks down strongly afterwards.
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Figure 8. Power density as function of redox cycles (cycle 1-50: 1 min airflow, cycle 50—100:

10 min airflow) for (a) an ESC at 800 °C and (b) an ASC at 600, 700 and 800 °C [49].

The challenge of reoxidation accounts for solid oxide electrolyzer cells (SOEC), as well. Op-
timum system efficiency would be obtained by operation with 100 % steam. But due to the
risk of reoxidation, it is a crucial question under which conditions no oxidation of the water
electrode (here: cathode) will occur. Yang and Irvine [50] showed that a Ni-YSZ cathode op-
erated in a binary mixture of Argon with 3 % steam (H,O) at 1103 K was strongly oxidized.
Figure 9 shows the corresponding IV-measurement and a photograph of the Ni/YSZ cathode
which was taken after the experiment. The large slope of the current-voltage curve can be
correlated to a high resistance, which corresponds to the decrease in electrochemically active
area due to NiO formation. Green parts in the photo verify that a considerable part of the elec-
trode was oxidized (metallic Ni is black and NiO is green) [50]. However, the number of stud-

ies dealing with reoxidation in SOEC:s is still very small [50, 51].
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Figure 9. Performance of an SOEC with Ni/YSZ cathode at 830 °C under operation with a
binary mixture of 3 % H,O/Ar, together with a photo of the cathode taken after the test [50].
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Two different pathways of the oxidation process can be distinguished, which are illustrated in

Figure 10:

1)

2)

The first possible mechanism is a thermochemical reaction, driven by molecular oxygen

(Oy) or a high water content of the fuel gas [39, 52],
Ni + %20, = NiO (26)

Ni + H,O = NiO (27)
These reactions take place at the interface between metallic nickel and gas phase. Dur-
ing SOFC operation, thermochemical oxidation can occur, e.g., if the fuel utilization is
too high, causing a low H,/H,O ratio at some parts of the cell. Other causes can be leak-
age of the electrolyte or sealing, which allow gas cross-over from the air electrode or a
sudden break-down of the fuel gas supply, provoking a back-flow of air through the out-

let channel.

The second oxidation mechanism is the electrochemical oxidation of nickel, taking

place at the interface between nickel and the electrolyte phase [53, 54],

Ni + O = Ni0O+2¢ (28)
Here the metal is oxidized by oxygen ions from the electrolyte, releasing electrons. This
mechanism takes place, for example, upon operation at low cell voltages or an interrup-

tion of the fuel supply during galvanostatic SOFC operation.

Details about thermodynamics, modeling and simulation of nickel oxide formation will be

presented in Chapter 4.
H,O ]
“® &
D e
— c 3 —i
vsz v

/
@a
2

O_

Figure 10. Schematic illustration of the reactions between Ni, YSZ and gas phase causing an

oxidation of the metallic nickel. Oxidation can occur at the Ni/gas interface as well as at the

Ni/YSZ interface.

35



Fuel electrode degradation

2.3.2 Nickel coarsening

At SOC operation temperatures the nickel phase is partly mobile. The first lattice layers of the
surface have a diffusion coefficient of about 107'° m*s™" at 1100 °C [55]. Movement of the
particles is mainly driven by the Gibbs-Thomson effect [56]: high curvatures have a higher
chemical potential than low curvatures. In course of time this supports the growth of big par-
ticles with a smooth surface curvature (Ostwald ripening [57]). Inside the electrode of an SOC
this is associated with a decrease of TPB length and has been measured for SOFC [41, 58] as
well as for SOEC [36] operation. Experiments as well as modeling studies show that the big-
gest effect of Ni coarsening is occurring during the first 10 to 100 hours of cell operation [55,
59, 60]. Depending on the type of cell, an initial TPB reduction of about 25 % is typical [59].
Further sintering of the particles is strongly dependent on the steam content of the fuel gas
[48, 61]. Faes et al. [41] developed a simple model to describe nickel coarsening as a process

similar to charging of a capacitor,

r= (rmax -1 )(1 - exp(— ks,capt»+ Ty (29)
where ry is the initial particle radius, rmax the maximal radius as given by the YSZ matrix,

ks cap @ Tate constant and ¢ the time.

2.3.3 Nickel volatilization

Another degradation phenomenon is the volatilization of the nickel phase. It can occur if the
fuel electrode is exposed to a high H>O content, like in steam electrolysis or at high fuel utili-
zation in SOFC mode. Thermodynamic calculations predict the formation of gaseous nickel
hydroxide Ni(OH), in a mole fraction larger than 10" for steam concentrations > 20 % [48].
Volatilization and re-deposition can cause morphological changes to the anode with consider-
able effect on cell performance. Hauch et al. [62] have suggested the formation of a dense
nickel layer on top of electrolyte phase during SOEC operation. Figure 11 illustrates the un-
derlying mechanism: At high current density electrolysis there will be electrical resistance in
the YSZ particles. The resulting potential gradient is illustrated by A¢ in Figure 11b. As con-
sequence the TPB points close to the electrolyte (red squares) will be more reducing than
those at the top of YSZ particles (blue squares). Thus, the deposition of nickel hydroxide will
take place at the red marked TPBs, causing a nickel film on top of the electrolyte phase. The
same mechanism is believed to be responsible for microstructural changes and TPB reduction

in SOFC experimental studies [48, 63, 64].
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Figure 11. Possible mechanism for changes in the microstructure at the interface between
cathode and electrolyte during high current density electrolysis operation: a) The YSZ-
Ni/YSZ interface at OCV. TPBs are marked by blue squares. b) The interface at high current
density electrolysis. The deposition of nickel hydroxide will take place at the red marked
TPBs, with the higher reducing potential. Modified from [62].

2.3.4 Pollution of reactive surfaces

Many kinds of pollutants are known to appear on the surfaces inside SOC electrodes. They
can either be contained in the fuel gas, like sulfur and phosphorus as compounds of natural
gas [65, 66], or dissolved/segregated from inside the cell, like chromium out of ferritic com-
ponents [67] or silicates as impurity of the YSZ material [68]. Equal to all contaminations is
their impact on cell performance by blocking the electrochemically active surfaces. While the
effect of internal pollutants can be minimized by optimization of the manufacturing process,
the handling of gas impurities is challenging. Ryan and co-workers reviewed all species that
have been traced in gasified coal for SOFC operation and their effect on cell degradation
(Table 2) [69]. Current efforts aim towards a full understanding of the chemical reactions
which underlie pollution [65, 66, 70]. Models combing thermodynamics and elementary reac-
tion kinetics of all involved species have to be applied for finding operation strategies with

minimum degradation.
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Table 2. Effects of trace species in gasified coal on the anode of SOFC. Reprinted from [69].

Species Observed reactions Effect on SOFC Trends with SOFC opera-
tion
Phosphorus  Adsorbs to anode, Gradual increase of ohmic and  Rates of degradation show no
P) forms NiPy on sur- electrodic polarization; sharp significant dependence on
face performance drop at high P current density or fuel utili-
concentration and formation of zation. Increases with P con-
microcracks. Loss of electrical  centration
percolation. Poisoning occurs
from the fuel channel and
propagates
into anode
Arsenic Ni consumption and ~ Abrupt failure after long-term  Depth of reaction area and
(As) migration from the operation due to loss of elec- agglomeration increase with
anode matrix trical percolation AsHj concentration; no sig-
nificant dependence on cur-
rent density or fuel utilization
Selenium Adsorbs near electro- Rapid decrease in power to Increases with current and Se
(Se) lyte interface; nano-  new steady state. Primarily an ~ concentration; oscillations in
particles form at increase in electrodic polariza- performance at intermediate
medium and high tion; minimal increase in ohm-  current; local pO, increases
polarization; forms ic loss; at intermediate current ~ with large current
Ni,Sey at high cur- oscillatory behavior. Possible
rent density Ni,Sey at interface due to in-
crease in O, partial pressure
(»0O, ). Partially reversible at
low current
Sulfur (S)  Adsorbs to anode; Rapid decrease in power to Increases with decreasing
may form Ni,S, at new steady state. At high cur-  operating temperature; in-
high current density ~ rent density Ni redistribution creases with increasing S
to small particles at electrolyte  concentration; increases with
interface. Partially reversible increasing operating voltage
under certain conditions
Chlorine Adsorption of Cl to Reversible increase in elec- Higher HCI concentration
(ChH the Ni surface and trode polarization, decrease in  leads to faster voltage
possible sublimation  ohmic loss at 700 °C due to change; degradation rate
of NiCl, scavenging effect of HCl does not show dependence
with polarization
Antimony  Adsorption of Sb and Two-stage degradation: initial  Initial stage: Nearly inde-
(Sb) formation of Ni,Sb,  rapid decrease in voltage with  pendent of Sb concentration;

on surface; Ni con-
sumption and migra-
tion from matrix

increase in electrodic polariza-
tion; longer-term decrease in
voltage with increase in ohmic
loss. Loss of electrical percola-
tion due to Ni,Sby

increasing degradation with
decreasing current density.
Late stage: Ni—Sb crystallite
size grows with Sb
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2.3.5 Carbon formation

The formation of solid carbon inside the SOFC anode is a special case of surface pollution. It
is an undesired side product of internal reforming of hydrocarbons, which can totally block
the surface of nickel as well as the free pore space and the charge-transfer reaction at the tree-
phase boundary, as illustrated in Figure 12 [49]. The involved reaction paths are complex.
Deutschmann and co-workers presented a system of 42 elementary-kinetic reactions which
describe hydrocarbon reforming including the formation of surface carbon species [71]. Fur-
thermore several different kinds of carbon can be distinguished, including graphitic carbon,
encapsulating carbon, pyrolytic carbon, filament, and whisker carbon [21]. The removal of
solid carbon is possible by addition of steam to the fuel gas [72]. However, high steam ratios
bring the disadvantage of accelerated nickel coarsening (cf. Section 2.3.2) as well as the pos-
sibility of nickel oxide formation (cf. Section 2.3.1) and a reduced Nernst potential (cf. Sec-
tion 2.2.1) [16]. Modeling studies based on thermodynamic data [66, 73] are capable to show

safe operation conditions [74, 75].

Figure 12. Illustration of solid carbon formation on top of the nickel surface in an SOFC an-
ode. The surface of nickel is blocked, which prohibits reforming of hydrocarbons as well as

the free pore space and the charge-transfer reaction at the tree-phase boundary [76].
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2.4 Numerical modeling of SOCs

Computer-based modeling and simulation is one of the most prominent tools in contemporary
sciences. Through representation of a physical system by differential equations (modeling)
and their solution by means of a computer (simulation) the analysis of highly complex pro-
cesses is possible. Regarding solid oxide cells, numerical modeling and simulation are being
carried out on all spatial scales — from atoms (nm) to power plants (m). The focus of each
model depends on its respective scale, as shown in Figure 13. It ranges from understanding
the complex processes taking place between molecules and ions, over the prediction of the

cell performance under diverse operating conditions, to the optimization of cell and system

design.
Level Scale Chemistry Transport Modeling
approach
0
System 107m Mass, energy Brocess simula-
10%s fluxes tion
102 m i Laminar Computational
Cell 0 glfnﬁlsl:‘“ flow, heat  fluid dynamics
10%s Y convection (CFD)
4 Porous multi- Continuum
Electrode 107 m Thermal & phase mass ~ modeling
1025 Redox cycling and charge Microstructural
transport modeling
Surface
10 m chemistry,
Surface charge Sprfage Mean field
10°s transfer, diffusion
defect
chemistry

Figure 13. Time and length scales involved in solid oxide cell operation. Modified from [35].
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2.4.1 Short review of SOC modeling literature

A large number of modeling work has been published in the last 20 years. Early studies focus
on SOFCs. Common is a coupling of computational fluid dynamics (CFD) models with a
global kinetic Butler-Volmer approach to describe the performance of the cell in 2D [77, 78]
or 3D [79]. Simultaneously, the first models to describe the impedance of porous electrodes
based on equivalent circuits were developed [80-82]. Drawback of this early work is the
semi-empirical nature, which usually requires many fitting parameters and is only valid for
predictions in a narrow range of operating conditions. Later studies overcome these limita-
tions by including electrochemistry based on surface chemistry with elementary reaction steps
[26, 29, 83] and detailed descriptions of porous electrode transport [84—87]. Review articles
are available by several authors [88-92]. Recent work enhances the basic models by the im-
plementation of mechanical or physico-chemical degradation processes. They include micro-
structural evolution of nickel particles [55, 93, 94], carbon deposition [74, 95], sulfur poison-

ing [69, 70, 96] and mechanical damage due to thermal stresses [97-99].

The first models of SOECs were published in the late 2000s. Typically the existing models of
SOFCs were slightly modified to support electrolysis simulations [100—102]. Models includ-

ing degradation effects are scarce, yet [103].

2.4.2 Discretization methods

A mathematical model gives a temporally and spatially continuous description of a system
and the proceeding processes. For numerical solution the continuous equations have to be
transformed to allow the computation of discrete points in space and time. Multiple tech-
niques have been developed as optimum discretization methods for specific applications, of
which the three most prominent methods for spatial discretization will be summarized here

[104]:
- Finite Difference Method (FDM)

FDM is the oldest and most simple discretization method. It is based on the differential
form of the partial differential equations (PDE), which are approximated for each point
of the computational grid. For a 1D case the solution follows from the definition of a

derivative:

41



Numerical modeling of SOCs

( @j g P65+ A0 — 6(x) (30)
ox N Ax—0 Ax
where the curve @(x) is the desired solution and 7 a discrete point on x. Drawback of the

FD method is its restriction to simple grid geometries.

- Finite Volume Method (FVM)

The FV method uses the integral form of the conservation equation [105]:

d —_ — .
chwgp dv = aivf(x) n ds (31)

where G is a control volume (CV) with arbitrary size and shape and n is the normal vec-
tor. From Eq. 31 it follows that a change in ¢ can only occur in combination with a flux
over the boundaries of the CV. Thus the solution of the PDEs follows from approxima-
tion of the net fluxes over the boundaries of all volumes. Main advantage of the FVM is
that it is conservative, meaning that the flux entering a control volume is always equal
to the flux leaving the adjacent CV. It is the most common discretization method in

computational fluid dynamics [104].

- Finite Elements Method (FEM)

In contrast to FVM the FEM multiplies a weight function to each equation before it is
integrated over the solution domain. The task is approximating a weight function W
which guarantees continuity of the solution across the boundaries of all elements. It is

applied in the form

4 =3 W, 40 (32)

FEM can easily be applied for calculations based on a variable grid. Thus it is the meth-

od of choice in structural mechanics, e.g., for the simulation of deformation processes.

Discretization in time is typically integrated into the numerical solver, which allows a dynam-
ic adaption of the step size to the time scale of simulated processes. Task of the solver is find-
ing an accurate solution which fulfills the given system of equations. Based on a set of initial

values, most solution methods are based on a stepwise (iterative) approach which aims to an

42



Background

improved solution in each step of the calculation. Several methods suitable for application for

solving the processes in electrochemical systems are given by Kee et al. [106].

2.4.3 Modeling and simulation errors

Due to effective algorithms numerical modeling is a powerful tool. Nevertheless, numerical

solutions are never absolutely correct. Ferziger and Peri¢ [104] describe three kinds of sys-

tematic errors which occur in every numerical calculation:

1)

2)

3)

Modeling errors

Modeling errors are errors which are already contained in the mathematical model. This
includes assumptions like modeling gases as ‘ideal’ or by reducing a complex 3D ge-
ometry to a homogenized 1D transport problem (e.g., the porous electrodes in SOC,

Section 2.2.3).
Discretization errors

Discretization errors are errors which are introduced by discretizing the domain in space
and time. They can be decreased by refinement of the grid and the solver step-size,

which, however, implies an increase in calculation time.
Convergence errors

Convergence errors describe the deviation between iterative and exact solution of the
equation system. The maximum allowed size of this error can typically be defined as

input parameter of the solver algorithm.

Two conclusions can be drawn:

1)

2)

Reduction of errors can only be achieved by an increased input of (simulation-)time.
Since time is limited, distinguishing or deciding which errors are acceptable is an im-

portant task.

Interpretation of simulation results always needs to be conducted by keeping in mind

the effects induced by the chosen accuracy level.

A discussion of modeling and simulation errors in this work is given in Section 4.8.
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3 MULTI-PHASE MODELING AND SIMULATION FRAMEWORK

3.1 Introduction

Basis for all numerical simulations presented in this work is the software package DENIS
(detailed electrochemistry and numerical impedance simulation) which is being developed by
W. G. Bessler and his group since 2004 [35]. When this thesis was initiated in February 2010

the status of development regarding the modeling and simulation of SOCs was the following:

1) A detailed model of an SOFC was present (in the following called base model). It in-
cluded an elementary-kinetic description of electrochemistry, the physical representa-
tion of potential steps due to electrical double layers and a quasi-three-dimensional mul-
ti-scale description of mass and charge transport. The implementation allowed the simu-
lation of polarization curves (steady-state solution) as well as impedance spectra (transi-
ent solution) [7]. The model was validated using data from a planar segmented SOFC
and could represent the experimental data over a wide range of operating conditions

[107]. A model for performance degradation was not included so far.

2) Since solid oxide electrolysis is based on the identical fundamental physico-chemical
processes, the modeling framework in principle allowed for simulating electrolysis, too.

However, this functionality was never applied scientifically.

For modeling the formation of a bulk nickel oxide phase the code had to be extended signifi-
cantly. Specifically a module for the dynamic handling of multiple phases was added. Flexi-
bility in formulating chemical reactions was achieved by coupling with the software package
CANTERA [108]. By implementation in a general form, the abilities of DENIS to simulate
different types of fuel cells and batteries could be enhanced simultaneously. This chapter
gives an extensive description of the multi-phase modeling framework which was developed.
Additionally examples of application for modeling secondary-phase formation in PEFC and

next-generation batteries are presented.
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The new model was published by Neidhardt et al. in the Journal of the Electrochemical Socie-
ty [8] and presented at the 9™ Symposium on Fuel Cell and Battery Modeling and Experi-
mental Validation (ModVal 9) [109] and the 10® European SOFC Form (EFCF 2012) [110].
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3.2 Base model

For a complete description of the modeling framework this section briefly summarizes the
model implemented by Bessler et al. before initiation of the present work. All equations in-
cluded in the base model are listed in Table 3. For details of model derivation and application

the reader is referred to the available publications [7, 27, 35, 111].

3.2.1 Transport

Mass and charge transport take place within bulk phases (e.g., molecules in the gas phase,
ions in liquid electrolytes, electrons in solid conductors). The following transport processes

are modeled:

1) Channels/gas-phase: Gas-phase convective and diffusive flow, described with a one-

dimensional form of the Navier-Stokes equations (Table 3, Eqs. 33—36).

2) Porous electrodes/gas-phase: Diffusive and convective flow, described by coupled dif-
fusion flow (Stefan-Maxwell law using Bosanquet diffusion coefficients that account
for ordinary and Knudsen diffusion, Table 3, Eqs. 37—38) and for pressure-driven flow
(Darcy law, Table 3, Eq. 39).

3) Porous electrodes and separator/solid phase: Electronic and ionic charge transport, de-

scribed by Ohm’s law (Table 3, Eqgs. 40—41).

4) Cell current and voltage are derived from the electric potential distribution and the cur-
rent due to electrochemical reactions and double layer charge/discharge (Table 3, Egs.

46-49).

5) Transport over the three-phase boundary (TPB): Surface diffusion of adsorbed species
perpendicular to the TPB line [7, 27].

All transport processes are coupled within a quasi-three-dimensional multi-scale modeling
approach, as illustrated in Figure 14. In the channels, mass transport is modeled in one dimen-
sion (x) in flow direction. In the electrodes, mass transport is modeled in one dimension (y)
perpendicular to the membrane/separator. This yields an overall 1D+1D model. The model
can be extended by surface transport perpendicular to the three-phase boundary, giving rise to

an overall 1D+1D+1D model.
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Figure 14. Schematic representation of the quasi-three-dimensional modeling approach. The x
dimension (mm-cm scale) is along the gas channels, the y dimension (mm-um scale) through
the MEA thickness, and the z dimension (um-nm scale) perpendicular to the three-phase
boundary line [7].

3.2.2 Electrochemistry

The species continuity equations for the porous electrodes (Table 3, Egs. 37-39) include

source terms §, due to interfacial reactions. These are the net production rates of the species i,

which can be calculated according to mass-action kinetics (Table 3, Eq. 42). Forward and
backward rates of each reaction are given by a modified Arrhenius equation (Table 3, Eq. 43)
and thermodynamic consistency, respectively (Table 3, Eq. 44). Thermodynamic data for the
molar enthalpy 4 and the molar entropy s is taken from literature (either explicitly from ther-
modynamic tables or implicitly by converting from kinetic data). The latter are used to com-
pute the temperature-dependent values for the molar Gibbs reaction enthalpy AG (Table 3,
Eq. 45). The absolute production rates of bulk species are obtained by multiplying area-
specific (or line-specific) rates of production with the surface area 4" or the boundary length
1V. The Faradaic current density i follows from the sum over the net production rates of elec-

trons s of all reactions (Table 3, Eq. 49). The same ansatz is used to compute chemistry

electron

between species within a bulk phase, like gas-phase reactions.
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Table 3. Summary of equations of the base model.

Physicochemical process Model equation

Gas-phase transport in channels
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3.2.3 Base model performance

The performance of the base model was tested and compared to experimental under various
operation conditions of an segmented SOFC by Bessler and colleagues [107]. Selected results

are shown in Figure 15.
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Figure 15. Comparison of 1D model calculations (base model) to experimental data under
validation conditions (low fuel utilization). (a) Variation of anode gas composition without N,
at 800 °C with cathode at 100 % O,, (b) Variation of anode gas dilution with 50 % H, and
50 % H,0O at 800 °C and cathode at 100 % O,, (c) Variation of cathode gas composition at
800 °C with anode at 50 % H, and 50 % H,O, (d) Variation of temperature with anode at
50 % H; and 50 % H,O and cathode air. Modified from [107].
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3.3

Generalized computational domain

In order to realize multi-step management, a first necessary step was the generalization of the

computational domain with respect of the phases, species and chemical reactions involved.

Although this does not result in new conservation equations, it required careful definition and

considerable coding effort (cf. Section 3.5). The computational domain for the generalized

framework is shown in Figure 16. It represents the basic repeat unit of an electrochemical

cell. The model is based on the following assumptions and constituents:

1)

2)

3)

4)

5)

The computational domain consists of up to seven layers. The base cell functionality
requires at least three layers, representing anode, cathode and electrolyte/separator. Ad-
ditional layers can be added for gas supply (gas channels), as required for solid oxide
cells and for current collection. The layers are characterized by their macroscopic ge-

ometry (thickness).

Each layer consists of an arbitrary number of bulk phases. They can either be solid, lig-
uid, or gaseous. The phases are characterized by their respective volume fraction ¢ and
density p. For layers consisting of multiple phases, a continuum (homogenization) ap-
proach is applied [7, 33]. Properties of a layer are given by effective continuum parame-
ters, like porosity, tortuosity, conductivity, volume-specific area and volume-specific
boundary length. This approach is in contrast to an exact representation of the micro-

structure, with the gain of a significantly reduced simulation time.

Each bulk phase consists of an arbitrary number of chemical species. This can be a sin-
gle species making up a bulk phase (e.g., NiO in bulk nickel oxide), or a mixture of spe-
cies in the gas phase or a liquid solvent. The species are characterized by their concen-

trations ¢ (or mole fractions X).

Each layer can also contain an arbitrary number of phase boundaries. These can be two-
phase boundaries (interfaces) or three-phase boundaries (edges). They are characterized
in the continuum approach by their volume-specific area 4" and the volume-specific
boundary length [V, respectively. Area and length generally depend on the volume frac-
tion of the adjacent bulk phases; this dependence describes the influence of microstruc-

ture on reactivity.

Optionally, surface-adsorbed species can be defined at each interface. This allows to

describe electrochemical reactions based on elementary kinetics [26]. Surface adsorb-
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ates are characterized by their coverage 6.

6) An arbitrary number of chemical reactions take place at each phase boundary. Reac-
tions may involve species from one or several adjacent bulk phases and/or surface-

adsorbed species.

7) Mass and charge transport occur within the 1D+1D+1D modeling domain (cf. Section
3.2.1).

Within this generic framework, different applications (solid oxide cells, batteries, etc.) differ
only in number and type of constituents (layers, phases, boundaries, species, reactions) as

well as their structural, chemical and transport properties.

y|_® ......... .............

Cathode current
: collector

: Cathode channel

Cathode /
positive electrode

Electrolyte /
separator

Anode /
negative electrode

Anode channel

¢ Anode current
: collector

Figure 16. Fundamental repeat unit of a solid oxide cell, fuel cell or battery consisting of up to

seven layers. Dotted lines represent optional components.
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3.4

Multi-phase management

3.4.1 Multi-phase reactions

Modeling the evolution of phases requires the introduction of a multi-phase management. The

volume fraction of a bulk phase can change by three different processes, that is, phase for-

mation/dissolution, phase transition, and phase transport:

1)

2)

3)

Phase formation/dissolution is characterized by mass transfer from one phase to another
by an (electro-)chemical reaction. For example, the oxidation of nickel metal by oxygen

creates a new phase of solid nickel oxide (NiO), dissolving the nickel phase,
2Ni+ 0¥ = 2NiO . (51)

Reaction kinetics of the phase formation/dissolution can be described by Eqs. 42—45

(Table 3).

Phase transition describes the change between different states of aggregation. Even
though a phase transition is not a chemical reaction in a conventional sense, it obeys the
laws of thermodynamics and can be treated as special case of a reaction between two
bulk phases. Therefore the formulation above (Table 3, Eqs. 42—45) can be applied to
phase transitions as well. For example, the transition from liquid water to steam is writ-

ten as reversible reaction,

Phase transport occurs, for example, in PEFCs where the presence of liquid water has to
be considered. Phase transport is not included in the present work. All solid phases (Ni,

NiO, YSZ) are assumed spatially immobile.

3.4.2 Governing equations

Purpose of the multi-phase management module is accounting for the volume fractions & of

all phases within a layer as a function of time and spatial location inside the cell. Mass con-

servation of each phase i is described in terms of the mass density (p¢) via the continuity

equation,
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opEr) _ RM, , (53)

ot
where p; is the density and M; the mean molar mass of phase i. It is assumed, that phase for-
mation/dissolution reactions occur at interfaces between two or more phases. The rate of for-

mation R; follows from the chemical source terms s, —of all reactions m involving phase i,

including surface reactions, surface/gas phase reactions, surface/bulk reactions, and charge-

transfer reactions. It is given by
R[ = zji,mA;X s (54)

where A" accounts for the volume specific surface area corresponding to reaction m. For

reactions including more than two phases, the term of the active surface area is replaced by

the active boundary length [ in between all involved phases,

R =Y 5,0y . (55)

Phase formation/dissolution reactions, like growth of solid structures, can cause changes to
the total volume of the solid materials. As a result the pressure and/or volume of the system
can vary. This effect is handled by defining compressible phases. If present, the gas phase
fulfills this role (e.g., in solid oxide cells): Upon solid volume fraction increase, gas-phase
volume fraction decreases and gas-phase pressure increases, as described by the ideal gas law.
One of the requirements of the present model was its flexibility in usage for other types of
electrochemical cells, in particular, batteries. In batteries, no gas-phase is present. Here, the
property of a “compressible” phase is assigned to the liquid electrolyte: Upon solid volume
fraction increase, electrolyte volume fraction decreases, and concentrations of electrolyte spe-
cies increase. This assumption ensures mass conservation. It could also be interpreted as pres-
ence of a buffer volume for the liquid phase not included in the computational domain (e.g.,
by slight expansion of the cell dimensions). A full description of such effects would require
the integration of a mechanical model (describing pressure increase and compression effects
inside the electrode) as well as convective liquid flux into the buffer volume, which is out of
the scope of the present work. The volume fraction of the compressible phase is described by
applying the constraint

S =1 (56)

Eqgs. 53-56 are of central importance for modeling multi-phase behavior of electrochemical
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systems. Firstly, they allow following the dynamic change of bulk phases, which is funda-
mental for solid oxide cells (where secondary phase formation represents important degrada-
tion mechanisms) as well as for batteries (where the state of charge is directly related to vol-
ume fractions). More importantly, they allow a direct coupling to both, chemical kinetics (via
modification of interfacial areas) and transport (via modification of transport coefficients and

available transport pathways). This will be further described below.

3.4.3 Feedback between multi-phase management and microstructure

The spatial appearance of secondary phases, as well as changes in the volume fractions of
primary phases, has multiple effects on structure, chemistry and bulk transport processes.

Concerning microstructure, key parameters used in the present model are the volume-specific
two-phase interfacial areas A, between two bulk phases m, n, and the volume-specific

v

m,n,o

three-phase specific lengths / between three phases m, n, 0. A general expression can be

used to describe their dependence on changes of bulk-phase volume fractions,

Ar\n/,n :A(}/ 'fm,n(‘("m’gn)'fnum b (57)
ZI:II,H,() = l(}/ ' f;n,n,() (gm > gn 4 g()) : fnum > (58)
where 4, is the initial surface area and /, the initial boundary length. The functions f de-

scribe the change of 4, or I depending on the volume fractions of adjacent phases and

fium 18 an additional term for improvement of numerical stability in case of the volume frac-

tion of an adjacent phase approaching to zero (cf. Sections 3.5 and 4.3.1). The relationships
described by f can be either empirical, or based on geometrical considerations. For example,
the formation of a surface film in a system of cylindrical pores can be described by the square

root of the surrounding medium [112]. This yields the geometrical expression,

J(surface ~ \, gpore s (59)

which is schematically plotted in Figure 17. The relationships used to model nickel oxide

formation in solid oxide cells are given in Section 4.3.1.
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Figure 17. Effect on the volume-specific two-phase boundary 4" between solid and pore

phase as function of change in pore volume fraction.

Changes in microstructure directly influence reaction rates, because chemical source terms in
the governing equations are proportional to the volume-specific surface area and TPB length
(Egs. 37-39). This can be illustrated at the case of nickel oxide formation: If a part of the
electrode is fully oxidized, the nickel volume fraction tends to zero and, consequently, the

triple-phase boundary between Ni, YSZ and gas-phase tends to zero, as well (cf. Chapter 4).

3.4.4 Feedback between multi-phase management and transport coefficients

In the continuum approach used in this work, mass and charge transport are described through
effective coefficients (diffusion coefficients, conductivities). They are assumed to depend on

volume fraction & as well as on tortuosity factor 7> of the bulk phase according to

& &
D" ==L D, and o =-Lo, (60)

4] 7
>

where D is a diffusion coefficient (e.g., gas-phase or liquid-phase species diffusion coeffi-

cient), ois a conductivity (solid-phase ionic or electronic conductivity), and 7 is a tortuosity.

In the transport equations, the time derivative of the conservation variable includes the vol-
ume fraction of the respective phase (Eqgs. 37—39). This can be interpreted as a chemical ca-
pacitance. The dynamic behavior of mass and charge transport is thus strongly influenced by

multi-phase management.
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3.5 Simulation methodology

3.5.1 Implementation and simulation procedure

The modeling framework is mathematically represented by a differential-algebraic equation
system (DAE). It describes the implicit relationship between current density i and cell voltage
E of an electrochemical cell under consideration of multi-phase management, chemistry, and
transport processes. It was implemented into the software package DENIS (detailed electro-
chemistry and numerical impedance simulation) developed by Bessler and co-workers [27].

To evaluate the chemical source terms (s, in Eq. 42) the code CANTERA, developed by

Goodwin and co-workers [108], is used. CANTERA is open-source software for solving
complex chemical reaction systems based on conveniently-structured input files. Both codes
were connected on code-basis, making the full CANTERA functionality available during
DENIS runtime. For numerical simulation, the computational domain is spatially discretized
using the finite-volume method. The resulting DAE system is solved using LIMEX [113].
Analytic expressions for specific boundaries (e.g., Eqs. 57 and 58) are evaluated using mu-
Parser [114]. A schematic representation of the DENIS package, illustrating the main modules

and their interconnections, is given in Figure 18.

LIMEX
DAE/ODE solver
N
A\ 4

DENIS 5| DENIS Output
input file C/C++ implementation Text file based

of model equations
CANTERA S
input file

\4

CANTERA

Evaluation of chemical
source terms

Figure 18. Schematic representation of the DENIS software package.
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The full model functionality is controlled via two ASCII input files: (1) a DENIS input file
controlling phase management, transport parameters and simulation methodology, and (2) a
CANTERA input file controlling thermodynamic and kinetic properties of phases and species.
Figure 19 shows an extract of the CANTERA input file for modeling solid oxide cells. Shown
are the definitions of a nickel surface and an YSZ surface, including surface adsorbed species
and elementary reaction steps. All data is provided in a conveniently structured and self-

explaining style.

Simulations are carried out on a conventional desktop computer (Intel core 17 with 2.93GHz,
4GB RAM, 64-bit, Windows 7). Simulation times vary between seconds, for 0D simulations
(pure thermodynamics and electrochemistry), up to 1-3 weeks for full resolution 1D+1D cal-

culations including multi-scale transport and secondary phase formation.
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[
[=A

surface_ reaction( " stick(0.01, 0, 0.0),

Y5Z-Gas surface

x
#
x
#

ideal_interface(
name = "Y

-
rhases = ¥5Z',
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elements = "0

gpecies = "

reactions

)

P

# Thermodynami

c
species( name = atoms thermo = const_cp(hd = s0 =
species( name = atoms thermo = const_cp(h0 = , 30 =
gpecies( name = atoms thermo = const_cp(h0 = =0 =
species( name = atoms thermo = const_cp(h0 = , 320 =
# Reaction mechandi

surface_reaction( ] + O——(¥3Z)", [1.86e22, 0.0, (91.0,

surface_reaction(’ [6.5%5e11, 0.5, (0.0,

surface_reaction(’ (¥5Z) + CH-(¥5Z)", [1.5%1e22, 0.0, (9.647,

Figure 19. Extract of the CANTERA input file for modeling solid oxide cells.
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3.5.2 Numerical stability

For numerical stability the rates of formation of solid phases (Egs. 54 and 55) which are ap-
proaching a volume fraction of zero during simulation runtime are set to zero. This is realized
by an additional term which is multiplied to the equation, describing the size of the respective
interfaces (surface area or triple phase boundary length, Eqs. 81 and 84). The hyperbolic tan-
gent function is applied to model a numerically stable smooth transition between an active

interface ( f,,,,= 1) and a non-active interface ( f,,,= 0). The exact function depends on the

number and type of bulk phases adjacent to the respective surface. The implementation re-

garding nickel oxide formation is described below (Section 4.3).
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3.6 Demonstration models

Focus of this work is modeling the formation of NiO and other side products occurring during
SOC operation, which will be discussed in Chapter 4. Nevertheless, the multi-phase modeling
framework which was developed in context of the present work is highly flexible. It allows
for the description of many additional applications. Three exemplary cases from the area of
PEFCs (polymer electrolyte fuel cell), lithium-sulfur-batteries (Li-S) and lithium-oxygen-
batteries (Li-O) will be discussed in the following. They were developed in collaboration with
my co-workers at DLR Stuttgart [8] and represent a direct spin-off of the new model de-
scribed in the previous sections. Scope of this work was the extensive validation of the model-

ing framework and its implementation, as well as demonstration of the achieved flexibility.

An overview of the three exemplary systems in comparison to an SOFC anode is given in
Figure 20. Illustrated are all phases, phase boundaries and electrochemical reactions partici-
pating in secondary-phase formation at one of the electrodes. In all cases the main reaction is
taking place at the interface of three or even four different phases. While in SOFCs the main
task is to prevent the formation of secondary phases like nickel oxide or solid carbon, opera-
tion of PEFCs as well as Li-S and Li-O batteries is even more complex. Here the formation of
a liquid or solid secondary phase is a necessary consequence of cell operation. Thus, under-
standing of the underlying processes is an important task, which can be achieved by means of

computational modeling and simulation.

The following sections give a short description of each demonstration model and show exem-

plary results.

3.6.1 Water management in PEFC

One of the key issues for the functionality of PEFCs is proper water management [115]. On
one hand, sufficiently high water content is required for high proton conductivity of the mem-
brane. Insufficient humidification of the inflow gases leads to a drying-out of the membrane,
causing an increase in resistance. On the other hand, oxygen transport may be blocked due to
high liquid water content at the cathode side (so-called flooding). Focus of this application

example is demonstrating the breakdown of fuel cell function caused by flooding.

In PEFCs, liquid water may occur due to two mechanisms: First, it is created by the oxygen

reduction reaction at the cathode side,
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PEFC cathode

H,Oliauid)

Li-S cathode Li-O cathode
Electrolyte Gas 0,
Li* \
882}§22§i _/ Electrolyte
Li* \

)

Figure 20. Illustration of multi-phase reactions taking place on the micro-scale during the op-

eration of fuel cells (top) and batteries (bottom).
0, + 4H + 4¢ = 2H,0"™9 (61)

Second, depending on partial pressure and temperature, gaseous water may condensate to

liquid water or liquid water may evaporate into the gas phase, respectively, according to

H,0lid = 0 (62)

Furthermore, water is dragged from anode to cathode side via electro-osmosis.

Table 7 (appendix) defines the layers, bulk phases, phase boundaries, species, and reactions
used in the PEFC model. The model used here is based on the single-phase PEFC model of
Eschenbach et al. [116], which is extended by liquid water formation, as described in the fol-
lowing. The liquid water evaporation rate (Eq. 62) can be described by the Hertz-Knudsen
equation [117]

(63)

where o, is the so-called evaporation coefficient, which strongly depends on the particular
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flow situation, p denotes the partial pressure of water, whereas p (T") is the temperature de-

pendent saturation pressure.

An empirical relationship is applied to describe the dependence of water volume fraction and
the gas-platinum interface in the cathode according to
&

fPlatinum—Gas =—F . (64)

€4as,0 T Eliquid,0

Water evaporation/condensation takes place at the vapor/liquid interface. In order to avoid
numerical instabilities, which may occur when reaching volume fractions equal to zero, we
assume that the boundary vanishes for very low as well as for very high volume fractions

& iquia » according to

/i Liquid—Gas — 1—exp(-Se liquid) —exp(S(e liquid ~ €gas,0 ~ €liquid,0 ) (65)
with & =100.

The model is used to investigate the flooding in the cathode catalyst layer (CL), which occurs
due to the mechanisms described above. The increase of liquid water content in the catalyst
layer leads to a reduction of the pore space, i.e., lowers the diffusion of oxygen. This eventu-
ally causes a breakdown of the cell function. To demonstrate this, we increase the power den-
sity within 50 seconds up to 800 W/m” and subsequently keep it constant. We consider inlet
air with relative humidity RH = 0.3 at temperature 7= 354 K and pressure p = 101325 Pa. The
evaporation coefficient is assumed to be & = 0.01. Note that in the present simulations we do
not include gas diffusion layers or microporous layers, which would alter the flooding behav-

ior.

Figure 21 shows the time evolution of current density and cell voltage. In the first 50 seconds
the values change according to the linear increase of the power density. Subsequently the
power density is kept constant. However, the volume fraction of liquid water inside the CL
increases with time (Figure 22), which leads to a decrease of the cell voltage. In order to keep
the power density constant, this drop of the cell voltage is compensated by an increase of the
current density. Eventually, at about # = 168 s, the cell function breaks down, since the CL is
almost completely flooded. Figure 22 shows the spatial distribution of liquid water in the CL
at three different points in time. Liquid water is mainly created close to the membrane, where
the oxygen-reduction reaction takes place. Furthermore, liquid water is created faster at the

inlet of the channel due to the higher oxygen concentration and consequently high local cur-

62



Multi-phase modeling and simulation framework

rent density. At =150 s the CL is already highly flooded. Note that a volume fraction of 40

% corresponds to the total available pore space.
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Figure 21. Temporal evolution of power density, current density and cell voltage of a simulat-
ed PEFC.

Liquid water / Liquid water /
Gas flow t=50s Vol % Gas flow t=100s Vol. %
50 ' S b
~ £ -
20 S 30 2 a 30
S o 10 [<3K}
=c 25 ER= 25
= S 151 20 = S 20
o £ 20 15 o £ 15
c c
T @ 2 10 T o 10
B3 25 5 28 5
sl % 30 — T 7T 0 o % 0
o 0 20 40 60 80 © 0 20 40 60 80
Distance along channel / cm Distance along channel / cm
Liquid water /
Gas flow t=150s Vol. %

o

M 40

)]

10
15
20
25
30

Distance through
cathode thickness / ym

0 20 40 60 80
Distance along channel / cm

Figure 22. Spatial evolution of liquid water inside the porous PEFC cathode. A volume frac-

tion of 40 % corresponds to the totally available pore space.
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3.6.2 Lithium-sulfur battery

The lithium-sulfur (Li-S) battery is a promising system for energy storage. Its energy density
(up to 2.6 kWh/kg) is the highest of all “closed-system” batteries known. Even though the
system has been known for decades [118], recently it gained increasing attention due to the

demand for lightweight high-capacity batteries for application in electric vehicles [119].

While the negative electrode of a Li-S cell consists of pure metallic lithium, the positive elec-
trode typically is a compound of finely dispersed sulfur, electronically conducting carbon, and

a stabilizing binder [120]. The overall reaction of the Li-S cell can be formulated as
Sg + 16 Li = 8LiS . (66)

Unlike in lithium-ion batteries, where Li atoms are intercalated into various lattice materials,
all reactants and products are pure solids. The charge and discharge processes involve the
dissolution and precipitation as well as the chemical transformation of these materials. The
reaction proceeds over a large number of intermediate sulfur species at different oxidation
states, which are partially soluble. The large number and different properties of those inter-
mediates represent a major challenge in understanding Li-S electrochemistry. Several pro-
posed mechanisms for the reduction of sulfur in the Li-S cell have been published [118, 121—

123]. The Li-S battery model presented here is based on the work of Kumaresan et al. [121].

Table 8 (appendix) defines the layers, bulk phases, phase boundaries, species and reactions
used in the Li-S model. The parameters have been converted from Kumaresan et al. [121].
The model assumes a conversion of metallic lithium and solid sulfur to solid Li,S via the re-
action pathway shown in Table 8. An empirical relationship is used for all solid-electrolyte

interfaces in the Li-S cathode according to

1.5
Eolid
fSolid—Electrolyte = [ = J : (67)

solid, 0

Galvanostatic discharge was simulated at a current of 0.34 A-m 2, corresponding to a dis-

charge rate of C/50.

Figure 23 depicts the simulated discharge curve together with the volume fractions of the Sg
and Li,S phases. From this figure, the two distinct stages of the discharge curve, which are
observed in experiment [124], can be explained: During the first stage, solid sulfur is present

in the cell and the voltage remains relatively high. In the second stage, when all solid sulfur is
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completely dissolved, the voltage drops until it reaches a plateau as soon as solid Li,S starts to
form from dissolved Li* and S*~ ions. This can be further understood from the concentration

variation of the dissolved intermediate species. As long as there is still solid sulfur in the

(liquid) :

cathode, the concentration of dissolved sulfur Sg in the electrolyte remains constant. Dur-

(liquid)

ing this stage, the main reaction taking place is the reduction of Sg , accompanied by the

formation of various polysulfides. Once the reservoir of solid sulfur is used up, the concentra-

(iquid) 5hd subsequently ngf and S(,z* start to decrease. The electrical current now

tions of Sg
results from the reduction of the polysulfides down to S*~, which is removed from the solution
by precipitation of Li,S. Note that, only by including detailed multi-phase management into
the model, the typical discharge curve and in particular the minimum between the two stages

of the discharge (cf. Figure 23) can be reproduced.
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Figure 23. Left: A typical Li-S low current discharge curve alongside with the volume frac-
tions of pure sulfur and Li,S. Right: Concentrations of ions in the electrolyte during the gal-

vanostatic discharge shown in the left figure.

3.6.3 Lithium-oxygen battery

Li-O batteries receive great attention in the current literature due to their large theoretical en-
ergy density (11.9 kWh/kg without the O, mass), which is a factor of ~5 above that of con-
ventional Li-ion technology [125]. At the cathode, four bulk phases are involved in the reac-

tion according to
2 Li+(electrolyte) + Oz(gas) +2 ef(carbon) = LizOz(Soud) ) (68)

Added catalysts such as MnO, may represent a fifth bulk phase. Connected to the multi-phase
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management, a long list of issues needs to be solved for Li-O batteries [126]. The formation
of solid lithium oxide as product phase can clog pore space and/or form an insulating film on
the carbon support. Oxygen solubility and diffusivity are very low in organic electrolytes
[127]. Furthermore, standard carbonate-based electrolytes decompose during discharge of
Li-O cells [128]. Aqueous electrolytes are interesting alternatives, but their reactivity towards

lithium is a major security risk.

Table 9 (appendix) defines the layers, bulk phases, phase boundaries, species, and reactions
used in the Li-O model. The model has been converted from Andrei et al. [112], exchanging
the electrolyte. Our modeling framework captures solid-phase deposition conveniently: Eq. 53
describes the creation of solid reaction products, Eq. 56 the consecutive change in porosity,
i.e., the volume fraction of the electrolyte. The reduction in porosity triggers two effects: The
transport speed in the electrolyte is reduced resulting in pore clogging, described by Brug-
gemann coefficients, and the surface area of the cathodic discharge reaction decreases. This
decrease is described based on geometrical considerations, assuming the formation of a sur-
face film in a system of cylindrical pores (Eq. 59) [112]. Other authors assume that a layer of
insulating reaction products passivates the cathode surface [129], an effect neglected in the

present work.

Figure 24 shows discharge curves for various current densities between 0.1 A'm* and
1 A'm % Those comparatively low values were chosen because the low solubility and diffu-
sivity of oxygen in the organic electrolyte limits the performance of the system (cf. below).
After an initial drop due to activation and concentration overpotentials, the voltage remains
nearly constant for a long period. The discharge capacity is limited by pore clogging due to

Li,0; deposition, as discussed in the following.

Figure 25 shows spatial profiles along the cathode thickness. Initially (SoC = 100 %), oxygen
concentration and current production are homogeneously distributed in the cathode (Figure
25a/b). Quickly, a steep concentration gradient of oxygen evolves due to its slow transport
and low solubility (Figure 25a). Thus, the reaction mainly proceeds at the front of the cathode
(Figure 25b). In this region, Li,O,, which is deposited during discharge, is concentrated
(Figure 25c). Consequently, the volume fraction of the electrolyte-filled pore space decreases
in time, especially at the front of the pores. This enhances the problem of slow oxygen
transport until the pores are completely blocked (Figure 25c). In Figure 25d we show that

inhomogeneities and pore clogging are accelerated at high discharge currents.
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Figure 24. Discharge curves of a Li-O battery at various current densities between 0.1 and
1 A/mr’.
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Figure 25. Spatial profiles inside the porous Li-O cathode. a) O, concentration, b) faradaic
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3.7 Summary and conclusions

Multi-phase management is crucial for both performance and durability of batteries and fuel
cells. In this chapter a generic framework for describing the spatiotemporal evolution of gase-
ous, liquid and solid phases, as well as their interdependence with interfacial (electro-) chem-
istry and structure in a continuum description was presented. The modeling domain consists
of up to seven layers (current collectors, channels, porous electrodes, separator/membrane),
each of which can consist of an arbitrary number of bulk phases (gas, liquid, solid) and con-
necting interfaces (two-phase or multi-phase boundaries). Chemical source terms for global or
elementary interfacial reactions are calculated based on mass-action kinetics with potential-
dependent kinetic coefficients. Mass and charge transport within bulk phases is described us-
ing a 1D+1D+1D approach. The present methodology provides a useful tool for understand-
ing and optimizing multi-phase management in electrochemical cells. Due to its flexibility, it
allows rapid, efficient and robust modeling and simulation. The validity and flexibility of the
developed framework was demonstrated by three exemplary studies regarding secondary-
phase formation in PEFCs, Li-S and Li-O batteries which were developed in collaboration

with co-workers at DLR Stuttgart.
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4 NICKEL OXIDATION IN SOFC AND SOEC ELECTRODES

4.1 Introduction

This chapter presents a detailed study of nickel oxide formation in solid oxide fuel and elec-
trolyzer cells. Firstly a thermodynamic description of the oxidation process is given. Analyti-
cal thermodynamic calculations offer a fast way to roughly estimate the oxidative conditions.
Secondly, the SOC model presented in Chapter 3 is used to predict NiO formation based on
local conditions inside the electrodes of a cell under operation. The model is parameterized
with kinetic data from experimental literature. Results predict for the first time the influence
of electrochemical nickel oxidation on the shape of the SOFC polarization curve together with
a spatially and temporally resolved insight into the anode. Conditions for NiO formation in
SOECs are discussed and safe conditions of SOC operation presented. Finally, the limitations

of the model will be discussed.

Results from this chapter have been published in the Journal of the Electrochemical Society
[8], submitted to the Journal of Power Sources [9] and presented on four international confer-
ences: IOthEuropean SOFC Forum (EFCF 2012) [130], 10" Symposium on Fuel Cell and
Battery Modeling and Experimental Validation (MODVAL 10) [131], Fundamentals & De-
velopment of Fuel Cells Conference (FDFC 2013) [76] and 2™ International Conference on
Materials for Energy (EnMat II) [132].
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4.2 Thermodynamic analysis of nickel oxidation

Like any chemical reaction, nickel oxidation is governed by both thermodynamics and kinet-
ics. This section presents a thermodynamic analysis, which forms the basis for kinetic predic-
tions. Throughout this work we distinguish between thermochemical NiO formation, which is
governed by species concentration and temperature, and electrochemical NiO formation,
where electric potentials inside the electrode have to be considered additionally (cf. Section

2.3.1).

4.2.1 Thermochemical oxidation
Thermochemical nickel oxidation can be described as reaction of bulk nickel with gaseous
oxygen,

Ni + %20, = NiO . (69)

The equilibrium constant K of the reaction is given by:

k _ aN—IO = exp(_ Ej (70)

—f
k.o ay \ %o,

where kr and k; are forward and reverse reaction rate constant, a; is the activity of species

K =

i, AG is the Gibbs energy of formation at standard pressure, R the ideal gas constant and 7" the
temperature. Values for AG were obtained using temperature-dependent thermodynamic data
for Ni from McBride et al. [24] and for NiO from Holmes et al. [133] (Table 4). Substituting
the activity of the solid phases with 1 and the activity of oxygen by its partial pressure

(aoz = Do, /po) allows predicting a limiting p, . Below this partial pressure nickel is thermo-

dynamically favored; above nickel oxide formation takes place. Figure 26a shows limiting

Po, as function of operating temperature. Oxidation of nickel takes place at rather low oxy-

gen partial pressures in the range of 10" to 10”7 Pa. With increasing temperature the oxida-

tion limit shifts to higher oxygen partial pressures.

Additionally nickel can be oxidized by water vapor,

In this case Equation (70) changes to
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k Anind
K=lr_Onoth o _AC (72)
k,  agauo RT

which yields a py /py  ratio limiting the formation of NiO. Figure 26b shows the limiting

ratio as function of operating temperature. Depending on temperature, nickel oxide formation
takes place if the partial pressure of water is 130-230 times larger than the partial pressure of
hydrogen. In the case of a Hy/H,O fueled SOFC this ratio corresponds to a mole fraction

Y0 > 99 %.

Table 4. Thermodynamic data for nickel [24] and nickel oxide [133].

T/K hxi/ J-mol’ sxi/ J-mol- K hxio / J-mol™ sxio / J-mol K™
900 1.866-10" 6.356-10" -2.022-10° 1.021-10
950 2.024-10* 6.526-10' -2.006-10° 1.037-10°
1000 2.184-10* 6.691-10" -1.990-10° 1.055-10°
1050 2.346:10* 6.849-10' -1.972-10° 1.072-10
1100 2.509-10* 7.001-10' -1.952-10° 1.090- 10
1150 2.675:10* 7.148-10' -1.931-10° 1.109-10
1200 2.841-10" 7.289-10" -1.908-10° 1.129-10°

4.2.2 Electrochemical oxidation

In contrast to thermochemical oxidation, the electrochemical pathway of nickel oxidation in-

volves oxygen ions and a release of electrons into the nickel electrode,

Ni + O = NiO + 2¢ . (73)
The reaction is driven by the local potential difference A¢between nickel and the ion-

conducting phase. For equilibrium conditions (open circuit voltage, OCV) the limiting cell

voltage causing this potential can be calculated by applying the Nernst equation,

g =R Poren (74)
pOZ,an ,

by setting the value for p, ,, from the Ni/NiO equilibrium (Eq. 70). Figure 26¢ shows limit-

ing cell voltages as function of operating temperature for an assumed oxygen partial pressure

of air at the cathode ( p,, ., =2.128-10* Pa). Results show values around 0.64 to 0.78 V.
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Figure 26. Nickel oxidation regimes predicted from thermodynamics. a) Limiting oxygen par-

tial pressure for O,-induced chemical NiO formation. b) Limiting hydrogen-to-steam ratio for

H,0-induced chemical NiO formation. ¢) Limiting cell voltage for electrochemical NiO for-

mation under equilibrium conditions (OCV).

Under cell polarization the conditions for oxidation of nickel get more complex. Figure 27

illustrates the potential gradient building up through the electrolyte and composite electrodes

during cell operation. The gradient depends on multiple parameters, for example, ionic con-
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ductivity, reaction kinetics, electrolyte and electrode thickness, and microstructure. Further-
more the local potential depends on the effective overpotentials at anode and cathode as well
as concentration distributions. Therefore no direct correlation between global cell voltage £
and the local potential difference A¢ can be established. Valid predictions of electrochemical
nickel oxidation under polarization are only possible by applying a numerical model taking

into account the above-mentioned effects.

In the following we use the term local cell voltage (Ejo.1) instead of Ag. We define it as the
difference between local anode potential step (under operation) and the cathode reference

potential step (at OCV conditions),
Elocal (l7 X, y) = A¢(:athode,OC\/ - A¢anode (l’ X, y) (75)

For Ejoca the predictions shown in Figure 26¢ are valid independently of the global cell volt-

age.
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Figure 27. Potential distribution in a polarized solid oxide cell with porous composite elec-

trodes. The electric potential at the cathode is defined as zero.
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4.3 Model description and parameterization

Basis for the following simulations is the validated 2D model of a planar SOFC which has
been presented previously [107] (cf. Section 3.2). Results are calculated under the assumption
of isothermal conditions at 7= 1073 K and a pressure of 101325 Pa. Surface diffusion is as-
sumed fast, reducing the full 1D+1D+1D model to a 1D+1D model. A summary of all model
parameters is given in Table 5. The model includes coupled electrochemistry and transport
through the membrane electrode assembly (MEA) and gas channels. Anode electrochemistry
is described using elementary kinetics for surface reactions on Ni and YSZ, and for charge
transfer (hydrogen spillover) [27]. Cathode electrochemistry is described using a modified
Butler-Volmer equation introduced by Zhu and co-workers [29]. The same cell model is ap-
plied for SOEC simulations, which we define by a negative current output. The number of
control volumes for numerical discretization in x and y dimension is chosen such, that a fur-
ther increase does not affect the calculated results within 0.5 %. An exemplary simulated IV-

curve is shown in Figure 28.
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Figure 28. Simulated IV curve using the 2D elementary kinetic model, showing the operation
behavior in fuel cell mode and in electrolysis mode. Fuel composition: 50 % H,—50 % H,O

vs. air, inflow rate: 0.2 slm

For quantifying the evolution of nickel and nickel oxide inside the electrodes, multi-phase
management is used (Section 3.4). Each layer (anode, electrolyte, cathode, channels) consists

of one or multiple bulk phases as well as reactive surfaces. The layers, phases, surfaces and
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species, as well as chemical reactions are summarized in Table 5. The volume fractions & of

all phases are calculated as a function of time and spatial location inside the cell by taking

into account mass conservation and chemical rate equations. In case of NiO formation a four-

phase-system is assumed, consisting of Ni, NiO, YSZ and pore space (gas phase).

Table 5. Summary of model parameters. The base cell model including elementary reaction

kinetics was presented previously by Bessler et al. [107]. Thermodynamics for gas-phase spe-

cies are taken from McBride et al. [24] as implemented in CANTERA [108]. Reverse reaction

coefficients follow from thermodynamic consistency.

Cathode Length x
channel Width 0.088 x 0.002 m Species
CVs 18 x 1 0,
N,
Cathode Thickness 55 ym
CVs 18 x 3
Bulk phases Volume fraction Species Molar enthalpy Molar entropy
LSM 0.4 - - -
YSz 0.36 YSZ - -
Vysz 0 kJ-mol™ 0 J-K'mol™
0% vsz -236.4 kJ-mol™ 0 J-K'mol™
Gas 0.24 (1=2) See channel
Interfaces Specific length Reactions Preexponential factor Activation energy
LSM-YSZ-Gas  1.52:10° m-m~ 0, +2 Vygz +4 6 = 20% g, 8.57-10* m®kmol s~ 125 kJ-mol™
Electrolyte Thickness 10 pm
CVs 18 x 8
Bulk phases Volume fraction Species
YSZ 1.0 See cathode
Anode Thickness 540 ym
CVs 18 x 28
Bulk phases Volume fraction Species Molar enthalpy Molar entropy
Nickel 0.32 Ni (o = 8908 kg:m™) see Table 4 see Table 4
YSZ 0.36 See cathode
Gas 0.32 ST =8) See channel
Nickel oxide 1:107"° NiO (p = 7450 kg-m™) see Table 4 see Table 4
Surfaces Species Molar enthalpy Molar entropy
Nickel surface (Ni) 0 kJ-mol™ 0 J-K'mol™
H(Ni) -31.81 kJ-mol™ 40.73 J-K'mol™
O(Ni) -221.635 kJ-mol™ 38.981 J-K'mol™
OH(Ni) -192.74 kJ-mol™ 106.44 J-K'mol™
H,O(Ni) -273.215 kJ-mol™" 130.696 J-K 'mol™
YSZ surface (YSZ) 0 kJ-mol™ 0 J:K'mol™
0% (YS2) -236.383 kJ-mol™" 0 J-K'mol™
OH(YSZ) -282.485 kJ-mol™" 66.99 J-K'mol™
H,O(YSZ) -272.982 kJ-mol™" 97.94 J-K'mol™
Interfaces Specific area Reactions Preexponential factor Activation energy
Ni-Gas 2.25-10° m?>m™ Ha + (Ni) + (Ni) = H(Ni) + H(Ni) 9.8:10"* m*kmol?s™ 0 kJ-mol™
H,O + (Ni) = H,O(Ni) 1.4-10" m*kmol™-s™ 0 kJ-mol™
H(Ni) + O(Ni) = OH(Ni) + (Ni) 5-10%" m*kmol™"-s™ 97.9 kJ-mol™
H(Ni) + OH(Ni) = HO(Ni) + (Ni) 3:10" m*kmol™"-s™ 42.7 kJ-mol™
HO(Ni) + O(Ni) = OH(Ni) + OH(Ni) 5.4:10%? m*kmol™"'s™  209.37 kJ-mol™
0, + (Ni) + (Ni) = O(Ni) + O(Ni) 0.01 (sticking coeff.) 0 kJ-mol™
YSZ-Gas 1.10-10° m*>m™ (YSZ) + 0%ygz = O*(YSZ) + Vysz 1.6:10" m*kmol™"-s™ 91 kJ-mol™
H,O + (YSZ) = H,0(YSZ) 6.6:10° m*>kmol™"-s™ 0 kJ-mol™
H,O(YSZ) + O*(YSZ) = OH(YSZ) + OH(YSZ) 1.6:10*" m*kmol™"'s™  9.647 kJ-mol™
Ni-YSZ-Gas 3.96:10” m'm™ H(Ni) + OH(YSZ) = H,O(YSZ) + (Ni) + & 2.0:10" m-kmol™"-s™ 235 kJ-mol™
Ni-NiO-Gas 2.25:10° m-m™ Ni + O(Ni) = NiO + (Ni) 2.7-10° m*kmol™"'s™ 144 kJ-mol™
Ni-NiO-YSZ 3.82:10° m-m™> Ni + O%ysy = NiO + Vygs + 2 &~ 4-10~" m*-kmol™"-s™* 144 kJ-mol™"
Anode Length x
channel Width 0.088 x 0.002 m Species
CVs 18 x 1 H,
\P
0,
Hzo
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Model description and parameterization

Thermochemical oxidation of nickel is implemented in the model as elementary-kinetic reac-
tion of bulk nickel with oxygen atoms adsorbed on the Ni surface. Thus the oxidation path-
ways by molecular oxygen and by water vapor can be covered by one reversible NiO for-

mation reaction,

Ni + O(Ni) = NiO + (Ni) , (76)

where surface-adsorbed oxygen atoms O(Ni) originate from either gas-phase O,,

0,+2 (Ni) = 20(Ni) , (77)

or from gas-phase H,O in multiple steps,

H,O + 3 (Ni) = H(Ni)+ OH(Ni) + (Ni) = 2 H(Ni)+ O(Ni) . (78)
Electrochemical oxidation is described by a global reaction at the interface between the nickel

and YSZ bulk phases,

Ni + Oz_Ysz =2 NiO + Vygz+2¢e . (79)
Results are presented and discussed in terms of the degree of oxidation (DOQO), which is de-

fined as ratio of nickel oxide volume over the total Ni and NiO volume,

DOO =__%Nio___ (80)
&ni T €nio

4.3.1 Feedback on structural parameters

In the continuum model described above (Chapter 3), microstructural features are described
via homogenized quantities, that is, specific interfacial area between two bulk phases 4" (in
m*/m’) and specific TPB length between three bulk phases /¥ (in m/m?). These values change

upon the formation of solid nickel oxide due to microstructure modifications.

In the present model, scaling functions are applied to the continuum parameters in order to
account for microstructural changes. For the length of the electrochemically active TPB of the
anode (1Y, ys, .. ) an empirical exponential function is used. At a DOO of 1 % a reduction of

TPB by a factor of 10 is assumed,
lltlli—YSZ—Gas = I;I/i-YSZ-Gas,O ' GXp(— 23 DOO) : fnum (8 1)

b

where a subscript ¢ denotes the initial TPB length. f, . is an additional term required for im-
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Nickel oxidation in SOFC and SOEC electrodes

proving numerical stability if the volume fraction of an bulk phase approaches zero (cf. Sec-
tion 3.5). Regarding the phase formation/dissolution process during conversion from nickel to

nickel oxide, the following function is applied, as illustrated in Figure 29,

frum =1—abs(tanh(10° - £, ) — tanh(10° - £,)) (82)

In addition to a change of interfacial areas, formed NiO will expand into the free pore space
and therefore affect gas-phase transport. This feedback mechanism of NiO formation on cell
performance is implicitly included in the model via the effective diffusivity of gas-phase spe-
cies,

DE" = EGas. D, (83)

2
Gas 5

where D; describes the diffusion coefficient of species i and 7 the tortuosity.
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Figure 29. Effect of numerical stability function on interface size, expressed as change in spe-

cific two-phase or three-phase boundary, as function of degree of oxidation.

4.3.2 Determination of reaction kinetics

The base model (cf. Section 3.2) has been parameterized and validated before [107]. It repre-
sents the performance of an anode-supported SOFC. We parameterize the kinetic data for

thermochemical and electrochemical nickel oxidation (Eqs. 76 and 79) by using literature
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Model description and parameterization

experiments. Since the rates of the backward reactions follow from thermodynamics (Eq. 44),
it is sufficient to obtain the preexponential factor k, and the activation energy E: of the
forward reactions. Sarantaridis and Atkinson [39] report a value of 144+15 kJ mol™' for the
activation energy of nickel oxidation. Lacking more data, we apply this value to both oxida-
tion reactions. The k, values are obtained by fitting to measurements by Hagen et al. [134]
and Wang et al. [53] as described in the following. Measured data and simulations for ther-

mochemical oxidation and reduction are shown in Figure 30 and for electrochemical oxida-

tion in Figure 31.
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Figure 30. a) Simulated oxidation dynamics of bulk nickel in air at 1163 K compared to ex-
perimental data of Hagen et al. [134]. Model kinetic parameters (forward reaction) are fitted
to match the experiment. b) Reduction dynamics of bulk nickel oxide in Helium containing 4
% H, at 1119 K (first cycle) and 1133 K (second cycle) [134].
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Hagen et al. [134] conducted a zero-current experiment of an SOFC with two consecutive
reduction—oxidation cycles. This experiment is suitable to parameterize the thermochemical
reaction rate parameters (Eq. 76), as electrochemical oxidation is assumed to be disabled
when no current load is applied. The authors used an anode supported cell with a Ni/YSZ an-
ode of 360 pm thickness and a porosity of approximately 30 %. The temperature was set to
1163 K during the oxidation steps and to 1119 K and 1133 K during the first and second re-
duction steps, respectively. The oxidation steps were performed with air at a flow rate of 5
1-h™". The reduction steps were performed with helium containing 4 % hydrogen at a flow rate
of 4 I'h™". The preexponential factor of thermochemical Ni oxidation was adjusted in order to
fit simulations to experiments, resulting in a value of 2.7-10° m*-kmol '-s™'. Simulated data
for oxidation was shifted by 3.4 minutes because the initially lower reaction kinetics as meas-

ured by Hagen (s-shaped curve) could not be reproduced by the present model.
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Figure 31. Simulated dynamics of electrochemical nickel oxidation compared to experiments
by Wang et al. [53] under nitrogen atmosphere with a fixed voltage of 0.335 V at 1073 K.
Model kinetic parameters and reduction of the active surface area between Ni and YSZ are

fitted to match the experiment.

Kinetics of the electrochemical nickel oxidation was obtained from an SOFC experiment by
Wang et al. [53]. During continuous potentiostatic operation the hydrogen fuel was replaced

with pure nitrogen. This disables the hydrogen oxidation reaction, and the measured current is
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assumed to be due to electrochemical oxidation of nickel only (Eq. 79). The experiment was
performed at 1073 K with a fixed voltage of 0.335 V. The preexponential factor of electro-
chemical nickel oxidation was determined to be 4-10”" m*-kmol"+s™". To reproduce the slope
of the experiment the model had to be modified by an additional function which describes the

interdependence between NiO volume fraction and the active surface area between nickel and

YSZ ( Ay nio.ysy )- Good agreement could be obtained by applying an exponential function,
A;I/i-NiO-YSZ = A;I/i—NiO—YSZ,O exp(=30-&yi0) * frum (84)

which is also used in all following simulations.

The feedback between nickel oxide formation and on the triple-phase-boundary length
INivsz.cs (BEQ. 81) and on the active surface between nickel and YSZ A vio.vs, (Eq. 84) is

plotted in Figure 32. Both functions cause a strong decrease in size of active interface, fol-

lowed by a reduction of electrochemical rates (Eqs. 54—55).
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Figure 32. Feedback of NiO formation on the triple-phase-boundary length ¥, v, ... (Eq. 81)

and on the active surface between nickel and YSZ AY, io.vsz (Eq. 84).
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4.4 Nickel oxide formation in SOFC

4.4.1 Oxidation due to air leakage

Exposure to air at SOFC operation temperature is a fatal incident due to resulting reoxidation
of the anode. It can be caused, e.g., by leakage of the fuel supply system or from the cathode
side due to cell cracks (cf. Section 2.3.1). Figure 33 shows the formation of nickel oxide in-
side a porous Ni/YSZ anode with inflow of air at a temperature of 1153 K. Data corresponds

to the parameterization simulation shown in Figure 30a.
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Figure 33. Spatial evolution of DOO inside the porous anode of an SOFC for four different
times during exposure to air at 7= 1173 K. The data corresponds to the simulation shown in
Figure 30a. Note that the scale for DOO is changing to allow a clear visual representation in

the range between 1 % and 100 %.

The spatial distribution of NiO is shown for four points of time, which correspond to the be-
ginning (¢ = 1 min), the intermediate region (¢ = 15 min and ¢ = 30 min), and the end (¢ = 45
min) of the oxidation process. NiO formation starts at the gas inlet. Here the highest DOO is
observed. Parts of the electrode close to the electrolyte layer are less oxidized. After 1 min

about half of the anode shows a degree of oxidation > 1 %. This indicates that a large part of
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the nickel phase is already covered by a thin layer of NiO. Nevertheless, the electrochemically
active area, which is located in the first 50 to 100 um from the electrolyte, is not yet affected.
Thus, no permanent damage should appear after this exposure time. After 15 min the picture
has changed dramatically. Throughout the electrode a minimum DOO of 39 % is reached.
With this amount of NiO present, the active triple-phase boundary is largely blocked and no
more hydrogen reduction is possible. With a DOO up to 45 % close to the channel the proba-
bility of permanent cell damage is high. After 30 min the DOO throughout the anode has risen
linearly. The degree of oxidation is between 70 and 80 %. After 45 min nearly the complete
nickel phase is oxidized. Close to the electrolyte the DOO has grown less, due to slow oxygen

transport through the very small remaining pore space.

4.4.2 Oxidation under potentiostatic operation

Figure 34 shows simulation results for NiO formation under low-voltage potentiostatic SOFC
operation. Plotted are the temporal evolution of current density and the average NiO volume
fraction for a voltage variation over 12 h operating time, with a fuel gas composition of 10 %
H; and 90 % H,O. Starting at # = 0, the voltage is linearly reduced from OCV down to 0.34 V
within 1 h (black line). At this level it is held for 11 h. As expected, lowering the voltage
leads to an increase of current density (blue line). The blue dotted line, which holds a constant
level between 1 and 12 hours, shows the simulated current density without considering Ni
oxidation. NiO volume fraction (green line) starts to increase from ¢ = 0.6 h until it reaches a
maximum value of after about 10.5 h. Ni oxidation is delayed relative to the voltage variation;
with the parameters used in the present study, it occurs on a time scale of around 10 hours. Ni
oxidation leads to a reduction of current density which is due to the combined effects of three-
phase boundary length reduction and porosity decrease. Under the presently assumed operat-
ing conditions with low fuel utilization (40 %), the nickel oxide volume fraction does not in-

crease above 1.6 Vol.-%.

The spatially resolved evolution of NiO volume fraction inside the porous anode during the
voltage variation is shown in Figure 35. Three time points are chosen, which correspond to
the beginning (¢ = 1 h), the intermediate region (¢ = 3 h), and the end (¢ = 10 h) of the oxida-
tion process. The simulations show that NiO formation starts close to the solid electrolyte at
the gas outlet side. In the following hours it spreads through the anode, increases concentra-

tion and finally develops the highest values close to the solid electrolyte at the gas outlet side.
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Figure 34: Formation of nickel oxide in a SOFC during polarization down to low voltages in
highly humidified fuel gas.
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Figure 35: Spatial evolution of NiO inside the porous anode corresponding to the simulation
shown in Figure 34. A volume fraction of 51 % corresponds to the maximum available pore

space.
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4.4.3 Oxidation due to high fuel utilization

The cell operation state (in terms of fuel utilization and cell voltage) and NiO for-
mation/reduction chemistry mutually influence each other. We have studied our virtual SOFC
single cell at high fuel utilization (FU) in order to analyze this behavior. Figure 36 shows the
results of a simulated load cycle. The current density was linearly increased from zero to
1,500 A-m™ and decreased back to OCV within a total simulation time of 1 h. Inlet fuel flow
and maximum current density were chosen such that the FU reaches nearly 100 % at high
current density. Reference simulations excluding NiO formation mechanisms (Figure 36a,
black dashed line) show the expected behavior: After an extended polarization range with
approximately linear correlation between voltage and current, the cell voltage breaks down at
a limiting current density of ca. 1,360 A-m*, because full fuel utilization is reached (Figure
36a, point of interest 1). The demand target of 1,500 A-m™ cannot be reached under these
conditions. Simulations including anode reoxidation (both electrochemical and thermochemi-
cal mechanisms) show a different behavior (Figure 36a, red solid line). In the range of linear
operation, behavior is unchanged. At a current density above ca. 1,200 A-m > the FU reaches
values close to 100 % and the cell voltage starts to break down. However, beyond a current
density of 1300 A-m™ (ca. 0.50 V) the voltage stabilizes again, forming a second plateau.
This point represents the onset of Ni oxidation, marked by the starting increase of the DOO
(Figure 36a, green solid line). The voltage continues decreasing down to 0.38 V until the de-
mand target of 1,500 A-m™* is reached. During the 3.8 minutes between start of the oxidation
process and maximum current about 1 % of the nickel gets oxidized. With subsequently de-
creasing current the DOO at first keeps rising until the cell voltage reaches a value of 0.38 V
(i = 1230 A'm™?). Here, the DOO reaches its maximum of 2.4 %. From this point NiO is
slowly reduced back to nickel. During the virtual experiment, the cell voltage shows a pro-
nounced hysteresis. The polarization/depolarization curves fall together only after the anode is
completely reduced again. Note, that the presented model does not include irreversible per-

formance degradation.

The same data are shown as function of time in Figure 36b. As soon as fuel utilization reaches
values close to 100 % (Figure 36b, blue line), nickel gets oxidized. However, even during
subsequent Ni reduction, fuel utilization keeps staying close to 100 %. This is due to the fact
that all hydrogen available is consumed by the nickel reduction reaction (Eq. 71). Once the

anode is fully reduced, the FU value recovers quickly.
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Figure 36. Simulation of nickel oxide formation and reduction in an SOFC under current cy-
cling. Fuel composition: 46.5 % Hx—7 % H,0-46.5 % N vs. air, inflow velocity: 0.2 slm. a)
Polarization curve showing the hysteretic effect caused by NiO formation. The black dashed
line shows simulations where Ni oxidation was switched off. b) Current density, degree of
oxidation and fuel utilization versus time for the same simulation run. Dotted lines indicate
points of interest (POI) at # = 0.45 h, t = 0.55 h and # = 0.65 h. c¢) Net rates of reaction for
thermochemical (Ni + H,O — NiO + H,) and electrochemical (Ni + O*” = NiO + 2 ¢) oxida-

tion of nickel, together with average active TPB length and average porosity versus time.
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The physical model allows a more detailed insight into the processes taking place during this
cycle. Figure 36¢ shows the net rates of reaction of the thermochemical and the electrochemi-
cal nickel oxidation reactions together with the active triple phase boundary length and aver-
age porosity. Data is averaged over the complete anode volume. The simulations show that
oxidation of the anode is initiated by the thermochemical reaction pathway. Rates for thermo-
chemical oxidation have a peak at around 0.5 h, which corresponds to the point of maximum
current density. With decreasing current density the rate decreases and turns to negative val-
ues at about 0.6 h (peak of DOO). The thermochemical reaction is also the main pathway dur-
ing NiO reduction to nickel. The electrochemical oxidation reaction plays a minor role in the
initial stage of the oxidation process, but the rate increases significantly at about 0.5 h and
reaches a maximum value at 0.54 h (point of interest 2). This corresponds to the point of min-
imum cell voltage. At 0.6 h we find the situation where the electrode is subject to electro-
chemical oxidation but thermochemical reduction. Beyond 0.66 h (point of interest 3), elec-
trochemical reaction rate gets negative and electrochemical reduction of nickel occurs. Active
TPB length and porosity are correlated to the degree of oxidation. Simulations show that the
TPB is decreasing significantly down to a minimum value of about 1:10'* m-m, corre-
sponding to a reduction of the initial value by 75 %. In contrast, the effect of nickel oxidation
on porosity in the shown data is only minor. Average porosity is reduced about 1 % at its min-

imum peak.

Plotting spatially resolved data of the SOFC anode at different points of time reveals where
oxidation and reduction of nickel (oxide) take place. Figure 37 shows degree of oxidation,
local hydrogen-to-steam ratio and local voltage (Eq. 75) for three times during the IV-curve
simulations, as marked in Figure 36. Contour lines indicate the thermodynamically predicted
limits for thermochemical (middle row) and electrochemical (lower row) nickel oxidation. In

the top row both border contours are plotted to simplify comparison with the actual DOO.

The left column diagrams of Figure 37 (¢ = 0.45 h) represent the beginning of the oxidation
process. Oxidation starts close to electrolyte and channel outlet (upper panel). This is where

the smallest py /py o ratios (middle panel) and lowest local voltages (lower panel) occur. A

low DOO of about 0.1 % is present in about the half of the electrode volume. Contours for
thermochemical and electrochemical oxidation are nearly identical. They are present about 1

cm ahead of the oxidized area, indicating finite oxidation kinetics.

Six minutes later (¢ = 0.55 h, middle column) the DOO has strongly increased. More than 3 %
NiO has formed within a large part of the anode. The strongest oxidation with a DOO > 3.4 %
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is located close to electrolyte and channel outlet. The oxidized area corresponds roughly to
the thermodynamic limits (contours), which are similar for both reaction pathways. The local
voltage in the second half of the cell has decreased significantly, indicating that the oxidation
process is strongly driven by the potential. This is in agreement with the average reaction

rates shown in Figure 36¢ (peak of electrochemical oxidation rate at point of interest 2).

The right column shows a point where NiO reduction is taking place (¢t = 0.65 h). The DOO
gradient has become steeper, with higher DOOs up to 4 %, extending into a smaller electrode

volume as compared to = 0.55 h. Both, py /py o ratio and local voltage have risen above the

thermodynamic oxidation limit. Reduction starts in the region close to the channel inlet where
the highest hydrogen-to-steam ratio and the highest local voltages appear. It is mainly driven
by the thermochemical reaction pathway (NiO reduction by H,), corresponding to the reaction

rates plotted in Figure 36c¢.
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Figure 37. Spatial evolution of degree of oxidation, fuel-to-steam ratio py /py o, and local

cell voltage inside the porous anode for three different points of interest (POI) corresponding
to the simulations shown in Figure 36. Solid contour lines indicate the oxidation limits as giv-

en by thermodynamics (Eq. 72 and Eq. 74).
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4.5 Nickel oxide formation in SOEC

Based on the thermodynamic calculations presented in Section 4.2, the formation of nickel
oxide in electrolysis mode turns out to be rather unlikely: During operation of the cell there is
a constant production of hydrogen and consumption of water, which prevents reaching critical
H,-to-H,O ratios for thermochemical oxidation. In addition, during electrolysis, the cell volt-
age is always above OCV. Therefore undershooting the critical voltage for electrochemical

oxidation is not possible (cf. Figure 26c).

To verify this thermodynamic analysis a simulation under worst-case conditions is shown in
Figure 38, which is a cell fueled by pure water vapor. The simulation starts from a fully re-
duced fuel electrode. At ¢ = 0 the fuel is switched from pure nitrogen to 100 % H»O, while at
the same time a constant current of —1,500 A-m > is applied. Feeding pure steam quickly initi-
ates oxidation of the cathode. The DOO keeps rising for about 100 h until a steady-state value
of 3.2 % is reached. Voltage stabilizes at 1.03 V.
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Figure 38. Simulation of nickel oxide formation in an SOEC under constant-current operation.
At ¢t = 0 the fuel is switched from pure nitrogen to 100 % steam (inflow velocity: 10 slm), and
current is switched on. Cell voltage adjusts to a constant value of 1.03 V within the first sec-

onds of simulation (not shown).
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A spatial analysis at steady state is plotted in Figure 39. It reveals that the part of the cathode
close to the steam inlet is completely oxidized due to thermochemical oxidation (Eq. 78), ac-

cording to the contour of critical py /py , ratio. Formation of NiO takes place although the

local voltages are above the thermodynamic limit. This indicates that thermochemical oxida-
tion dominates over electrochemical reduction (note, that the indicated overshoot of DOO
over the contour of critical Hp-to-H,O ratio is a numerical inaccuracy due to control volume

resolution).
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Figure 39. Spatial evolution of degree of oxidation, fuel-to-steam ratio py /py o , and local

cell voltage inside the porous SOEC cathode at ¢+ = 250 h corresponding to the simulation
shown in Figure 38. Contour lines indicate the oxidation limits as given by thermodynamics

for thermochemical oxidation (limit for electrochemical oxidation not crossed).
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Throughout the largest volume of the electrode no NiO is present due to constant production
of hydrogen. The results demonstrate that during electrolysis even under low current load and

100 % H,O a sufficient amount of hydrogen is produced to prevent a further oxidation of

nickel.

However, results change dramatically if current density is below a critical value. Figure 40
shows the evolution of degree of oxidation for different current densities from —1,500 A-m™
down to =500 A-m 2. Decreasing the current supply strongly increases the formation of NiO,
since the production of hydrogen, which prevents oxidation of the electrode, is proportional to
the applied current density. While at current densities of —1,500 A-m ™ and —1,000 A-m™~
only a DOO of about 2 % or 7 % is reached after 100 h of operation, it gets up to a value of
14 % for i =—750 A-m™* and even close to 28 % for i =500 A-m .
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Figure 40. Simulation of nickel oxide formation in an SOEC under constant-current operation
for different current densities. At ¢ = 0 the fuel is switched from pure nitrogen to 100 % steam

and current is switched on.

Further simulations shown in Figure 41 reveal that adding a small amount of hydrogen to the
inlet gas completely prevents the electrode from reoxidation. At an applied current density of
~1,500 A-m™? already 0.5 % H, in 99.5% of steam reduce the maximum DOO from 2.2 % to
8.5 x 10" %. Addition of 1 % H, completely prevents formation of nickel oxide in SOEC

operation (curve not visible in the figure). This is consistent with the thermodynamic calcula-

tions shown in Section 4.2.1.
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Note that results in Figure 40 and Figure 41 are simulated with a reduced discretization mesh
(7 instead of 18 control volumes for discretization in x-direction), to decrease calculation time

from 100 h to 8 h per parameter set.
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Figure 41. Effect of hydrogen addition on nickel oxide formation in an SOEC under constant-
current operation. At ¢# = 0 the fuel is switched from pure nitrogen to 100 % steam or a mix-

ture of steam and hydrogen and current is switched on.
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4.6 Prediction of safe operation points

4.6.1 Local conditions

The previous sections have revealed a complex and in some cases opposite interdependence
of thermochemical and electrochemical oxidation pathways. Following thermodynamic con-
siderations a plot showing ‘safe’ and ‘unsafe’ conditions with respect to nickel oxide for-
mation can be developed, as shown in Figure 42. Based on the local fuel-to-steam ratio

(LFSR = py /py o) and the local cell voltage (Elocal, Eq. 75), four distinct regimes (quadrants)

can be distinguished: (1) Upper right quadrant: LESR > 6.26-10°, Ejocal > 0.704 V, both elec-
trochemical and thermochemical reduction; (2) lower right quadrant: LFSR > 6.26- 107, Eoeal
< 0.704 V, electrochemical oxidation but thermochemical reduction; (3) upper left quadrant:
LFSR < 6.26-107 , Elocal > 0.704 V, thermochemical oxidation but electrochemical reduction;
and (4) lower left quadrant: LFSR < 6.26- 107 , Elocal < 0.704 V, thermo- and electrochemical
oxidation. The absolute numbers depend on temperature; here they are given for 1073 K. Un-
der thermodynamic equilibrium at OCV, regimes 2 and 3 are not accessible for thermodynam-
ic consistency reasons. However, during operation, kinetic effects play an important if not
dominant role, and the local state can access regimes 2 or 3. The Ni oxidation behavior for

these cases is particularly interesting.

In order to further illustrate and discuss this behavior, we have filled the diagram with data
points from the fuel cell and electrolysis simulations shown before (Figures 7-9). Each data
point represents the conditions at a local position inside the fuel electrode. For the SOFC, data
from the three points of interest (¢ = 0.45 h, 0.55 h, 0.65 h) are included; for the SOEC, data
from the steady state (+ = 250 h) are taken. Red triangles represent a DOO > 10~ (‘unsafe’
conditions), while black squares represent a DOO < 10~ (‘safe’ conditions). The following

behavior is observed.

1) In the upper right quadrant (electrochemical and thermochemical reduction) most data
points show no NiO. The data points that do show NiO all correspond to point of inter-
est 3 (¢ = 0.65 h), that is, a condition during NiO reduction. This demonstrates that re-
duction kinetics are slow, such that oxidized regions remain even if operation returns to

reducing conditions. This is in agreement with the 2D data shown in Figure 37.

2) In the lower right quadrant (electrochemical oxidation and thermochemical reduction)
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all available data points show reduced states. This indicates that electrochemical oxida-

tion has a slower kinetics than thermochemical reduction, the latter therefore dominat-

ing the behavior.

3)

data points originate from the SOEC. All conditions show an oxidized state and corre-

spond to the oxidized spatial area shown in Figure 39. Again, this indicates that thermo-

In the upper left quadrant (electrochemical reduction and thermochemical oxidation) all

chemical oxidation dominates electrochemical reduction.

4)

points show an oxidized state. This demonstrates that oxidation kinetics are fast, such

that even under transient operation (point of interest 1: cell has just entered oxidizing

In the lower left quadrant (electrochemical and thermochemical oxidation) all data

conditions) the behavior is governed through thermodynamics.
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Figure 42. The four regimes of NiO formation as function of local operating conditions for 7’
= 1073 K. Data points show local conditions inside the fuel electrode from simulations shown

in Figure 6 (POI 1-3) and Figure 8 (¢ = 250 h); red triangles indicate a local DOO > 107+,

4.6.2 Global conditions

The analysis presented in the previous section was based on local electrode conditions (Ejocal,
LFSR). However, local data are not available during experimental cell operation. It is there-
fore important to relate NiO formation propensity to available global conditions, that is, cell

voltage and fuel utilization. Figure 43 plots a simulated map of ‘safe’ and ‘unsafe’ operation
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points with respect to the global parameters cell voltage and fuel utilization. The plot shows

the same quadrant structure as discussed above.

The data represented by symbols were obtained from several simulated polarization curves at
different inflow velocities. Each data point shows quasi steady-state operation conditions
(equilibration time of 10° s). Black squares indicate that no nickel oxide is formed inside the
electrode. If a global DOO > 10~ is present this is represented by a red triangle. Results show
that cell operation far below the thermodynamically limiting voltage of 0.704 V, even down
to 0 V, is possible without reoxidation as long as the fuel utilization is low. Under the condi-
tions studied, NiO formation only takes place for a FU above ca. 95 % for all cell voltages
down to 0 V. At cell voltages above 0.6 V, operation up to the thermodynamic limit of FU =
99.4 % is possible.
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Figure 43. The four regimes of NiO formation as function of global operating conditions. Da-
ta points show results from a set of polarization curves with different inflow velocities. Red
triangles indicate a reoxidation of the anode. The solid line represents the data from the dy-

namic load cycle shown in Figure 36.

Additionally, Figure 43 shows a solid line which represents the dynamic behavior during the
virtual experiment shown in Figure 36. Starting from OCV, nickel remains reduced within the
complete regime 2 (thermochemical reduction, electrochemical oxidation). Oxidation quickly

occurs as soon as the state enters regime 4 (thermochemical and electrochemical oxidation),
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indicating fast oxidation kinetics. During depolarization back towards OCV, the electrode
remains oxidized far into regime 1 (thermochemical and electrochemical reduction), indicat-

ing slow reduction kinetics.

The results show again that nickel oxidation is governed by the thermochemical rather than
the electrochemical mechanism. However, it should be kept in mind that no general prediction
of ‘safe’ operation conditions based on global parameters is possible. The data shown here is

only valid for the simulated SOFC with the parameters given in Table 5.
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4.7 Simulation of irreversible degradation

Anode reoxidation can cause irreversible performance degradation of the cell. This is mainly
due to changes in microstructure [40]. During each oxidation or reduction process the Ni/NiO
phases reorganize because of the changing bulk volume and an associated sintering process.
Ivers-Tiffée et al. [49] report measurements of the feedback between redox cycling and deg-
radation for two types of fuel cells. Results show that the effect on cell performance depends
on multiple parameters like type of the cell, electrode porosity, operation temperature and
degree of oxidation (cf. Section 2.3.1). In addition to microstructural reconfiguration the me-
chanical stresses inside the anode during nickel oxide formation can cause electrode extension
and cracking of the electrolyte [46, 99]. Here, the principle capability of reproducing an irre-
versible impact caused by changes in the microstructure of the nickel composite electrode

shall be demonstrated.

4.7.1 Modeling and parameterization

For simplification the cell model presented in Section 4.3 is reduced to 1D, that is, only gas
transport through the electrodes is considered, while channel flow is neglected (cf. Section
3.2.1). Microstructural reconfiguration of the nickel phase is described by introduction of a
new bulk phase denoted ‘unconnected nickel’. This new phase has same physical properties
as nickel, but is not connected to the electrochemically active nickel network. Thus, the for-
mation of “‘unconnected nickel’ causes a decrease of active nickel volume, causing a decrease
of active nickel surface area and of active three-phase boundary length. Here, identical linear
relationships between the volume fraction of unconnected nickel and the decrease in active

surface area and active TPB length are assumed,

Ene
\% 4V Nickel unconnected
ANickel_surface - ANicke]_surface,O 1= (85)
€ Nickel,0 ,
lV _ lV 1 gNickeliunconnected 8 6
Ni-YSZ-Gas — “Ni-YSZ-Gas | *+ o ( )
€ Nickel,0

We further assume that the formation of ‘nickel unconnected’ only occurs during reduction of
nickel oxide, because this process implies a volume reduction and therefore strong micro-
structural reconfiguration [40]. Additionally, the changes in microstructure are assumed to be

irreversible. Thus, the following irreversible chemical reaction is applied in parallel to the
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reversible nickel oxidation reactions (Eqgs. 26—27),

NiO + H,; — Ni_unconnected + H,O . (87)

The amount of nickel oxide converted to unconnected nickel phase during reduction is gov-
erned through the kinetics of reaction 87. This value depends strongly on the original micro-
structure of the cell [49]. For the present study the rate is set to k&s=5 x 10" m* kmol ' s™' and

the activation energy assumed as E,i = 0.

4.7.2 Results and discussion

Figure 44 shows simulated irreversible cell degradation during three consecutive redox cy-
cles. In each cycle the electrode is exposed to air for 100 minutes (xO, = 0.21, xN, = 0.79),
followed by exposure to hydrogen containing atmosphere (xH, = 0.03, xN, = 0.97). Plotted
are the volume fractions of nickel (black line), nickel oxide (green line) and ‘unconnected
nickel’ (purple line) together with the active nickel surface area (blue dotted line) versus time.
The first oxidation period takes about 50 min until the electrode is completely oxidized. Dur-
ing reduction nickel and ‘unconnected nickel’ phase form simultaneously. Since ‘unconnected
nickel’ is formed by an irreversible reaction, its volume fraction is increasing during the fol-
lowing two redox cycles. In consequence the amount of active nickel phase decreases and the
active nickel surface area is reduced irreversibly. After the third redox cycle active nickel sur-

face area and active TPB length have decreased by 37 %.

Figure 45 shows results for a similar simulation with reduced air exposure times of 10 min in
each reoxidation cycle. In this time span about 22 % of nickel in the electrode are converted
to Ni1O. Consecutively less amount of ‘unconnected nickel’ is formed. After three redox cy-

cles active nickel surface area and active TPB length have decreased by 10 %.

Due to the modeled reduction in three-phase boundary length, the feedback of redox cycling
on electrochemical cell performance can be simulated. For example, the power of an SOFC is
a function of the TPB length. Thus, the decrease in active TPB length as shown in Figure 44
and Figure 45 will cause the same trend of decreasing power density, as measured by Ivers-

Tiffée et al. (cf. Figure 8) [49].
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Figure 44. Simulation of irreversible degradation during redox cycling by loss of active nickel

surface area and active TPB length. Oxidation is caused by anode exposure to air for 100 min.
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Figure 45. Simulation of irreversible degradation during redox cycling with anode exposure
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4.8 Model limitations

The results presented in this chapter are based on a number of assumptions, which may influ-
ence the predictions and therefore the conclusions with respect to ‘safe’ and ‘unsafe’ cell op-
eration. Two main sources of uncertainty can be distinguished, firstly the accuracy of input

parameters, and secondly the model assumptions themselves.

Concerning the input parameters, main properties governing the Ni oxidation behavior are the
thermodynamics of Ni and NiO. The experimental data used in the present work [24, 133] are
comparatively old and furthermore may not necessarily represent the type of Ni/NiO present
in SOCs. Particularly, thermodynamics depend on morphology (due to the influence of sur-
face tension). Accurate experimental determination of relevant materials and morphologies

would be desirable.

Kinetic data for thermochemical and electrochemical Ni oxidation were obtained by fitting to
experimental literature data. Especially regarding the kinetics of electrochemical NiO for-
mation, only a very limited number of studies are available to date. Improving the experi-

mental database would help to further support this study.

Concerning the model, an important simplification is the continuum assumption, that is, no
microstructural resolution. All feedback on microstructure is combined into an empirical ex-
pression describing the reduction of active TPB length (cf. Eq. 81). Note that, although micro-
structure-resolved simulations would give further insights into Ni oxidation, due to their high

computational expense they do not allow the study of 2D macroscopic cell behavior.

Finally, possible side reactions of nickel, as the formation of volatile nickel compounds like
nickel hydroxide [48, 62], and the poisoning with impurities from the gas phase like arsenic
and phosphorus [65], are not included in the model. Nickel is simulated as a perfect conductor
(no Ohmic losses) which is not affected by oxidation. Simulations are conducted isothermal,

whereas the oxidation of nickel depends on the local temperature of the cell (cf. Figure 26).
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4.9 Summary and Conclusions

Formation of nickel oxide inside the electrodes is a severe mechanism affecting the lifetime of
solid oxide fuel cells (SOFC) and solid oxide electrolyzer cells (SOEC). In this chapter a de-
tailed analysis of Ni oxidation and NiO reduction, as well as the impact on cell performance,

based on thermodynamic and 2D kinetic models was presented.

Kinetically, thermochemical and electrochemical reaction pathways can be distinguished.
Both reaction pathways were implemented into a validated 2D elementary kinetic model of an
anode-supported SOC. Reaction kinetics were parameterized with experimental data from
literature. The model allows calculating concentration and potential gradients inside the elec-
trodes, as well as the resulting formation and dissolution dynamics of a bulk nickel oxide
phase. Feedback of NiO presence on cell performance is modeled via a decrease of active
TPB length and via reduced gas-phase diffusivity due to the solid volume expansion during
oxidation. Simulations allow the prediction of local and global conditions for safe and unsafe

cell operation regarding nickel oxide formation.

Under SOFC operation, simulation results have shown an onset of Ni oxidation at high fuel
utilization. It leads to in the occurrence of a second plateau and a pronounced hysteresis in the
polarization curve. Spatially and temporally resolved data show the local evolution of nickel
oxide and the limits for oxidation inside the anode. Under SOEC operation, the formation of
NiO is unlikely due to high cell voltages and the production of hydrogen. Simulations do
show a region of oxidized electrode upon cell operation with 100 % steam, depending on cur-
rent density. Adding 1 % hydrogen to steam already completely prevents electrode reoxida-

tion.

Additionally, a model for irreversible degradation upon redox cycling based on microstructur-
al changes was developed. It allows the prediction of performance losses of an SOC which
undergoes total or partial reoxidation. Since the rate of degradation is strongly dependent on
the type of electrode and its microstructure, no general parameterization of the degradation
rate is possible. However, the principle applicability of the model could be successfully

demonstrated.

Main limitations of the presented models are the simplified feedback of NiO formation on

electrode microstructure and the exclusion of side reactions.
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5 DETAILED MODELING OF NICKEL OXIDE FILM GROWTH

5.1 Introduction

To obtain a more fundamental understanding on oxidation kinetics as well as on microstruc-
tural effects of NiO formation an additional model has been developed. It describes the
growth of nickel oxide as a thin film at the interface between nickel and the adjacent bulk
phase (gas phase or YSZ). The model assumes that the oxidation rate is controlled by
transport of ions and vacancies across the film. Model predictions agree well with a literature

experimental measurement of oxidation-layer growth.

Model and results presented in this chapter are under preparation for submission to the 13"
International Symposium on Solid Oxide Fuel Cells (SOFC-XIII) [10]. Publication of a full
length paper is planned for Autumn/Winter 2013.
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5.2 Modeling and simulation methodology

5.2.1 Computational domain

Figure 46 illustrates the basic layout of the computational domain. Nickel oxide is modeled as
flat film in one Cartesian dimension z. The film has two interfaces, where chemical and/or
electrochemical reactions with the adjacent phases (e.g., bulk Ni, gas phase or YSZ) take

place. Inside the film species transport is described via diffusion and migration.

Using a multi-scale approach, the film model is integrated into a 1D+1D continuum model of
a single solid oxide cell (x and y dimensions, Sections 3.2—3.4). Specifically, individual 1D
film domains are included into every grid point of the macroscopic model, giving rise to an
overall 1D+1D+1D multi-scale model. For the results presented here, only one grid point is
used on the macro-scale. That is, transport of gaseous species in channels and porous elec-
trodes are ignored. This allows focusing on the effect of a given gas-phase composition or an
applied potential on growth of the nickel oxide film, while still allowing for realistic boundary

conditions.

The number of control volumes for numerical discretization in x, y and z dimension is chosen

such, that a further increase does not affect the calculated results within 0.5 %.

Adjacent phase
H2/H20 (gas phase or YSZ)
A
vy 4
NiO film §, A
. '
X . q
Solid oxide electrolyte Nickel
O,/N, — i I &5 Interfacial reaction
<:p Bulk diffusion and migration

Figure 46. Illustration of the modeling domain for description of NiO growth, consisting of a

1D+1D model of an SOC and a coupled 1D model of the nickel oxide film.
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5.2.2 Film model

Growth of the film phase is controlled by transport of charged species inside the film. Funda-
mental work on this topic has been published by Wagner in 1933 [135], who described the
growth of a metal oxide by transport of ions inside the thickening film. A detailed review is
provided by Atkinson [136]. More recently, Yu et al. described the transport inside NiO by
first-principle calculations [47]. It is agreed that the (thermochemical) growth of NiO over a
wide range of temperatures is governed by vacancy diffusion of doubly-charged nickel ions
(Ni*"). It is accompanied by diffusion of electrons for maintenance of local charge neutrality
[136]. Additionally, the diffusion of oxygen interstitials (O*") can take place. Measurements
by Chevalier et al. show that for temperatures > 1073 K the O*" and Ni*" diffusion coeffi-

cients have a similar magnitude [137].
We apply the Nernst-Planck equation for evaluation of the species concentrations over time,

%

iy, (Divci L HGDE v¢] (88)

RT

b

with concentration ¢;, diffusion coefficient D; and charge number z; of species i. ¢, F, R and T
denote electrical potential, Faraday’s constant, ideal gas constant and temperature, respective-
ly. Local electrical charge neutrality (EN) is assumed and introduced as additional governing

equation,

Dz, =0 (89)

Boundary conditions for the transport equation are given by the species fluxes through the

interfaces, which can be expressed in terms of chemical rates,

J,

l

(90)

x § i,interface

2

where s,

interphase (111 mol-m *:s ') is the heterogeneous molar production rate of species i at the
interface. Boundary conditions for the electric potential ¢ follow from the net production rates

of electrons s due to interfacial electrochemical reactions, which depend on the potential

electron

difference between the adjacent phases.

The changes in volume fraction of the film phase and the adjacent phases are quantified by a
multi-phase modeling approach, which was described above (Section 3.4). The latter is solv-

ing for the volume fractions &(z, x, y) of all phases inside the cell as a function of time and
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spatial location, by taking into account the chemical rate laws of all involved reactions and
mass conservation (continuum approach). As a consequence, the thickness of the film ¢ can

be described as function of its volume fraction,

— Zfilm 91

where A" is the volumetric surface area of the film interfaces. Both interfaces are assumed to

have the same area.

5.2.3 Parameterization

For reliable prediction of nickel oxide film growth the model has to be parameterized proper-
ly. For all species inside the film, thermodynamic properties (molar enthalpies and entropies)
and diffusion coefficients are required, as well as the kinetic coefficients (preexponential fac-
tors, activation energies, symmetry factors) of (electro-)chemical reactions between NiO and
the adjacent phases (nickel, gas-phase and YSZ). A summary of all film model parameters is

given in Table 6.

Three mobile species are assumed in the film. Doubly-charged nickel ions (Ni*") are known to
be the main species governing the growth of NiO during thermochemical oxidation [136]. The
transport mechanism is vacancy diffusion, allowed by the non-stoichiometric structure of NiO
(strictly Ni;, O) [138]. The transport of Ni*" is accompanied by electrons (e") for maintenance
of local charge neutrality [136]. The third species that can contribute in NiO film growth are
doubly-charged oxygen ions (O®7). Their transport can be described by interstitial diffusion
through the bulk [139]. Alternatively, oxygen transport can occur along grain boundaries or

via micro-cracks in the non-uniform NiO structure [137] (not included in the present model).

While thermodynamic data and diffusion coefficients are known from literature, the reactions
at the interfaces between nickel oxide and nickel (NiO/Ni), nickel oxide and gas phase
(Ni1O/gas) and nickel oxide and YSZ (NiO/YSZ) can only be assumed. (1) Reactions at the
interface NiO/Ni are assumed identical for the thermochemical and the electrochemical oxida-
tion process. Eq. 92 describes the transition of nickel atoms from the bulk material into the
film. During this process the Ni is oxidized to Ni*", releasing two electrons. With Eq. 93 the
formation of bulk NiO is described by the bonding of nickel and oxygen ions. This reaction is

assumed to be possible at all interfaces of NiO and reappears in Eq. 96 and Eq. 99. Finally,
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Eq. 94 creates an electrochemically coupling between nickel and nickel oxide phase by the
possibility of electron transfer between both phases (boundary condition for ¢ in Eq. 88). (2)
At the interface NiO/gas the most prominent reaction is the incorporation of gaseous oxygen
into the film (Eq. 95). (3) In equivalence to Ni oxidation at the Ni/NiO interface, O, is re-
duced to two O* -ions by absorbance of four free electrons from the NiO film. Eq. 97 allows

for modeling nickel oxidation by steam via dissociation of water to hydrogen and oxygen.

At the interface NiO/Y SZ oxygen-ions from the electrolyte phase can be incorporated into the
NiO film (Eq. 98). Since this reaction is a charge transfer reactions (it affects the concentra-
tion of charged species in the adjacent phases) it couples the electrochemical potentials of

NiO and YSZ phase (boundary condition for ¢ in Eq. 88).

Table 6. Model parameters for NiO film growth (7= 1073 K).

Film species Thermodynamic data (h, s) Ref.  Diffusion data (D, E,) Ref.
NiZ* 80 kI mol ™", 0 J mol ' K™ [138] 43 x10°m*s ', 171.7 kJ mol ' [140]
o* 182 kImol ™, 17.7Jmol ' K™Y [139] 17.7x 102 m*s ', 259.8 kI mol ' [137]
e 0,0 43x10° m?s ", 171.7 kJ mol ™’ [140]
Interface NiO/Ni

(thermo- and electrochemical oxidation) Kinetic data (kf) Eq.
Ni = NiZ'[film] + 2 e [film] 1 x 10> mkmol ' s (92
Ni*'[film] + O* [film] = NiO 1 x107° m* kmol ' s (93)
e [film] = e [Ni] 1x10°mkmol s’ (94)
Interface NiO/Gas

(thermochemical oxidation) Kinetic data (kf) Eq.
0, + 4¢[film] = 2O [film] 5x 10 m*kmol ' s 95
Ni*'[film] + O* [film] = NiO 1x10" ' m*kmol ' s (96)
2H,0 = 2H, + O, 1 x10° mkmol ' s™ 97)
Interface NiO/YSZ

(electrochemical oxidation) Kinetic data (kf) Eq.
O’ [film] = O*[YSZ] 6 x 10 *m* kmol ' s (98)
Ni*'[film] + O* [film] = NiO 1x10" m*kmol "' s (99)

Reaction kinetics are chosen such, that migration through the film is the rate-limiting step for

NiO formation for X, =1 [39] during thermochemical oxidation, and for £ = 0.1 V during

electrochemical oxidation at a temperature of 7= 1073 K. For low oxygen partial pressures or
high cell voltages the oxygen incorporating step can get rate determining (Eq. 95 or Eq. 98).
Since not temperature dependencies of the assumed reactions are known, the activation ener-

gies are set to zero and only forward rate constants are listed in Table 6. Backward reaction
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rates follow from thermodynamic consistency.

The initial film NiO thickness is set to 107" m.

5.2.4 Numerical implementation

The model was implemented into the multi-phase modeling framework, which was described
above (Chapter 3). The film is treated as special case of a bulk phase. Modeling of a film with
variable thickness requires the introduction of a discretization mesh with adaptive grid sizes.
By defining grid sizes as fraction of the film thickness, the absolute compartment size can be
recalculated in each calculation step,

dz,=¢ 0 (100)

9

where dz is the absolute size and { the fraction of grid compartment j with respect to the film

thickness J.

To achieve mass conservation of the species inside the film upon changing grid sizes the spe-
cies conservation equation (Eq. 88) has to be extended by an additional source term. This is
illustrated in Figure 47: If grid sizes are changed relative to film thickness (Eq. 91) a growing
film results in an apparent increase of average concentration. Concentration ¢ of a species

inside the film can be written as,

¢, =— (101)

where 7; is the absolute amount of species i. Under the condition of a constant »; and assum-
ing a fixed surface area, derivation with respect to time gives the required corrective source

term,

f___ M 06 _ ¢ 05 (102)
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t=1| t=2

Species concentration

Film thickness

Figure 47. Illustration of concentration overestimation due to adaptive grid size adjustment.

This is fixed by a correction term which is added to the species conservation equation.
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5.3 Results and discussion

5.3.1 Thermochemical oxidation

For simulating thermochemical oxidation it is assumed that the reduced nickel electrode is

exposed to oxygen at different mole fractions (X, =1, 0.1, 102,107,107, 107 in binary

0,/N, mixtures, and alternatively to pure water vapor. The counterelectrode is exposed to air.
Total pressure of 1.013 bar and temperature of 1073 K are assumed. Further, a growing NiO
film with interfaces to the gas phase (NiO/gas) and to bulk Ni (NiO/Ni), with the respective
reactions given in Table 6, is considered. The electrode is assumed to consist of a solid nickel
block with a thickness of 100 um. This assumption offers the possibility of direct comparison
to experiments by Atkinson [140]; a realistic geometry occurring in SOFC electrodes will be

investigated below.

Figure 48a shows simulated NiO film growth for this case. Solid lines indicate the film thick-

ness as function of time. For X, = 1 the simulation shows good agreement with experi-

mental data by Atkinson [140]. This profile shows a parabolic shape, which is well-known to
correspond to a growth process where bulk diffusion is the rate-limiting step [141]. Decreas-
ing oxygen pressures cause a decreased oxidation rate and simultaneously an increasing devi-
ation from parabolic behavior. The deviation is caused by different kinetics during the begin-
ning of the oxidation process. For a small film thickness and low oxygen pressure the rate-
limiting process changes from bulk transport to surface reaction [141]. Most probably the
oxygen reduction reaction is the rate-limiting step under these conditions. This effect is very

prominent for oxidation in water vapor ( Xy o = 1). In this case, the simulated profile shows

completely linear oxidation kinetics in the depicted time span.

This interpretation is supported by the concentration profiles shown in Figure 48b. For

Xo, =1 (solid lines) the concentrations of nickel ions and electrons show a strong gradient.

Concentrations are about zero at the NiO/gas interface and increase throughout the film. Due
to imposed local charge neutrality, electron concentration is twice the Ni*" concentration,
while oxygen ion concentration is low. The electrical potential shows only a small gradient.
These results are in agreement with the profiles for diffusion-limited film growth predicted by

Atkinson [136]. However, for X, = 107 (dotted lines) a different behavior can be observed.

Here, concentrations of all species are nearly constant. This shows that the rate-limiting step
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for Ni oxidation has changed from diffusion to the oxygen reduction reaction (Eq. 95) for low

oxygen partial pressures.
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Figure 48. (a) Simulated NiO film growth via thermochemical Ni oxidation in comparison to
measurements by Atkinson et al. [140] (b) Species concentration profiles and electrical poten-

tial distribution inside the film at 100 h for X, =1and X, = 10°°.

5.3.2 Electrochemical oxidation

For simulating electrochemical oxidation, it is assumed that the nickel electrode is exposed to
pure nitrogen. In this case, the only electrochemical driving force between the electrodes is
nickel oxidation. Further, a growing NiO film with interfaces to Ni (NiO/Ni) and YSZ
(NiO/YSZ), with the respective reactions given in Table 6, is assumed. The counterelectrode

is exposed to air.
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Figure 49a shows simulated NiO film growth for different cell voltages £ (solid lines). Com-

parison to thermochemical oxidation by X, =1 (dotted line) shows that electrochemical oxi-

dation is faster than thermochemical oxidation for voltages < 0.4 V. Oxidation kinetics do not
show parabolic behavior. For £ = 0.4 V the deviation is clearly visible by comparison to the

profile for X, = 1. For low film thickness oxidation kinetics are slower than parabolic, but

for high thickness they are faster. Lower voltages show the same behavior. For high cell volt-
ages (E > 0.4 V) profiles are quasi-linear indicating a surface reaction as rate-limiting step

[141].
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Figure 49. (a) Simulated NiO film growth via electrochemical Ni oxidation. The dashed line
shows results for thermochemical oxidation (Figure 48). (b) Species concentration profiles
and electrical potential distribution inside the film after 100 h for cell voltages of £ =0.1 V
and E=0.6 V.
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Concentration profiles for all species and the electrical potential are shown for two voltages
(E=0.1 Vand E = 0.6 V) in Figure 49b. Species profiles are very similar to the case of ther-
mochemical oxidation (cf. Figure 2b). For £ = 0.1 V transport of nickel ions is rate-limiting,
while for £ = 0.6 the oxidation is controlled by oxygen transfer into the NiO (Eq. 15). How-
ever, in contrast to thermochemical oxidation, a large potential gradient of about 0.4 V can be
observed for £= 0.1 V. This gives a possible explanation for the fast kinetics for electrochem-
ical oxidation shown in Figure 48a. Due to the potential gradient an additional migration flux

can support the transport of nickel ions, allowing for faster film growth.

5.3.3 Combined model

Combination of thermochemical and electrochemical oxidation is simulated by assuming a
nickel layer of 1 pm thickness surrounded by two individual NiO films, yielding a “stack”
YSZ/NiO/Ni/NiO/Gas, where the left-hand side allows electrochemical oxidation while the
right-hand side allows thermochemical oxidation. This allows the simulation of competition
of both processes. Furthermore the conditions that occur locally during SOC operation [9] can
be reproduced. Figure 50 depicts the simulated oxidation processes which are described by
the simulated “stack” in the combined film model, in comparison to the processes assumed in
the real microstructure of SOCs. Nickel particles can be oxidized by formation of a thermo-
chemical and/or electrochemical film. In the real microstructure the TPB is blocked rapidly by

either oxidation process. This can be modeled by a function which couples the active TPB

length to the thickness of the nickel oxide films; €.g., 4, =0 for J > 50 nm.

o . NiO film by

0,/H,0 NiO film by NiO film by 0,/H,0 thermochemical
NiO film by \ thermochemical electrochemical oxidation
clectrochemical oxidation oxidation \l

_______
-~ S~

oxidation

Figure 50. Illustration of thermochemical and electrochemical oxidation process as assumed
in the real microstructure (left) and as described by the combined film model (right). In the

real microstructure the TPB is blocked rapidly by either oxidation process.
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Figure 51 shows oxidation of the nickel layer upon thermochemically and electrochemically

strongly oxidative conditions (X, =1, £=0.1 V). The counterelectrode is exposed to air. In

a time span of 3.8 min the complete nickel (solid line) is oxidized to a growing film of NiO
from the interface to the gas phase (dotted line) as well as a second film forming at the inter-
face to YSZ (dashed line). Due to the increase of molar volume [39] the final nickel oxide
layer has a total thickness of 1.52 pm, out of which 39 % were formed by the thermochemical

and 61 % by the electrochemical process.

T=1073K, X(0,)=1,E=0.1V

Film thickness / nm

Time / min

Figure 51. Competition of thermochemical and electrochemical film growth during oxidation

of a nickel layer with 1 um thickness.
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5.4 Summary and Conclusions

The growth of nickel oxide in solid oxide cells was modeled by description as a flat one-
dimensional film. The model can successfully reproduce oxidation by molecular oxygen or
water from the gas phase (thermochemical oxidation) as well as oxidation by oxygen ions
from the YSZ electrolyte, driven by a potential gradient (electrochemical oxidation). In case
of thermochemical oxidation, good agreement to a measurement by Atkinson et al. [140] is
obtained. Simulations show that for high oxygen partial pressures (xO, > 10°) and for low
cell voltages (E < 0.4 V) transport of nickel ions in the film is the rate-limiting step for film
layer growth. At lower oxygen pressures or higher cell voltages the model predicts a growth
which is co-limited by oxygen incorporation into the NiO at the interfaces. Electrochemical
oxidation is a potentially faster process than thermochemical oxidation because the occurring

potential gradient supports species transport via migration.

Coupling of both oxidation mechanisms in a combined model can give insight into properties
at real SOC operation conditions. Simultaneous oxidation from two interfaces increases the
speed of oxidation. At the presented conditions (7= 1073 K, xO, = 1, E = 0.1 V) a nickel lay-

er of 1 um thickness is completely oxidized in a time span of 3.8 min.

The presented model is the basis for further investigations on nickel oxide formation under
SOC operating conditions, aiming at a more fundamental understanding of electrode degrada-
tion mechanisms. Future simulations can provide a quantitative predictive capability for im-

proving electrode design and controlling operating conditions.
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6 SUMMARY AND OUTLOOK

6.1 Summary

By their ability to convert excessive electrical energy into chemical fuels and vice versa with
high efficiency, solid oxide cells (SOC) are a promising technology that can contribute to an
economy based on 100 % renewable resources. However, durability is a major issue for relia-
ble operation of SOC systems. One severe degradation mechanism is the formation of nickel
oxide (NiO) inside the fuel electrode of SOCs. The goal of the research presented in this the-
sis is a detailed analysis of the NiO formation process by development and application of
mathematical models and simulations, as well as the prediction of operation conditions which

minimize degradation.

The background chapter provided fundamental knowledge on the working principle of SOCs,
including thermodynamics, electrochemistry, transport phenomena and degradation mecha-
nisms occurring at the fuel electrode. It was complemented by a section on numerical model-

ing.

As basis for modeling and simulation of NiO formation an existing in-house code framework
describing transport and electrochemistry in electrochemical cells (DENIS) was extended by

multi-phase functionality. This includes the following aspects:

1) The spatiotemporal evolution of gaseous, liquid and solid phases is described in a 1D +
1D continuum approach. In particular, phase formation and dissolution as well as phase
transitions (multi-phase management) can be modeled by the newly developed frame-

work.
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2)

3)

4)

Feedback between multi-phase management and microstructural properties is imple-
mented via coupling of effective properties of the cell, like electrochemically active are-

as or mass and charge transport coefficients, to the volume fractions of related phases.

For calculation of chemical source terms DENIS was internally coupled to the open-
source software CANTERA, which enables access to a large database for thermody-

namic species data and provides the ability to use conveniently-structured input files.

The validity and flexibility of the developed framework was demonstrated by three ex-
emplary studies regarding secondary-phase formation in PEFCs, Li-S and Li-O batteries

which were developed in collaboration with co-workers at DLR Stuttgart.

Based on the new computational capabilities the conditions causing NiO formation and its

feedback on cell performance were investigated in detail. A thermochemical and an electro-

chemical pathway for NiO formation were implemented in the model of a solid oxide cell and

parameterized using experimental data from literature. The model includes feedback of nickel

oxide on cell performance by decreased active triple phase boundary length and reduction of

electrode porosity. The following results were obtained:

1)

2)

3)

118

Thermodynamic calculations show the limits for nickel oxidation under steady-state
conditions. For a temperature of 1073 K, nickel oxidation occurs for oxygen partial

pressure p, > 1.26- 107 Pa, fuel-to-steam ratio Pu,Puo < 6.25-107, or local voltage

Eloca <0.704 V.

Ni oxidation is governed by local conditions inside the electrode (local fuel-to-steam ra-

tio py /P, local electrode potential). The analysis of global operating conditions (fuel

utilization, cell voltage) allows only limited conclusions on Ni oxidation propensity. In-
stead, the exact limits for cell voltage and fuel utilization have to be derived numerically

for individual cell geometries and system conditions.

Ni oxidation is governed by a complex interdependence of thermochemical and electro-
chemical oxidation pathways. Thermochemical nickel oxidation generally dominates
electrochemical nickel oxidation in the cases where local conditions show opposing
driving forces (thermochemical oxidation and electrochemical reduction, or vice versa).
As consequence of this observation, cells can be operated far below the limiting oxida-

tion voltage (0.704 V at 1073 K) as long as fuel utilization remains sufficiently low
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4)

5)

(<95 % for the cell geometry studied here).

Under SOEC operation, the formation of NiO is unlikely due to high cell voltages and
the production of hydrogen. Simulations do show a region of oxidized electrode upon
cell operation with 100 % steam, depending on current density. Adding 1 % hydrogen

to steam completely prevents electrode reoxidation.

Irreversible cell degradation based on microstructural changes of the electrode upon re-
dox cycling could be successfully demonstrated. The model allows the prediction of

performance losses of an SOC which undergoes total or partial reoxidation.

A more detailed insight into the fundamental processes causing nickel oxide formation could

be obtained by an additional sub-model, which describes the growth of a NiO film on

nano/micro scale. The growth of NiO is modeled by diffusion and migration of species

through a flat one-dimensional film. Parameterization with experimental data from literature

allows modeling of thermochemical and electrochemical initiation of the oxidation process.

1)

2)

Simulations show that for high oxygen partial pressures (X, > 107) and for low cell

voltages (E < 0.4 V) transport of nickel ions is the rate-limiting step for film layer
growth. At lower oxygen pressures or higher cell voltages the model predicts a growth
which is co-limited by oxygen incorporation into the NiO at both interfaces. Electro-
chemical oxidation is a potentially faster process than thermochemical oxidation be-

cause the occurring potential gradient supports species transport via migration.

Coupling of both oxidation mechanisms into a combined model can give insight into the
behavior under real SOC operation conditions. Simultaneous oxidation from two inter-
faces increases the speed of oxidation. At the presented conditions (7 = 1073 K,

Xo, =1, E=0.1 V) a nickel layer of 1 um thickness is completely oxidized within a

time span of 3.8 min.
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6.2

Outlook

The present work provides a well-founded basis for further studies. Especially, the developed

multi-phase management for modeling secondary-phase formation in electrochemical cells is

already being used in several ongoing projects. The following list gives some personal rec-

ommendations for possible further research:

1y

2)

3)

The multi-phase modeling framework (Chapter 3) can be used as basis for the imple-
mentation of further degradation mechanisms into the presented model of a solid oxide
cell. Examples concerning the anode of SOFCs are carbon deposition (already work in
progress [76]) and sulfur poisoning. Moreover, application of the framework for model-
ing secondary-phase formation in other electrochemical systems, like PEFC or batteries

is feasible, as demonstrated in Section 3.6 (work in progress [ 142—145]).

The model for nickel oxide formation (Chapter 4) can be applied for cells in (or in pro-
gress to) scientific and industrial applications, e.g., like the DLR hybrid power plant
project [146]. After parameterization the model can be used as powerful tool for predic-
tion of safe operation conditions and for adjustment of optimum working strategy

(model predictive control).

The general implementation of the model used to describe the growth of a nickel oxide
film (Chapter 5) allows a transfer to describe multiple similar processes. For example, it
could be applied to describe the transport of species and radicals through the membrane
of PEFC or formation and dissolution of the solid electrolyte interface (SEI) in lithium-

ion batteries.

This thesis has presented a detailed description of nickel oxidation in solid oxide cells based

on a numerical modeling and simulation approach. Results allow a detailed insight into the

physiochemical processes causing electrode reoxidation under various operation conditions.

The numerical prediction of safe operation conditions can be applied to prevent degradation

by NiO formation in SOCs.
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Table 7. Definition of parameters for the polymer electrolyte fuel cell. Values are given for 7'= 354 K and p = 101325 Pa

cients follow from thermodynamic consistency.

. Reverse reaction coeffi-

Cathode
channel Length x Width  0.9282 x 0.002 m Species Initial concentration
Control volumes  8x1 0, 0.17 mol-mol ™!
N, 0.68 mol-mol
H,0 0.15 mol'mol
Cathode Thickness 30 um
Control volumes  8x9
Bulk phases Volume fraction (g) Species Molar enthalpy Molar entropy Density
Pt/C 0.3 - - - -
Nafion 0.3 H ~100 kJ-mol ' 0J-K 'mol”! -
Gas 0.4 See channel
Water!i®id) 1-1077 H,0!iuid —281.620 kJ-mol™' [24]  82.8851 J-K 'mol™' [24] 1000 kg'm >
Interfaces Specific area (4,) Reactions Forward rate Activation energy
Pt/C-Nafion-Gas 5 3.106 m2-m> 4H'+0,+4¢ = H0"9 110 m"mol s ! 300 ki-mol !
WaterTi9_Gag 1 mm? ENOAEE& - EMO@@ 1.48-10* K -m-s™! 42 kJ-mol™
Separator Thickness 50 um
Control volumes  8x9
Bulk phases Volume fraction (&) Species
Nafion 1.0 See cathode
Anode Thickness 0 pwm (flat anode)
Control volumes  8x1
Bulk phases Volume fraction (&) Species
Pt/C 0.3 -
Nafion 0.4 See cathode
Gas 0.3 See channel
Interfaces Specific area (4,) Reactions Forward rate Activation energy
Pt/C-Nafion-Gas 5 3.106 m2-m> Hy=2H+2¢ 1110 m-s™! 300 kJ-mol”!
Anode
channel Length x Width  — Species Initial concentration
Control volumes 1x1 H, 0.85 mol-mol™
H,O 0.15 mol'mol !
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Appendix

Table 9. Definition of parameters for the lithium-oxygen cell; converted from Andrei et al. [112]. Values are given for 7 = 298.15 K and

p =101325 Pa. Reverse reaction coefficients follow from thermodynamic consistency.

Cathode
channel Length x Width - Species Initial concentration
Control volumes 1x1 0O, 0.21 mol-mol ™!
N, 0.79 mol-mol !
Cathode  Thickness 750 pm
Control volumes 1x35
Bulk phases Volume fraction (¢,)  Species Molar Gibbs energy Density / Inital concentration Diffusion coefficient
Carbon 0.25 C 0 2.26:10° kg'm™ -
EC-EMC - 1.21-10° kg'm >/ 1.07-10*
Electrolyte 0.75 mol-m -
Lit 0 1.0-10° mol'm> See [147]
PF¢ - 1.0-10° mol'm™> See [147]
0, (dissolved) —43 [127] 1.62 mol'm™ 7-10 "0 m?s7 [127]
Lithium peroxide (Li,0,) 0.0 Li,0, —644 2.14-10° kg'm > -
Interfaces Specific area (4,) Reactions Forward rate
ON&UOEthOm: S 2 HL+ + OwammmoZo& Y26 = HLNON 9.23- _Ow_ BQ.BO—\N.W\_
Electrolyte 8.66:10' m~ m
Omﬁ._uo_\TQw.mASEomm channel) _ Omﬁmmmv - Omﬂ&mmo_/\n& Assumed in @@ﬁmzvica :N‘d
Separator Thickness 250 um
Control volumes 1x5
Bulk phases Volume fraction (¢g) Species
Electrolyte 0.9 See cathode
Glass separator 0.1 -
Anode Thickness 0.01 pm
Control volumes 1x1
Bulk phases Volume fraction (gy) Species Molar Gibbs energy Density / Inital concentration
Lithium 1.0 Li 0 5.34:10* kg'm™
Interfaces Specific area (4,) Reactions Forward rate
Lithium-Electrolyte 1-10° m*m Li=Li'+e 1.31-10 "m-s™'
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