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Abstract

Anode-supported solid oxide fuel cells (SOFCs) with a state-of-the-art Ni/YSZ anode have been tested in
simulated bio-syngas with controlled addition of tars and sulfur as model molecules to study the influence
of impurities on the degradation of SOFCs. The phenol tar causes macro- and micro-scale structural
changes in the support including erosion, Ni coarsening, and carbon fiber formation. However, the effect
of phenol on the cell performance was not pronounced below a content of 8 g/Nm® in the few hundreds of
hour test period. On the other hand, the cell responded immediately after 0.5 g/Nm® of naphthalene were
added in the fuel. There was no microstructure change and the carbon deposition was found only on the
surface of the support. A stack test with real bio-syngas derived from wood pellets showed more practical
problems. The stack showed considerable performance degradation and the test was stopped after 5 hours
of operation due to an increase of the pressure drop. There were heavy carbon depositions at the support
surface and the Ni mesh current collector. The microstructure change of support was also observed near
and under the carbon deposition area, and the Ni metal dusting behavior was observed from the Ni

particles in support and Ni mesh current collector.

Ni/gadolinia-doped-ceria (GDC) anode was implemented instead of N¥/YSZ as an alternative anode
material. The ceria-based anodes are expected to show superior electrochemical performance and
enhanced sulfur and coking tolerance in comparison to the zirconia-based anodes. However, the cell
performance of a Ni/GDC anode cell decreased approximately by 50% compared to the standard Ni/YSZ
cell. The performance loss is attributed to inter-diffusion of ceria and zirconia during cell fabrication
between YSZ electrolyte and GDC in anode layer, because the YSZ-GDC mixed phase has poor electrical
properties and the different diffusion rates of Gd*" and Ce*" in YSZ and Y*" and Zr*" GDC cause pore
formation (Kirkendall voids) and Ni agglomeration in the anode layer. In the cell test of Ni/GDC anode

cell with bio-syngas, the electrochemical degradation was faster than in Ni/YSZ anode cell.

Another alternative for a sulfur- and coking-tolerant anode was molybdenum (Mo) containing materials,
which are known as excellent desulfurization material. Various kinds of Mo containing precursors such as
MoO3, NiMoOs, CeixM0x0z+5 (CMO), and CeixGdo.1M0yO2+5s (CGMO) were tried for screen printing.
However, the sintering temperature of anode and/or electrolyte layer was limited due to the poor thermal
stability of Mo. Other manufacturing processes were attempted to keep the Mo in the anode layer, such as
gas diffusion and thermal diffusion, but the results showed either the absence of Mo in the anode layer or
an unsuitable microstructure for cell tests. An electrolyte supported cell was prepared with Ni/GDC anode
and Mo solution was infiltrated to the anode. The cell performance and sulfur tolerance were improved by

Mo infiltration.



Kurzfassung

Ziel der vorliegenden Arbeit war die Untersuchung des Einflusses von Verunreinigungen des Brenngases
auf die Degradation von anodengestiitzten Festoxidbrennstoffzellen. Hierfiir wurden elektrochemische
Einzelzellmessungen von Zellen mit géngiger Ni/YSZ Anode in simuliertem Bio-Synthesegas unter
kontrollierter Zugabe von Teer- und Schwefelspezies durchgefiihrt. Teer-Zugabe in Form von Phenol
verursacht makro- und mikrostrukturelle Verdnderungen des Anodensubstrats, wie Erosion, Ni-
Vergroberung und faserformige Ablagerungen von Kohlenstoff. Eine erhebliche Verringerung der
Zellleistung wurde jedoch erst ab einer Phenol-Zugabe in Hohe von 8 g/Nm? iiber eine Testdauer von
einigen hundert Stunden beobachtet. Im Gegensatz hierzu verursacht Naphthalin schon bei einer Zugabe
von 0,5 g/Nm’® eine signifikante Beeintrdchtigung der Zellleistung. Die Nachuntersuchung zeigte keine
Hinweise auf eine Mikrostrukturdnderung und Kohlenstoffablagerungen beschriankten sich auf die
Substratoberfldche. In einem Stacktest mit aus Holzpellets gewonnenem realem Bio-Synthesegas wurde
eine erhebliche Leistungsdegradation beobachtet. Die Ablagerung groler Mengen Kohlenstoff an der
Substratoberfliche und im Bereich des als Stromsammler verwendeten Ni-Netzes verursachte einen
hohen Druckverlust in der Brenngasversorgung, so dass der Test schon nach fiinf Betriebsstunden beendet
werden musste. Im Bereich der Kohlenstoffabscheidungen wurde eine Mikrostrukturdnderung des
Substrats ermittelt. Korrosion der Ni Partikel des Substrats und des Ni Kontaktnetzes durch ,,Metal
Dusting wurde nachgewiesen.

Anoden mit Ni und Gd dotiertem Ceroxid (Ni/GDC) wurden als Alternative zu Ni/YSZ untersucht.
Ceroxid-basierte Anoden versprechen eine verbesserte elektrochemische Leistungsfahigkeit als auch eine
erhohte Resistenz gegeniiber S- und C-haltigen Verunreinigungen im Vergleich zu Ni/YSZ. Die in den
gegenwirtigen Versuchen ermittelte um etwa 50 % verringerte Leistung der Zellen mit Ni/GDC Anode
wird Interdiffusionsphdnomenen zwischen GDC der Anode und YSZ des Elektrolyten zugeschrieben.
Wihrend der Hochtemperatursinterung des Elektrolyten bilden sich Mischphasen mit geringerer
Ionenleitfahigkeit. Des Weiteren fiihren unterschiedliche Diffusionskoeffizienten von Gd** und Ce*" in
YSZ sowie Y*" und Zr*" in GDC zu Kirkendall-Porositit und Ni Agglomeration in der Anode. Wihrend
des Zelltests von Ni/GDC basierten Zellen mit Bio-Synthesegas wurde eine erhdhte elektrochemische
Degradation im Vergleich zu Ni/YSZ basierten Zellen beobachtet.

In der Literatur wird Mo-haltigen Werkstoffen eine erhohte Stabilitdt unter C- und S-haltigen
Brenngasatmosphéren zugeschrieben. Zugabe der Mo-haltigen Ausgangsstoffe MoOs, NiMoOs, Cejx-
MoxOz+5 und CeixGdoiM0xO2+5 wurde im Siebdruckprozess untersucht. Aufgrund der geringen
thermischen Stabilitit von Mo-Verbindungen ist die Sintertemperatur in der Anoden- und
Elektrolytherstellung beschrinkt, wodurch die Zellleistung beeintrdchtigt wird. Mo Zugabe {iber
Gasphasendiffusion oder thermisch aktivierte Festphasendiffusion fiihrten entweder zu keiner
nennenswerten Mo Anreicherung oder zu einer ungeeigneten Mikrostruktur der Anode. Durch
Verwendung eines elektrolytgestiitzten Konzepts konnte eine Herstellung iiber Infiltration einer Mo
Losung in eine Ni/GDC Anode umgesetzt werden. Diese Zelle zeigte eine verbesserte elektrochemische
Leistung und erhdhte Toleranz gegeniiber S-Verunreinigungen des Brenngases.
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1. Introduction

1.1. Energy crisis and alternative energy source

Fossil fuel is not only limited in supply but also polluting the environment through the emission of
greenhouse gases such as CO,. Nuclear fission, which is considered as an alternative energy source, faces
issues of safety and radioactive waste. Therefore, the development of new types of power production
systems is essential for a sustainable energy infrastructure. Biomass is a promising alternative energy source
since it is renewable and carbon-neutral. Moreover, primary sources of biomass such as wood, crops, grass,
and food waste are spread all over the world and are easy to store. Thus it is safe from supply-and-demand

mismatch, unlike solar and wind power generation which are affected by climate conditions.

1.2. SOFC and bio-syngas application

Solid oxide fuel cells (SOFCs) are one of the most efficient energy conversion technologies from chemical
energy directly to electricity via an electrochemical cell. Another advantage of SOFCs is the fuel flexibility
due to the high operating temperature (650-950 °C), enabling operation on carbohydrate fuels such as
natural gas, in addition to pure H, [1-4]. A combination of an SOFC supplied by syngas obtained from
biomass gasification (bio-syngas) is strongly recommended by many authors [5-7] as a new power
supplying unit. SOFC systems are well suited to produce electricity in small or intermediate scale (~ kW)
power plants instead of a large one, thereby avoiding power losses during transfer. This local energy system
also enables the utilization of thermal energy in a so-called combined heat and power (CHP) concept which
provides even higher system efficiency of 90 % [8-10]. However, when bio-syngas is applied to Ni/YSZ,
serious cell degradation is observed from impurities in the fuel such as tar [11-14] and sulfur [15-17]. These
tar and sulfur impurities easily react with Ni, cover the surface, and induce particle coarsening and depletion.
These changes dramatically degrade the electrochemical performance of SOFCs by reducing the active area
of triple phase boundaries (TPB). Although clean bio-syngas is available through catalytic removal of tar
and sulfur before supply to SOFCs, the system loses a considerable amount of energy during tar removal,
and the catalysts for cleaning also shows poisoning and degradation [18]. Thus, internal reforming of the
sulfur and tar in SOFCs with an alternative anode material would be more favorable than external reforming

due to the higher energy conversion efficiency and simpler system design.



1.3. Aims of this work and outline

This PhD work is part of the SynSOFC project, which is a collaborative work of Forschungszentrum Jiilich
GmbH (JULICH) and the Technical University of Munich (TUM) with funding of the Deutsche
Forschungsgemeinschaft (DFG). As mentioned in the previous section 1.2, the SynSOFC project suggests
a new power generation system by fueling SOFCs with bio-syngas. Current SOFC anode materials are
highly degraded by sulfur and tar in bio-syngas, so this project first aimed to understand the cell degradation
mechanism and then to develop an alternative anode material. Figure 1.1 shows a flow chart of the
SynSOFC project, including the missions of TUM and JULICH respectively. At first, to understand the
effect of impurities, current state-of-the-art SOFCs were tested with sulfur and tar containing simulated bio-
syngas. The tests were repeated with alternative anodes and the results were evaluated as a function of the
degradation rate. The chemical and physical changes of cells after each test are analyzed to understand the
poisoning mechanism and the effect of different anode materials. At the end of the project, 2- and 4-layer

SOFC stacks were tested with real gasified bio-syngas to have more practical information.

Project purpose: Development of solid oxide
fuel cell anodes for direct bio-syngas application
s N/ a
Work packet 1 Work packet 2
Cell manufacturing
__ Cell testing with
1. Standard JULICH cell - tar and sulfur
2. First generation alternative anode containing fuels
3. Second generation alternative anode
3 2
. Electro-chemical
Post-test analysis 4= arzlsis
(1]
N '
‘J JULICH N e TLITI
\_ FORSCHUNGSZENTRUM - J \_ J/
-
Work packet 3 : Short stack testing
with real gasification
Figure 1.1: Flow chart of development process and cooperation system of between TUM and JULICH



2. Fundamental background

2.1. Solid oxide fuel cells

2.1.1.  Working principles and history of fuel cells

Fuel cells generate electricity from chemical energy in fuels and oxygen (or other oxidizing agent) through
an electrochemical reaction. For example, the typical hydrogen fuel is oxidized in the anode (Equation 2.1)

and oxygen is reduced in the cathode (Equation 2.2); Equation 2.3 shows overall reaction of hydrogen and

oxygen.
H, + 0%~ > H,0 + 2e~, (hydrogen oxidation, anode) Equation 2.1

;02 + 2e~ — 0?7, (oxygen reduction, cathode) Equation 2.2

H, + %02 — H, 0 (overall reaction) Equation 2.3

This energy conversion is possible due to the special property of the electrolyte layer, which does not
conduct electrons but only ionic charge carriers (oxide ions or protons). Unlike combustion, which is a
direct reaction of hydrogen and oxygen, the partial reactions are spatially separated by the electrolyte in the
fuel cell. These two partial reactions require ions and electrons, but as only ions can flow through the
electrolyte, the electrons flow through an external circuit as electric current. Therefore, the electrolyte
requires high ionic conductivity and low electronic conductivity, with oxide ion transport number (the ratio
of ionic conductivity to total conductivity) greater than 0.99. The microstructure of electrolytes should be

gas impermeable to avoid direct combustion.

Figure 2.1 is a schematic diagram of various types of fuel cells, including their operating temperature,
fuels and oxidizing agents, and conducting ions. Most of the fuel cells are named by electrolyte materials
which are the core components in fuel cells; the properties of fuel cells are mainly determined by the

electrolyte they use.
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Figure 2.1: Schematic diagram of various types of fuel cells

The first hydrogen fuel cell was introduced by W. R. Grove in 1842 [19]. This first fuel cell was similar
to phosphoric-acid fuel cells used today. The commercial usage of fuel cells began in the 1950s as General
Electric Company collaborated with NASA for spacecraft shuttles during the human spaceflight program
project Gemini. In 1966, the first fuel cell road vehicle was developed by General Motors with a polymer
electrolyte membrane fuel cell. The first large stationary fuel cell system was manufactured by UTC Power

for use in combination heat and power (CHP) systems for large scale buildings like universities or hospitals.

2.1.2.  Properties and advantages of solid oxide fuel cells (SOFCs)

Figure 2.2 shows a schematic illustration of an SOFC structure with an oxygen ion conductor as electrolyte,
as well as the reaction of fuel and oxygen. An SOFC has the structure of a porous anode and cathode that
are separated by a dense electrolyte. The reactions at anode and cathode presented in Figure 2.2 represent
the most common fuels (hydrogen and carbon monoxide), and oxygen as the oxidant. Since ceramic ion
conductors are used as electrolyte, the system needs a high operating temperature (600 ~ 1000 °C) for
sufficient ionic conductivity. This high operating temperature enables the utilization of various types of
hydrocarbon fuels such as natural gas, reformed coal gas, and bio-syngas, without high cost catalysts or
external reformers. Furthermore, the high operating temperature provides high energy conversion
efficiency of about 60 % and provides high quality waste heat that can be utilized to further increase the
system efficiency; this co-generation system efficiency of a CHP reaches up to 90 % [8-10]. SOFCs are

made of only solid components, so the cell and stack have compact design, and there is no depletion or
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corrosion by liquid electrolyte. These stable properties of solid oxide materials provide a long-term stability

compared with other fuel cells.

®@ + ©®
Cathode: LSCF, LSM

Electrolyte: YSZ, GDC l Q2 l 02z l 0oz v

Anode: Ni/YSZ, Ni/GDC
Hy + 0% — H0 + 2e”

l &, ® & 9
2- —
Q % + C'e — COy + 2::-

.

Figure 2.2: Schematic illustration of structure and working principle of SOFCs

The electromotive force (e.m.f.) or reversible (thermodynamic) voltage (E,) of fuel cell is well described
in the literature [20]. For example, if the reactants and the products are in their standard states, the ideal
standard potential E© can be represented as

0
o AG

= —— Equation 2.4
nF

for the typical fuel cell reaction of hydrogen and oxygen in Equation 2.1 and Equation 2.2, where n is the
number of electrons exchanged in the total reaction (2 for hydrogen and oxygen reaction), F is the Faraday

constant (96485 As/mol), and AG%,55 = —286 kJ /mol. Therefore, at the standard condition (25 °C and 1

atm), E° is calculated as below.

286 kJ /mol

O — — ——
2 X 96485 As/mol

= 123V Equation 2.5

The relationship between the ideal standard potential E and the ideal equilibrium potential E, at other

temperatures and pressures of reactants and products can be calculated by Nernst equation as below [21].

RT Py,

E.=E° +ElnPo +—In
2 2F Py

4F

Equation 2.6



where E° is the standard potential, R is the gas constant, T is the temperature, and P is the partial pressure
of the reactants. At standard state E,is same as E°. The cell voltage of the actual cell in operation (E) is
always lower than the reversible voltage because of ohmic losses in the electrolyte, as well as activation
polarization losses and concentration polarization losses in the electrodes. The actual cell voltage of an

operating cell is
E=E.—Mg+nq+1c) Equation 2.7
where 1, is the activation polarization, 1, is the internal resistance (ohmic losses), and 7. is the

concentration polarization. Figure 2.3 shows typical voltage curves related to current density [20].

Theoretical EMF of Ideal Voltage

4—— Region of Activation Polarization
(Reaction Rate Loss)

Z Total Loss

o

Ex .

E Region of

< Concentration Polarization
= 0.5 (Gas Transport Loss)

]

Region of Ohmic
Polarization
(Resistance Loss)

v

Operation Voltage, V. Curve —»

0 >

Current Density (mA/cm?)

Figure 2.3: Ideal and actual performance of a fuel cell with respect to the potential current response [20]

The activation polarization depends principally on the electrochemical reaction rate. Electrode
polarization results from the exchange current density at the electrodes, which is temperature activated and
bias dependent. Thus, activation polarization is dominant at low current density and becomes a minor
contribution to cell polarization at high current density. The electrode polarization can be reduced by
microstructural changes which can provide more electrochemically active areas, such as triple phase

boundaries (TPB).

The ohmic losses in the cell are primarily caused by the resistance of ionic transport in the electrolyte.
Since this resistances obeys Ohm’s law, the overall ohmic over-potential can be decreased by low current

density of the cell, as well as reduced thickness and low resistivity of the electrolyte material.



Concentration polarization becomes significant in the high current density region where the fuel utilization
is high and the reaction rate at the electrodes are sufficiently fast to deplete fuel or oxygen in the
electrochemically active regions of the electrodes. The transport of fuel or oxygen in the pores of the
electrodes by gas diffusion then becomes rate-limiting. In the experiment, the concentration polarization is

observed as a drastic degradation at a certain critical current density.

2.1.3. SOFC materials
2.1.3.1. Electrolyte

First of all, electrolyte materials require high ionic conductivity with negligible electronic conductivity for
their basic function in SOFCs. To avoid direct combustion of fuel and oxygen, the structure should be gas-
tight. During the operation, the electrolyte layer is exposed to both oxidizing and reducing atmospheres at
relatively high temperature, thus the electrolyte materials need sufficient chemical and thermal stability. In
addition, the electrolyte should not form secondary phases during high-temperature processing of the cell.
Yttria-stabilized zirconia (YSZ) remains the state-of-the-art electrolyte material since it provides the best
compromise between all the requirements mentioned above. The ion conduction mechanism of YSZ is
based on an oxygen vacancy migration mechanism. The creation of oxygen vacancies by substitution of

Zr*" by Y*" ions can be described as below with the Kroger-Vink notation.

ZrO )
Y,03 - 2Y;, + V5" + 305 Equation 2.8

The Equation 2.8 indicates that two Y*" ions on the zirconia lattice site generate one oxygen vacancy.
These oxygen vacancies are mobile in the YSZ lattice and provide ionic conductivity. The most common
composition of YSZ is 8 mol% yittria-doped-zirconia (8YSZ), which is cubic structure. The low content of
YSZ shows an instable tetragonal phase and low conductivity due to low density of oxygen vacancy [22-
25]. In the case of high doping content, YSZ also shows low ionic conductivity due to the decrease of the
defects mobility by point defects [25] and increase of activation energy by interaction between oxygen
vacancies [22-24]. Although the ionic conductivity of YSZ is not the highest compared with other materials
(Figure 2.4), YSZ satisfies most of the mentioned requirements for an electrolyte. Various kinds of
materials have been tried to improve electrolyte performance, but they have obvious disadvantages. Due to
their high ionic conductivity, ceria-based materials are one of the strong candidates as an alternative SOFC
electrolyte. For example, gadolinia-doped ceria (GDC) shows higher ionic conductivity of (~0.025 S cm™)

than YSZ (<0.005 S cm™) at the low temperature of 600 °C. However, ceria based material become
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electronically conductive by the reduction of Ce*' to Ce** from the temperatures above about 650 °C in
reducing atmosphere [26]. Moreover, this reduction is accompanied by chemical expansion that can lead to
crack formation in the electrolyte. Therefore, the application of GDC is limited to the low temperature range
below 600 °C. Scandia-doped zirconia (ScSZ) also has high conductivity, but scandia is more expensive
than yttria, and it has a vital weakness of phase stability by phase transition from cubic to rhombohedral at
the temperature of 300-500 °C [27, 28]. The high ionic conductivity of a perovskite structure
(La,Sr)(Ga,Mg)O; (LSGM) has been reported by Ishihara et al. [29]. The conductivity of LSGM is
significantly higher than that of YSZ; it shows sufficient conductivity even at 400 °C. However, it reacts
with almost all electrode materials such as zirconia and ceria, forming secondary phase of LaSrGaz;O7 which

considerably increase the resistance of the cell [30].

T(°C)
650 600 550 500 450 400
q7 T T T T T T T T T T T
] DWSB: DyO GBWO.O4Bi0.8SO1.56
ESB: Er, Bi, O,

S
—_
1

DWSB

0.014

I'II'I
w
]

Conductivity (Scm™)

1E-4 4

T Y T v T T T T
1.1 1.2 1.3 1.4 1.5
1000/T (K™

Figure 2.4: Specific ionic conductivity of various SOFC electrolyte materials [31]

2.1.3.2. Cathode

The cathode, or air electrode, reduces oxygen molecules to oxygen ions. The cathode microstructure
should be porous to allow the approach of oxygen gas near to the electrolyte, and have a high internal
surface area to increase the density of active sites where the electrochemical reaction takes place. After the

reduction of oxygen, the ions and electrons flow through the cathode to the electrolyte and the current
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collector, respectively. Therefore, the cathode needs sufficient electronic and ionic conductivity. The
physical properties of a cathode such as thermal expansion coefficient should be well matched with the
electrolyte, and there should be negligible chemical interaction during sintering or operation (such as
secondary phase formation). Because of these particular requirements, only few materials have proved to

have suitable properties up to now.

Conducting perovskite oxides are typically used for SOFC cathode material. The performance of various
perovskite cathodes in full cell tests is presented in Figure 2.5 [32]. Strontium-substituted lanthanum
manganate (LSM) provides high p-type electronic conduction by the formation of mixed Mn*"/Mn*" valence
states and charge carrier hopping between the Mn centers. LSM also shows an excellent electro-catalytic
activity for the reduction of the oxygen molecule and adapted thermal expansion to YSZ electrolyte.
However, the performance of LSM is limited to the high operating temperature region due to its low oxygen
diffusion coefficient, requiring the use of composite cathodes with an ionic conductor such as YSZ to
improve the electrode performance. Another common cathode material is lanthanum strontium cobalt ferrite
(LSCF), which has a higher ionic conductivity than LSM [33]. However, the LSCF cathode interacts with
the YSZ electrolyte during cathode sintering, forming insulating SrZrO; which highly degrades cell
performance [34, 35], so an additional diffusion barrier layer of gadolinia-doped ceria (GDC) is applied
between cathode and electrolyte. The cell with strontium substituted lanthanum cobaltite (LSC) cathode

shows the highest performance, but is much less chemically stable than LSCF [36].
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Figure 2.5: Current density as function of operating temperature for single cell tests with various cathode materials [37]
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2.1.3.3. Anode

The anode, or fuel electrode, is a catalyst which oxidizes fuels such as hydrogen and carbon monoxide
into water and carbon dioxide, respectively. Although the electrochemical reaction of the anode is different
from that of the cathode, the physical requirements are similar. An anode requires sufficient electronic and
ionic conductivity for electrochemical reactions and charge-carrier transfer. The microstructure of the anode
should be porous for the diffusion of fuel near the electrolyte and a high internal surface area for a high
reaction rate. The thermal expansion behavior also needs to be close to the electrolyte and interconnect
materials, without chemical interactions. Additionally, the anode material should be stable in reducing

environment at relatively high temperature.

Ni-based cermet anodes fulfill most of the above requirements. Since Ni is a purely electronic conductor,
a composite with an ion-conducting phase is necessary to increase the density of active sites of the anode.
YSZ is a good ionic conductor, thus Ni/YSZ cermet anodes are widely used. Currently, there are no
competitive materials to Ni/YSZ in terms of performance and material stability; however, it still has several
issues to be overcome. First, the Ni-NiO redox cycle causes a volume change in the Ni grains due to the
Kirkendall effect [38], which in turn causes mechanical stress and damage to the electrolyte [39, 40].
Therefore, the cell should always be kept in reducing atmosphere once the operation is started. Another
problem with the Ni/YSZ anode is the deactivation of Ni surface by carbon or sulfur deposition when the
cell is used with contaminated fuels. Ni is a good catalyst for reforming hydrocarbon fuels, and it is also
one of the best materials for carbon formation (catalytic cracking). There are many studies about alternative
anodes to improve anode performance related to carbon deposition and sulfur poisoning; more details about

alternative anodes will be discussed in section 2.4.

2.1.3.4. Interconnect materials

For the commercial application, SOFCs need to be assembled as a stack to produce the appropriate amount
of power. Interconnects are the components used for connecting the cells in a stack. The interconnect
requires high electronic conductivity for current collection, chemical stability in both reducing and
oxidizing atmospheres, and proper mechanical strength to protect the cells in the stack from external forces.
Additionally, the coefficient of thermal expansion should match that of cell components relatively well to
avoid thermal stresses. Since the interconnect has complex shape, the machinability of materials is also an

important factor.
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For the intermediate temperature SOFC, highly oxidation-resistant metallic alloys are used as interconnects
because of their simple manufacturing, low cost, and high strength compared with ceramic based
interconnects. Stainless steels with a high content of chromium (Cr) are one of the typical interconnect
materials. Due to the formation of a dense Cr-oxide scale on the metal surface, it shows high oxidation
resistance. But the material is not fully stable over application periods of > 40,000 h on the air side. At high
temperatures and high oxygen partial pressures, significant Cr evaporation takes place as CrOs (which is more
severe when residual moisture is present in the air). The gaseous Cr-species react with the cathode materials,
resulting in a strong increase of the polarization resistance of the cathode [41-43]. Therefore, perovskite and/or

spinel materials are applied as evaporation barrier layers to reduce Cr evaporation [44-46].

2.1.4. SOFC design

There are three common cell designs: electrolyte-supported cells (ESC), anode-supported cells (ASC),
and metal-supported cell (MSC). Figure 2.6 shows schematic diagrams of each cell type and its
characteristics. The ESCs are the first generation of SOFCs which were manufactured using electrolyte of
several hundreds of micrometers in thickness. This thick and pre-sintered electrolyte provides mechanical
stability and facilitates further electrodes deposition process. However, it also brings high ohmic
polarization, so the ESCs need high operating temperature of 800 ~ 1000 °C. Although high operating
temperature reduces activation polarization of ESCs, the thick electrolyte reduces the cell performance by
high ohmic polarization. Therefore, in an attempt to reduce the electrolyte thickness to 5~20um, a second
generation of cells (ASCs) has been developed. The mechanical stability of ASCs is provided through a
porous, thick Ni/YSZ support, enabling the fabrication of thin electrolytes (typically 10, but can be as thin
as 1-2 micrometers). This thin electrolyte enables the reduction of the operating temperature of ASCs to
600 ~ 800 °C with higher performance than ESCs due to the significantly lowered ohmic polarization of
electrolyte. Currently, ASCs seems most suitable for stationary stack systems, according to operating
temperature, performance, and stability. However, ASCs have inevitable problems such as brittleness
(ESCs are even more brittle) and low thermal conductivity of zirconia or ceria based materials which are
typical electrolyte and anode materials. This becomes a big issue for the application as an auxiliary power
unit (APU), which requires short start up time, high mechanical durability and thermal cycling capability.
Metal-supported cells (MSCs) are suggested to overcome these problems of ceramic-supported type cells
like ESCs and ASCs. MSCs use porous metal support, which has better mechanical properties and are more
resistant against thermal shock. However, it has complex and expensive processing to avoid oxidation of

the support, and their practical performance is still lower than ASCs
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Figure 2.6: Three different types of SOFC and their properties

2.2. Bio-syngas

2.2.1. Biomass gasification

Biomass gasification indicates a synthesized gas (syngas) producing process, involving the burning of
biomass under restricted air supply. During the gasification, biomass goes through three steps: drying,
pyrolysis, and gasification (partial oxidation) [47]. Figure 2.7 shows the most relevant types of gasifiers:
fixed bed (up and down draft), fluidized bed, and entrained flow gasifiers. The main differences among

these gasifiers are how the biomass, oxidizer, and fuel gas are moved in the reactor.

Fixed bed gasifiers are the oldest and simplest method. In a fixed bed, the feedstock moves down in a
vertical container and the chemical reactions happen in the bottom part. Fixed bed gasifiers are relatively
inexpensive due to their simple structure. They show high overall carbon conversion, but have limited
scalability [48]. Fixed bed gasifiers are classified as four different types according to oxidant and gas flows:

updraft, downdraft, cross-draft, and open-core.

In fluidized bed gasifiers, a large amount of feedstock is kept as fluid-like state by the oxidizer agent
injection from the bed underneath. Fluidized bed system has several advantages compared to the
conventional fixed bed system, for instance high feedstock capacity and wide feedstock basis. However,

the temperature of the fluidized bed is fairly low compared to that of the oxidation zone in fixed bed
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gasifiers. The low reactor temperature also affects tar cracking negatively. There are two main ways of
fluidizing methods of bubbling (BFB) and circulating (CFB). Due to the faster velocity of CFB, the carbon
conversion of CFB is generally better than BFB.

The entrained flow gasifiers use very fine particles as feedstock, either dry powder or suspended in water.
The gasification is very fast due to the high chamber temperature of over 1400 °C, usually with oxygen or
with a mixture of oxygen and steam. Entrained flow gasification is a suitable method for hard coals, but in
the case of biomass utilization, it has not drawn yet much attention due to the complex feedstock preparation.

Entrained flow gasification is suitable for large scale conversion and the product gas quality is very high [49].

Fixed bed Fluidized bed Entrained bed

Downdraft

Fuel Fuel  Oxygenand

—

Gas 1f steam

¥
L

"Drying

Pyrolysis

Ath Slags—

Figure 2.7: Schematic diagrams of type of gasifiers

2.2.2.  Gas composition of bio-syngas

As the result of gasification, a mixture of bio-syngas is achieved including carbon monoxide, carbon
dioxide, hydrogen, methane, water vapor, nitrogen, and various kinds of minor contaminant like tar, sulfur,
and chlorine species. The gas compositions are dependent on biomass feedstock, gasification method, and

oxidant types.

The list of bio-syngas compositions using different feedstock are shown in Table 2.1. The result shows
similar composition of each product regardless of feedstock. The main combustible species of wood are
cellulose, hemicelluloses, and lignin, which are made of carbon, hydrogen, and oxygen. Most kinds of
biomass have a relatively constant carbon-hydrogen-oxygen ratio [50], thus the types of biomass are less

important for the gas composition.
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Table 2.1 Influence of different feedstock in chemical composition of bio-syngas, fixed bed (downdraft) gasifier [51]

Gas produced (mol/kg)
Feedstock
H» Cco CO; CH,4 CiHin
Rice husk 0.00236 0.00651 0.00717 0.00209 0.000932
Nut shell 0.00485 0.00788 0.00477 0.00293 0.000869
Pine 0.00529 0.00722 0.00505 0.00272 0.000947
Eucalyptus 0.00275 0.00712 0.0038 0.00316 0.000726

Table 2.2 shows the chemical composition of bio-syngas produced by different types of gasifiers. The
results show a higher CO content with a fixed bed than a fluidized bed. The temperature, pressure, and

residence time, which are also critical for gas composition, are also related to the gasifier type.

Table 2.2 Influence of reactor type in chemical composition of bio-syngas, air-blown [52]

Fixed bed Bubbling
0as Downdraft Updraft fluidized bed
H (vol. %) 17 11 9
CO (vol. %) 21 24 14
CO; (vol. %) 13 9 20
CHy (vol. %) 1 3 7
Nz (vol. %) 48 53 50

Table 2.3 shows the influence of the oxidant on bio-syngas compositions. Generally, steam and pure
oxygen produce more hydrogen and carbon monoxide than air [53]. Although CO; and N; are not desired

gases, air is used in many cases because it does not produce additional cost.

Table 2.3 Influence of oxidant type in chemical composition of bio-syngas with wood feedstock [53]

Composition (vol. %, dry base)

Oxidizing agent

H, Cco CO; CH4 N>
Air (downdraft) 17 21 13 1 48
Air (BFB) 9 14 20 7 50
Air (CFB) 14.1 18.7 14.7 35 47.7
O, (downdraft) 32 48 15 2 3
Steam (CFB) 342 27.2 22.7 11.1 4.8
Steam (BFB) 52 23 18 7 Not defined
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2.2.3. Impurities in bio-syngas

During the gasification, the hydrocarbon shows secondary reaction with gasifying agents and generally
exists in the producer gas stream. The typical tar species in bio-syngas are benzene, toluene, xylene, phenol,
and naphthalene. The tar quantities are mostly related with the gasifier and oxidant types; downdraft fixed
bed shows best tar cracking ability [52] and air as oxidant produces less tar than oxygen and steam [53]. In
the case of downdraft fixed bed gasifiers, the total tar content shows from 0.01 to 6 g/Nm® [54]. The tar
generally condenses at the low-temperature area like plugging and fouling of pipes, tubes, and other

equipment. On the other hand, above 400 °C, the tars dehydrate and form solid coke.

In woody biomass, various metal and inorganic elements are also included. These elements are mostly
emitted as ash or slag in gasifier, but sulfur is easily turned to dihydrogen sulfide (H>S) or sulfur dioxide
(SO») and included in syngas. Since the content of sulfur species are normally less than 0.1 %, which is a
much lower percentage compared to coal, the sulfur content in bio-syngas is negligible for internal
combustion engine and gas turbine applications [54]. However, in the chemical synthesis or fuel cell
application, the catalyst materials are highly sensitive to sulfur [15, 55, 56]. The sulfur tends to chemically

adsorb on the catalyst surface and deactivate the catalyst.

2.3. Degradation of SOFC

2.3.1. General degradation phenomena of SOFCs

In SOFCs, general degradation behavior can be classified as three types: intrinsic, extrinsic, and cyclic
degradation [57]. The cyclic degradation mechanisms are mostly related to thermal stress during on-off
cycles, which is not too critical in stationary applications. Cracking of the electrolyte by thermal stress or

redox instability (anode expansion by Ni oxidation) are typical cycling degradation behaviors.

The intrinsic degradation can be divided again into physical and chemical degradation. The physical
degradation includes electrolyte fracturing [58] and electrode particle coarsening [59]. Cracks in the
electrolyte allow gas cross-over, which decreases cell efficiency and can lead to fuel burning and larger
electrode particles provide less catalytically active points. The causes of these physical changes are mainly
thermally activated processes. One of the well-known chemical degradations in common SOFC

configuration is strontium (Sr) segregation of the cathode [60] and reaction with the electrolyte [34, 35]:
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the cathode is deactivated by segregation and insulating SrZrOs phase formed at the interface of cathode

and electrolyte, respectively. Material selection is thus crucial for cell degradation.

The extrinsic degradations are caused by either metallic interconnect in stack or impurities in fuel gas.
From the interconnect material, Cr poisoning is most critical especially with regards to the cathode [41, 61].
Gaseous Cr-species are easily formed from the metallic interconnect in oxidizing atmosphere, and it reacts
with cathode materials and forms non-conducting phase such as SrCrOs [62, 63]. On the other hand, anode
sulfur poisoning and carbon deposition is a crucial topic for syngas or natural gas utilization. The details of

anode poisoning behavior according to the fuel impurities will be described in following chapters.

2.3.2. Carbon related degradation

One advantage of SOFC is the possibility of direct hydrocarbon fuel utilization through internal reforming
reactions. For example, carbon monoxide, methane, and other hydrocarbons are reformed by water-gas-
shift reaction (Equation 2.9) and steam reforming (Equation 2.10 and Equation 2.11) if the fuel includes

enough steam.

CO+H,0 - CO, +H, Equation 2.9
CH, + H,0 - CO+ 3H, Equation 2.10
m
CoHin +1H;0 > nCO + (n+ 3) H, Equation 2.11

However, when the steam-to-carbon ratio or the operating temperature is too low, solid carbon is formed

via the Boudouard reaction (Equation 2.12) or decomposition reactions (Equation 2.13, Equation 2.14).

2C0 - C+CO, Equation 2.12

CH, —» C+ 2H, Equation 2.13
m

CyHy —» nC+ EHZ Equation 2.14

Ni, currently the most common anode material, is a good catalyst for reforming fuel species, but it is also
well-known as a highly active catalyst for carbon formation; thus a Ni surface can easily be covered by
carbon or nickel carbide under low steam conditions [64-66]. Figure 2.8 shows TEM images of Ni/YSZ
anode after cell operation with hydrogen (a and b), syngas (CH4- 23.64 %, CO - 7.60 %, CO- - 14.27 %,
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H, - 49.48 % and H>O - 5.00 %) for 15 min (c) and 2 h (d) [64]. The images show a continuous carbon film
formation on Ni surface after syngas operation. This surface change significantly deactivates Ni catalyst
for fuel utilization. Moreover, under extreme condition, carbon fibers are easily grown in anode and the
anode structures are changed by Ni coarsening or depletion [67-70]. A high steam-to-carbon ratio can
reduce these poisoning behaviors, but the high steam ratio deactivates fuel reforming activities due to

diluted fuel concentration [71].

Additionally, tar species (benzene, toluene, phenol, and naphthalene) cause more aggressive carbon
deposition [11-13, 72] and the performance degradation [73-75] even under high enough steam-to-carbon
ratio to avoid solid carbon formation. The mechanism of tar reforming and cell degradation is not fully
understood yet. One possible reason is the chemisorption of tar on the anode surface, reducing the surface

area due to the slow reforming reaction.

200 nm 100 nm

Figure 2.8: Transmission electron microscope result of the Ni/'YSZ anode operated with syngas for 15 min (a) and 2 h

(b~c) [64]
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2.3.3.  Sulfur poisoning

In the case of Ni/YSZ anode, sulfur poisoning can be divided into two different types; nickel sulfide (NixSy)
formation and surface sulfur adsorption. Figure 2.9 shows calculated Ni-H-S-O phase diagrams at (a) 800
and (b) 1000 °C related with Py, (x-axis) and Py, s (y-axis) [15]. As shown in the diagram, in the case of
typical anode side atmosphere with low Py, , Ni does not chemically react with HoS up to the Py s level of
about 107 atm (1000 ppm). This percentage level of HaS is not typical in real syngas or natural gas, which
include up to several hundred ppm of H»S [76]. Therefore, it is rarely found in literature that the Ni.Sy
formation from in-situ Raman spectroscopy result at low temperature of 440 °C with 100 ppm H,S test [16]
or at 800 °C with 2000 ppm H»S test [77]. Ni can be transformed to nickel-sulfide like Ni3S, which has a
much lower conductivity than the Ni metal. Moreover, in general SOFCs working temperature (700 -

1000 °C), NisS; is in liquid state, thus the cell structure easily destroyed by melting or evaporation.
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Figure 2.9: Ni-O—H-S diagrams in thermodynamic equilibrium at (a) 800 and (b) 1000 °C [15]

If the Py, s is not high enough to react with Ni, it can be reformed by direct oxidation without poisoning

behavior as below

H,S +30%" - H,0 + S0, + 6e~ Equation 2.15

Otherwise, H»S can be decomposed first by electrochemical oxidation or thermal decomposition as below
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1
H,S + 0%~ - H,0 +ESZ + 2e” Equation 2.16

1
H,S —» H, + ESZ Equation 2.17

The sulfur formed by reactions of Equation 2.16 and Equation 2.17 can be electrochemically oxidized by

the following reaction.

1
ESZ +20% - SO, + 4e” Equation 2.18

If this series of reactions takes place during cell operation, the anode performance should be kept at the
initial state. However, in the practical cases, a few ppm of sulfur content in the fuel gas is enough for
poisoning. Many experimental and computational works have tried to define the mechanism of sulfur
poisoning by surface adsorption, but it is still not completely clear. A computational study provides the
various states of sulfur chemisorption model and the range of sulfur content to be caused the chemisorption
on Ni surface. The result shows extremely sensitive behavior of Ni to sulfur, for example, only 0.1 ppm of
HaS in H» is enough to cover Ni surface at 800 °C and below [78]. Since the sulfur covers the surface of Ni,
the catalytically active area at the TPBs is decreased and Ni re-oxidation can be caused by blocking of

oxygen ion transfer as shown in Figure 2.10 [15].
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Figure 2.10: Sulfur poisoning mechanisms: (a) H>-based fuel containing no H,S, (b) H,-based fuel with relatively low

Py,s, and (¢) Hx-based fuel with relatively high Py, s [15]
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2.4. Alternative anode materials

A new anode component should have high catalytic activity for impurities or hydrocarbons in fuel (CHa,
CuHm, tar, H2S, and etc.). At the same time, the anode should also fulfill the general requirements of anode
materials such as chemical and electrochemical stability, electrical conductivity, and compatibility with the
other components. Many studies have been carried out to find a material which corresponds to the above
mentioned requirements. In this section, previous results are briefly summarized with a particular focus on

their electrochemical behavior.

2.4.1. Ni-YSZ with incorporation of other materials

Because of the excellent catalytic performance of Ni-YSZ anodes with clean fuel condition, attempts have
been made to modify Ni-YSZ surfaces via incorporation of various materials in an effort of develop a sulfur
tolerant anode. For example, Sasaki et al. tried impregnation or infiltration by CeO2, Y203, La;03, MgO,
Nb20s, Sc203, ZrO,, TiO,, Ru, CaO, Co and Al>Os in to the Ni/YSZ anode [15]. The result is presented in
Figure 2.11. Although impregnation of CeO,, Y>03 or La,Os significantly reduces the voltage drop by HaS,
it still displays the typical poisoning behavior even under ppm-level of H,S concentration. Other studies of
impregnation or infiltration with ceria-based conducting ceramic materials [79, 80] or single elements (W,
Sn, or Sb) [81, 82] cannot avoid the rapid initial degradation. In a few cases, the cell shows less voltage
drop and better stability, but the improvement is not only an effect of the materials, but also tailored

microstructure made by impregnation and infiltration techniques, which are difficult and costly.
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Figure 2.11: Cell voltage drop with various additives impregnated in porous anode layers at 200 mA/cm? 800 °C, H,S

conc. =20 ppm, H/CO = 100:0, electrolyte/ScSZ, anode/Ni-YSZ + additives [15]
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2.4.2. Cermet anode

Ni with an alternative conducting ceramic anode can be used instead of the Ni/YSZ anode to improve
sulfur tolerance. Since carbon deposition takes place mainly on the Ni surface, Ni modification or
alternation seems essential to prevent carbon deposition. Doped ceria electrolytes are good candidates for
SOFC components because of their high ionic conductivity and low activation energy and stability. In the
case of gadolinia doped ceria (GDC), the ionic conductivity is higher than YSZ and it also has electronic
conductivity in reducing atmosphere through the reduction of cerium ions from the Ce*" state to the Ce’*
state at high temperatures [83, 84]. Several previous works reported a higher sulfur tolerance of Ni/GDC
anode than Ni/YSZ anode. For example, tests of button cell performances compared with 5-700 ppm H,S
in H; at 800 °C for 2 h show the voltage of the button cells with Ni/YSZ anode and Ni/GDC anode decreased
from 0.61 V to 0.34 V and from 0.78 V to 0.72 V, respectively [85]. This can be explained by the mixed
ionic-electronic conductivity of GDC. In another study, with 2 ppm H>S added to the fuel at 850 °C, the
single cell stack voltages decreased with Ni/8YSZ and Ni/10GDC anodes to 86.5% and 98.7% of their
initial voltages, respectively [76]. The cell with a Ni/10GDC anode had a one-stage poisoning with a
relatively small power drop, whereas the Ni/8YSZ anode cell had two poisoning stages and a second slower
degradation in the following 15 h (see Figure 2.12). After removal of the H.S atmosphere, the Ni/GDC
anode regenerated its performance to almost to 100 % of the initial performance, but Ni/YSZ recovered 1 %

less than the initial voltage.
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Figure 2.12: Comparison of the ratios of the contaminated stack voltages to initial voltages with respect to time with

Ni/8YSZ and Ni/10CGO anodes during and after 2 ppm H,S contamination at 850 °C [76]

Similarly, the Ni can also be replaced by other metals that have better catalytic activity to carbon and
sulfur species. For example, Cu and Ag have much less affinity for sulfur adsorption because of the more

positive free energy change for sulfur adsorption than nickel [86]. For example, it is reported that Cu-ceria-
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YSZ cermet showed a stable power output until the pH>S/pH> was increased up to 450 ppm [87]. However,
both Cu and Ag have low melting points, which makes manufacturing difficult and limit operation
temperature. When hydrocarbon fuels are applied to Ni-based cermet anodes, carbon is formed on the Ni
surface rapidly by electron interaction of Ni 3d and C 2p orbitals. Thus, coking resistivity can be enhanced
by adjusting the atomic orbital and electronic structure. There are several studies of Ni alloy with transition
metals, such as Cu, Co, Mn, or Fe [88, 89]. Although some cases show improvement in coking resistivity,
most of the cases show limitation as well. The case of Cu incorporation can be improved in electrochemical
property, but it again has low thermal stability. Fe and Co show good overall performances; however,

apparent degradation of the fuel cells are still observed in long-term operation [65, 90].

In the case of Ni-molybdenum (Mo) alloy, stable cell operations are reported for wet or dry methane [91,
92] and methane with H,S fuels [93]. It is related to catalytic activity change from pure Mo to Ni-Mo
bimetallic state. The clean Mo (110) plane surface is not chemically active for hydro-desulfurization;
similar to Ni, sulfur chemically adsorbs on Mo surface. The reactivity of Mo with sulfur is increased by
bimetallic bonding with other transition metals [94, 95]. Figure 2.13 shows Mo 3d XPS spectra acquired
after dosing S, to clean and covered (~ 1.5 monolayers of Ag, Zn, Cu, and Ni) Mo (110) surfaces. The Mo
3d peak at ~ 228 eV corresponds to metallic Mo, while the peak at ~ 229.2 eV denotes the formation of
molybdenum sulfides (MoSy) in these systems. In the case Ni-Mo alloy, the MoSy peak intensity was most
strong. In general, a good correlation is observed between MoSy formation and desulfurization. The
presence of Ni leads a significant enhancement in the Mo-S interactions and a large desulfurization activity

[96].
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Figure 2.13: Mo 3d core-level photoemission spectra acquired after dosing S, to Mo (110) and X (X: Ag, Zn, Cu, Fe, Co,
or Ni)/Mo (110) surfaces [70, 71] (a), and XSy/MoS; catalysts activity for the hydro-desulfurization (HDS) of

dibenzothiophene (DBT) versus amount of MoS, formed in each S;/X/Mo (110) system [72] (b)
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2.4.3. Mixed ionic and electronic conductors (MIEC)

Nickel-free metal oxide conductors have been studied as potential SOFC anode materials. For example,
Lao35S10.65T103—Cei.yLayO, composite [97], LagsSro2CrosMno.203 (LSCM) [98] and Sr2MgMoOs.s (SMMO)
[99] show better tolerance than Ni-YSZ against low concentrations of sulfur. In some case, electrochemical
performance increased upon exposure to high concentrations of H»S at high temperature. Lao3sSro.6sTi03—
YSZ composite anodes and La7Sro3VO3 anodes display lower interfacial resistance under percentage level
of H,S balanced by H» than in pure H» [100, 101] and Gd2Ti1.4Moo.6O7 displays a maximum power density
of 340 mW/cm? in a fuel mixture of HS - 10%, Ha - 90 %, while P in pure Hy is only 225 mA/cm? [102].
The reason for this enhancement is not clear. One possibility is the formation of conducting sulfides upon

exposure to sulfide-containing gas.

The conductive metal oxide anodes have potential to solve anode poisoning problem due to their stability
against impurities. However, most studies are carried out under very limited conditions and their general
performances are much worse than Ni/YSZ. In addition, it is difficult to fabricate anode supported cells
with ceramic anodes and YSZ electrolyte, because these oxide anodes have limited physical, chemical

and/or thermal compatibility with YSZ.
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3. Experimental

3.1. Cell manufacturing

3.1.1. Standard cell

3.1.1.1. Single-cell manufacturing”

Two different types of anode-supported SOFCs are used in this work, in-house manufactured cells (I1Ib)
and commercially purchased cells (CeramTec cell, Germany). The IIIb cells were manufactured by tape
casting of the support and subsequent screen printing of all functional layers as described in Figure 3.1. The
anode support was prepared by tape casting using NiO (Mallinckrodt Baker Inc., USA) and
Yo.148Z10385201.926 (8YSZ, Imerys, France) slurry with a weight ratio of 44:56. In order to achieve finer
microstructure, anode layer was applied by screen printing with same Ni(O) and different 8YSZ (Tosoh,
Japan). Dense 8YSZ electrolyte was also processed by screen printing, then the half-cell (support-anode-
electrolyte) was sintered at 1400 °C for 5 h. Subsequently, 20 % gadolinia-doped ceria (20GDC, Treibacher,
Austria) was applied as a Sr-diffusion barrier layer between electrolyte and cathode by screen printing and
sintering at 1300 °C for 3 h. Finally, a LagssSro4Co0.2Feos0;:.5 (LSCF, synthesized in-house) cathode was
applied by screen printing, and the cells were sintered at a temperature of 1080 °C for 3 h. The CeramTec
cells were manufactured with almost the same processes and materials as IITb cells (based on a JULICH
license), except that the support was Ni/Y 0.0s8Z10.04201.971 (3YSZ). CeramTec cells have been used to show
that the test could be conducted with commercially available cell types. Previous investigations using
JULICH and CeramTec cells for SOFC stack testing in JULICH have shown a nicely comparable
performance of both cell types. Both, I1Ib and CeramTec cells are manufactured with 100 x 100 mm? support

dimension and 90x90 mm?active cathode area.

* This part (3.1.1.1) has been published in the journal “International Journal of Hydrogen Energy” Volume 43,
Issue 45, 8 November 2018
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Figure 3.1: Manufacturing process of JULICH standard anode-supported cell

3.1.1.2. Stack manufacturing

A JULICH standard 4-layer stack was used in this study [103]. The commercially purchased CeramTec
cells were used in the stack, as described in 3.1.1.1. All interconnects, cell frames, top and bottom plates
were based on Crofer 22 APU [104]. A MnCoioFeo.104 (MCF) coating was applied on the interconnect
surfaces facing the cathode side by atmospheric plasma spraying (APS) as a Cr-poisoning protection layer
[46, 105]. For the contact between cell and interconnect, Ni mesh was used on the anode side, and a
LaMng45C00.35Cu0.03-5 (LCC10) coating was applied for the cathode by screen printing directly on the cell.
Type 87 ZYBF-2 glass sealant was used for stack assembly [106] and the entire stack was held at 850 °C
for 100 h to ensure glass crystallization and gas-tightness. The designation of cell and stack components is

shown in Figure 3.2 as a schematic diagram with a direction of fuel gas flow.

Cell 1

Ni mesh
Interconnect

Cell 4

Cell frame

Figure 3.2: Schematic diagram of stack structure with a direction of fuel gas flow
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3.1.2. Cells with a Ni/GDC anode

3.1.2.1. Study of the YSZ-GDC interaction

Two different compositions of powder mixtures were prepared: NiO:YSZ:GDC=1:1:1 and YSZ:GDC=1:1
in weight ratios. Each powder was mixed in a polyethylene bottle with zirconia balls (2: 3mm:10 mm=1:1,
total powder to ball ratio was 1:20) and ethanol by a tumbling mixer for 24 h. To evaporate the ethanol after
mixing, the mixture was dried in an oven at 70 °C for 8 h. The powder mixtures were then pressed by hand
press to button shape pellets and sintered at temperatures of 1000, 1100, 1200, 1300, and 1400 °C for 5 h.
The reduced samples were then prepared by heat treatment at 900 °C for 5 h in 2.9 % Hx/Ar atmosphere.

3.1.2.2. Cell manufacturing

The Ni/GDC anode cell was manufactured with the same process of standard Ni/YSZ anode cells except
for anode paste modification. The same NiO powder for the Ni/YSZ anode was used, and the YSZ was
replaced by 20GDC, which is the same material used for cathodic barrier layer paste. The anode thickness
and composition were optimized by using a different number of screen printing steps and different Ni to
20GDC ratios in the paste. For the cell development and performance test, in-house manufactured Ni/8YSZ
supports were used with a size of 50x50 mm?. Also, the larger size of 100x 100 mm? cells for long-term
poisoning tests and stack application were manufactured using commercially purchased pre-sintered

Ni/3YSZ support from CeramTec.

3.1.3.  Cells with Mo incorporation into the anode

3.1.3.1. The conventional screen printing process

CeixyM0xGdyO2+5 (CMGO) as Mo precursor was used for anode screen printing paste. The CMGO was
synthesized in-house by the conventional solid-state reaction method with MoOs (Sigma-Aldrich, USA),
CeO:; (Alfa Aesar, USA), and 20GDC (Treibacher, Austria). The CMGO was then prepared as a powder
by the ball milling process with ethanol solvent and zirconia balls. The powder was mixed with a liquid
binder (terpineol) (Sigma-Aldrich, USA) and dispersing additive (NUOSPERSE FX 9086) (Elementis, UK)

by a tumbling mixer with zirconia balls (&: 3mm:10 mm=1:1, total powder to ball ratio was 1:20) for 24 h.
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The pre-suspensions were finally mixed with NiO pre-suspension and ethyl cellulose by a Thinky mixer at
1400 rpm during 2 min with the ratio of 50 to 50 wt%. The anode pastes were printed on the standard
Ni/YSZ support and the cell manufacturing process was followed which is already described in section

3.1.1.1.

3.1.3.2. Mo gas infiltration

The process had two different variations: MoOs gas infiltration after half-cell sintering (Figure 3.3a) or
during half-cell sintering (Figure 3.3b). In the case of MoOQj; infiltration into the sintered half-cell, the
Ni/YSZ support—Ni/GDC anode and YSZ electrolyte construction of the half-cell—was used. To keep the
electrolyte away from MoOs gas, a half-cell was placed like a crucible cover plate with the electrolyte side
up and the MoO3 powder was placed in the crucible. A heat treatment temperature of 1000 °C was chosen,
which is higher than the MoOs evaporation temperature but as low as possible to prevent cell structure
deformation. In contrast, for the experiment of Mo infiltration during half-cell sintering, the green state
half-cell was used. The cell was placed in a crucible together with MoO; powder and sintered at a
temperature of 1400 °C for 5 h to achieve a dense electrolyte structure. To adjust the amount of MoO3

infiltration, MoO3; powder weight was varied from 0.1 to 0.2 and 0.5 g in the crucible.

(a)

JHalf-cell after sintering

I I 1000 °C,3 h
MoO,

(b) e

Half-cell before sintering

I I 1400 °C,5h
MoO,
]

Figure 3.3: Schematic diagram of the MoO; gas infiltration experiment setup
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3.1.3.3. Mo thermal diffusion

First, the Ni/GDC anode was printed on the Ni/YSZ support and sintered without an electrolyte at 1400 °C
for 5 h. Then, MoOs and NiMoO4 were prepared as the sub-micron scale ethanol-based suspension by
conventional ball milling with zirconia balls (&: 3mm:10 mm=1:1, total powder to ball ratio was 1:20) for
24 hours. Two different Mo suspensions were dropped on the Ni/GDC anode surface and dried in room-
temperature then heat-treated with three different programs of 600 °C for 10 h, 800 °C for 5 h, and 1000 °C
for 5 h for Mo thermal diffusion into the anode layer. After the heat treatment, the residual unstable material

on the anode surface was removed by blowing with air.

3.1.3.4. ESC cell to reduce anode sintering temperature

A dense electrolyte support of Zross7S¢0.1301.043 (6ScSZ) (Kerafol Keramische Folien GmbH, Germany)
was used for ESC cell manufacturing. At first, the 20GDC Sr-diffusion barrier layer was applied to the
electrolyte by screen printing and sintered at 1300 °C for 3 h, which is the highest temperature treatment in
the manufacturing process. Ni/GDC anode paste, which is described in section 3.1.2.2, was then screen
printed on the opposite side of the support and sintered at 1200 °C for 3 h. The LSCF cathode was then
applied by screen printing and sintered at 1080 °C for 3 h. In addition, the ammonium molybdate
tetrahydrate ((NH,)iMo0,0,4H,0, 99 %), (Alfa Aesar, USA) water-based solution was prepared with a
density concentration of 0.4 M, and the solution was infiltrated in the anode structure by drop on the anode
in a vacuum chamber. After infiltration, the residual solution on the anode surface was removed by blowing

with air and the cell was dried in an oven at 80 °C for 8 h. Finally, the anode was calcined at 600 °C for 1 h.

3.2. Cell test

3.2.1. Single cell measurements at Karlsruhe Institute of Technology (KIT)
The single cell performance was measured in a test bench at the Institute for Applied Materials (IAM-

WET, KIT), as described by Timmermann et al. [107]. The cells were contacted by Au mesh on the air side

and Ni mesh on the fuel side. After a defined heat-up and reduction procedure, the current-voltage
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characteristics were recorded at 820°C using laboratory air (1000 sccm) as the oxidant and dry hydrogen

(1000 sccm) as the fuel.

3.2.2. Long-term test with bio-syngas (TU Munich)

The cell was contacted by a Ni mesh and gold wire on the fuel side, and Au mesh with Au wires on the
air side in an alumina housing. A load of 400 N was applied to sustain a good electrical contacting during
the test. Simulated syngas with a composition of 50 % H>0, 25 % Ha, 10 % CO, 10 % CO, and 5 % CH4
was used as fuel, which is similar to real bio-syngas produced with allothermal fluidized bed gasification
[108]. The tar species was added according to the experiment plans, and the content was adjusted by the
temperature control of the tar station. The actual tar content was measured by the solid phase adsorption
(SPA) method [109]. In the case of sulfur, 100 ppm H>S/H> gas was used to prepare simulated syngas
instead of H» to have 5 ppm H.S content in total gas composition. The operation temperature was set to
700 °C, but the anode and support are pre-reduced before test under dry H, atmosphere at 900 °C. The fuel
and air flow rates were 1 NI/min and 2 NI/min, respectively. The tests were performed in galvanostatic

mode at a current density of 0.34 A/cm?, and the voltage was recorded as a function of time.

3.2.3. Stack test with biomass gasifier (TU Munich)

The biomass feedstock was 8 mm diameter and 6 - 12 mm in length of wood pellets with low moisture
and ash content, which has high energy density. The bubbling fluidized bed was used for gasification of
biomass via a vibrating and feeding system from top. The superheated steam was supplied as oxidant gas
from bottom. The gasifier was heated up electrically with two separated heating zones for the fluidized bed
(790 °C) and the freeboard (600°C). 2 L of silica sand and 0.25 L of biomass char (from previous runs)
were used as bed material. After the gasification, sulfur and chlorine were removed by catalyst of ActiSorb
S2 and ActiSorb CI2 Clariant (Clariant, Swiss). There were still certain contents of hydrocarbon fuel such
as CH4, C; - Cs, and especially tars, so a Ni-based catalyst was used for reforming of hydrocarbon fuels at
800 °C. The stack was operated with syngas after tar reforming (clean-syngas) during the first 2 h, and
when a stable operating point was reached the tar cleaning was bypassed (tar-syngas). The composition of
fuel and tar content is presented in Table 3.1 and various molecule structures of tars are presented in Figure

3.4.
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Table 3.1: The composition of fuel and tar content

Composition After gasifier ~ Clean-syngas Tar-syngas
H, V-% db* 23.9 36.4 26.9
CO, v-% ab 11.3 11.5 14.1
Fuel CcO v-% db 8.7 9.5 7.3
CH4 V-% db 3.6 0.2 3.7
Co-Cs™ V-% db 1.5 0.0 1.5
N2 v-% av Bal. Bal. Bal.
H,O v-% 42.0 - -
HS PPMy 122 0.0 0.0
Benzene  g/Nm’g, 0.9 0 0.8
Toluene g/Nm’gy 0.6 0 0.5
Impurities Phenol 2/Nm’y, 0.9 0 0.5
m-Cresol  g/Nm’gp 0.6 0 0.2
Naphthalene  g/Nm’g, 0.2 0 0.2
Other tars ~ g/NmPay 1.8 0 1.3

* dry basis, ** not measured, average value in similar condition

CH,

OH

Benzene Toluene

OH

CH3

m-Cresol

Phenol Naphthalene

Figure 3.4 The molecular structure of various tar species

The stack was operated at 715 °C with a temperature measurement of each interconnect and cell frame.
Fuel gas and air were supplied from the bottom of the stack via an adapter plate as shown in Figure 3.2.
The test was carried out in galvanostatic operation mode with PLI1 2106 controller (Hocherl & Hackl GmbH,
Germany) at 0.5 (for 2 layer stack) and 0.25 (for 4 layer stack) A/cm?. Each cell voltage was measured and

recorded individually using a 4-channel data logger (Onset Hobo) and the stack voltage was recorded via
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two rods made of Inconel and two sense cables. The current rods were screwed to the bottom and the top
plate of the stack and the sense cables consist of platinum wires that were welded to the end plates and
interconnects and extended by silver wires to the respective measurement devices. The pressure drops of
fuel inlet and air outlet were measured by comparison with ambient pressure, and the pressure drop of the

entire stack was measured by comparing inlet and outlet pressures.

3.3. Characterization of precursor materials and cells after manufacturing

3.3.1. DTA-TG analysis

The reduction study of YSZ-GDC powder was performed by thermogravimetric measurements in a
NETZSCH STA 449 F3 Jupiter using Al>O3 crucibles. Buoyancy was then corrected through a reference
measurement with the empty crucible. For the oxidizing and reducing atmosphere, air and 2.9 % Hy/Ar
gases were supplied.

The DTA-TG analysis was applied to various Mo containing materials, and the thermal stability and

reaction temperatures of the NiMoOa, Ce1.xM0:Oa+5, and Cei.x,Mo0xGdyO»+5 composites were analyzed.

3.3.2. Electrolyte leakage test

The half-cell leakage test was performed with air and He. The test principle measures gas that passes
through the target by pressure change (air) or mass spectrometer (He). The values were then normalized by
measured area and a typical pressure difference of 100 hPa for an SOFC stack [110]. Also, the internally
determined maximum leakage rates are 8107 for air and 2x10™ hPasdm?ss™scm™ for He for cells in the

oxidized state.

3.3.3. X-ray diffraction (XRD)

X-ray diffraction measurements of raw material and synthesized samples were performed using a Bruker
D4 diffractometer to analyze the crystal structure and phase transformation. The samples were scanned by
Cu-Kao radiation with a step size 0f 0.02°. A subsequent Rietveld refinement method was applied to quantify

the phase content as needed.
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3.3.4. Conductivity measurement

The conductivity was measured by the four-point probe method, as shown in Figure 3.5, with Ag wire as
contacting material using a custom-built setup in a tube furnace. The specimens were prepared as ceramic
bars after sintering at 1400 °C for 5 hours. For the measurement, the specimens were first heated up to
870 °C, and the conductivity was measured every 50 °C from 850 °C down to 450 °C. Then, for the reduced
state conductivity measurement, the sintered specimens were pre-reduced at 900 °C for 5 hours in a 2.9 %
H»-Ar atmosphere. The conductivity was measured with the same procedure but in a reducing atmosphere

of 2.9 % Ha/Ar with a low oxygen partial pressure (Pp,:10"* to 10 atm).

v L v oA
=7=p3(Q), p=7+7(Qm)

-«—

o=2=1.L(s/m)
p V A

Figure 3.5: Schematic diagram of the four point-probe method

3.4. Post-test analysis of cells after poisoning test

3.4.1.  An introduction of post-test analysis of cells after test

The cell test rig and contacting material for the fuel side is shown in Figure 3.6. The housing material was
alumina and contains 20 gas channels. The current collecting contact material was Ni mesh with gold wire,
which was inserted in every other channel of the alumina housing. In this study, the cell would be presented
with always the same orientation as the support side up schematic diagram in Figure 3.6. There are three

different possible changes that can appear after the cell test, and they are marked in Figure 3.6.
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(1) Discoloration by fuel and impurities: The discoloration appeared near the fuel inlet after the
phenol test with a brighter color than the non-changed area. This area was used to analyze the
effect of impurities such as carbon deposition.

(2) Crack and re-oxidation: In many cases, cracks appeared after the cell test and re-oxidation by
air cross over. If the cell does not show any significant performance change in the cell test, the
cracks are assumed to be formed after the test while cooling down.

(3) Edge re-oxidation: Due to the small gap between cells with housing, the edge of the cell can be
re-oxidized. Since the airflow is in the opposite direction of the direction of the fuel, the re-

oxidation occurred near the fuel outlet.

Based on the three different possible changes, the cell was analyzed by various tools such as laser

microscope, SEM, XRD, and Raman spectroscopy.

Cathode side up

Upside-down

et Outlet
nle utle
© —0 ®

Figure 3.6: Photos of the alumina housing, contact material, and the schematic diagram of the cell after testing
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3.4.2. Scanning electron microscope (SEM)

The microstructures of the raw materials and cells were analyzed by scanning electron microscope (SEM)
using a Zeiss Gemini Ultra 55 electron microscope (Carl Zeiss NTS GmbH, Germany). The specimens
were prepared by two different ways depending on the purpose of the measurement: surface and fractured
cross-sectional images for morphology changes or detecting external particles after cell test, and polished

cross-sectional images for microstructural changes or quantification of porosity or specific phase fraction.

3.4.3. Raman spectra

An inVia Raman Microscope (Renishaw, UK) was used for collecting Raman spectra using a 532 nm laser,
a grating with 1800 lines/mm, and a CCD Detector. The Raman spectroscopy was applied after the cell test
with tar or sulfur-containing fuel to detect carbon deposition or sulfide phases, and the cell surface or
fractured cross-section was investigated by Raman point mapping with a step size of 2 pm. If necessary,

the live track function (autofocus software solution) was applied.

Data processing was performed with the Wire software (Wire 5.1) as follows: In a first step, the cosmic
rays were removed by the implemented process in the Wire Software. If necessary, spectra that saturated
the detector during measurement were set to zero via the zap-procedure. A statistical noise filtering was
also used to smooth the spectra. To obtain an average spectrum from the mappings of the anode, the
background was subtracted and the spectra were averaged. Then, the mapping of the carbon distribution of

the cross-sections was determined by using a statistical component analysis (Empty modeling, Wire 5.1).
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4. Degradation of standard cells with impurities containing syngas

In the following sections, single cell tests with the state-of-the-art Ni/YSZ anode, using synthetic syngas
with the controlled addition of single contaminants as fuel are presented and discussed. Finally, an SOFC
stack test using a JULICH F10-design 4 layer stack coupled to a gasifier producing syngas from wood
pellets is presented and discussed. The tests were performed at TUM, and the post-test characterization was

performed in JULICH.

4.1. Single cell test with impurities containing simulated syngas

4.1.1. The cell microstructure before test

Figure 4.1 shows polished, cross-sectional SEM images of the IIIb and CeramTec full cell structure before
testing. Although the manufacturing process and materials of the cells was nearly the same, the
microstructure is different due to the different pre-treatment of raw materials, different tape casting and
screen printing paste recipes and a difference in support thickness. The CeramTec cell (Figure 4.1a) shows
more homogeneous and finer particles in cathode, barrier, and anode layer than I1Ib cell (Figure 4.1b). In
addition, the particle size in the support of the IIIb cells is larger than in the CeramTec cell. The differences
in particle sizes are related to the thickness of the support: since the I1Ib support is thicker (~ 550 um) than
CeramTec support (~ 300 pm), larger size particles are used for IIIb support to form a higher amount of

large pores in order to avoid gas diffusion polarization in the support.

g

Figure 4.1: Cross-sectional SEM images of (a) CeramTec and (b) IIIb full cell structures in reduced state

XL F

-36-



4.1.2. Effect of phenol”

4.1.2.1. Cell test result (TU Munich)

The voltage-time plots of the tested cells characterized by post-test analysis are presented in Figure 4.2.
The cell test with pure syngas (Figure 4.2a: denoted as SYN test) shows about 3 %/1000 h voltage
degradation rate — the cell voltage drops from 0.813 V to 0.805 V during 250 h of operation. This
degradation rate was higher than previously reported test results with humidified hydrogen fuel. For
example, a 2 layer stack test with 20 % humidified hydrogen shows 0.9 %/1000 h, and a single cell test
with 3 % humidified hydrogen shows 0.9 ~ 1.5 %/1000 h of voltage degradation [32, 111]. More recently,
degradation rates below 0.3 %/1000 h have been achieved in stack operation at JULICH [112, 113].
Moreover, the voltage was also fluctuating during the whole test under syngas. The reasons for this high
degradation rate and instability are estimated to be due to an unstable test rig, and/or degradation of

electrical contact between electrodes and contacting materials, as well as degradation of the actual cell [114].

Figure 4.2b presents the result of cell operation on syngas, with 2 g/Nm® phenol introduced in multiple
cycles (denoted as 2PHEN test). It shows a high degradation rate of 13 %/1000 h during the first cycle of
phenol addition. However, when the phenol was removed after 50 hours, the cell voltage recovered and it
did not exhibit a higher degradation rate in further phenol cycles. Moreover, the average degradation rate
during 500 h of operation with 5 cycles of exposure to 2 g/Nm® of phenol (total exposure ~ 250 h) was
about 3 %/1000 h, which is similar to the SYN test with pure syngas.

In a further test, the phenol content was increased stepwise from 1 g/Nm® to 8 g/Nm?® (Figure 4.2¢: denoted
as 8PHEN test). The phenol content of 1 to 8 g/Nm?> corresponds to common tar concentrations in bio-
syngas. For example, total tar concentration ranges are 0.01 to 6 g/Nm’® with downdraft fixed bed gasifier
and 1.5 ~ 10 g/Nm® with fluidized bed gasifier [54]. The initial voltage was about 0.1 V lower than in the
previous two tests. The difference is due to different cell types: in the SYN test and 2PHEN test, CeramTec
cells were used whereas in this test, a I1Ib cell was utilized. As already mentioned in the experimental part,
the microstructure of the CeramTec cell was more homogeneous than IIIb cell. In particular, the IIIb cell
shows an inhomogeneous microstructure of the GDC barrier layer, so that more insulating SrZrO; phase
can be formed during manufacturing/sintering at the YSZ-GDC interface [34, 35]. This difference in

microstructure seems to be the reason for the difference in initial cell performance. In terms of the

* This part (4.1.2) has been published in the journal “International Journal of Hydrogen Energy” Volume 43, Issue 45,
8 November 2018
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degradation behavior, the SPHEN test shows a similar tendency as the 2PHEN test — about 3 %/1000 h
average voltage degradation with fluctuations. However, when a phenol concentration of 8 g/Nm® was
applied, a drastic degradation rate of 200 %/1000 h was observed. The voltage increases by 0.013 V at the
beginning of the phenol dosing cycle with 8 g/Nm?, followed by strong degradation. About 50 h after the
beginning of phenol addition, there is a strong voltage recovery, although not to the initial value that was
measured at the beginning of the exposure period with 8 g/Nm? phenol. The cell performance is not visibly
affected by 2 g/Nm?® during a relatively long time period of 250 h, but a strong, partly reversible degradation
was observed when phenol content increased to 8 g/Nm®. Thus, the cell performance seems more dependent

on tar content than on exposure time.

Syngas: 50 % H,0, 25 % H,, 10 % CO,, 10 % CO, 5 % CH,
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Figure 4.2: Voltage-time plot of syngas test (a: SYN), syngas + 2 g/Nm?® phenol cycling test (b: 2PHEN), and the test with

syngas + phenol with increasing concentration (c: SPHEN) cell test (at 700 °C, 0.34 A/cm?)

4.1.2.2. Structural changes after cell test

In order to analyze the effect of microstructural changes on the cell degradation, the tested cells were
investigated by SEM. Optical images and SEM micrographs recorded on the surface of the support of each
cell after testing are presented in Figure 4.3. The cell after SYN test (Figure 4.3b) shows cracks and re-
oxidized areas (green color). However, the cell performance does not contain indications of significant gas

leakage in the voltage-time plot (Figure 4.2a), so it is assumed that the cracks are formed during cooling
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down. The SEM images of the support surface at both the fuel inlet and outlet after SYN test (Figure 4.3a,
¢ respectively) show a typical Ni/YSZ cermet structure. On the other hand, the pictures of the cells after the
2PHEN and 8PHEN tests (Figure 4.3e, h respectively) show a discoloration of the support surface, which
proceeds from fuel inlet towards fuel outlet along the gas channels in the anode flow field. The surface
SEM images of the fuel inlet areas show drastic microstructural changes (Figure 4.3d, g for 2PHEN and
8PHEN, respectively) in contrast to the fuel outlet area (Figure 4.3f, i for 2PHEN and 8PHEN, respectively),
which is basically unchanged. The observed changes include the loss of connectivity between particles, as
well as seemingly coarsened particles and increased porosity. Carbon fibers are sometimes observed in the
inlet area after the 2PHEN test, as shown in the high magnification SEM image in Figure 4.3d, but no
carbon fibers could be found in the outlet area. A higher amount of carbon fibers is observed in the inlet
area of the cell after the 8PHEN test, and carbon fibers are also present in the outlet area (SEM micrographs
set into Figure 4.3g and i, respectively). The large particle size in the inlet area after the 8PHEN test seems
to be related with the different cell type (IIIb cell with coarser particles in support).

The pattern of discoloration consists of alternating, deep and shallow eroded trenches in the support for
both the cells subjected to 2PHEN and 8PHEN tests, as can be seen in the line scan with confocal laser
microscopy shown in Figure 4.3j. The deepest trenches have been eroded 150 pm into the support, which
is roughly 1/3 of the entire support thickness. The erosion pattern correlates to the presence of the gold
contacting wires that are inserted into every second flow channel — the flow channel with gold wires show
shallow erosion, while those without show deeper erosion. In addition, the erosion of the support proceeds
along the flow direction of the fuel gas (from inlet to outlet), and has progressed much further towards the
outlet in the channels without contacting wires. This indicates that the gas flow has an influence on the
erosion behavior, most likely because the flux density is higher in the flow channels without wires and
therefore more tar is transported along these channels. Furthermore, the fact that the erosion proceeds along
the channels and can also be observed in the entire area of the gas manifold (the area on the inlet side in
front of the flow field) indicates that the erosion is correlated with the gas composition, for example the tar
concentration in the fuel gas. A likely explanation is that the erosion is related with the cracking or

reformation of the tar molecules in the support; this will be discussed in more detail below.

To summarize the main findings shortly, although the 2PHEN test does not show remarkable performance
degradation like the 8PHEN test, both cells show strong support erosion. This result indicates that 2 g/Nm?®
of phenol does not change the electrochemical mechanism of the cell within the total phenol testing time of
250 h. However, it chemically reacts with Ni/YSZ support and changes its microstructure. We hypothesize

that if the test continued for longer times, the cell performance would also be affected with low phenol
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content of 2 g/Nm?, since the erosion of the support would eventually affect the anode performance if the

erosion front exceeds to the functional layer.

’

i 4 s
N, b R0

Fuel gas channel with gold wire I I—»Fuel gas channel

Less gas flow by alumina housing

Figure 4.3: Support surface photos and SEM images after SYN test (a-c), 2PHEN test (d-f), and 8PHEN test (g-i), and a
depth profile of the erosion pattern on the surface of the support after SPHEN test (j).
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Figure 4.4 shows polished cross-sections from the inlet area of each cell after the cell tests. From the SEM
images, it can easily be seen that the microstructure in the eroded areas (Figure 4.4b, c¢) after the PHEN
tests is completely changed, compared with the cell after the SYN test (Figure 4.4a). The cell after SPHEN
test (Figure 4.4c¢) also shows a larger particle size than the others. However, the original particle size of I1Ib
support was also larger than the CeramTec support (see Figure 4.1), thus the larger particle size likely
originates from the different raw powders of the support. The pore fraction was calculated from the
corresponding SEM images by quantification of pore (dark) area with image analysis software (Image J),
and the Ni content of each microstructure was calculated from EDX data Using Equation 4.1.

Ni content = L x 100 (at. %) Equation 4.1
[Ni] + [Zr] + [Y]
As a reference for the initial microstructure, cell pieces of IlIb and CeramTec cells are reduced in 2.9 %
Ha/Ar atmosphere and prepared as polished cross-sections. The porosity and the Ni content of the tested
cells, along with the data for the reference cells reduced in 2.9 % Hy/Ar, are presented in Table 4.1. The
reference cells and cell after SYN test show about 25 % porosity. Although CeramTec and IIIb cell show
different microstructure, the total volume fraction of porosity was comparable. However, the material
erosion in the fuel inlet area of the cells after the 2PHEN and 8PHEN tests increases the porosity to 59.7
and 58.5 %, respectively; the porosity has more than doubled. This high porosity value is well

corresponding with SEM image of Figure 4.4 with reliable standard deviation value.

The reference cells and the cell after SYN test show about 66 at-% of Ni content. On the other hand, after
the 2PHEN and 8PHEN tests, the Ni content was 53.8 and 53.6 at-% , respectively, which is more than
10 %-points lower than the Ni content of phenol free cells. This result indicates that Ni is preferentially
removed from the support in the presence of phenol. However, 10 %-points of Ni depletion are insufficient

to explain such a high increase in porosity, from which we deduce that YSZ is also lost during the erosion.
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Figure 4.4: Polished cross-section of the cell supports in the fuel inlet area after SYN test (a), 2PHEN test (b), and SPHEN

test (c)
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Table 4.1: Porosity and Ni content of 2.9 % Hy/Ar reduced reference cell and syngas tested cell

Cell type Test Porosity (%) Ni content (at-%)
CeramTec Ha/Ar reduced 26.7 (0.6)* 65.8 (1.5)**
JULICH IlTb Hy/Ar reduced 24.8 (1.0) 67.4 (1.6)
CeramTec SYN 25.1(0.1) 65.1 (1.6)
CeramTec 2PHEN 59.7 (0.7) 53.8(1.1)
JULICH IlIb 8PHEN 58.5(1.1) 53.6 (1.1)
* Standard deviation ** Error (%)

Figure 4.5 shows the X-ray diffraction pattern from the support inlet area and the dusty powder that was
collected from the alumina housing underneath the anode side after 2PHEN and 8PHEN tests. The XRD
result from the support at the fuel inlet shows Ni and YSZ patterns without any detectable secondary phases.
Since the XRD patterns of cubic and tetragonal YSZ are indistinguishable in the present conditions (small

particle size, low angular resolution of the detector), both cubic and tetragonal phase are denoted with Y.

From the literature, it is known that 3YSZ has a tetragonal (CeramTec cell, 2PHEN) and 8YSZ a cubic
unit cell (I1Ib cell, 8PHEN) [115]. In the case of 2PHEN test, a monoclinic YSZ phase was detected as well
due to the phase instability of 3YSZ [115, 116]. The XRD results from the collected powder show also both
Ni and YSZ phases, which proves the erosion of not only Ni but also YSZ. Monoclinic zirconia is detected
from the dusty powder eroded from the CeramTec cell as well. It has been reported than Ni and Ni-based
alloys show metal dusting or Ni depletion in the SOFC anode [11, 67-69, 75], but YSZ is known as a
relatively stable material. The YSZ bulk or grain boundary reactivity to carbon and the relation between Ni
depletion and YSZ depletion is unclear. Therefore, further study is necessary to explain the YSZ erosion

mechanism.
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Figure 4.5: XRD results of the support in the area of the fuel inlet and the powder collected from the alumina housing

after PHEN test

4.1.2.3. Raman spectroscopy of cells after test

Raman spectroscopy was used to detect carbon deposition on the anode and support material surface.
Figure 4.6 shows Raman spectra collected on the surface of the support in the inlet and outlet positions,
which is the same position as marked in Figure 4.3. Although the total operation time of SYN test was 250
h, which is half of total phenol test time of 500 h, it was in principle long enough for carbon deposition to
occur. However, carbon peaks were not detected from either the inlet or outlet areas of the cell after SYN
test, indicating that the steam-to-carbon ratio is high enough to prevent carbon formation in syngas. On the
other hand, the peaks of disordered (D) and graphitic (G) carbon were detected at the Raman shift of 1350
and 1580 cm™, respectively, from the cell inlet area after 2PHEN and 8PHEN test. The SPHEN test shows
a higher carbon peak intensity and larger area of carbon deposition compared to the 2PHEN test. Carbon
peaks are also detected in the outlet area after the SPHEN test. We conclude that phenol is the cause of
carbon deposition on the materials surface. These findings agree nicely with the microstructural changes

and detection of carbon fibers by SEM shown in Figure 4.3, which also occurred only for the PHEN tests.
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Figure 4.6: Raman spectra of cell support inlet (solid line) and outlet (dotted line) area after SYN test, 2PHEN test, and
S8PHEN tests

To examine the carbon deposition throughout the support, fractured cross-sections were investigated by
Raman spectroscopy. Since the Raman results of the support surface after the SYN tests did not show any
carbon peak, the measurement was carried out only for the 2PHEN and 8PHEN samples. The results with
a schematic diagram of the measured areas are presented in Figure 4.7. The thickness of the remaining
support was 160 um and 220 um for the samples after 2PHEN and 8PHEN test, respectively. The
distributions of detected carbon are indicated by a red color scale in the area from electrolyte to support.
Brighter red means higher spectral intensity in the spectral range corresponding to the carbon signal. The
cell after 2PHEN test shows carbon deposition in a limited area close to the support surface only (Figure
4.7a). In contrast, the cell after SPHEN test shows carbon deposition throughout the entire support, while
the amount of detected carbon clearly decreases from the support surface towards the anode layer (Figure
4.7b). Exemplary Raman spectra for spots 1 and 2 are provided in Figure 4.7. The fractured cross-sections
were also investigated by SEM from near surface to near anode layer. The SEM images of fractured cross-
sections of cells after 2PHEN and 8PHEN tests are shown in Figure 4.7a and b, respectively, with carbon
fibers clearly visible. The cell after 2PHEN test shows only a few carbon fibers in a limited area near the
support surface, whereas the cell after 8PHEN test shows numerous fibers up to a distance of roughly 100
um from the support surface. However, SEM can only provide limited information that is restricted to the
areas under investigation, whereas the Raman results are collected across the entire cell cross-section. We
therefore assume the Raman results to be more reliable in this regard. Furthermore, it is possible that another

species of carbon deposit exists in addition to the fibers, which may not be imaged well with SEM. For
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example, the carbon fibers growing from the catalyst surface are related to carbon nanotubes (which are
commonly grown from methane using a transition metal catalyst, e.g. Fe), which are chemically similar to
graphene (sp’-hybridized carbon species). Since graphite consists of layered graphene sheets, we can
assume that the G-line in the Raman spectra corresponds mostly to the carbon fibers, while the D-line may

indicate a disordered or amorphous carbon species that is not easily detected by SEM.
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Figure 4.7: Carbon deposition analysis of fractured cell cross-section after 2PHEN and 8PHEN test; carbon distribution

mapping by Raman with example spectra and carbon fibers observation by SEM

4.1.3. Effect of naphthalene
4.1.3.1. Test result (TU Munich)

Figure 4.8 shows the result of a cell test using syngas with naphthalene using a CeramTec cell with the
same operating conditions as the previous test. The test was started with syngas, and 0.5 g/Nm’® of
naphthalene was added in two cycles alternating with syngas (NAPH test). The initial voltage was about
0.82 V at 700 °C with a 0.34 A/cm’ current density, and there was no significant voltage degradation during
65 h, which is a similar trend for the test with pure syngas (SYN test). In the first naphthalene cycle, the
voltage significantly drops immediately after the introduction of naphthalene opposite to the tests with
phenol, showing relatively stable performance during a few hundred hours with phenol even with a higher
content of 2 g/Nm’. The voltage degradation rate was about 375 %/1000 h during 80 h, and the voltage
stabilized at about 0.680 V. Although the voltage was recovered during the syngas operation after the first

naphthalene cycle, the voltage was about 0.04 V lower than the initial performance after 180 h. In the
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second naphthalene cycle, the degradation rate was higher than the first cycle (about 780 %/1000 h).
However, the voltage stabilized in a shorter time than in the first cycle, and the voltage reached a steady

state similar to the value in the first cycle.
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Figure 4.8: Voltage-time plot of syngas + naphthalene test (NAPH) at 700 °C, 0.34 A/cm?

4.1.3.2. Microstructural and phase analysis

Figure 4.9 shows a picture of the cell and fractured cross-sectional SEM images after the NAPH test.
Several cracks and discoloration were observed from the support side cell picture (Figure 4.9a) by the re-
oxidation of Ni to NiO. However, similar to SYN test, the cell performance did not show any indication of
gas leakage that caused the cell to break (Figure 4.8), so it is assumed that the cracks again formed during
cool down after the cell test. There was no macro-scale structural change on the support unlike the support
after phenol test; thus, the inner cell structure was investigated by SEM. Figure 4.9b shows the fractured
cross-sectional SEM image of the outlet area, and the figure shows two different particle morphologies in
the structure: particles with relatively flat surfaces and sponge-like surfaces. The particles with sponge-like
surfaces seem to be re-oxidized NiO according to the similar observations in the literature [117, 118].
Furthermore, the XRD result of the support outlet area shows the NiO phase, as shown in Figure 4.10,
corresponding to previous estimations. The Ni metal phase was also presented in the result, which was
estimated as the remaining Ni at the core of NiO. The result shows the YSZ phase transformation as well
the transformation from the tetragonal structure to the monoclinic structure due to the instability of 3YSZ
which was already described in section 4.1.2.3. In the case of the fuel inlet area, the fractured cross-sectional
SEM images of the anode (Figure 4.9c) and the support (Figure 4.9d) show the typical Ni/YSZ cermet
structure since it was not re-oxidized due to the H»/N> gas flow from the fuel inlet during cool down.

Additionally, numerous nano-scaled particles were observed on the support and anode layers. These
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particles are also estimated as carbon species, but the size and the shape of the carbon structure were
different from carbon fibers or filaments that formed after the PHEN test. One of the reasons for different
types of carbon formation can be the test time. The cell operation time with naphthalene (~ 130 h) was
shorter than the time with phenol (~ 250), so there was not enough time to grow fibers or filament structures.

Otherwise, the tar reforming and carbon deposition mechanism can differ between phenol and naphthalene.

Figure 4.9: Cell photo (a) and fractured cross-sectional SEM images of outlet support (b), inlet electrolyte and anode (c),
and inlet support (d) after the NAPH test
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Figure 4.10: XRD result of the Ni/YSZ support surface in the outlet area after the NAPH test
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4.1.3.3. Raman spectroscopy of cells after the NAPH test

Figure 4.11 shows the Raman spectroscopy result of the inlet area of the support surface the after NAPH
test. The Raman result shows the spectral pattern of the D band at 1350 cm™, the G band at 1580 cm™ and
the D’ band at 1620 cm™’. As already described in section 4.1.2.4, the D bands are due to disordered carbon
species, such as amorphous carbon, and the G band is due to graphene or a layered graphene structure
(graphite, carbon nanotube, and carbon fiber) [119]. The result shows D’ band more clearly than the PHEN
test result in Figure 4.6. The D’ band is also induced by disordered carbon nano-crystalline graphite [120].
The Raman result shows the carbon clearly in the support with ordered and disordered structure, and the

small particles in SEM images are estimated as being one of the carbon species.
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Figure 4.11: Raman spectra of the cell support inlet surface after the NAPH test

4.1.4. Effect of H,S
4.1.4.1. Cell test result

Figure 4.12 shows the test result of the CeramTec cell with syngas and 5 ppm of HS as a sulfur poisoning
substance (HaS test). The initial cell voltage was about 0.81 V at 700 °C with 0.34 A/cm?, and the cell
shows steady operation with syngas for about 50 h, which is similar to the SYN test result. When 5 ppm of
HaS was applied, the voltage dropped instantaneously, and it shows a voltage drop of about 0.15 V in 4 h.
The voltage decreased without changes in the degradation rate; therefore, the H>S supply was stopped after

4 h to test its recovery behavior. Then, the voltage was increased with syngas operation without H»S, but
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the voltage reached only about 0.75 V after 50 h. The cell voltage was further increased by the supply of
dry hydrogen, but it was saturated again at about 0.77 V. Several studies have reported that surface
chemisorption of sulfur on the Ni occurs at low content of sulfur, causing significant degradation in a short-
term period by reducing the catalytically active area [15, 121, 122]. The cell test result shows the typical

sulfur poisoning behavior of a fast and sensitive response to sulfur.
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Figure 4.12: Voltage-time plot of syngas + H;S test at 700 °C, 0.34 A/cm?

4.1.4.2. Microstructural and phase analysis

As shown in Figure 4.13 a), the cell picture shows cracks and re-oxidation that is estimated to occur while
the cell cools down, which is similar to the NAPH test in Section 4.1.3.2. The cell support near the outlet
area also shows the re-oxidized NiO and YSZ structure, as shown in Figure 4.13b. In the case of the inlet
area, the cell anode and support show particles similar to the support after the NAPH test, but the number
of particles was much less. The XRD measurement was performed to analyze the phase changes of the
support such as the NixSy formation. Figure 4.14 shows the XRD result of the inlet and outlet support
surfaces, and the XRD result of the support after the SYN test was presented together as a comparable
reference. There was no considerable difference between the inlet results after the SYN and H»S tests,
indicating no phase transformation. The result of outlet support also shows the NiO peak with a higher
intensity than Ni. Thus, the cracks are formed at relatively high temperature, causing strong re-oxidation
kinetics. In both the support inlet and outlet XRD results, the sulfur-related phase was not detected such as
NisSs, NizSs, and NiS. Consequently, either there is no sulfide formation or the sulfide phase concentration

is below the detecting limit of XRD.
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Figure 4.13: Cell photo (a) and fractured cross-sectional SEM images of the outlet support (b), inlet electrolyte and anode
(¢), and inlet support (d) after the H,S test
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Figure 4.14: XRD result of the Ni/YSZ support surface from fuel inlet and the outlet area after NAPH test and referent
result of the support after the SYN test
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4.1.4.3. Raman spectroscopy of cells after the H»S test

Raman spectroscopy was used to detect surface Ni.Sy formation, which was not observed in XRD
measurement, since the Raman is more surface sensitive. Figure 4.15a shows the result of support surface
Raman spectroscopy after the H»S test, and the reference Raman result of zirconia material with different
crystallographic structures are presented together in Figure 4.15b-d. The Raman shift for both zirconia
phase and Ni,S, phases are detected in the range of 100-1000 cm'; therefore, the zirconia peak was
identified first by comparing with the reference result. Through the comparison with a reference sample,
the YSZ spectra in the support (Figure 4.15a) were identified as a mixture of all the tetragonal and
monoclinic phases that are already shown in XRD results in Figure 4.14. Actually, the existence of the
cubic phase is ambiguous due to peak overlap with the tetragonal phase. However, the support material was
3YSZ, which is partially stabilized zirconia and has tetragonal structure [123-125]. Except for the zirconia
peaks, there was no identical result for any kinds of Ni.Sy phases compared to the previously reported result

[16, 126, 127]. Additionally, there was no carbon deposition found in the range of 1300-1700 cm™.
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Figure 4.15: Raman spectra of the Ni/YSZ support after the H,S test (a), and the reference zirconia spectra of ZrO; (b),

3YSZ (c), and 8YSZ (d)
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4.2. Stack test with real bio-syngas*

4.2.1. Stack performance (TU Munich)

The stack test results are presented in Figure 4.16, showing voltage, current and the pressure drop across
the stack as a function of time. The test was started with clean-syngas (bio-syngas with removed tar, sulfur,
and chlorine). The open-circuit voltage (OCV) was almost identical for all four cells (0.97 V) which is a
lowered value by diluting of fuel with N>, CO- and a higher steam fraction compared to the OCV value of
1.05 V under 20 % humidified hydrogen at 700 °C. During operation at a current density of 0.25 A/cm?,
cell 1 shows a lower voltage (0.75 V) than the other three cells (0.84 V) during the test. This is a well-
known feature of the JULICH stacks [128], but the reason is not fully understood yet. One possible reason
is the cell 1 is located at the bottom position in the stack where the temperature is always lower than for the
other layers shown in Figure 3.2. The lower temperature reduces the ionic conductivity of the electrolyte
and increases the activation polarization of the electrodes. The performance of all cells was stable with
clean-syngas for an operation time of 2 hours. After the test with clean-syngas, a mixture of H»/N, was
applied at the anode side for one hour under OCV and an I-V curve was recorded for electrochemical
characterization. The syngas with tars (with removed sulfur and chlorine, but tar reformer bypassed; called
tar-syngas from here on) was then applied to the stack. Before the test, the tar species were identified
through the solid phase adsorption (SPA) method [109] as total content of 3.5 g/Nm® including benzene,
toluene, phenol, naphthalene, m-cresol, and minor traces of undefined tars as shown in Table 3.1. During
the tar-syngas test, cell 1 shows again lower initial voltage than the others, in the same manner as in clean-
syngas test, but the voltages of cells were similar as the voltage during clean-syngas test. Although the test
does not shows significant power loss or cell failure, the test was terminated after 5 hours on real syngas
since an increase of the pressure drop across the stack triggered an overpressure-safety valve in the gas

supply line to open.

As an attempt to clarify the effect of tar on stack, another stack was operated under clean-syngas with
relatively longer time period of 15 h. Figure 4.17 shows the test result of 2 layer stack with 2 cycles of
operation. The test result shows a stable voltage (about 0.7 V for cell 1 and 0.72 V for cell 2) and stack

pressure over the whole test period at a current density of 0.5 A/cm?.

The I-V characterizations of individual cells in stacks were performed before, during, and after stack test.

In the case of the stack test with tar-containing syngas (Figure 4.18a), cell 1 shows much higher

* This part (4.2) has been published in the journal “Journal of The Electrochemical Society” Volume 166, Issue 2,
30 January 2019
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performance degradation than the other cells: about 2.5 % lower power output at 0.25 A/cm” under dry
hydrogen atmosphere compare to the power output before test with same condition, while the other cells
show about 1 % lower power. The performance loss was not high, but it is a considerable value in the short
operation time of only about 5 h. On the other hands, after only clean-syngas operation (Figure 4.18b), cell

1 shows slight lower performance, but cell 2 shows almost identical I-V curves after 15 h operation.
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Figure 4.16: Stack test result with cleaned syngas (tar, sulfur, and chlorine removed) and tar-syngas (sulfur and chlorine

removed) at 715 °C, 0.25 A/cm? Note: the voltage curves of cell 2 to 4 (yellow, green, and blue) overlap completely
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Figure 4.17: Stack test result with clean-syngas at 715 °C, 0.5 A/cm?
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Figure 4.18: I-V characterization before, intermediate, and after stack test with clean- and tar-syngas (a, correspond to

Figure 4.16) and clean-syngas (b, correspond to Figure 4.17)

4.2.2. Post-test analysis: optical investigations

After stack operation, the stack was opened at ZEA-1 in JULICH and a post-test analysis was performed.
Figure 4.19 shows optical photographs of cells with frames and interconnects after test and disassembly
according to [129]. In Figure 4.19a, the entire cell No. 1 with gas manifolds, the whole frame, and from the
other three layers only the fuel-in manifold areas are presented. All four cells show heavy carbon deposition
on the support surface near the fuel inlet (black). Since carbon deposition was not observed after stack
operation using clean-syngas as shown in Figure 4.19b, the tar is estimated as the cause of carbon deposition.
This carbon deposition was more pronounced at the edge of the cells. Another visible change of the cell is
a discoloration on the support surface downstream from the area where carbon was deposited (more light
grey). The image of cell 1 appears slightly different since all carbon powder was removed for chemical
analysis. Figure 4.19c shows the photo of an interconnect in the stack with a Ni mesh current collector.
Similar to the cells, carbon deposition is also observed on the Ni mesh near the area of the fuel inlet. It is
obvious that only Ni plays the role of catalyst for carbon formation since there was no carbon deposited on
the stainless steel interconnect surface. Carbon deposition in the Ni meshes was found in each layer. Figure
4.19d shows a cross-sectional optical microscope image of the mesh structure. The image shows a clear
boundary between carbon (darker area) and polymer resin (brighter area) which was used for sample
preparation. The carbon deposition shows thick and dense structure which seems to be enough to hinder
the fuel gas flow and cause the pressure drop of the stack. On the other hand, there was no carbon deposition

on the Ni mesh after clean-syngas test (Figure 4.19¢). Additionally, both, cell frame and interconnect show
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discoloration near the fuel inlet area. It is estimated to be a Cr- and Mn-oxide scale, which appears after
test with not only hydrocarbon fuel but also pure hydrogen. Therefore, this discoloration seems to be not a

result of tar addition in the fuel, but the oxidation behavior of the interconnect material itself.

[E] I?terconnectqr

Polymer

Figure 4.19: The photo of cells with frame after tar-syngas test (a), clean-syngas test (b); the photo of interconnects after

tar-syngas test (c), and clean-syngas test (e); the cross-sectional optical microscope image of contacting Ni mesh (d)

4.2.3. Carbon deposition and microstructural changes

From the cell photographs, the cell support surface shows two visible changes: carbon deposition and
discoloration. For the microstructural analysis, SEM is used at three different areas: optically unchanged
area (1), discolored area (2), and the area with accumulated carbon (3), which are indicated in Figure 4.19.
SEM images of these areas are presented in Figure 4.20 with different magnifications. The image of the
unchanged area (Figure 4.20a) shows a typical Ni/YSZ anode surface morphology. On the other hand, the
SEM image of the discolored area (Figure 4.20b) shows structural changes that include the loss of

connectivity between particles, as well as seemingly coarsened particle sizes. A similar result of structural
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changes and discoloration of the anode support was reported in a previous study about single cell tests with
phenol in simulated syngas [72, 114]. The SEM image of the area with strong carbon deposition (Figure
4.20c) shows a complete surface coverage by carbon fibers. Several studies reported similar results of
carbon-fiber formation in the anode or anode support after dry hydrocarbon fuel tests [11, 130, 131], but it
is unusual in steam reforming tests with light hydrocarbons, especially with such heavy surface deposition.
As shown in the high magnification images of the carbon fibers, Ni particles were also observed at the tip
of carbon fibers. This type of carbon growth has been reported in studies of methane reforming with a Ni

catalyst [132-134]. The Ni particle sizes at the tip of the fibers are significantly smaller than the initial ones.

Figure 4.20: Surface SEM images of anode support with low (upper images) and high (below images) magnification from

different positions, the figure labels (a), (b), and (c) are correspond with the area of 1, 2, and 3 in Figure 4.19

Figure 4.21 shows polished cross-sectional SEM images of the anode support and their EDX element
mapping images for Ni and Zr (representing YSZ). The image of the unchanged area in Figure 4.21a (area
1 in Figure 4.19) shows a porous Ni/YSZ microstructure with strong connectivity between particles. The
EDX mapping images show a relatively homogeneous distribution of both Ni and YSZ particles. The
discolored area in Figure 4.21b (area 2 in Figure 4.19) shows a different microstructure compared with the
unchanged image in Figure 4.21a. It shows less connectivity between particles, with a larger amount of
pores (dark area). The discoloration can be explained by a change in the optical reflectivity through a
roughening of the surface. Structural changes are mainly caused by a coarsening of the Ni particles as
shown in Figure 4.21b, while there was no considerable change in the YSZ microstructure. The
microstructure in the area showing heavy carbon deposition (area 3 in Figure 4.19) is presented in Figure

4.21c. In the cross-section, carbon deposition on the material surface is not visible since a carbon-based
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polymer resin was used for sample embedding, which is almost indistinguishable from the carbon deposited
during the stack test. However, the thickness of the carbon deposition layer is estimated to be about 40 to
50 um by the distribution of Ni and YSZ particles which are detached from the support. These detached
particles in the carbon deposition layer indicate that the carbon has not simply accumulated on the support
surface, but is caused by interaction with Niand/or YSZ. The EDX mapping images show a smaller quantity
of Ni than YSZ and reduced size of Ni particles compared to the unchanged image (corresponding with Ni
particles at the tip of carbon fibers in Figure 4.20c). It seems then, that Ni acts as catalyst for carbon fiber
growth and the particle size was reduced by metal dusting behavior [67-69]. While YSZ particles were
physically pushed away from the support by carbon fiber growth, the YSZ particles do not show apparent

changes of size or shape.

Figure 4.21: Polished cross sectional SEM images and EDX element mapping results of the cell supports, the figure labels

(a), (b), and (c¢) are correspond with the area of 1, 2, and 3 in Figure 4.19

Figure 4.22 shows SEM images of the contacting Ni mesh between cell anode supports and interconnect.
The clean Ni mesh images of Figure 4.22a were taken from area 4 in Figure 4.19 as a reference. It shows
smooth surface without any secondary phase or dirt particles. In the case of the carbon covered Ni mesh
(Figure 4.22b), loose carbon was removed by compressed air before SEM observation because the carbon
structure was too thick to allow observation of the Ni mesh surface. The surface image shows carbon
deposition and blister formation on the Ni mesh surface and the high magnification image shows
distribution of tiny Ni particles, indicative of metal dusting behavior [67-69] similar as observed in the
anode support. These changes are significant considering the short-term test period of 5 h. Figure 4.22¢
shows a cross-sectional image of single wire of the contacting Ni mesh. The image shows the delamination
of the outer part of the wire as a layer which corresponds to the blisters in Figure 4.22b. The high
magnification Ni EDX mapping image of single wire shows not only layered delamination but also small

Ni particle detachment from wire surface.

-57-



Figure 4.22: SEM images of contacting Ni mesh on the interconnect with low (upper images) and high (bottom images)
magnification, the clean Ni mess image of (a) was achieved from the area 4 and carbon covered mesh images of (b) and (c)

were achieved from area 5 in Figure 4.19

4.2.4. Raman spectroscopy of the cell

Raman micro-spectroscopy was applied to a fractured cell to examine the carbon deposition throughout
the support and anode layers. A small piece of sample was taken from an area of Cell 2 where heavy carbon
deposition had occured for the measurement as a representative sample. Figure 4.23a shows a mapping of
the carbon distribution in the fractured cross-section of the cell, taken through a mesh of Raman point
measurements. Carbon deposition is denoted as red color, and the brightness corresponds to the spectral
intensity of the carbon signal. The result shows a high intensity of carbon deposition at the surface of the
anode support and a considerable depth into the support covered with carbon, up to about 100 pm deep
inside of support. There are a few points of carbon signal in the area near the anode, but not in the anode
layer itself. Figure 4.23b shows SEM images of the fractured cross—section of the cell, taken from the anode
layer and near the surface of the support. The anode layer shows the typical anode microstructure with clean
particles, but the support shows small contaminations and fibers, which cannot be observed in the support
after a test with pure H,. However, there was no specific structure related to carbon which can be found by
SEM, despite the strong carbon signal obtained by Raman from the same area. It seems that the operation
time was too short to form a visible carbon structure, and carbon is only deposited on the particle surface
in a thin layer. Figure 4.23c shows Raman spectroscopy result of carbon powder which was achieved from
the surface of anode support and Ni mesh. The Raman result shows spectra pattern of the D band at 1350
cm’, G band at 1580 cm’™!, D’ band at 1620 cm’™, 2D band at 2700 cm™’, and D+G band at 2940 cm™'. The

D and D’ bands are induced by disordered carbon species such as amorphous carbon (D band) and nano-
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crystalline graphite (D’ band), the G band on the other hand is induced by graphene or layered graphene
structure (graphite, carbon nanotube, and carbon fiber) [119]. The 2D band is an overtone of the D band
and D+G band is a combination of D and G bands. The Raman result indicates that the carbon grows as
both ordered and disordered structure during the operation. The ordered carbon was already shown in Figure
4.20c as carbon fibers, while the disordered carbon species cannot easily be detected by SEM. It is clearly
shown in the Figure 4.23c that the carbon powder from Ni mesh has more disordered structure than carbon
on the support. It seems that the Ni particle size governs the carbon growth: the small Ni particles are more
suitable for one directional (ordered) carbon growth like tubes and fibers, and bulk Ni wires are more suited

to the growth of disordered carbon.

Table 4.2: Chemical analysis result of support material after reduction, clean-syngas test, and tar syngas test

Carbon (wt.%) Sulfur (wt.%) Chlorine (wt.%)
Reduced at 900 °C, in Ar/H, 0.0076 <0.0033 0.00077
After clean-syngas test 0.0175 <0.0134 0.00067
After tar-syngas test 0.0322 <0.0133 0.00037

S: support, A: anode, E: electrolyte
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Figure 4.23: Carbon distribution mapping result of fractured cell cross-section by Raman spectroscopy (a), SEM images

of fractured cell cross-section (b), and Raman shift result of carbon from cell surface and contacting Ni mesh (c)
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4.3. Discussion of Ni/YSZ anode cell degradation

When tar is added to a steam-rich atmosphere like the syngas composition with 50 % steam used in this
experiment, the tar undergoes steam reforming. The tar steam-reforming reaction is reported as Equation

4.2.[135-137]:

CxHyOZ + (x — z)H,0 - xCO + (X + % - Z) H, Equation 4.2

The carbon monoxide resulting from this reaction and methane (which constitutes 5 % of the base syngas)

are reformed by following catalyzed reactions (Equation 4.3-4.5) [137-139]:

CH4 + H,0 — CO + 3H, (CH4 steam reforming) Equation 4.3
CH4 + CO, — 2CO + 2H, (CH4 dry reforming) Equation 4.4
CO + H,0 — CO, + H, (water gas shift [WGS] reaction) Equation 4.5

This series of reforming reactions requires enough steam, high temperature, and active catalyst material.
Otherwise, CH4 and CO are forming solid carbon by Boudouard reaction (Equation 4.6) and methane

decomposition (Equation 4.7) as below.

2C0 - C + CO, (Boudouard reaction) Equation 4.6

CH, = C+ 2H, (CH4 decomposition) Equation 4.7

From the C-H-O phase diagram (Figure 4.24), the base syngas composition is C: 9.1 %, H: 61.8 % and O:
29.1 %, which falls into a region where no carbon deposition should occur at 700 °C (in agreement with
the SYN test). When the tar is added, the composition changed toward the region of the phase diagram
where solid carbon is thermodynamically stable, but the total compositional changes are not significant
with 8 g/Nm® phenol or 0.5 g/Nm?® (which is only about ~ 0.1 % of the total fuel). However, the local
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composition changes right after phenol reforming can be significant in short term period. Moreover, the tar
reforming reaction is endothermic (phenol: AHsosx = +1834.7 kJ/mol, naphthalene: AHsosx = +1,177.8
kJ/mol) [140] and can cause local cooling, and thus facilitate carbon deposition according to Figure 4.24.
As a result, solid carbon is deposited by the reactions of Equation 4.6 and Equation 4.7 on the Ni surface
and reduces the density of active sites at the TPB, which is the electrochemically active area [11-14, 64,

141]. This carbon deposition behavior could be directly related with the cell degradation.
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Figure 4.24: C-H-O phase diagram related to carbon deposition at the different temperatures, red dots indicate the

composition of syngas in this study and phenol [142]

In the case of PHEN test, material erosion and carbon deposition is also observed without evident cell
degradation. Especially the support was affected by phenol very aggressively. The fact that the erosion
spreads from the fuel inlet across the cell gives rise to the assumption that the erosion is caused by a reaction
involving a gas-phase reactant (in this case phenol) and the support material. The cell tests with phenol

yield the following observations:
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i) Erosion starts at the fuel inlet and spreads from there across the gas manifold in front of the
flow field.

i) The pronounced trenches eroded into the support imply that erosion is facilitated by an ample
gas supply (flow channels without current collector wires), whereas low gas flow (flow
channels with current collector wires, or the area between the Ni mesh and the Al,O3 housing)
show significantly less erosion.

ii) Furthermore, the eroded trenches do not cover the entire support despite the long operation
time. This implies that the erosion is not limited by the gas flow velocity, since a much larger
volume of gas flowed through the manifold during the 250 h of operation with phenol.

iv) Carbon deposits can be found in locations between the contact points of the Ni mesh current
collector across both heavily and slightly eroded areas, as we showed in [114].

V) Carbon formation was only detected close to the support surface for low amounts of phenol,

whereas it was detected close to the anode as well for higher amounts of phenol.

These observations lead us to hypothesize that the erosion is caused by the decomposition of phenol,
presumably via a chemical reaction catalyzed by the Ni in the support. This decomposition reaction is fast,
which means that the reaction is localized at the inlet initially and the fuel is phenol-free (or that the activity
of phenol is below a critical threshold value) outside of a localized reaction zone. The erosion of the cell
causes a loss of catalytically active sites in the support, which slows down the phenol decomposition in the
eroded support area and therefore allows the reaction zone to spread slowly across the gas manifold and
finally into the flow field. Simultaneously, higher phenol concentrations cause carbon deposition closer to
the anode, indicating that the support acts as a buffer to shield the anode from degradation in this case. Once
the buffer is depleted (the degradation of the support sufficiently progressed), we would expect to see

massive electrochemical degradation as well.

On the other hand, the NAPH test shows high voltage degradation immediately after 0.5 g/Nm’ of
naphthalene supply in to the syngas. There was no support erosion or visible change of the structure unlike
PHEN test. Phenol has a hydroxy group (—OH) which causes a dipole moment in a molecule, but
naphthalene has no heteroatoms like oxygen and the symmetric structure (see Figure 3.4). This different
polarity of tar derives different reforming reactivity. There is a report about much slower conversion rate
of naphthalene than phenol in catalytic reforming test with oxygen [143]. The slow reforming of
naphthalene makes it possible to reach the anode layer before reforming. Therefore, the electrochemical
reactions can be interrupted by naphthalene chemisorption on the surface of Ni in anode layer. It is also
evident from the cell tests that a large part of the strong electrochemical degradation observed for

naphthalene is reversible, but the recovery is much slower than the degradation. This may be interpreted as
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evidence that the adsorption of heavy tars on the active Ni surface (resulting in electrochemical degradation
due to blocked active sites) is much faster than the tar reforming reaction or tar desorption under the
investigated conditions. This hypothesis corresponds well to a report of Rostrup-Nielsen, stating that
irreversible adsorption on to the Ni surface and slow reforming reactions occur for higher hydrocarbons,

which is also accompanied by thermal cracking at temperature above 600-650 °C [144].

From the individual tar test of phenol and naphthalene, different cell degradation behaviors were observed
with different tars. The stack test with real bio-syngas (including multiple tars) shows the support erosion
and cell performance degradation which is observed in the phenol and naphthalene test. Additionally, heavy
carbon deposition was found on the support surface and Ni mesh current collector. It is unclear what the
reason for heavy carbon deposition is, which is not present in single cell tests with a single tar species. The
possible reasons could be a complex reaction of tars, or an effect of one specific tar which is not tested in
this study. Hopefully, future investigation could reveal the detailed mechanism of carbon deposition and

microstructural changes of cell more clearly.
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5. Cell with alternative anodes

5.1. Ni/GDC anode cell

The cell with Ni/GDC anode was chosen as the first alternative anode instead of the current standard
Ni/YSZ anode. In the following sections, the manufacturing process, single cell test result, and degradation
test using syngas of the Ni/GDC anode cell with contaminant are presented, and the result is discussed by

comparing with the Ni/YSZ anode cell test result.

5.1.1. Ni/GDC anode cell development

5.1.1.1. Anode layer composition and thickness optimization

The cell with Ni/GDC anode was manufactured by the same process of the standard Ni/YSZ anode except
Ni/GDC anode paste is used instead of Ni/YSZ anode paste. Figure 5.1 shows the cross-sectional SEM
images of Ni/GDC anode half-cells with different numbers of screen printing steps: (a) single layer, (b)
double layer, and (c) triple layer. The anode layer was screen-printed on the Ni/8YSZ support, and the
8YSZ electrolyte was applied on the anode. The ideal anode thickness is related to a distance of oxygen
ions diffusion from electrolyte and fuel transport through the support and anode structure. If the anode is
too thin, the oxygen ions will be conducted to the support structure with a less active area for catalytic
reactions, thus the cell performance is not optimized. In contrast, if the anode is too thick, a concentration
polarization of fuel is caused due to a lower porosity of the anode structure than in the support. Based on
the described criteria, the JULICH ASC anode thickness was optimized at about 7 pm for Ni-YSZ operating
at 700°C [145]. In Figure 5.1, a single layer has a thickness of about 5 um and a triple layer has a thickness
of about 20 um, which both thicknesses are unsuitable in this cell design. Therefore, the double-layer anode,
which has a thickness of approximately 10 pm, was used when manufacturing the Ni/GDC anode cell. The
anode composition was 60 wt% for NiO and 40 wt% GDC, respectively, which was the highest performance
in a previous study among the different weight ratios of 40, 50, 60, 65, and 80 % [146]. In Figure 5.1b, the
GDC phase is denoted as a red color by image processing at the right-hand side of the anode layer. The
image shows rather poor connectivity of GDC particles, specifically at the contact point between GDC in

the anode and the electrolyte, which is not sufficient for good oxygen ion conduction. Therefore, a different
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anode paste composition was prepared with a NiO-to-GDC ratio of 50 wt% to improve the connectivity of

the anode structure.

Figure 5.1: The cross-section SEM image of Ni/GDC anode half-cells with different numbers of screen printing: (a) single,
(b) double, and (c) triple layer (NiO to GDC ratio: 60/40 wt%)

5.1.1.2. Cell reduction behavior

Figure 5.2a shows a cross-sectional SEM image of Ni/GDC anode half-cell with a NiO-to-GDC
composition of 50 to 50 wt%. The area of the GDC phase in the anode layer was denoted as the red color
again by image processing, and the connectivity of the GDC phase with an electrolyte was improved
compared to the anode structure with 40 wt% GDC in Figure 5.1b. The half-cell was then reduced to analyze
microstructure and gas tightness of the electrolyte that is similar to the environment of the cell during
operation. Figure 5.2b is a cross-sectional SEM image of the reduced state cell after heat treatment at 900 °C
for 3 hin 2.9 % Ha/Ar atmosphere. The reduced state of the anode and the support shows more pores in the
structure than in the oxidized state due to the volume change by the reduction of NiO to the Ni metal phase.
Figure 5.2c shows the oxidized half-cell picture of the electrolyte side. The green color appears as green
NiO in the Ni/GDC anode since the thin YSZ electrolyte is transparent after sintering. Figure 5.2d shows
the picture of the half-cell after reduction, which is a brown color and the cell is bent. Since the YSZ is
stable in the reducing atmosphere used, the Ni/YSZ anode cell shows gray in color after reduction due to
the color of Ni metal. In the case of the Ni/GDC anode, GDC is reduced in low oxygen partial pressure
[147]. Therefore, the brown color material suggests a new phase formation in anode and electrolyte layers

during cell sintering or reducing by interactions of the NiO, GDC, and YSZ phases.
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Figure 5.2: Cross-sectional SEM image of Ni/GDC anode half-cell with 50 to 50 composition (a) oxidized and (b) reduced
state, and the picture of the cell (¢) oxidized and (d) reduced state

5.1.1.3. Half-cell leakage rate test

The electrolyte gas tightness of half-cells was measured for both oxidized and reduced states, and the test
results are presented in Table 5.1. The oxidized state of the cell shows a lower leakage rate than the
internally determined maximum leakages of the oxidized state cell, and the leakages are 8x107 for air and
2x107° hPasdm?es'scm for He. The test result shows a lower leakage rate than the limit in both the air and
He tests. After reduction, the leakage rate was increased by the pore formation in the anode layer, but the

values were still appropriate for the cell operation.

Table 5.1: Leakage test result of Ni/GDC half-cell

Leakage test (hPasdm?ss™'scm?)

Air He
Oxidized state 2.53x10°¢ 4.19x10°¢
Reduced state 4.56x10* 1.72x10*
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5.1.2. ' YSZ-GDC inter-diffusion”

5.1.2.1. Inter-diffusion between Ni/GDC anode and YSZ electrolyte

As mentioned in Section 5.1.1.2, the Ni/GDC anode cell shows unexpected reduction behavior (cell
deformation and brown colored anode) suggesting a chemical reaction or phase transformation in the anode
or electrolyte layer. Figure 5.3 shows the XRD phase analysis result of the Ni/GDC anode layer on the
Ni/YSZ support after different heat treatments as printed layers (drying in an oven at 60 °C for 2 h) after
calcination at 1000 °C for 1 h and after sintering at 1400 °C for 5 h. The XRD result of the as-printed anode
layer shows two main phases of NiO and GDC, and the YSZ phase was also detected with low intensity
from the support. After the calcination, which done at a relatively low temperature of 1000 °C, there were
no phase changes from the XRD result of the as-printed layer. However, in the case of the Ni/GDC anode
after sintering, the GDC phase completely disappeared and a new phase appeared between the YSZ and
GDC peak positions. It seems that the GDC phase transformed to a new phase by reacting with another
material. Since the XRD result of the anode after sintering does not show any changes of NiO, the YSZ-
GDC interaction was estimated. Moreover, both YSZ and GDC have similar cubic fluorite structures, so
there is no miscibility gap [148-150]. Several results of cerium gadolinium yttrium zirconium oxide in the
XRD database such as Ceo.72Gdo.18Y0.016Z10.00201.938 (brown color) or Ceo.256Gdo.64Y0.01Z10.77603.704 (yellow
color) phases were matched with new phases in Figure 5.3 [151], but there was no identical reference result.
This is expected since complete miscibility of the two parent phases means that there is a very small chance

of forming a phase of the exact same stoichiometry as the reference patterns in the database.

* This subchapter has been published in the “Journal of the American Ceramic Society”, Volume 101, Issue 2, p. 739-748, 05
September 2017
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Figure 5.3: XRD result of the Ni/GDC anode layer on the Ni/GDC support

An EDX measurement was applied to the polished cross-section of the half-cell to analyze diffusion
behaviors of YSZ and GDC materials. Figure 5.4 shows the point EDX result and the SEM image with
different measurement positions from the support to the electrolyte, which is basically the same as a line
scan. Since the NiO does not show any phase transformation in Figure 5.3, the results are presented as a
relative ratio between four elements—zirconium (Zr), yttrium (Y), cerium (Ce), and gadolinium (Gd). Also,
the EDX result shows more active diffusion of Ce and Gd than Zr and Y at both electrolyte-anode and
anode-support interfaces. For example, the nearest spectrum in electrolyte to anode (spectrum 3) shows
about 30 % of Ce and of 15 % Gd, on the other hand, the nearest spectrum in anode to electrolyte (spectrum
4) shows about 20 % of Zr and of 5 % Y. However, Zr is diffused throughout the anode layer by 10 % even
in the center position of the anode layer (spectra 6 and 7). This result supports the XRD result in Figure 5.3,
suggesting YSZ and GDC interactions during high-temperature sintering and mixed phase formation in

both electrolyte and anode layers.
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Figure 5.4: Point EDX result of the Ni/GDC half-cell after sintering and SEM image with different measurement position

5.1.2.2. Interaction study of YSZ and GDC phase with raw powders

For the systematic analysis of the interaction between YSZ and GDC phases, the raw powder mixtures of
NiO, YSZ, and GDC were prepared and analyzed after sintering at different temperatures, and Table 5.2
shows the pellet pictures after sintering and apparent volume change by reduction. All of the YSZ-GDC
pellets show the same white color in oxidized state. However, the color was changed after reduction at the
pellet surface which is sintered at 1100 °C and the entire pellets which is sintered at 1200, 1300, and 1400 °C.
In contrast, all NiO-YSZ-GDC pellets show green color (the color of NiO) with different brightness
according to the different density of pellets. After reducing heat treatment, the pellets show gray color by
reduction of NiO to Ni. In both cases of YSZ-GDC and NiO-YSZ-GDC pellets, the apparent volume was

expanded by reduction when the pellets were sintered above 1200 °C.
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Table 5.2: NiO-YSZ-GDC and YSZ-GDC pellet pictures after sintering and apparent volume change by reduction

YSZ-GDC mixture NiO-YSZ-GDC mixture
Sintering
Oxidized Reduced Oxidized Reduced
Temp. AV (%) AV (%)
state state state state
1000 -0.6
1100 0.2
1200 1.0
1300 2.2
1400 1.7

Figure 5.5 shows the XRD results of the YSZ-GDC and NiO-YSZ-GDC pellets after sintering with
different temperatures and after reduction. In the case of the YSZ-GDC mixture (Figure 5.5a), there was no
interdiffusion after sintering at 1000 °C, but after sintering at 1100 °C, the YSZ-GDC mixed phase appeared.
The peak of the mixed phase was more identical after higher temperature sintering. The YSZ and GDC
phases were completely transformed to the mixed phase after sintering at 1300 °C. The relative phase
content of the YSZ-GDC mixed phase was calculated by the Rietveld refinement method as 16 % and 27 %
for the result after sintering at 1100 °C and 1200 °C, respectively [150]. After reducing at 900 °C for 5 h in
2.9 % Hy/Ar, the XRD results of the non-reacted YSZ and GDC phases, sintered at low temperature, show
the same pattern and position as the oxidized state. In contrast, the YSZ-GDC mixed phase shows a peak

shift to a lower angle. From Bragg’s law (Equation 5.1),
2d sinf = n\ Equation 5.1

the scattering angle (0) decrement indicates the lattice inter-planar distance (d) increment, causing a
chemical volume expansion of the material that seems related with the cell deformation in Figure 5.2d. This

chemical expansion can be explained by the increased repulsive force (electrostatic force) between cations
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by the loss of oxygen anions. As mentioned in section 5.1.1.2, GDC also shows reducing behavior under
low oxygen partial pressure with high temperature [147]. The apparent volume and sample color change of
the YSZ-GDC mixture in Table 5.2 also correspond with the XRD results. The color change was observed
from the pellets including the mixed phase that was sintered above 1100 °C, and the higher relative phase

content of the mixed phase causes a more apparent volume expansion.

The result of the NiO-YSZ-GDC mixture (Figure 5.5b) shows the same trend as the YSZ-GDC mixture
without any reaction directly related with the NiO:YSZ-GDC mixed phase formation and chemical
expansion by reduction. However, there was a strong influence of the NiO to the mixed phase formation.
The presence of NiO accelerates the inter-diffusion kinetics of GDC and YSZ, resulting in a higher ratio of
the mixed phase formation at lower temperatures compared to the YSZ-GDC mixture. The result of the
relative phase content of the mixed phase shows 39 % and 78 % for the result after sintering at 1100 °C and
1200 °C, respectively [150], without the NiO peak in the calculation of the Rietveld refinement method.
Also, it seems that the grain boundary mobility and grain growth kinetics of 8YSZ is changed by the
presence of NiO [152, 153].
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Figure 5.5: XRD result of the YSZ-GDC (a) and NiO-YSZ-GDC (b) powder mixtures after sintering at different
temperatures of 1000, 1100, 1200, 1300, and 1400 °C; the red line shows the XRD result after reducing at 900 °C for 5 h in
2.9 % Hy/Ar
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5.1.2.3. TGA analysis of GDC and YSZ-GDC mixed phased

As shown in Section 5.1.2.2, the XRD results indirectly imply reduction behavior of the YSZ-GDC mixed
phase. To clarify the reduction behavior and to quantify the oxygen loss during reduction, thermo-
gravimetric analysis (TGA) was applied. The YSZ-GDC powder mixture and GDC raw powder were
sintered at 1400 °C for 5 h and ground to a powder to increase the surface area of the sample. Before the
TGA, the samples were heated up to 1100 °C in the air to remove residual organics and impurities. The
temperature was then fixed at 900 °C and the atmosphere was switched from air to Ar/H, for the reduction
of the sample. After 5 h of reduction, the sample was re-oxidized by switching the atmosphere from Ar/H»
to air again. The redox cycle was performed every 50 °C at a lowered temperature until the temperature
decreased to 750 °C. Figure 5.6 shows the TGA curves for the 20GDC and YSZ-GDC mixed phases. The

results show weight loss in the Ar/H, atmosphere due to the oxygen loss from the GDC and YSZ-GDC

mixed phase, proving the reducing behavior of the YSZ-GDC mixed phase. The reducibility of the Ce** ion
to the Ce*" can be calculated as nonstoichiometry § for each compound of the GDC and YSZ-GDC mixed
phases. Since & is achieved by measuring the weight loss, the concentration of Ce* (Ceg, in Kroger-Vink
notation) ion can be calculated using Equation 5.2. In the calculation, the oxygen was considered as the
only volatile species in the GDC and YSZ-GDC mixed structures. The calculation results of the Ce*" ion
concentration at 900 °C shows 37 and 35.5 % in the GDC and YSZ-GDC mixed phases, respectively [150].
These results show a similar reducibility of Ce*" in the YSZ-GDC mixed phase as in the GDC phase.

Z[V(;.] = [Ceée] Equation 5.2
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Figure 5.6: TGA analysis of the reduction in GDC (black line) and a GDC-YSZ mixed phase sintered at 1400°C (blue

line); the dotted green lines indicate a change in the gas atmosphere [150]
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5.1.2.4. Electrical properties of YSZ-GDC mixed phase

Figure 5.7 shows the conductivities of YSZ, GDC, and YSZ-GDC mixed phases as function of
temperature in oxidized and reduced states. Literature indicates that when the YSZ and GDC form a mixed
phase, the conductivity is decreased compared to the single phases due to lattice distortion [148, 149, 151].
The experimental results also show a lower conductivity of the YSZ-GDC mixed phase than both the
conductivities of the YSZ and GDC single phases. In the reduced state, the conductivity of YSZ was not
changed by reduction, but the conductivities of the GDC and YSZ-GDC mixed phases increased. The
conductivity increased by the reduction of the Ce** ion to the Ce*" ion, yielding electron charge carriers in
the material [151]. Table 5.3 shows the conductivity values at 700 °C and the calculated activation energy
in the oxidized and reduced states. In the oxidized state, the conductivity of YSZ is about 7.4 times higher
and the activation energy is slightly lower than the YSZ-GDC mixed phase. In the reduced state, the
conductivity of YSZ is 1.4 times higher, but the activation energy is also higher than in the mixed phase.
The activation energy of the mixed phase was lowed after reduction due to the electronic conduction

(electrons are more mobile than oxygen vacancies).
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Figure 5.7: Temperature-conductivity plot of YSZ (black), GDC (red), and YSZ-GDC (blue) phases; the conductivities

were measured in both oxidized (closed symbol) and reduced (open symbol) state [150]
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Table 5.3 Conductivity and activation energy of YSZ, GDC, and YSZ-GDC phases in the oxidized and reduced states

Oxidized Reduced
6 @700 °C (S/cm) E. (eV) 6 @700 °C (S/cm) E. (eV)
YSzZ 0.0177 0.94 0.0165 0.91
GDC 0.0229 0.71 0.5021 0.43
YSZ-GDC 0.0024 1.03 0.0118 0.52

5.1.3. Ni/GDC cell test result (KIT)

5.1.3.1. Cell performance with single cell measurement

Figure 5.8 shows the microstructure of a Ni/GDC full-cell and the schematic diagram of the phase
composition for each layer according to the inter-diffusion studies in Section 5.1.2. The GDC phase in
anode layer reacts with the YSZ phase of the electrolyte and the substrate; thus, the YSZ-GDC mixed phase
was formed in the anode and the electrolyte layer. Also, the electrolyte shows the different concentration

of Ce ion according to the distance from the anode layer.

Figure 5.9 shows the single cell measurement result for the Ni/GDC anode cell, and the cell was measured
at 820 °C in hydrogen fuel and laboratory air. A standard Ni/YSZ anode cell was also measured under the
same conditions to compare the results to each other, and the dotted blue lines in Figure 5.9 indicate the
current density of Ni/YSZ and Ni/GDC anode cell at the voltage of 0.8 V. The result shows less than half
of the current density of the Ni/GDC anode cell compared to the Ni/YSZ anode cell. There are several
reasons for this low performance with Ni/GDC anode that are related to the YSZ-GDC mixed phase
formation. First, due to the mixed phase formation, the ionic conductivity decreased in the anode and the
electrolyte. Another reason for the low performance is the agglomeration of the NiO particles in the anode
layer near the electrolyte, as shown in Figure 5.8. As described in section 5.1.2, at the intersection of the
anode and the electrolyte, the diffusion of GDC in the anode is more rapid than YSZ in the electrolyte
during the sintering of the electrolyte. This different diffusion velocity forms Kirkendall pores at the
anode/electrolyte interface that reduces the contact area and weakens the adhesion. Moreover, NiO particles
in the anode near the electrolyte are easily agglomerated by the loss of the GDC particle. The coarsened Ni

causes less surface area and blocks the ion conduction from the electrolyte to the anode.
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Figure 5.8: Microstructure and schematic diagram of the Ni/GDC anode full-cell

13 T T T T T T T T 14
10w 820°C,dryH, /Air —=— Ni-YSZ 1
—v— Ni-GDC o2 128
o
1.1 ,n/”/ i §
1.0 " {103
g " vV ~
; 0.9 Ry N - oV >
< L | =
s 4085
Q o v/f E-m_y c
2008 v BoEmeg %
= IV, loe °
O 0.7 v [
= DASS 1 3
vy [¢)
0.6 v Joaa
0.5 1
402
o ‘4 Karlsruher Institut fiir Technologie d
0.3 1 L L L o0

00 02 04 06 08 10 12 14 16
Current Density (A/cm?)

Figure 5.9: Single cell measurement result of the Ni/GDC anode cell (Measured at KIT IAM-WET by N. Russner) [150]
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5.1.3.2. Ni/GDC anode cell test results with syngas containing impurities (TU Munich)

The Ni/GDC anode cell was tested with phenol, naphthalene, and sulfur-containing syngas and the results
are presented in Figure 5.10. The initial cell voltages for all Ni/GDC cell test results were about 0.1 V lower
than Ni/YSZ anode cell at 700 °C with simulated syngas, as described in 4.2.3.1.

In the case of the phenol test (Figure 5.10a), the result shows no electrochemical response by 2 g/Nm?,
which is similar to the Ni/YSZ anode cell test result with 2 g/Nm’® phenol (Figure 4.2a). The average
degradation rate during the total operation time of 450 h was about 4 %/1000 h, but the cell voltage
degradation during the phenol test was lower than the average value since the cell shows higher degradation
at the beginning of the test with syngas. In another test, the phenol content was increased stepwise from 1
2/Nm® to 8 g/Nm® (Figure 5.10b), which is similar to the test with Ni/YSZ anode (Figure 4.2b). The average
degradation rate was about 3.3 %/1000 h, showing again no electrochemical response. When a phenol
concentration of 8 g/Nm® was applied, the voltage shows larger scale fluctuations than the test with a phenol
content of fewer than 4 g/Nm®, but the voltage does not show distinct degradation. Similar to the Ni/YSZ

anode cell test result, there was no additional effect of phenol on the cell performance in this test period.

Figure 5.10c shows the Ni/GDC anode cell test result with naphthalene, and the voltage dropped right
after the naphthalene introduction. The degradation rate of the Ni/GDC anode was double the degradation
rate of Ni/YSZ anode cell, showing the second stage of degradation with an even higher rate than the
Ni/GDC anode the first degradation. Although the voltage reached a steady state after about 50 h, the
voltage drop was about 0.23 V from the initial value, and this decrease is much higher than the voltage drop
of the Ni/YSZ anode cell test that was about 0.14 V. The voltage was recovered after the naphthalene test
up to about 0.65 V during the 30-h operation with syngas, but about 0.07 V of voltage was irreversibly
degraded.

As shown in Figure 5.10d, the voltage of Ni/GDC anode cell drastically drops by the addition of 5 ppm of
H>S. Also, the degradation rate of Ni/GDC was almost the same as the degradation rate of the Ni/YSZ
anode cell test result with H»S in Figure 4.12. Since the time of H,S supply was 2 h, which is shorter than
Ni/YSZ cell test, the voltage dropped off about 0.08 V. After the test, the voltage recovered during syngas
operation, and the voltage increased about 0.01 V once again with dry H,. However, the irreversible

degradation of Ni/GDC anode (0.06 V) was higher than that for the Ni/YSZ anode (0.04 V).
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Figure 5.10: Ni/GDC anode cell single measurement result with syngas + phenol (a and b), syngas +naphthalene (c), and

syngas + H,S (d) at 700 °C, 0.34 Alem?

5.1.3.3. Post-test analysis

Figure 5.11 shows the optical images and SEM micrographs of the Ni/GDC anode cell support after the
phenol test. The images of support after the phenol test (Figure 5.11a and b) show similar support erosion
as that already shown in section 4.1.2.3, but with different pattern. Since the erosion pattern is mainly
related to fuel gas flow, the difference in the shape of erosion is estimated as the result of replaced contacting
materials and different connections to the support. However, the general trend was the same as that for the
Ni/YSZ anode cell, showing dusting with carbon deposition near the inlet area. Additionally, the cells show
cracks and re-oxidation without cell performance change. Therefore, the cracks are assumed to occur while
cooling down after the cell test. The SEM images show the same trend as the previous test with the Ni/'YSZ
anode cell. The SEM images of the inlet surface (Figure 5.11c¢ and d), where the erosion appeared, show
structure changes including connectivity loss between particles and carbon fiber formation. In the case of
fractured cross-section images (Figure 5.11e - h), there were no visible changes in the anode layer, but

numerous carbon fibers were observed from the inside of support. Also, the effect of phenol, which is
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limited in the support layer, has already been discussed. Therefore, the Ni/GDC anode cell shows the same

result as the Ni/YSZ anode cell since the support materials were the same for both types of cells.

Figure 5.11: Support photo, surface, and fractured cross-section SEM images of the support inlet after the 2g/Nm?® phenol
test (a-d) and the 1-8 g/Nm?® phenol test (e-h)

Similarly, the cell after the naphthalene test was investigated, as shown in Figure 5.12. There were no
macro-scale structure changes on the support similar to the test with the Ni/YSZ cell (Figure 4.9). A crack
and re-oxidation were also observed, which is the same as other cells after the test. The fractured cross-
section SEM image shows small particles that are estimated as carbon-based structures and carbon fibers,
and these fibers are very rare in the structure. The small particles need to be further analyzed to identify

their structure and composition with more delicate tools such as TEM.

Figure 5.12: Support photo and fractured cross-section SEM images after of support inlet 0.5 g/Nm? naphthalene test
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Since the SEM, XRD, and Raman tests could not detect sulfur species after the cell test with the Ni/YSZ
cell in the previous section, the investigation of the Ni/GDC anode cell with SEM after the H,S test also

could not find any distinct change, as shown in Figure 5.13.

Figure 5.13: Support photo and fractured cross-section SEM images of the support inlet after the 5 ppm H,S test

5.1.4. Discussion of the Ni/GDC anode cell test results

By using GDC instead of YSZ in the anode, the increase of both ionic and electronic conductivity was
expected. However, a YSZ-GDC mixed phase was formed in the anode and electrolyte during the high-
temperature sintering step, which is necessary to densify the electrolyte. The YSZ-GDC mixed phase shows
lower ionic conductivity than both the YSZ and GDC single phases. Moreover, the different diffusion
coefficients of Y*', Zr*", Gd**, and Ce*" induces pore formation during sintering and Ni particle coarsening
in the anode layer. Although the mixed phase shows increased electronic conductivity after reduction, the
cell performance of the Ni/GDC anode cell with dry hydrogen shows about half of the standard Ni/'YSZ
anode cell performance at 820 °C and 0.8 V. Despite this poor performance of the Ni/GDC anode cell, the

poisoning test was carried out and compared with the Ni/YSZ anode cell results.

From the phenol test, stable operation was observed, and this result is similar as for the test with the Ni/YSZ
anode cell. As discussed in Section 4.3, phenol seems to be reformed in the support and degradation was
mainly observed in support material such as erosion and carbon deposition. In the test of the Ni/GDC anode
cell, 2 g/m’® phenol seems not to affect the electrochemical reaction at the anode layer due to the pre-
reforming of phenol in the support. The support material was the same for the Ni/YSZ and Ni/GDC anode

cells (Ni/3YSZ), leading to the expectation of having the same chemical reforming process in both supports.
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In the naphthalene test, the Ni/GDC anode cell shows about double the degradation rate at the beginning
of the test than the Ni/YSZ anode cell. The primary degradation mechanism is considered as the effect of
the catalytically active area such as the TPB reduction by naphthalene chemisorption and carbon deposition.
The Ni/GDC anode cell has initially less TPB due to the different microstructure by the YSZ-GDC mixed
phase formation. Therefore, the effect of naphthalene in the anode layer can be more pronounced with the
same amount of TPB loss. Moreover, the anode has a lower ionic conductivity that interrupts the oxygen
ion supply. The lower ionic conductivity causes the slowdown of the CO utilization (Equation 5.3) and

favors carbon deposition by the Boudouard reaction (Equation 4.6).

CO+ 0%™ > CO, + 2e~ Equation 5.3

The sulfur poisoning in this test temperature and H»S content is mainly induced by sulfur chemisorption
on the Ni surface. In general, the performance degradation rate of the Ni/GDC anode cell was similar to the
Ni/YSZ cell. However, when the H,S supply was stopped, the Ni/GDC anode cell performance was
recovered much slower than the Ni/YSZ anode cell. Also, the poor ionic conductivity of the YSZ-GDC
mixed phase can be the major reason for the slow voltage recovery by interrupting oxygen ion delivery.

Opverall, the degradation mechanisms of Ni/GDC anodes are similar to Ni/YSZ anodes, but the degradation

mechanisms are more pronounced.
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5.2. Anode material with Mo incorporation

In this section, the study of Mo incorporation into the anode layer is described, and this incorporation
produces the second alternative anode material. Various cell manufacturing processes with Mo-containing
precursors have been tried in ASC and ESC design, and the microstructure and composition of cells
analyzed. The cells have been tested with sulfur-containing fuel and the results are summarized and

discussed.

5.2.1. ASC type cell development

5.2.1.1. Mo containing anodes and thermal stability of precursor material

The main challenge of Mo incorporation into the anode layer was preventing Mo evaporation during the
sintering of the electrolyte. The ASC cell needs a high-temperature sintering to have a gas-tight electrolyte
structure (in our manufacturing process, the sintering temperature is 1400 °C) [154]. Table 5.4 shows
several studies of Mo-containing SOFC anode with their precursor and anode processing method. All the
Mo precursors in the list have lower melting points than the electrolyte sintering temperature of 1400 °C;
therefore, the anode was applied to the ESC that does not need high-temperature sintering or infiltration to
the ASC after sintering of the electrolyte. The performance of ESCs are normally lower than ASCs due to
the thick electrolyte, and ESCs do not have an anode support structure that has the function of the pre-
reformer for tar and sulfur species. In the case of infiltration into ASCs, it has thick support and low porosity
in the oxidized state, so it is difficult to achieve a sufficient amount of Mo content in the anode layer by
infiltration. Therefore, the other Mo containing precursors are surveyed from the literature that has a high-
temperature stability. Some candidates of Mo source material are Mo-doped CeO, (CMO) and Mo-Gd co-
doped CeO, (CMGO), and it has been reported that the CMO and CMGO have higher ionic conductivities
than GDC [155, 156]. Moreover, CMO shows Mo precipitation after reduction with dry hydrogen [155],
so various anode compositions can be achieved with CMOs such as Ni/CMO, Ni-Mo/CMO, and Ni/MoO»-
CMO. Several results have already been reported about high tolerance to sulfur poisoning and carbon

deposition with CMO [91, 157, 158].
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Table 5.4: Several studies of SOFC anode materials including Mo

Mo-Precursor Melting point Cell Type Method Result Ref.
Button High sulfur tolerant,
MoS, 1185°C SP@® 5 [159]
ESC 75mW/em @ 900 °C
Button Direct gasoline-fed
MoO, 1100 °C ES® ) [160]
ESC 30 mW/cm
Button
SP 10 h stability [91]
(NHi)sM0;Ozs  MoOs: 795 °C, ESC
- 4H,0 NiMoO4: 1310 °C Planar o 120 h stability under
I 93
ASC CH,+H,S 931
Planar Increased sulfur tolerant
1 [157]
ESC by CMO infiltration
Ce1-xM0x02+ 5 unknown
Planar Increased sulfur tolerant,
1 [158]
ASC stable under CH , ~200 h

(a): Screen printing, (b): Electrostatic spray, (c): Infiltration

The thermal stability of CMO and CGMO were analyzed by thermo-gravimetric analysis together with
MoOs and NiMoOy precursors, as shown in Figure 5.14. The MoOs and NiMoO4 show weight loss from
800 °C and 1250 °C, and these temperatures are approximately their melting points, which are already
known. The Cep9Mo0o.10:+5 result shows continuous weight loss about 0.5 % until the temperature of 1000
°C, and then it starts to lose the mass again with a higher percentage at about 1150 °C that indicates the
instability of material. Therefore, the CMO was determined to be an unstable precursor at the sintering
temperature of ASCs. In the case of CeosM0o.1Gdo.10:+s5, it shows weight increase while heating up until
the temperature about 1200 °C, and the weight then again until the temperature of 1400 °C, which was the
end of the measurement. However, the mass change was smaller than the 1 % range, so that it is difficult

to estimate its thermal stability.
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Figure 5.14: TGA result of Mo precursor: MoOjs (a), NiM0oOy (b), Ce9Mo0y.102+5 (¢), and CeysMo09.1Gdp.102+5 (d)

5.2.1.2. Mo incorporation with the screen printing method

A conventional screen printing method was used to manufacture the cell with the Mo-containing anode.
In Section 5.2.1.1, only CMGO precursor shows stability at the electrolyte sintering temperature of 1400 °C.
The half-cell was manufactured with the Ni/CMGO anode by the conventional screen printing process.
Figure 5.15 shows the Ni/CeosMoo.1Gdo.102+5 anode after sintering at 1400 °C for 5 h. The electrolyte was
applied before sintering, but it delaminated from the cell. The remaining anode layer shows high porosity
and a high ratio of NiO that appears as a darker phase in the SEM image. It seems the CMGO phase was
also not stable and diffused out of the anode structure or evaporated. Therefore, another composition of
CMGO with lower Mo content was prepared. Figure 5.15b shows the cross-sectional SEM image of the
Ni/Ceo.ssM00.0sGdo.1O2+5 anode half-cell. Although the electrolyte was not delaminated after sintering,
unlike the NiO/CeosMo00.1Gdo.102+5 anode, the electrolyte was not dense and the anode lost most of its Mo.
This result shows that the CMGO, even with low amounts of Mo doping, is an unsuitable anode precursor

material due to the poor thermal stability or high reactivity with the YSZ electrolyte material.
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Figure 5.15: SEM images of half-cell after sintering with anode composition of Ni/Ceo.sM0y.1Gdy.102+; (a) and

Ni/Cey.3sM00.05Gdo.102+5 (b)

5.2.1.3. MoOs gas infiltration

Various precursor materials containing Mo such as MoO3, NiM0Os, CMO, and CGMO were studied as a
precursor material for anode screen printing paste. However, the results were inadequate due to their
instability and volatility at high temperature. Therefore, MoO3 gas state infiltration has been attempted to
incorporate Mo to the anode layer during or after the standard cell manufacturing process. Figure 5.16a
shows the support side picture of sintered half-cell after the MoOs3 gas infiltration process. A yellow powder
was formed on the surface of the support, and it was identified as NiIMoO4 by XRD measurement, as shown

in Figure 5.16b.

ﬁT | | | | * NIiMoO4

Intensity (a.u.)

20 30 40 50 60 70 80
Two theta (degree)

Figure 5.16: XRD result of the yellow powder on the support surface after the gas infiltration process

To check the existence of the NiMoOj4 phase at the inside of support, the cell cross-section was investigated

by SEM and EDX. As shown in Figure 5.17, the cell microstructure was not significantly changed after the
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infiltration process except for the delamination and microstructure change at the bottom of the support. The
structural change seems the result of the reaction between NiO and MoO3 gas like NiMoO4 formation, and
this was confirmed by the XRD results. The point EDX measurement result also shows the Mo peak at the
bottom of the support. However, there was no Mo inside the support. Instead, the MoOs3 reacts with NiO
only at the surface of support because the support structure is too dense in the oxidized state to infiltrate
MoOs gas into the inner structure of support and the dense electrolyte at the opposite side of support
interrupts the MoOs gas flow through the cell structure. Additionally, the fast reaction between NiO and
MoOs limit the diffusion depth until all of the NiO reacted.

cps/eV.
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Figure 5.17: The cross-section SEM image and EDX result of the half-cell after the MoOj; gas infiltration at 1000 °C for 3 h

The porosity of the sintered half-cell was not enough for the MoOs gas infiltration. Therefore, MoOs gas
infiltration was tried during the sintering process. The cross-section microstructures of half-cell after
sintering under MoO3 atmosphere are shown in Figure 5.18 with different concentrations of MoOj3 in the
crucible (a: 0.1 g, b: 0.2 g, and c: 0.5 g). The particle sizes of NiO and YSZ in the support after MoO3 gas
infiltration were coarsened compared to the particles in the support after sintering in air. Thus, it is assumed
that the MoOs gas accelerates the sintering of the NiO and YSZ particles in the support. The electrolyte did
not form a dense structure and the anode structure disappeared after sintering in all cases. As shown in
Figure 5.18c, although Mo was found from a few particles in the structure, the overall structure was not

suitable for cell operation. Initially, it was expected that Mo incorporates into the NiO or GDC in the anode
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layer without structural change, and the anode composition can be adjusted by the concentration of added
MoO; powder in the crucible. However, anode structures and the entire cell structures are changed by MoO3,

and only small amounts of MoOj significantly affect cell sintering behavior.
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Figure 5.18: The cross-section SEM image of a sintered half-cell in MoO3 atmosphere with different MoO; loading: 0.1
(a), 0.2 (b), and 0.5 (c) g

5.2.1.4. Mo thermal diffusion

In previous attempts of Mo incorporation, anodes with any kinds and states of Mo precursors show that
the anode structure was destroyed after anode and electrolyte sintering at 1400 °C. Therefore, a stable
Ni/GDC anode structure was prepared by 1400 °C sintering without Mo, and then the Mo precursor was
applied on the surface of the anode and diffused into the anode by low-temperature heat treatment. In this
case, the electrolyte can be applied afterward by the alternative method such as sputtering or vapor
deposition [161, 162] to prevent Mo evaporation during electrolyte sintering. For the thermal diffusion of
Mo, two different precursors of MoOs and NiMoOs were used. After the thermal diffusion, the residual

powder was removed from the anode surface for the phase and microstructure analysis.

Figure 5.19 shows the microstructure and phase analysis result of Ni/GDC anode after MoO3 treatment by

SEM, EDX, and XRD. The result shows a new structure formation on the anode surface after 600 °C (Figure

-86 -



5.19a) heat treatment, and this structure was less pronounced after higher temperature heat treatment of
800 °C (Figure 5.19b) and 1000 °C (Figure 5.19¢). The new layer structure was identified as Mo and Ce
containing composite by EDX mapping results. From the surface SEM images, the decline of the new
structure by higher heat treatment was more easily shown. Almost all the Ni/GDC anode surface was
covered by a new layer that is a bright phase after 600 °C heat treatment; however, the new structure was
removed and a darker color of NiO phase was exposed after higher temperature heat treatments of 800 °C
and 1000 °C. The new structure on the surface was analyzed by XRD and the results showed NiO and GDC
main phases and secondary phases of CegMo012049 and CexM04015. The peak intensity was reduced by high-
temperature heat treatments, corresponding with the decline of the new layer structure in SEM images. This
result shows good agreement with the previously reported study that when CeO, and MoOs react with each
other at 600 °C in air, CesMo01,049 is formed under a CeO,-rich condition and Ce;Mo040;s is formed under

a MoOs-excessive condition [163].
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Figure 5.19: The microstructure and phase analysis result of Ni/GDC anode after MoOs treatment with different heat
treatment 600 °C, 10 h (a), 800 °C, 5 h (b), and 1000 °C, 5 h (¢)
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The microstructure and phase analysis results of the Ni/GDC anode after NiMoOj4 treatment is shown in
Figure 5.20. The cross-section SEM image of Ni/GDC anode after 600 °C (Figure 5.20a) does not show
any change compared to the microstructure before NiMoOy treatment in Figure 4.17. In contrast, a new
layer structure was confirmed after the heat treatment at 800 °C (Figure 5.20b), and the EDX element
mapping result identifies the new layer as Mo and Ce containing phases. After heat treatment at 1000 °C
(Figure 5.20c), although the concentration of the new layer structure on the anode surface declined, the Mo-
included phase was confirmed from inside the anode layer. The surface SEM images show the different
anode structures by different heat treatment temperatures more clearly. After 600 °C heat treatment, a dense
structure of the Ni/GDC anode surface was observed, meaning that the anode was simply unchanged by
NiMoOs treatment. In the case of the anode after 800 °C heat treatment with NiMoQ4, the entire surface of
the anode was covered by a new phase that contains Mo in the structure. After the heat treatment at 1000 °C,
the anode surface showed three different phases of Mo, including new phase (larger particle size than others,
medium brightness), NiO (low brightness), and GDC (high brightness). Through the XRD measurement,
the Mo-containing phase was identified as Ce(Mo0Os), that was synthesized at the temperature above 800 °C
[164].

The anode layer after the Mo thermal diffusion process showed different phase and structure according to
the precursor materials. In the case of the MoO; precursor, the CesMo012049 and CexMo4O15 phases were
formed on the NYGDC anode surface. Since these Mo-containing phases have poor thermal stability
(CesMo012040 melting point is 964 °C) [163], the new layer was declined and evaporated after heat treatment
at 800 °C and 1000 °C. Although the Mo-containing phase was formed on the anode layer using MoOj3, the
Mo-containing phase is observed not inside the anode structure but instead only on the surface of the anode,
meaning that the electro-catalytically active area was simply unchanged. The NiMoO4 precursor does not
react with Ni/GDC anode at 600 °C. Thus, the NiMoO4 phase is more stable than any other Ce-Mo based
phase at 600 °C in air. After heat treatment at 800 °C, the Ce(Mo0Q4). phase appeared and could be found
inside the anode structure after the heat treatment at 1000 °C. The Ce(M0O4): phase seems more stable than
NiMoOy4 at temperatures above 800 °C. Although it was possible to incorporate Mo into the sintered
NiO/GDC anode by applying NiMoO4 and heat treatment at 1000 °C, further study is required about the
Ce(Mo04); phase to develop this process. There are several reports about the Ce(MoO4): phase as pigments
and photo-catalysts [165, 166], but the electrochemical and physical property of Ce(Mo0Os), is not fully
studied.
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Figure 5.20: The microstructure and phase analysis result of Ni/GDC anode after NiMoO4 treatment with different heat
treatment 600 °C, 10 h (a), 800 °C, 5 h (b), and 1000 °C, 5 h (¢)
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5.2.2.  ESC development and outlook of the Mo-containing anode

5.2.2.1. Cell manufacturing with Mo infiltration

Since the ASCs development with Mo containing anode has difficulties in manufacturing by high-
temperature electrolyte sintering, an ESC was developed using the pre-sintered electrolyte support. To
decide on the electrolyte material, the properties of various oxygen ion conduction materials were compared
[167-169] and the 6 mol% scandia stabilized zirconia (6ScSZ) was chosen as the electrolyte support.
Although GDC has higher ionic conductivity, GDC can become electronically conductive under reducing
atmosphere by Ce ion reduction. The 8YSZ, which is the most preferred electrolyte material in terms of
stability and ionic conductivity, shows poor mechanical strength, and this result is quite important for the
support material in ESC design. The higher amount of Sc doping causes high ionic conductivity, but it
shows poor mechanical strength. Several commercially available electrolyte materials and their properties

are listed in Table 5.5.

Table 5.5: The properties of several doped ZrO; electrolytes (source: Keramische Folien GmbH & Co, Germany)

3YSZ 8YSZ 6ScSZ 10Sc1CeSZ
Conductivity @ 850 °C (S/m) 22 8.0 8.4 17
Relative strength (8YSZ = 100 %) 330 100 260 140
Sinter density (g/cm?) 6.00 5.95 5.86 5.70

On the electrolyte support, Ni/GDC anode paste was applied and the ammonium molybdate tetrahydrate
water-based solution was then infiltrated, as described in Section 3.1.3.4, and Figure 5.21 shows the SEM
images of the Mo-Ni/GDC anode after reduction. The surface image of Figure 5.21a shows the typical
porous anode structure, but the particle size of Ni and GDC was smaller than the particles in the ASC cell
anode. The particle size was affected by the lowered anode sintering temperature of 1200 °C and the pre-
sintered electrolyte, and the particle size does not shrink during anode sintering, unlike the anode support

in ASC. The EDX was applied to two points of Ni (point 1) and GDC (point 2). Point 1 shows high Ni peak
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intensity with additional Mo and Ce peaks. At point 2, the peak intensity of Ni is lower and Ce is higher
than point 1; simultaneously, the Mo peak intensity is lower than point 1. These results show that the Mo
peak intensity corresponds to Ni peak intensity; in other words, Mo forms a composite with Ni instead of
entering the GDC in the anode structure. Figure 5.21b shows the fractured cross-section SEM image with
different magnifications, and it shows a columnar structured Mo particle in the red circle denoted in the

image that does not appear in the Ni/GDC anode without Mo infiltration.

kev kev

Figure 5.21: SEM images of Ni/GDC anode with Mo infiltration and the point EDX result of Ni (1) and GDC (2) particles

5.2.2.2. Cell test result

Figure 5.22a shows the single cell measurement result of two different cells with a Ni/GDC anode with
and without Mo infiltration (Ni/GDC and Mo-Ni/GDC). The cell test result shows significant performance
improvement by Mo infiltration, as shown in Figure 5.22a. In the operating condition of 60 % of H,O and
40 % of H; at 800 °C, the current density at 0.7 V of the cells increased from 0.09 to 0.22 A/cm? by Mo
infiltration. However, the performance of Mo-Ni/GDC anode was much lower than other similar results

[170, 171] due to the non-optimized microstructure and electrode thickness. Nonetheless, the result of sulfur
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tolerance with polarization ASR changes in Figure 5.22b shows an interesting phenomenon. In the case of

Ni/GDC anode, ASR increases immediately after the introduction of 1 ppm of H»S as opposed to the Mo-

Ni/GDC anode that shows a decrease in ASR. There are several reports about the sulfur enhancement effect

by the Mo-containing anode material [102, 172, 173], but the enhancing mechanism is not clear yet. One

hypothesis is a formation of the conductive phase on the anode surface such as MoS», which has been

identified on the surface of Gd>T11.4Mo00.s07 anode after exposure to 10% H>S/90% H> [102]. However, the

cell performance is still not high enough

for practical use and long-term stability test is required.
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Figure 5.22: Single cell measurement results of

the ESC cell with the Ni/GDC anode with and without Mo infiltration and

relative ASR (Measured at KIT IAM-WET by N. Russner)
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5.2.3. Discussion of Mo incorporation into the anode

In Table 5.6, the processes that have been tried so far in this study are summarized and evaluated. Almost
all results with ASC were not successful due to the low thermal stability of Mo-precursors and their high
volatility. These reasons seem to be the cause of the limited use of Mo in the high-temperature application

although Mo shows in principle superior catalytic activity.

In the case of the ESC cell, the performance was significantly improved by Mo infiltration. This increase
is commonly reported in many studies [79, 80, 174, 175], and it is derived by electrochemical property
changes by the novel material incorporation and the microstructure changes of the offering more surface
area and improved materials connectivity. Since the Ni/GDC anode microstructure was not optimized with
ESC structure, it is difficult to conclude how much the performance was improved only by the addition of
Mo material. In contrast, the ASR test with 1 ppm H,S shows sulfur enhancing behavior with Mo
incorporation. It needs further analysis such as phase analysis and material stability test as it was totally
opposed to the conventional anode materials. This result shows the potential of Mo as a sulfur tolerant
anode material; moreover, this Mo infiltration can be applied to ASC cell support. The infiltration method
is normally not favorable for an anode in ASC, but support material modification should be relatively easy

and could be effective to prevent anode support erosion.

Table 5.6: Summary of Mo containing anode development in this study

Cell type Method Feature Applicability®
Screen printing with Mo Anode structure was not established, material <
included precursor melting and evaporation
After cell No Mo in the cell
X

MoOj; gas sintering Dense cell = slow diffusion velocity

ASC infiltration During cell ~ Particle coarsening, anode and electrolyte y

sintering structure destroyed

MoOs3 Mo containing thin layer formed, but

A
Mo thermal diffusion evaporated at 1000 °C
diffusion NiMoOs Ce(MoOs); phase distributed in the anode, but A
diffusion the properties of Ce(Mo00O4) is unknown
Screen printing Suitable layer structure was formed, the
ESC ' . ' O
+ infiltration existence of Mo needs to be proven

(a) O: high, A:low, X: very low  (b) HT: heat treatment
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6. Conclusion

In this study, a consideration of the flexible fuel application to the SOFC is described related with current
status, limitations, and solutions. Various fuels include natural gas, synthetic gas obtained from fossil fuels,
and biomass, beyond pure hydrogen. Their biggest problem is the anode poisoning induced by impurities
such as tar and sulfur. This problem can be solved by removing impurities from fuel or direct tar and sulfur
reforming with developing alternative anode materials. This study analyzed the mechanisms for the effects
and degradation of impurities using currently developed SOFC and tried to develop alternative anode
materials to improve the resistivity against impurities. The conclusions from the study can be summarized

as follows:

i). Although current state-of-the-art SOFC demonstrates excellent stability and performance close to
commercialization under pure hydrogen condition, it is highly vulnerable to fuel containing impurities such
as tar and sulfur. The erosion of the supports by phenol and the rapid degradation of cell performance by
naphthalene were observed, and sulfur indicated significantly faster and higher degradation levels. When
the actual bio-syngas was applied to the stack, a large amount of carbon formed by the complex action of
multi tars. The carbon deposition leads to significant pressure drop prior to the cell degradation, resulting
in the stack's operation halted in a short period. Therefore, it is essential to clean and reform sulfur and tars

before applying the current system.

ii). To increase the resistance to impurities contained in fuel, the Ni/GDC anode was applied as an
alternative anode material instead of the Ni/YSZ anode. However, the result shows poor performance and
resistance due to the inter-diffusion of the YSZ electrolyte and the GDC. The mixed phase shows worse
electrical properties than both YSZ and GDC, and the microstructure was also changed by differential
diffusion between YSZ and GDC that cause surface area reduction in the anode layer. It is required to
replace the electrolyte materials to have a pure GDC phase in the anode layer so that the resistivity of

Ni/GDC anode against impurities in the fuel can be discussed compared to the Ni/YSZ anode.

iii). A study was conducted to increase the resistance to impurities by adding Mo in to the anode. However,
the ASCs manufacturing process includes high-temperature electrolyte sintering, resulting in the loss of Mo
due to its poor thermal stability. It has been concluded that it is practically impossible to produce ASCs
using Mo-containing precursors. The ESC design that can avoid high-temperature sintering of the anode
layer was used to test the effects of Mo in the anode, and the results show both improved performance and

sulfur tolerance.
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