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TERMAL PLAZMA SPRAY TEKNIGI ILE URETILEN METAL DESTEKLI
KATI OKSIT YAKIT HUCRELERININ REDOKS DAVRANISI

OZET

Bu ¢aligmada, nano boyutlu Ni+YSZ malzemesinden olusan anot bileseni termal
plazma sprey metodu ile iretilmistir. Termal plazma sprey teknolojisi pek cok
tistiinliiklere sahiptir. Bu {stilinliiklere 6rnek olarak; kisa iiretim zamani, kolay
otomasyon ve kaliteli hiicre bileseni tiiretimi sayilabilir. Termal plazma sprey
metodu, ozellikle nano boyuttaki parcaciklarin farkli degiskenler ile yakit hiicresi
bilesenlerinin iiretilmesinde kullanilir. Bu sayede yiiksek verimlilik, daha siki anot ve
elektrolit yapisi redoks dongiisii altinda beklenir.

Yakit hiicresinde ana elemanlardan biri anottur. Anot yakiti elektrokimyasal
reaksiyon icin U¢lii faz bolgesine tasiyan aymi zamanda {iglii faz bolgesinde
olusturulan triin ve elektronlarin geri tasmmasinda gorevlidir. Genel olarak
kullanilan anot malzemesi Nikel ve YSZ olusan sermet yapidir, uzun doénem
dayanikliligindan ve ticari olarak uygunlugundan otiirii. Nikel ¢ok iyi katalitik
aktivitesi ve yiiksek elektronik iletkenligi vardir. Buna ragmen, nikelin termal uzama
katsayist elektrolit ile uyumsuzluk gosterir ve nikel yiiksek sicaklikta tanecikli yapi
olusumu gosterir. YSZ, nikelin ¢evresine eklenerek, bu problemler kisitlanir. Ni/YSZ
tanecik boyutu, hakim orani, dagilimi 6nemli parametrelerdir. Bu parametreler ile
icsel direng, gozeneklilik, aktif yiizey alani, kayip direnci belirlenir. Dahas1 sermet
yapt hem iyonik hem de elektronik iletkenlik gosterir, bu da elektrokimyasal
reaksiyonlarin alanini artirir, daha diisiik kayiplara sebep olur.

Redoks dongiisiinden kaynaklanan hacim degisikligi sonucunda ciddi performans
diistikliigli beklenmektedir. Bunun sebebi anot ve elektrolit yiizeyindeki ¢atlamalar
ve kirilmalardan kaynaklanan kayiplardandir. Yapilan tez g¢alismasinda redoks
dongiisii esnasinda bu tip hiicrelerde ¢ok az catlama ya da hi¢ ¢atlama olmamasi
beklenmistir. Bu amagla, hiicreler firin igerisinde bes defa farkli sayilarda redoks
dongiisiine maruz birakilmis ve her calismada farkli hiicreler kullanilmistir. 1k
calismada sadece indirgenme, ikincisinde bir indirgenme ve bir redoks, tigiinciisiinde
bir indirgenme ve bes redoks, dordiinclisiinde bir indirgenme ve on redoks,
besincisinde bir indirgenme ve onbes redoks uygulanmistir. Redoks c¢aligmalarinda
kullanilan hiicrelerin sizint1 ve gegirgenlikleri 6l¢iilerek elektrokimyasal analizlerden
cikan sonuglar ile karsilagtirilmistir. Ayrica, taramali elektron mikroskobu (SEM) ile
mikro yapilarindaki degisimler incelenmistir. Mikroyapisal ve elektrokimyasal
testlerinin sonuglar1 karsilastirildiginda termal plazma sprey ile {iretilmis olan
nanoyapili NI+YSZ anot bileseninin yiiksek verimlilik, etkin reaksiyon yiizeyi, daha
sik1 anot ve elektrolit yapisina sahip oldugu tespit edilmistir. Sonug olarak bu ¢aligma
hiicrede redoks islemi boyunca az ¢atlama oldugunu yada hi¢ ¢atlama olmadigini
gostermektedir

xiii



REDOX BEHAVIOUR OF PLASMA SPRAYED METAL SUPPORTED
SOFC

SUMMARY

In this study, nanostructured Ni+YSZ anode layers are fabricated by air plasma
spray. Air plasma spray is the one of the cell production technique which has discrete
advantages such as, short fabrication time, simple automation and quality of cell
layers. Especially, nano particle size can be produced with different parameters
(pressure, NiO/YSZ weight ratio, etc) by thermal plasma spray. By this way, higher
cell performance and much closer structure with anode and electrolyte are
predictable under Redox Cycle.

One of the basic components of SOFC is anode, which brings fuel for
electrochemical oxidation at the triple phase boundary, takes back the reaction
products and transports electrons from reaction site to the external circuit. Nickel and
yttria stabilized zirconia cermet is the most commonly used anode material due to its
long term stability and commercial availability. Nickel has excellent catalytic activity
and high electronic conductivity. However, the coefficient of thermal expansion
(CTE) of nickel mismatches with that of electrolyte (normally fully stabilized YSZ)
and nickel may agglomerate at operation temperature. YSZ is added around the
Nickel particles in order to counter these issues. Ni/YSZ particle size, volume ratio
and distribution are the important parameters for defining the internal resistance,
porosity, active surface area and polarization resistance of the anode functional layer.
Moreover, the cermet behaves as a mixed ionic electronic conductor (MIEC),
increasing the active area for electrochemical reactions and combined with large
internal surface in the porous structure may lead to low overpotential.

However, YSZ-Ni anode layer suffers from redox (reduction-oxidation) cycling. Ni
can re-oxidize owning to numerous reasons such as switching off the system,
breaking off the fuel supply, seal leak, etc, thus it is paramount to be reduced before
the operation. During redox cycle nickel has a noticeable bulk volume change. The
volume change due to the redox cycles may cause significant degradation of
performance of the SOFC because of micro cracking of anode and electrolyte and
delamination at the anode-electrolyte interface. According to that, the approach of
this thesis is less or no cracking with this type of cell during the redox cycle. Though
the porosity of the anode functional layer in the SOFC may compensate for some of
this volume change, significant volume changes were previously reported. To
demonstrate this approach, there are applied five runs of redox cycles in the furnace;
first run was only reduction, second run was one reduction and 1 redox, third run was
one reduction and 5 redox, forth run was one reduction and 10 redox, fifth run was
one reduction and 15 redox. Redox cycled cells were compared with electrochemical

Xiv



analyse by wusing leak rate and permeability measurements. In addition,
microstructures changes are studied by SEM analyse. The microstructural and the
elecrochemical test results were proved that the nanostructured Ni+YSZ anode layers
fabrication with the thermal plasma spray had high cell performance, efficient cell
reactions surface and much closer structure with anode and electrolyte. In
conclusion, this study determined that nanostructured anode provided less or no
cracking and delamination on the cell during the redox cycles.
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1. INTRODUCTION

Because of their potential to reduce the environmental impact and geopolitical
consequences of the use of fossil fuels, fuel cells have emerged as attractive
alternatives to combustion engines. Like a combustion engine, a fuel cell uses some
sort of chemical fuel as its energy source; but like a battery, the chemical energy is
directly converted to electrical energy, without a relatively inefficient combustion
step. Several classifications of fuel cells have appeared in the literature throughout
the years. The most prevailing one is based on the type of the electrolyte. Fuel cells
are grouped into five different types according to electrolyte structure. These are
Polymer Electrolyte Membrane Fuel Cell, Alkaline Fuel Cell, Phosphoric Acid Fuel
Cell, Molten Carbonate Fuel Cell and Solid Oxide Fuel Cell.

Solid oxide fuel cells (SOFC) allow conversion of a wide range of fuels, including
various hydrocarbon fuels. The relatively high operating temperature allows for
highly efficient conversion to power, internal reforming, and high quality by-product
heat for cogeneration or for use in a bottoming cycle. Indeed, both simple-cycle and
hybrid SOFC systems have demonstrated among the highest efficiencies of any
power generation system, combined with minimal air pollutant emissions and low
greenhouse gas emissions. These capabilities have made SOFC an attractive
emerging technology for stationary power generation in the 2 kW to 100s MW
capacity range. Solid oxide fuel cells (SOFCs) represent a very ambitious application
of ceramic materials, with challenging issues ranging from processing,

electrochemistry, thermodynamics, and solid state ionics to mechanics and design.

The master thesis has been carried out at the German Aerospace Center (DLR) at its
Institute of Technical Thermodynamics (ITT) in Stuttgart, as part of the European
Real-SOFC-Project. The aim of the Integrated Project Real-SOFC is to solve the
persisting problems of ageing with planar Solid Oxide Fuel Cells (SOFC) in a
concerted action of the European fuel cell industry and research institutions. This
includes gaining full understanding of degradation processes, finding solutions to

reduce ageing and producing improved materials that will then be tested in stacks. In

1



this process further consideration will be given to the design of cost effective
materials, low cost components and optimised manufacturing processes. The
partnership includes research institutes and companies from twelve European
Countries. The Real-SOFC-Project is supported by the European Commission as part
of the FP6 energy programme.

The German Aerospace Research Centre (DLR) is the largest engineering research
organisation in Germany with about 4,500 employees. It belongs to the Helmholtz-
Society. DLR undertakes applied research and development in the divisions’ space

flight, aeronautics, energy and transport.

The DLR-Institute of Technical Thermodynamics in Stuttgart, Germany, belongs to
the division energy. It is mainly active in the field of renewable energy research and
technology development for efficient and low emission energy conversion and
utilisation. Staff of about 140 is working in the divisions Electrochemical Energy,

Thermal Process Technology, SolarThermal Energy and System Analyse.

At DLR Stuttgart a new thin-film concept has been carried out. The entire
membrane-electrolyte-assembly (MEA) is deposited onto a porous metallic substrate
by an integrated multi-step vacuum plasma spray (VPS) process. This process
enables the production of an electrolyte layer with a thickness of 20-30um, which in
comparison with the electrolyte-supported concept where electrolytes have to be a
mechanical support, means a 60-80 um reduction. This high reduction leads to an

increase in the power density and a reduction of the cell ohmic losses.

At DLR a novel design of a planar thin-film SOFC was developed in order to reduce
the operating temperature below 800°C. In this new concept the functional layers are
deposited onto a porous metallic substrate using an integrated multistep air plasma
spraying process. The thickness of the overall cell is reduced to approximately 160

pm.

The present work nanostructured Ni+YSZ anode layers were fabricated by vacuum
plasma spray. Vacuum plasma spray is the one of the cell production technique
which has discrete advantages such as, short fabrication time, simple automation and
quality of cell layers. Different parameters of thermal plasma spray affect the quality
of cell components which have nano particle size. With this technique, higher cell

performance and much closer structure with anode and electrolyte are anticipated.



The aim of this study is to demonstrate that less or no cracking and high cell
performance of this type of cell during the redox cycle. For this purpose, the effects
of redox cycle on the electrochemical performance of full cell are compared with the
redox cycle effects on the half cell by using leak rate and permeability

measurements. In addition, microstructural changes are studied by SEM analyse.



2. FUEL CELLS

Fuel cells are energy conversion devices assuring power generation with high
efficiency and low environmental effect. Different types of chemical fuel are used
for supplying energy as similar as traditional combustion engine; on the other hand
the important difference between combustion engine and fuel cell is inefficient
intermediate. These steps are not necessary to produce electrical energy for fuel cell.
When fuel cells are operating, pollutant gas emissions are at low level to the
atmosphere. Moreover, at operation condition, they do not make any noise if
subsystem is ignored, while balance of plant contains moving parts. One of the most
appealing aspects of the fuel cell is its inherent modularity both its efficiency and
cost per unit power are relatively insensitive to its size. This allows a wide range of

applications from large power plants to power supplies for laptop computers [1].

2.1 History

The first fuel cell was invented by Sir William Grove in 1839. The cell was derived
by two platinum electrodes surrounded by closed tubes. Those two platinum were
soaked into dilute acid, were as an electrolyte. Additionally, hydrogen and oxygen
were in closed tubes. Water was electrolyzed into hydrogen and oxygen by passing
on electric current through the external lines. In 1889, L.Mond and C. Legner
generated the first alkaline fuel cells and this application was the first patent in the
fuel cell area [2]. At fifties, Nerst and his colleagues built the first operated fuel cell,
its capacity was nearly 5 KW. As a result of this development, long term fuel cell
research program has been started and continued until these days [3]. Additionally,
W. Schottly invented the theoretical basic for solid oxide fuel cell, after that, E.
Bauer and H. Preis reported to the first experimental work about SOFC relatively
with the theoretical knowledge. The chronological steps of fuel cells can be seen in

the Table 2.1 [4].



Table 2.1 Fuel cell developments by chronologically [4]

Years Development of Fuel cell

1838 C.F. Schonbein "On the Voltaic Polarization of Certain Solid and Fluid Substance"

1839 R.W. Grove "On the Voltaic Series and Combination of Gasses by Platinum"

1843 Construction of a Gas Battery

1889 Work by L. Mond and C. Langer result in first alkaline

1896 W.W. Jaques used molten sodium hydroxide as the electrolyte intending direct conversion of coal
1900 W. Nerst conceptual work in the field of solid oxide fuel cell

1905 F. Haber carried out systematic thermodynamic investigations of hydrogen consuming fuel cells
1932 F.T. Bacon started a long term fuel cell research program

1935 W. Schottky developed the theoretical basics of the SOFC

1938 E. Baur and H. Preis reported on experimental SOFC-work

1959 F.T. Bacon built the first working 5 kW alkaline fuel cell stack

1964 Polymer Electrolyte membrane fuel cell supplied electricity to Gemini spacecraft

1967 Concept of phosphoric acid fuel cell (PAFC) by UTC

1960/80ies Alkaline fuel cell were used for Apollo and Space Shuttle

1984 Rediscovery of Polymer electrolyte membrane fuel cell (Siemens/Ballard)




2.2 Definition of Fuel Cells

The most common characterization of fuel cell is an electrochemical device that
directly converts chemical energy, from a reaction between a fuel and an oxidant,
into electrical energy. As can be seen from the Figure 2.1, the basic structure fuel
cells consist of three major component; porous cathode, porous anode and non-

porous electrolyte.

Heat H,0
Air—}ﬂz —.L T -I-
Cathode : -
Electrolyte
Anode

Fuel—3H, —T

Figure 2.1 Schematic presentation of a planar fuel cell [5]

In a standard fuel cell, fuel is fed permanently to the anode and an oxidant (generally
oxygen from air) is fed permanently to the cathode. Hydrogen is oxidized in the
anode and oxygen is reduced in the cathode. External work is done by flow of
electrons from anode to cathode through the external circuit; as a result, electrical
energy is existed. There is an overall chemical driving force to occur a reaction

between the oxygen and the hydrogen for producing water and heat.

The fuel and oxidant gasses are diffused through the electrode and they reach to the
boundary of the electrolyte and the electrode where the electrochemical reactions are
occurred. It is called three-phase-boundary region which is comprised from gas and
electrolyte-electrode interface. Chemical energy can be converted to the electrical
energy as long as fuel and oxidant are continuously supplied to the electrode. Sort of
fuels can be used for anode, such as hydrogen, ethanol, methanol, or gaseous fossils.
However solid or liquid fossil fuels need to be gasified first before they can be used

as fuel [6].



2.3 Fuel Cell Stack System

For most practical fuel cell applications, unit cells must be combined in a modular
fashion into a cell stack to achieve the voltage and power output level required for
the application. Generally, the stacking involves connecting multiple unit cells in
series via electrically conductive interconnects. Different stacking arrangements have

been developed, which are described below.

2.3.1 Planar-Bipolar Stacking

The most common fuel cell stack design is the so-called planar-bipolar arrangement
(Figure 2.2 depicts a PAFC). Individual unit cells are electrically connected with
interconnects. Because of the configuration of a flat plate cell, interconnect becomes

a separator plate with two functions:

1) To provide an electrical series connection between adjacent cells, specifically for

flat plate cells, and
2) To provide a gas barrier that separates the fuel and oxidant of adjacent cells.

In many planar-bipolar designs, interconnect also includes channels that distribute
the gas flow over the cells. The planar-bipolar design is electrically simple and leads

to short electronic current paths (which helps to minimize cell resistance).

Separator plate

Composite Anode Substrate:

porous acid reservoir +
catalyst lager +
half electralyte matrix

]\ Composite Cathode

Substrate

Separator plate

Figure 2.2 Expanded View of a Basic Fuel Cell Unit in a Fuel Cell Stack [7]



Planar-bipolar stacks can be further characterized according to arrangement of the

gas flow:
» Cross-flow: Air and fuel flow perpendicular to each other

» Co-flow: Air and fuel flow parallel and in the same direction. In the case of

circular cells, this means the gases flow radically outward

» Counter-flow: Air and fuel flow parallel but in opposite directions. Again, in

the case of circular cells this means radial flow
» Serpentine flow: Air or fuel follow a zig-zag path
» Spiral flow: Applies to circular cells

The choice of gas-flow arrangement depends on the type of fuel cell, the application,
and other considerations. Finally, the manifolding of gas streams to the cells in

bipolar stacks can be achieved in various ways:
» Internal: the manifolds run through the unit cells

» Integrated: the manifolds do not penetrate the unit cells but are integrated in

the interconnects

» External: the manifold is completely external to the cell, much like a wind-

box

2.3.2 Stacks with Tubular Cells

Especially for high-temperature fuel cells, stacks with tubular cells have been
developed. Tubular cells have significant advantages in sealing and in the structural
integrity of the cells. However, they represent a special geometric challenge to the
stack designer when it comes to achieving high power density and short current
paths. In one of the earliest tubular designs the current is conducted tangentially
around the tube. Interconnects between the tubes are used to form rectangular arrays
of tubes. Alternatively, the current can be conducted along the axis of the tube, in
which case interconnection is done at the end of the tubes. To minimize the length of
electronic conduction paths for individual cells, sequential series connected cells are

being developed. The cell arrays can be connected in series or in parallel.

To avoid the packing density limitations associated with cylindrical cells, some

tubular stack designs use flattened tubes.



2.3.3 The Fuel Cell Systems

In addition to the stack, practical fuel cell systems require several other sub-systems
and components; the so-called balance of plant (BoP). Together with the stack, the
BoP forms the fuel cell system. The precise arrangement of the BoP depends heavily
on the fuel cell type, the fuel choice, and the application. In addition, specific
operating conditions and requirements of individual cell and stack designs determine

the characteristics of the BoP. Still, most fuel cell systems contain:

Fuel preparation; Except when pure fuels (such as pure hydrogen) are used, some
fuel preparation is required, usually involving the removal of impurities and thermal
conditioning. In addition, many fuel cells that use fuels other than pure hydrogen
require some fuel processing, such as reforming, in which the fuel is reacted with

some oxidant (usually steam or air) to form a hydrogen-rich anode feed mixture.

Air supply; In most practical fuel cell systems, this includes air compressors or

blowers as well as air filters.

Thermal management; All fuel cell systems require careful management of the fuel

cell stack temperature.

Water management; Water is needed in some parts of the fuel cell, while overall
water is a reaction product. To avoid having to feed water in addition to fuel, and to
ensure smooth operation, water management systems are required in most fuel cell

systems.

Electric power conditioning equipment; Since fuel cell stacks provide a variable DC
voltage output that is typically not directly usable for the load, electric power

conditioning is typically required.

While perhaps not the focus of most development effort, the BoP represents a

significant fraction of the weight, volume, and cost of most fuel cell systems.

Figure 2.3 shows a simple rendition of a fuel cell power plant. Beginning with fuel
processing, a conventional fuel (natural gas, other gaseous hydrocarbons, methanol,
naphtha, or coal) is cleaned, then converted into a gas containing hydrogen. Energy
conversion occurs when DC electricity is generated by means of individual fuel cells

combined in stacks or bundles. A varying number of cells or stacks can be matched



to a particular power application. Finally, power conditioning converts the electric

power from dc into regulated dc or ac for consumer use [7].

Figure 2.3 Fuel Cell Power Plant Major System [7]

2.4 The Types of Fuel Cells

Fuel Cells are grouped into five different types, generally named from their
electrolyte structure. Fuel Cells are basically differenced from material of electrolyte;
on the other hand the choice of electrolyte material depends on the operational
temperature and the type of fuel and oxidant. Figure 2.4 describes the basic
fundamental differences, for example the specific reactions at the anode and cathode,
the source of oxidant and fuel as well as the operating temperature of the fuel cells

for the optimal performance.

For the reasons of electrode activity (which translates into higher efficiency and fuel
flexibility), higher temperature operation is preferred. However, for portable
(intermittent) power applications, lower temperature operation is typically favored as
it enables rapid start up and minimizes stresses due to thermal cycling. In this sense,

the types of fuel cells are summarized in detail; it can be seen in the Table 2.2.
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Figure 2.4 Types of fuel cells and their respective [8]
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Table 2.2 Different fuel systems along with operating temperature and electrolyte [7]

SOFC PEMFC MCFC AFC PAFC
Anode Ni-YSZ Cermet Pt black or Pt/C Ni-10%Cr Ni Pt/C
Cathode Sr-doped LaMnOs Pt black or Pt/C Li-doped NiO Li-doped NiO Pt/C
Yttria Stabilized .
Electolyte(mol%) erz.)z &slzlie Nafion 62 Li»C03-38K>CO; 85%KOH 100%H;PO,4
Fuel H,,CO,CH4 H, pure H,, CO, CH,4, C;3Hg H,,0, H, reforr;esd natural
Charge carrier 0% H' COs* OH H'
Pressure(MPa) 0,1 0,1-0,5 0,1-1 ~0,4 0,1-1
Temperature© 600-1000 60-80 650 65-200 200
_ |Hyg+tO” > Hy(g) > Ho(e+COs~ > | Hye+2(0H) g > |Hag >
Anode Reaction | 1,0(g)+2¢" 2H (ag)+2e H,0+CO, +2¢ H,0(g)+2¢ 2H (o t2€"
Cathode 1/20,+2¢ —» 1/2020yt2H agyt2€ | 1/205(+COy)+2e 1/202tHoOg12e” | 1/205g+2H (a0 2€
Reaction 0* —»H,0(g) —» CO> — 2(0H) @y —> H0
Coll Reaction | H2@t1/202e ——> | Ha@1/202+C0O> | HaeyH1/202+COxg) [ Haei+1/20) — | Hait1/20y+CO”
H,Oy —» H,O0p+CO; | —» HyOytCOy,) |H2O(y —»20+CO,
- 0 1
System 60-85% (with 50-60% 60-85% 50-70% 55%
Efficiency cogeneration)
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2.4.1 Polymer Electrolyte Membrane Fuel Cells

The mainly application fields of Polymer electrolyte Membrane fuel cells are space
technology, vehicle propulsion, and portable electronic devices as well as, combined
heat and power generators. The size of typical modules is approximately between
0.1-100 kW. PEMFC has the highest power density and efficiency than the other
types of fuel cells. It has the fastest start up capability; in addition it could work with
high efficiency at the low temperature. Besides that, expensive platinum catalyst and
also insensitivity of CO and other contaminant are the weak points, which are under

the investigation.

2.4.2 Alkaline Fuel Cells

Alkaline fuel cells were used for space application for long time and the first
example was experienced in Apollo spacecraft. It was provided both electricity and
drink water. Another application area is vehicle propulsion. The most important
advantages of AFC are that; they have the lowest voltage losses at cathode, so the
efficiency is at high level and non-noble metal can be used as catalyst. However it
has poor tolerance to CO,, moreover pure H, and O, are required without any

contaminant.

2.4.3 Phosphoric Acid Fuel Cells

PAFC has a big difference from other type of fuel cell due to the ‘commercial
availability’. Their lifetime is around 40000 hours; thereby they have an excellent
reliability for long term performance. Generally, they are used with combined heat
and power generation. The size of commercial module is approximately 200 kW.
Besides these positive behaviours, they have limited efficiency and also they are very

sensitive to CO (g) and Sulfur.

2.4.4 Molten Carbonate Fuel Cells

The most common fields of application is stationary application, moreover the
efficiency is at high level (% 60-85) with combined heat and power generation or
combined power plant with gas turbine. The differences from the other types of fuel
cells are high CO () tolerant and flexibility in regards to fuel kinds. It operates at
high temperature; so that inexpensive electro-catalysts are acceptable. For instance,

nickel exhibits high adequate activity at high temperature. Furthermore, complex gas
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management is necessary for this system, especially CO,-recycling because of
corrosive electrolyte material. Apart from that, it is only possible to start at elevated

temperature.

2.4.5 Solid Oxide Fuel Cells

Mainly, it operates at high temperatures, on the grounds of that, it has high efficiency
with combined heat and power generator or combined power plant with gas turbine.
It is possible to use direct natural gas without reforming and also it has a tolerant
with CO. Controlling gas circulation is important point for this kind of fuel cells
[4,9]. SOFC and its component “anode” is the subject of this master thesis. It will be

explained in details in the following chapter.

14



3. SOLID OXIDE FUEL CELLS

Solid oxide fuel cells are composed with three main parts; two of them are permeable
electrodes which are called cathode and anode. The other one is impermeable
electrolyte which is placed between two electrodes. Operation principle of SOFC
basically depends on reduction and oxidation cycling. When oxidant is reached to
cathode, oxygen is reduced to their ions, as shown Equation 3.1. The oxygen ions are
diffused into electrolyte interface and they removed to the direction of anode through
the electrolyte. At the boundary of anode and electrolyte interface the oxygen ions
come upon with hydrogen and hydrogen is oxidized by the oxygen ions, as shown
Equation 3.2. As a result, water, heat, and electrons are generated at the total of these
reactions (Equation 3.3). Afterwards, electrons are migrated through to the external
circuit; therefore this migration is ensured the electrical energy [3]. The operation

principle of SOFC can be seen in the Figure 3.1

Cathode: %Oz +2e” >0 (3.1)
Anode: H,+0" — H,0+2e" (3.2)
Overall: H, +%O2 - H,0 (3.3)
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Figure 3.1 Operating principle of a Solid Oxide Fuel Cell [10]

3.1 The role of Gibbs free energy and Nernst Potential

The aim of fuel cell is to release the internal energy from fuel and convert it into
electric and heat energy with high efficiency. The maximum amount of energy is
obtained by the conception of ideal performance. The key parameter of the ideal
performance is to analyze the process which takes place thermodynamically. Gibbs
free energy and Nernst Potentials are used to determine the ideal condition of the

system without any losses [11-12].

The total energy released in any chemical reaction is equal to the change in the
enthalpy of formation ( AH). This change in the enthalpy of formation is equal to the
sum of the enthalpy of formation for the products minus the sum of the enthalpy of

formation reactants. [13].

AH = Z (AH) products — Z (AH)reactants 3.4

Theoretically, all amount of reaction energy in enthalpy of formation could be
converted into electrical energy, if none of it is converted into another form of
energy. However, in a reversible reaction some of the chemical energy is converted
into thermal energy and only the rest could be converted into electrical energy. The

minimum amount of thermal energy that is generated in any reversible reaction at
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constant temperature is 7AS . This is explained that the amount of produced electrical

energy (W, ) in the fuel cell;
W,<AH —-TAS (3.5)

Gibbs free energy G is a thermodynamic function that is defined as the enthalpy H

minus the product of temperature and entropy S;
G=H-TS (3.6)
In differential form above equation for an isothermal operation becomes
AG =AH —-TAS (3.7)
In other words;

W, <AG (3.8)

For the general chemical reaction;
aA+bB — cC+dD (3.9

Where the change in Gibbs free energy for a given reaction (3.10);

AG = z (AG) products Z (AG) reactants (3 . 10)

Gibbs free energy depends on temperature and pressure, at which reaction occurs, as

shown in the following equation (3.11),
G=G'+RTInP (3.11)

G° = Gibbs free energy at standard condition (J/mol)

When equation (3.9) is combined with equation (3.11), it is revised as the next
equation (3.12),
PP,
AG = AG”° +RT1n{PAC—Bj (3.12)

d
c* D

AG’ = Change in Gibbs free energy at standard condition
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For fuel cell, hydrogen is used as a fuel and the reaction takes place,
H2+%02 — H,0 (3.13)

For the hydrogen oxidation reaction (equation 3.13) is applied to equation (3.12). In
Table 3.1 is shown the variation of Gibbs energy with temperature;
b

H, POz

P
AG =AG" + RTIn—2-%_ (3.14)

H,0

Table 3.1 Enthalpy and gibbs free energy of formation for oxygen, hydrogen and

water at normal conditions [14]

Component AH° (kJ/mol) AG® (kJ/mol)

O:(g) 0 0
H; (g) 0 0
H,O(I) 28583 | -237.13
H,0(g) 241,82 228,57

°:means at 25°C and 101325 Pa, (g) : gas, (1) : liquid

For hydrogen fuel cell, two electrons pass through the external circuit for each water
molecule produced and each molecule of hydrogen used (see equation 3.3). So for
one mole of hydrogen used 2N electrons pass round the external circuit where N is

Avogadro’s number. If —e is charge on one electron then, charge that flows is
-2Ne = -2F (coulombs) (3.15)

F = the faraday constant, or charge on one mole of electrons and its value is 96485.

If E is the voltage of the fuel cell, then the electrical work is done in moving this

charge round the circuit. This is given by the Nernst equation.
Electrical work done = chargex Voltage = —2FE [Joules] (3.16)

If the system is reversible (no losses) then the electrical work done will be equal to

the Gibbs free energy released. So,
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AG =-2FE
~AG (3.17)

- 2F

This fundamental equation gives the reversible open circuit voltage of the hydrogen

fuel cell. Using equation 3.11 into equation 3.17;

1
o p ph
p_AG" RT | PE,

= + (3.18)
2F 2F | P,
AG & (3.19)
2F

Open Circuit Voltage (OCV) is the voltage which can actually be measured at the
terminals of an idling cell and is commonly used value for a cell under no load
conditions. At the open circuit situation, a voltage difference can be seen between
anode and cathode according to electrochemical potential of the oxide ions present at
both electrodes. Its theoretical value is 1.23 volt. The fundamental equation gives the

potential difference, known as the reversible cell voltage [15, 16].

_—AG

E_ =
ev I’ZXF

(3.20)

n: number of electrons exchanged per mole of product molecule

F: Faraday constant, the charge on one mole of electrons, 96485 coulombs

3.2 Electrochemical Efficiency of SOFC

Reversible reactions, which are explained in previous part, are theoretical
knowledge. Practically, the fuel cell reactions are not reversible. The system has
variety reasons to be an irreversible; the reasons are defined by efficiency factor. In
addition, the most paramount efficiency factor for SOFC is electrochemical
efficiency. The electrochemical efficiency is generated by three dominant
efficiencies as revealed in Equation (3.21); the thermodynamic efficiency (nwm), the

current efficiency (1), the voltage efficiency ().
= Nw™ Ner™ M (3.21)
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3.2.1 Thermodynamic Efficiency

The thermodynamic efficiency is referred to change in Gibbs free energy to convert
sufficiently to electrical energy. Actually, the maximum value of efficiency is
defined by intrinsic fuel properties. It shows the tendency of electrochemically
oxidizing of fuel. In addition, thermodynamic efficiency is known as the maximum

efficiency limit.

N = AG/AH = 1-(TAS/AH) (3.22)
In this Equation (3.22),

AH = the difference of in the enthalpy of the reaction,

AS = the entropy change of the reaction,

AG = the change in the Gibbs free energy.

3.2.2 Current or Faraday Efficiency

The current efficiency is defined as the ratio of complete conversion of the cell to the
current density. It has two main reasons, first; all the reactant do not converted to
reaction products, and second one; some of the electrons are occurred from other
reactions (for example corrosion reactions). The current density is shown in Equation

(3.23)
n= 1/ir (3.23)
1= incomplete conversion of the cell current density

3.2.3 Voltage Efficiency

The system has voltage losses due to polarization. The polarization is originated by
three main issues; activation, ohmic and concentration. Additionally, the net cell

voltage can be seen in the following equation.
Vcell: Vopen'vact‘vohm‘vconc (324)
Also, the efficiency of total voltage losses is explained by the equation (3.25) [13].

n= 1”Ialct‘l' nohm+ MNcone (325)
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Figure 3.2 illustrates a typical current voltage curves. As can be seen from the
Figure, all the polarization characteristics are defined and recorded in detail during
loading of the cell. The voltage curve is begun from the OCV and continued to a
defined cell voltage during the measurement. The most important point is that; the

temperature should have to be stay at stable conditions.

Cell Voltage [V]
A

Reversible cell
voltage U,

3 Hesting
v ovarvolage

h\‘—\-___\_k__" Ohmic Loss

Cathode and Anode
Overpotential

ocv

Activation

polarisation

Ohmic Loss

Liffusion
polanzation

Cell Voltage, E

Cathode Overpotzntial
P Ancde Overpotential

[A/cm?]

Figure 3.2 Current density versus to cell voltage [17]

Furthermore in the Figure 3.2, y-axis exhibited the cell voltage (V) and x-axis
exhibited the current density (i/cm?). Current density is the value, which can be
obtained by dividing the measured current to the cell active area. Besides that, the
reversible cell voltage value comes from the equation of Nernst and it could not be
measured practically. On the other hand, the value of OCV is measured at the point
of zero current. When the cell is loaded, firstly activation polarization is existed, just
then ohmic polarization is occurred, and the last one is the diffusion polarization.
After the voltage losses due to the kinds of polarization, the curve is reached to the

net cell voltage.
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3.2.3.1 Activation Polarization

The activation polarization is a voltage loss in regards to the reaction rates especially
at the cathode side. These are caused by the slowness of the reactions taking place on
the surface of the electrodes. A proportion of the generated voltage is lost in driving
the chemical reaction that transfers the electrons through the electrode. When the
reactants are arrived to electrode sides, the activation energy should be passed over
limit value to achieve the reactions. Therefore, it is the reason of voltage drop due to
the chemical reaction. Furthermore, it is the largest voltage losses during the
operation. As well as, the activation polarization has a nonlinear behavior during the
plot of the cell voltage and the current density, added it is dominant at low current.
Activation polarization depends on some variables, can be seen on following

function.

Naet—= F{ material properties, microstructure, temperature, atmosphere, current

density}

It is customary to express the voltage drop due to activation polarization by a semi-
empirical equation, called the Tafel equation. The equation for activation

polarization is shown below,

Mot = AL ln(.iJ (3.26)
an

Where;

a = Charge transfer coefficient and its value depends on the reaction involved
and electrode material. Its value is from 0 to 1. For hydrogen electrode its value is

about 0.5 for a great variety of materials.
F = Faraday constant (96485)
i= Current density [mA/cm®]

i,= Exchange current density. It can be considered as the current density where the
over voltage begins to move from zero. It is obvious from the above equation that

higher the value of i, lower is polarization (more active is the surface of electrode)

n = number of electrons involved in reaction
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3.2.3.2 Ohmic Polarization

This voltage drop is the straightforward resistance to the flow of electrons through
the material of the electrodes and the resistance to the flow of ions through the
electrolyte. This voltage drop is essentially proportional to current density, linear,
and so is called “ohmic” loss or sometimes resistive loss. Essentially, the dominant
ohmic losses through the electrolyte are reduced by decreasing the electrolyte
thickness and increasing the ionic conductivity of electrolyte. Ohmic losses can be

expressed by Ohm’s law as [3],

Nohm™= [(pe}“e) +(pc}Vc)+ (paxa)dl_ Rcontact] X1 (327)
Pe, P> Pa= resistivity (of electrolyte, cathode and anode)
Ae, Ac, Aa = thickness (of electrolyte, cathode and anode)

i = current density (mA/cm?)

3.2.3.3 Concentration Polarization

Concentration polarization is a voltage loss in regards to resistance of electrodes to
transportations of mass and diffusion during the replacement of ions in the
electrodes. The decreasing of concentration is caused to failure in sufficient
transportations of reactants to the electrode surface. This change in concentration
brings a drop in partial pressure of reactants. This pressure drop depends on the
current which are coming from three phase boundary. Typically, the diffusion of

polarization depends on some additional variables.

Neonc= T {binary diffusivity of reactants, microstructure, partial pressure, current

density}

The reduction of partial pressure at the cathode side is caused a drop in voltage
which is given in the equation (3.28). Additionally, hydrogen at the anode side has
high diffusivity because of its low molecular weight; in that case the diffusion
polarization at the anode side is lower than the diffusion polarization at the cathode

side [17-18]

Ncone = RT/HF * ln(Pz/Pl) (328)
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3.3 Electronic Impedance Spectroscopy

Electrochemical impedance spectroscopy is relatively new and powerful method of
characterizing many of the electrically properties of materials and their interfaces
with electronically conducting electrodes. The general approach is to apply an
electrical stimulus (a known as voltage or current) to the electrodes and observe the
response (the resulting current or voltage). The principle of impedance spectroscopy
is based on applying a single-frequency voltage or current to the interface and
measuring the phase shift and amplitude or real and imaginary parts, of resulting
current at the frequency using either analogue circuit or fast Fourier transform

analysis of responses [19].

Impedance is the opposition of a circuit to the flow of an alternating current (AC) at
a given frequency. Mathematically, it is represented by a complex quantity.
Impedance is an important parameter used to characterize electronic circuits,
components and the material used in production of components. A fuel cell system
can be considered as an electrical circuit with various components as it can be seen
on the Figure 3.3. Therefore the electrochemical impedance spectroscopy is often
used in explaining the changes in fuel cell performance, which can be observed at
measured [-V curves. In this equivalent circuit a simple resistance symbolizes the
electrolyte because its ionic conductivity is much higher than the ionic conductivity
of the electrodes. On the contrary, a resistance and a capacitor are connected in
parallel, symbolize each anode and cathode electrodes. Indeed there is gas diffusion
through these two layers. That means it is controlled mass transport. This
phenomenon can be explained by the modelling of the double layer. The other
components like wires and platinum meshes are represented by an inductance
connected in series. Thus the impedance of every component of the cell adds up to

the measured overall impedance [12].
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Figure 3.3 Electrical Circuit Model of SOFC [17]

3.4 Electrical and Ionic Conduction in SOFC

The important role of electrolyte in the fuel cell is to conduct ions between anode and
cathode. Moreover, electrons are brought one side to another by the driving force of
electrochemical reaction. Ions and electrons are trigged the electrochemical
reactions. When voltage (V) is gone across a material, current of magnitude (I) is
flown through the material. In most metals, the current is proportional to V,

according to Ohm's law:
[I=V/R (3.29)

R = the electrical resistance (J-s/C?)
V = Electrical potential differences (Volt)
I = Current (ampere)

Electrical resistance (Eq 3.30) is a measurement of the degree which is opposed to
the passage of an electric current. Electrical resistance depends on the intrinsic
resistivity, p, also called specific electrical resistance of the material, measured in
ohm - meter. Resistivity is a measure of the material's ability to oppose the flow of

electric current [20].
R=p* /A (3.30)

L = The length of the conductor (m)
A = The cross sectional area(m?)

p = Electrical resistivity
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Moreover, the electrical conductivity is the inverse of the resistivity: ¢ = 1/p. The
electrical conductivity is exhibited by both the electric field in the material (E) and
current density (i) (divided by active area). Finally, the electrical conductivity

function can be seen Equation (3.31)
*Eq=0 (3.31)

The conductivity is one of the properties of materials that is varied most widely from
10" (Q'm)” (typical of metals) to 102 (Qm)" for good electrical insulators.
Semiconductors have conductivities in the range 10 to 10* (Q'm) . Generally, the
electrical conductivity is usually in the units of a Siemens per unit length, i.e. S/cm,

where one Siemens is equivalent Q'21]

The operation of a SOFC is fundamentally predicated on electrical conduction in the
ceramic component as electrode. Generally, electrical conduction in ceramics or
crystalline solids depends on the material lattice defects. Some oxide ion conductors
exhibit both electronic and ionic conductivity. Regarding to the oxygen partial
pressure, the concentration of oxygen vacancies changes; therefore, the concentration
of electrons and electron holes are affected in the lattice. The compounds, which
have both ionic and electronic conductivity, are called Mixed Ionic Electronic
Conductors (MIECs) in Figure 3.4. However, MIEC electrodes have advantages
compared to pure electronically conductive electrodes owning to increase the
effective Triple Phase Boundary (TPB) (where electrochemical reaction can take
place). The Three phase boundary of electrochemical activity is affected only if
electrons, oxygen vacancies or ions, and oxygen can transport to or away from the

boundary.
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Figure 3.4 Oxygen transfer at the TPB with a mixed conductive and electronic
Conductivity[22]

The ionic and electronic transfer numbers can be used to describe the respective
contribution of ionic and electronic conductivity to the total conductivity o, is written

in the following Equation (3.32);
6= 0it O (3.32)

o = total conductivity
o;=ionic conductivity
o. =electronic conductivity

For electrolyte materials, an ionic transfer number is desirable close to unity. The

ionic transfer number (ti), is explained by the following function (Eq 3.33);
t=oi/ o (3.33)

The electronic transfer number in the electrode materials t., is explained by the

following function (Eq3.34) [22];

te=0ce/ o (3.34)
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The most important dependency of electronic conductivity depends on the
temperature. Additionally, it is aided to determine the electrolyte performance. It can

be seen in the Equation (3.35) which is called Arrhenius equation.

@, = é_lf“ exp {%) (3.35)

Where

Ea = activation energy for conduction, (Ea can be calculated from the slope of the

In(@T) versus T ' plots)

Ag = the pre-exponential factor, (includes the carrier concentration as well as other

material dependent parameters)
k = the Boltzmann constant
T = the temperature (K).

When comparing Ea values for different materials, the material with a higher Ea

value exhibits a stronger temperature dependency of conductivity [12].

3.5 SOFC Component

In fabrication of SOFC different materials are used for each functional layer, but one
common property of these materials is selected by their high temperature stability.
The materials are consequently based on ceramics well known for their high
temperature resistance. For example a cermet is used as anode material. It is a
ceramic material based on Zirconia containing Ni-metal particles whose the
properties are fundamental to assure all the function mentioned in the Table 3.2. As it
can be seen, specific physical and electrical properties are required to allow good
performance. In this Table, the different components are disposed exactly like in an
SOFC. Indeed the substrate is the base of the cell, and then come successively the
anode, the electrolyte and the cathode layers [18]. The properties of each layer will

be detailed in the next part of this section.

28



Table 3.2 Typical Properties of the Layers of an SOFC [17]

. . . Electrical
Thickness (pm) Physical Properties Layer .
Properties
€ BTN Electrical + lonic
TEC! .
40-50 CATHODE conductivity

Adherence to

electrolyte Catalytic activity

Adherence to cathode

Impermeability to

40-50 gases ELECTROLYTE | lonic conductivity
Strengh
TECY
Adherence to anode
High porosity Electrical + lonic
40-50 TEC! ANODE conductivity
Adherence to substrate Catalytic activity
High mechanical
t h Electrical
700-1500 STenan y
High porosity conductivity
TEC!

M Thermal Expansion Coefficient

3.5.1 Cathode Side

The priority mission of the cathode is to provide reaction sites for the
electrochemical reduction of the oxidant. The used cathode materials are explained in

the following titles.

3.5.1.1LSM

Generally, La;4SryMnO3; (LSM) (x between 0,15 and 0,5) is used as a cathode
material. It has high electrical conductivity in oxidizing atmospheres, chemical and
thermal expansion. These are compatible with YSZ electrolyte. As well as, chemical
and physical stability are confronted with the environment effects during cell
operation and fabrication. For transportation of molecular oxygen from the gas phase
to the air electrode/electrolyte interface has to be sufficient porosity [23]. The

principle of function is shown in Figure 3.5.
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Figure 3.5 Schematic of an SOFC cathode [24]

Strontium doped lanthanum manganite (LaSrMnO;, LSM) has a high catalytic
activity for oxygen reduction, which is the main reaction occurred at the cathode
side. LSM has a perovskyte structure and a p-type conductivity that means; the
conduction in the material is accorded to the holes, formed on the Mn®* site to
maintain electron neutrality because of Sr’" ion replacing La’" ion. The ideal

perovskyte structure is cubic. The LSM crystal lattice is shown on the Figure 3.6.

LaMnO; — Laj " Sty 2" Mn > Mnx ** 03 (3.36)
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Figure 3.6 The LSM Crsytal Lattice [24]

Several problems might occur at high temperatures because of the surface layer.
Indeed LSM and YSZ can react together and form La,Zr,O7 at a temperature range
above 1000°C. There is also an inter diffusion of manganese, strontium and
lanthanum ions across the interface into the YSZ electrolyte. This change induces the
creation of a novel layer which results in a higher overall resistance of the cell. The
oxygen reduction takes place at the triple phase boundaries (TPB). Besides that, the
polarization resistance decreases by applying a thin porous layer of Yttria-Stabilized-
Zirconia (YSZ). The Thermal expansion coefficient (TEC) of LSM is in the same
order of magnitude as the other SOFC components [1].

3.5.1.2LSF

The un-doped LaFeO; has a low electronic and ionic conductivity due to few
numbers of anion vacancies and as a result of the 3+, - valence is connected to nearly
all the iron ions. The substitution of La’" to the divalent Sr*" -ions forms anion
vacancies as well as a local change of the valence from Fe®* to Fe*" -ions takes place
in order to ensure the charge neutrality in the perovskite [23]. The strontium

subsequently enhances both the ionic and electronic conductivities.
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doped with Strontium (Sr)

LaFeO; » La; Srx Fe O3 (3.37)
A B

As a result, an increase in the electronic and ionic conductivity is observed. The ionic

conductivity of LSF increases directly with the inclination of the temperature while

the electronic conductivity decreases. It is found in literature that for the composition

Lag gSrg2Fe0; at 750 °C, the electronic and ionic conductivity is equivalent to 155

S/cm and 0,02 S/cm, respectively [25].
3.5.1.3 LSCF

Lanthanum cobalite, LaCoOs belongs to the same class of perovskite type structures
as lanthanum manganite and shows both electronic and ionic conductivity. The
critical oxygen partial pressure, below which decomposition occurs (Table 3.3), is
higher (in a range of about 107 Pa at 1000 °C) when compared to lanthanum
manganite. Furthermore, the partial substitution of strontium for lanthanum and iron
for cobalt in LaCoO; affect the TEC and the conductivity of the material. Unlike
LSM, LSCF exhibits thombohedra phase symmetry. Their coefficient of thermal

expansion is no longer matching with the electrolyte [26].

Table 3.3 TEM and electrical conductivity of LSM, LSCF, YSZ

Properties LSM
Coefficient of thermal expansion [x10* cm/cm.K] 12,4 19,5 11
Electrical conductiviy [S. cm™] at 800°C 30 335 2x107

LaCoOs; has no oxygen excess but shows a large oxygen deficiency at high
temperatures, especially when doped with a lower-valance caution such as strontium.
The LaCoOs; is doped with strontium to increase the electrical conductivity, but the
iron is added in order to have compatible thermal expansion coefficient with YSZ.
The composite is doped with iron in order to allow the thermal expansion coefficient

to be compatible with YSZ [23].
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doped with Strontium (Sr) and Iron (Fe)

LaCoOs3 » Laj Sry Cory Fey O3 (3.38)

A B

DLR is now studying at this new kind of cathode material as well as Lanthanum

Strontium Cobalt Iron Oxide is used for this master thesis.

3.5.2 Electrolyte Side

The priority mission of the electrolyte is to conduct ions between the anode and
cathode. The electrolyte also provides to distinguish the fuel from the oxidant in the
fuel cell. Therefore, the electrolyte material has to be impermeable to the reacting
gases and sufficiently conductive (ionically) at the operating conditions. The
electrolyte material is being studied Yttria Stabilized Zirconia which can be showed

in the following Figure 3.7.
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Figure 3.7 Example of a non-stochiometric defect [27]

For determining the material of electrolyte, key parameter is to have a sufficient high
ionic and low electronic conductivity at the cell operation temperature. Related to the
higher operating temperatures of SOFCs (from 600 °C to 1000 °C), the electrolyte
has to be chemically and thermally stability with the other cell components from

room temperature to the fabrication and especially operation temperature [26].
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In details, the crystalline array of ZrO, has two oxide ions to every zirconium ion,
however there are 1.5 oxide ions to every yttrium ion (in Y,0O3). By this way, oxide
ions are migrated by following the next vacancy in the crystal structure from the

cathode side until they reach the anode side [28].

ZI‘OQ
Y203 —»2Y ;3 OX0+ Vo ” (339)

Yz= Y’ -ion at the Zr*" site, negatively charged
Vo = oxide ion vacancy at electrolyte lattice, positively charged

0% = oxide ion at the regular place in the oxide ion lattice

For example, an oxygen vacancy is created for every mole of the dopant Y,0O;. The
high oxygen vacancy concentration gives rise to high oxygen-ion mobility. Oxygen
ion conduction takes place by the movement of oxygen ions by way of the vacancies.
The ionic conductivity behaviour is influenced by such factors as: dopant material
and concentration, temperature, atmosphere, grain boundary, and time. As the
amount of dopants increase the conductivity of the resulting material [25]. The
electrolyte crystal structure with and without dopping are shown on the Figure 3.8
and 3.9 respectively in order to evidence the changes in material to assure an

electrical neutrality.

Oxygen lons Zirconium lons

Figure 3.8 Crystal lattice of the zirconia[25]
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Figure 3.9 Crystal lattice of the yttria doped zirconia [25]

3.5.3 Anode Side

The priority mission of the electrolyte is to provide reaction sites for the
electrochemical oxidation of the fuel and/or the reformation of hydrocarbons to
hydrogen-rich fuels. Therefore, the key parameter of anode material is to be stable in
the fuel reducing environmental and have sufficient electronic conductivity and
catalytic activity for the fuel gas reaction at the operating conditions. In the following

chapter, anode will be explained in details [12].

3.5.4 Substrate

The main degradation of an SOFC is due to high temperature corrosion of the used
materials. Therefore, the operating temperature can be decreased for the
improvement of the stability of the whole construction. On the other hand, the lower
temperature increases the resistances of the functional layers which in turn to reduce
the power output. This resistance can be easily reduced by changing the layer
thickness. Therefore, a thin layer SOFC concept was developed by DLR, using the
vacuum plasma spraying process (VPS) on a metallic substrate, as an alternative
fabrication method, which will be explained in detail in the following chapter of this
thesis. This new planar design is called metallic substrate-supported thin-film SOFC.

This new design brings about a new problem of fragility of the cell due to its thin
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structure. Therefore the most important criteria for the substrate is to have a high
mechanical strength. It has to have high gas permeability as well, because hydrogen
gas should be transported through this component in order to react with oxygen ions.
A high electrical conductivity and an adapted thermal expansion behaviour relating
to the ceramic layers are required. To possess all these qualities, the substrate is
based on metals. Several types were experimented in DLR as it is shown on the
Table 3.4, recently, a new ceramic alloy fabricated by Plansee (Austria) is
exclusively used. It has been found to have a good high-temperature corrosion
resistance while a good thermal conductivity combined with a high mechanical
strength and a relatively lower thermal expansion coefficient. The metal cermet is
based on a CrFe stainless steel metallic component mixed with an Yttrium oxide
ceramic. It has high chromium content and impurities of silicon, aluminium,
manganese[29]. In general, such alloys designed as porous structures offer an
inadequate chemical stability in anode gas atmospheres. In contrast to the other
substrates used, Plansee substrate is powder metallurgically (PM) manufactured. In
PM process the material does not reach to the melting point, hence no significant
evaporation or segregation process occurs. Thus the product has a more
homogeneous elemental distribution in the alloy, thus more sufficient protective
oxide layer forms during operation [30]. As a result the corrosion behaviour at high
temperature is better than other substrates. With its 1-millimeter thickness and its
50% porosity, it has turned out to be an essential key component for the DLR SOFC

concept.
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Table 3.4 Different metallic substrates used for cell supported SOFC[17]

. Thickness = Porosity .
Substrate Material [mm] [vol.-%] Supplier/Partner
Ni and/or B8 o
Fibre Felts Fe-22Cr-5A10,1Y ~1,8 >85 Belgium/Technetics,
USA
. Rhodius, Germany/
Woven Wire Crofer22 APU ~1 ~60 Haver&Boecker,
Structure
Germany
S e Crofer22 APU ~1 ~35 Rhodius, Germany
Strucure
Sintered FE-26Cr-
Porous (Mo,T1,Mn, Y,0;,TM ~1 ~50 Plansee,Austria
Metal Plate 14)

3.5.5 Interconnect

Interconnection serves as the electric contact to the air electrode and also protects the
air electrode material from the reducing environment of the fuel on the fuel electrode
side. The requirements of the interconnection are most severe of all cell components

and include the following:
* High electronic conductivity

* Chemical stability in both oxidising and reducing atmospheres at the cell operating

temperature

* Low permeability for oxygen and hydrogen to minimise direct combination of

oxidant and fuel during cell operation
* An adapted thermal expansion coefficient with other cell components
* Non-reactivity with the air electrode and the electric contact material (e.g. nickel).

To satisfy these requirements, doped lanthanum chromites have been extensively
investigated to use them as the interconnection material. The reduction of the cell
operating temperature to 800°C in case of DLR’s SOFC concept makes the use of
metallic materials for the interconnect feasible. Metallic interconnectors fulfill the

above required properties.
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3.5.6 Diffusion Barrier Layer

A diffusion barrier layer is ought to be developed by vacuum plasma spray process at
substrate/anode interface to inhibit the “Substrate/Anode” material transport.
Because of high process temperature of about 800°C, atomic transport processes
emerge which can cause the destructive changes in the structure during long cell
operation in the SOFC. In particular, the “Substrate/Anode” interface represents a
problem area. For example, exchange processes of Fe-, Cr- and Ni- species between
the anode and the metallic substrate material take place during the cell operation that
can induce significant structure changes in both the anode and in the substrate.

Schematic Transport of these species is shown in Figure 3.10.

YSZ [Electrolyte]
FeO/ Fe,0; and Cr,05 NIG/YSZ [Anode]
Ni
Fe and Cr
[FeCrAlloys - porous metallic substrate]

Figure 3.10 Simple schematic showing exchange processes of Fe, Cr and Ni
between substrate and anode of a SOFC ate and anode of a SOFC

This barrier layer should be possibly thin, porous and high electrical conductive
representing the SOFC anode side electrochemical relevant conditions. Other
requirements include an adopted thermal expansion coefficient with other
components of the cell, chemical stability in reducing and humid anode gas
atmosphere and electrochemical compatibility. Because lanthanum chromites exhibit
the above mentioned properties, these are possible interesting candidates to serve as
“diffusion barrier layer” particularly when doped with alkali metals (e.g. Sr. Ca.
etc.). Lanthanum chromite is a p-type conductor. Conductivity in LaCrO; is due to
small polar on hopping from room temperature to 1400°C at oxygen pressures as low

as 10-18 atm. The conductivity is enhanced as lower valence ions (e.g., Ca, Mg, Sr,
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etc), are substituted on either the La’" or the Cr’" sites. Doped LaCrO; exhibit

adapted TEC with other cell components and are chemical compatible [31].

3.6 Thermal Plasma Spray Method

Several processes have been applied to fabricate SOFC layers such as, tape casting,
screen-printing and dip molding and thermal plasma spray. These coating techniques
require high temperature sintering process except thermal plasma spray. For large
area cells, this step will inevitably introduce a lot of defects, such as warp, crackle
and pore. At the same time, in order to assure, dense electrolyte, porous electrode
and good electrochemical inter lamellar contact, the sintering step would
procedurally be complex. This time consuming and sintering process is a shortage for
mass production, and therefore it is difficult to meet the strict cost targets for the
successful introduction of SOFCs in the strongly competitive energy market. In
comparison to the above mentioned processes plasma spraying has appeared as one
of the promising candidates. Plasma spraying is a fast single step, low cost process,
especially concerning the mass production of SOFC. The main advantage of porous
metallic supported thin-coating cell, fabricated by plasma spraying, is to allow
enlarging the cell area without sintering defects and improve its mechanical
properties. In addition plasma spraying controls the deposit composition and
microstructure through variation of spray parameters [32]. Based upon the processing
conditions plasma spraying can be classified into two general classes’ i.e.
atmospheric plasma spraying (APS) and controlled atmosphere plasma spraying
(CAPS). The plasma generation principle is identical for both types of spraying. The
only difference being that APS is carried out at atmospheric pressure in the presence
of air while in CAPS the atmosphere is controlled as per requirement. At DLR
Stuttgart plasma spraying is done at low pressure in the presence of argon called low
pressure plasma spraying (LPPS). LPPS is sometimes referred to as vacuum plasma
spraying (VPS), therefore in the coming discussion LPPS will be named VPS. The
layers deposited through VPS are denser than the one deposited by APS. But through
variation of parameters it is also possible to deposit porous layers by VPS. As
mentioned earlier for SOFC, denser electrolyte and porous cathode/anode are

required.
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In the new thin-film SOFC concept of DLR in Stuttgart, the entire membrane
electrode assembly (MEA) is deposited onto a porous metallic substrate by an
integrated multi-step Vacuum Plasma Spray (VPS) process. This concept provides
the production of an electrolyte layer of thickness of only less than 50 um resulting
in a significantly reduced overall thickness of the cell to 100 pum to 120 pm.
Additionally, VPS enables the reduction of the cell temperature from 800 °C to
700°C without a significant decrease in power density due to reduction of the ohmic
cell losses. Cells with a high mechanical stability and large active areas are able to be
fabricated due to the substrate support. Its characteristic properties such as short
process time, high material deposition rate and the ability to be transferred to an
automated production line promise a fast and cost effective fabrication of cells with

large active cell areas [33].

3.6.1 Plasma

Plasma is a conglomeration of positively and negatively charged particles. It is on the
average neutral, because the number density of the positive charges is equal to that of
negative ones. The plasma may also contain neutral particles or may be fully ionized
(when all the particles are charged). The plasma will then contain two or more kinds
of charge carriers: free electrons and positive ions. Sometimes it has also negative
ions and more than one kind of positive ion. The ions may be singly charged or

multiply charged; they may also be atomic or molecular.

An important parameter is the degree of ionization, which is the percentage of those
gaseous atoms or molecules initially present that has been decomposed into charge
carriers. When the plasma contains neutral particles, the degree of ionization is less
than one. It is closer to unity when the plasma is strongly ionized and closer to zero
when it is weakly ionized. Sometimes, multiply ionized atoms account
conventionally for a degree of ionization greater than one. The word plasma itself
was introduced by Langmuir before any interest began to be devoted to fully ionized

gases, and cannot be restricted to fully ionized gases.

The fully ionized plasma is sometimes considered as a particular state of matter.
Indeed, Matter can be found in four different states: solid, liquid, gas or plasma. It is
well known that when enough energy is added to a solid, the solid will change its

state and become a liquid which in turn with enough energy added to it will become
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a gas. The molecules of such a gas will assume a variety of degrees of freedom. If
one keeps adding energy, the kinetic energy of the particles will increase and
molecular impacts will become so intense so that dissociation will result between
some of the electrons and rest of each molecule. The gas will become plasma. The
energy added is partly converted into random kinetic energy and partly into
dissociation energy. The physical properties are different from one state of matter to

the other.

3.6.2 Plasma Sprayed Equipment

Having defined the plasma, the next question is how to utilize it for required
applications. For this purpose plasma spray equipment is used. A plasma spray
equipment Figure 3.11 mainly consists of, Plasma gun/torch mounted on a robot,
substrate holder, powder feeders, vacuum pumps (for vacuum plasma spraying),
filters and exhaust system, gas feed pumps, cooling water supply unit, computer
interface control panel and a sealed chamber/vessel enclosing the plasma torch and
substrate holder. The environment inside the chamber may be controlled as required
i.e. vacuum or atmospheric. The powder feeder and pumps are not the part of the
chamber, but situated outside. The substrate holder is provided with heating elements
in order to heat the substrate when required [34]. The major component of the

equipment is plasma torch explained next.
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Figure 3.11 Plasma spray equipment

Plasma Equipment: Plasma Technik AG Switzerland
Robot: ABB Germany
Nozzle: Mach 3

Powder Feeder: Sulzer Metco Twin feeder (10-C)

3.6.3 The Plasma Torch

Vacuum plasma spray can be used as a deposition technology for powders and
substrates, which are sensitive to oxidation or if very dense coatings are required.
VPS technique is applied in a low pressure environment of an evacuated chamber
which is floated with purge gases. The plasma spray process is based on the
generation of a plasma jet consisting of argon with a mixtures of H, and He which
are ionized by a high current arc discharge in a plasma torch. Novel plasma torches
spray the particles at a velocity from 800 m/s to 900 m/s [35]. Figure 3.12 shows

schematic principle of the DLR plasma torch with a laval-like nozzle contour. The
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powders used can be injected at different ports along the nozzle of the plasma torches
depending on melting properties. Spray parameters and conditions for electrolyte and
porous electrodes with desired properties have already been developed separately at
DLR. The metallic powder particles are fed into a high temperature plasma jet
escaping from the supersonic nozzle of the plasma torch. Powders to be sprayed are
injected into the plasma where they are accelerated, melted and finally projected onto
a substrate. The solidification and flattening of the particles at impact on the
substrate form the coating and layers. A long and laminar plasma jet with high
velocity and reduced interaction with the surrounding cold gas is formed resulting in
improved spray conditions by carrying out the whole spray process in vacuum
chamber. The plasma torch is moved by means of robot system to ensure uniform

and reproducible deposition of the layers [36].

Substrate

High Current Arc

Laval Nozzle
Primary with integrated
Gas Anode Powder Injection Ports Coating
Water Plasma Jet
Cooling

S —

M@W%ﬁémﬁ

Figure 3.12. Cross-section of VPS gun with substrate (DLR, Stuttgart) [17]

In plasma spraying equipment, this process is carried out by using a plasma generator
or torch shown in Figure 3.13 and Figure 3.14. The plasma torch, consists of the

following major parts[11];
e Cylindrical anode as front nozzle
e Cone shaped cathode
e Water cooling system for anode and cathode

e Powder injection ports in nozzle shaped anode
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Plasma Gas

Figure 3.14 Powder Feeding Process [11]

3.6.4 Plasma Torch Operating Principle

The torch operating principle is as follows: A gas flows through the conical gap
between the electrodes and is ignited by a voltage of 50 V, with several hundreds of
amperes discharge, which causes ionization and a conductive path for a DC arc to
form between anode and cathode. The resistance heating from the arc causes the gas
to reach extreme temperatures. This high temperature causes the gases to dissociate
and ionize to form plasma. The electrons and the positive ions from the ionized gases

are accelerated towards anode and cathode respectively, collide with the neutral
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atoms or molecules in the gas and ionize them. Through these interactions, the gas
within the arc transforms to the collection of ions and energetic electrons, called
plasma. In the plasma, the negative and positive charges have to balance each other.
This property is known as quasi-neutrality. The energy content of plasma is highest
in the core and gets lower towards the edges. Plasma flames can produce
temperatures from 7000 K to 20,000 K and can reach supersonic speeds, depending
mainly on nozzle geometry, gas flow rate and pressure of the surrounding i.e. the
pressure of the chamber enclosing plasma torch and substrate. When used for

materials processing and thermal spraying applications, powders (5(d {100 zm ) are

injected into the plasma jet either internally into the anode nozzle, or externally at the
exit of the nozzle. Typical material residence time in the plasma is less than 1 milli
second. The electrical energy used for particle heating is approximately 3% of the

total supplied.

The choice of the gases for plasma spraying is dictated mostly by the ability to melt
the sprayed particles. This ability is higher for molecular gases due to greater thermal
conductivity, than for atomic gases. On the other hand, monatomic gases jets, reach
higher jet velocities. That is why; the mixtures of monatomic gas with a molecular
one have been often used in order to assure melting of the particles as well as their
high velocity while spraying. Typically Ar mixed with H,, He, or N,. The monatomic
He is used as an additive to Ar due to not only the high thermal conductivity, but also

the formation of a narrow spray cone [11].

3.6.5 Particle Solidification and Layer Formation

Particles injected into plasma jet are heated to high temperature and gain high speed.
The high particle temperature and speed result in significant droplet deformation.
The molten particles form a pancake or flower shaped lamellae. Solidified droplets
build up rapidly, particle by particle, as a continuous stream of droplets impact to
form continuous layers. Upon solidification the long axis of the lamellae are oriented

parallel to the substrate surface. Each droplet cools at very high rates (> 10° K/s).

Figure 3.15 shows a schematic of a generic thermal spray powder consolidation
process, illustrating the key features and a typical deposit microstructure. From
Figure it is obvious that a plasma sprayed coating presents a lamellar structure. The

study into the lamellar interface bonding revealed that the lamellae contact the
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substrate (or previously deposited coating) only on a part of the bottom surface
because partially melted or un-melted particles do not adapt well to the previously
deposited coating. In fact, at contact with such lamellae pores having sizes of a few
micrometers are generated. The areas of contact are sometimes called welding points
or active zones, and correspond to 20 to 30 % of total area of the lamella. The
adhesion of the coating improves if all the particles are properly melted and if the
contact areas of the lamellae become greater. These areas are adjacent to oxides (if
sprayed metal or alloy oxidizes in flight); air filled pores (due to the irregularities on
the substrate surface) and working gas-filled pores (evacuated during particle
solidification). Because of this limited bonding of lamellar structures the properties
of the deposited material are different from the bulk material. So the microstructure
of the coatings determines their properties. Therefore while optimizing the
processing parameters, one should bear in mind, what property the coating is

expected to achieve and how the coating microstructure is related to this

property[37].
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Figure 3.15 Layer deposition [37]
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4. THE ANODE OF SOFC

The main function of anode in the SOFC is to provide the sites for the fuel gas to
react with the oxide ions which are delivered from cathode by electrolyte. As well as,
the anode material structure should have sufficient charge neutralization by its
electronic conductivity. Chemical and physical stability is necessary for a wide range
of variations such as temperature, from fabrication to operating condition, or redox
cycles. The electrochemical reaction takes place at the boundary surface of anode
with electrolyte where oxygen ions can be reached from electrolyte. The hydrogen
can be accessible through the porous anode as well as, the output of electron can be
conveyed through the porous anode to the external circuit. In other words, the
boundary of anode and electrolyte and the gas phase is called three phase boundary
(TPB). Additionally, ionic conductivity permits the oxygen ions across the three
phase boundary [1]. Actually, the anode material should have not only high
electronic conductivity, but also electro catalytic active area which could be
established for a rapid charge exchange. The mechanistic details of the simple
hydrogen oxidation are still not clear; however the reaction can be formulated as

[32].
Haggas) Y07 (vsz) ——» H20 (gasit2€ (ni 4.1)

As a result of all these parameters for the anode, ceramic and a few metallic
materials can be used efficiently, while many candidate anode materials are tested in
the earliest of twenty century. Obviously, only metallic or only ceramic materials
could not fulfil the all required properties of anode. As an alternative the composition
of metallic and ceramic, is called cermet, could be used as a material of anode.
Between the variety candidates, nickel is the most suitable metallic element for the
anode. However, nickel aggregates at high operation temperature inhibiting access of
the fuel. Spatil is the first scientist, who recognized the nickel aggregation problem.

He had solved this problem by mixing the yttria-stabilized zirconia with nickeloxide.
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Furthermore, for the reducing environmental at the anode side only limited number
of metals structure is appropriate, besides that; nickel has low cost when compared
with the other catalytic metals such as platinum, and palladium [39]. Although
Nickel combination with YSZ is the most reliable and successful model, nickel has
some incapable properties, as an anode material. Nickel has high thermal expansion
coefficient considerably larger than YSZ which is the electrolyte component.
Meanwhile, nickel can also caused to decrease the size of the anode porosity because
of sintering at high operation conditions. The YSZ molecules are served as a skeleton
around the nickel particles; whereby, sintering of the nickel particles is avoided by
the YSZ skeleton. Additionally, not only the fuel electrode thermal expansion
coefficient is controlled by YZS, but also YSZ is bringing much closer structure with
the electrolyte. As well as, YSZ molecules in the anode provide better adhesion to

the electrolyte [28].

4.1 The Formation of the Anode Functional Layers

The layers of anode can be produced to the required specification by VPS process.
The controlled porous anode layers can be obtained by the appropriate selection of
composition, morphology and the grain size fraction of the spray powders and by the
adjusting the spraying parameters. Since the particles are impinged at high speed
with a fast kinetic energy, the particles form flat lamellae and solidify Figure 4.1.
The large and incomplete melted pieces will either incorporate to the lamellae layer
where the layer is inhomogeneous or repel due to the fast kinetic energy. The small

particles evaporate in the plasma jet [40].
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Figure 4.1. Illustration of the VPS sprayed structure from the middle [40]

4.2 Electrical Conductivity of Anode

In the composition of Nickel/YSZ, nickel provides the electrical conductivity of the
anode. Minimum metal proportion in the cermet is necessary for continuity of
electronic conduction, while the zirconium particles can be non-continuity. The
conductivity of the cermet can be predicted by the percolation theory. This theory
applies to the electrical conductivity of composites. The percolation threshold for the
conductivity is about 30 vol.-% nickel. Below this threshold, the cermet exhibits
predominately ionic conducting behaviour. Above 30 vol.% nickel, the conductivity
is about three-orders of magnitude higher, corresponding to a change in mechanism
to electronic conduction through the nickel phase. In Figure 4.2, the Ni content in
vol.-% is shown on the x-axis and the electrical conductivity in S/cm is on the y-axis.
This diagram illustrates the percolation theory, at 30 vol.-percent with varying

temperature, the electrical conductivity dramatically increases [41].

49




10000

1000

£ :

o :

ﬂ =

> 100 E

= :

5 I % 1350°C
T 10¢ o 1300°C
S i 0 1250°C
= i 0 1200°C
2

=

)

2

L

o
-

OU’I IR T TR N N TR N TN NN (NN N TR NN TR [ S N N |

Ni content (vol%)

Figure 4.2 Nickel content to electrical Conductivity [42]

Furthermore, above this threshold, the conductivity is also dependent on its
microstructure (YSZ microstructure). In general, hydrogen reduction of NiO in the
anode is fast at high temperatures. Although most of the reduction occurs in the
beginning, it may take longer for the conductivity to reach a steady state due to
continuing reduction and rearrangement of nickel particles as the reduction proceeds.
During the reduction, the conductivity of the anode usually reaches a maximum very
quickly, and then falls off slowly until a steady state is achieved. The maximum
occurs when enough NiO is reduced to form a conducting nickel-metal matrix, and

the fall-off corresponds to loss of nickel particle contact as the particles shrink due to
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further Ni1O reduction. Therefore, this conductivity fall-off varies depending on the

nickel content and grain size in the anode [23].

At DLR, the VPS anodes amount possesses a high electrochemical activity and has
excellent conductivity at high temperatures (c¢ = 2:104 S/m at 800 °C). Furthermore,
the manufacturing of the anode is generally a powder mixture composed of YSZ and
Ni-Oxide is applied, whereby the mixture is applied on the substrate with the VPS
method. After the reduction of NiO, the volume percent adds up to 50 vol.-% YSZ,
30 vol.-% Ni, and 20 vol.-% Pores in the structure [43].

4.3 Anode Three Phase Boundary and Catalytic Activity

The catalytic activity property of anode is the most important parameter in SOFC
system while determining the overall fuel cell efficiency. The electrochemical
reactions are occurred at the three phase boundary. In the composition of Ni-YSZ,
Nickel has two major roles, catalyst for hydrogen oxidation and electrical current
conductor. Besides, the beneficial property of YSZ provides ionic conductivity for

the electrochemical reactions [44].

4.3.1 Anode Three Phase Boundary

Three phase boundary is critical subject to optimize the anode performance. The
electrochemical reactions can only occur at the three phase boundary, which is
defined the collection of sites where the electrolyte, the electron conducting metal
phase, and the gas phase all come together. When one of the three phase element is
broken down than the electrochemical reaction can not occur at this region. For
example, the oxygen ions could not reach the reaction site or gas phase molecules
could not reach the site. And if electrons could not transfer from the reaction site to

the external connection, the electrical cycle could not be completed.

Actually, the diffusion of ions through the electrolyte partially limits the
electrochemical reaction. However, the concentration of the excess ions, which are
come into the anode, can be ignored. For the electrochemical oxidation in the TPB,
the largest surface area provides the better ionic connectivity between the electrolyte
and the active site. Significant electric-field gradients can only occur near the TPB.

Far from the TPB, the oxide phase will be completely inert, other than providing
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structural support of the anode. The metal phase in the anode far from the TPB

provides electronic conductivity [45].

4.3.2 Catalytic Activity

The charge transfer reactions are occurred between surface and adsorbed species,
taking place as a line reaction at the TPB. There are two path ways for the charge
transfer reaction. First, the oxygen ions spillover from the YSZ to the nickel surface
(a); and the second, which is the dominant way, hydrogen spillover from the Ni to

the YSZ surface (b), shown in the Figure 4.3.
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Figure 4.3 The charge transfer reactions [42]

For the charge-transfer step, the forward and reverse reaction rate constants Af and Ar

follow from transition state theory and are given in next equations.

_Eact ZF
k, =k ex L lexp| @ ——AD 4.2
r =Ry p( RTJ p( RT J (4.2)
_Eact ZF
k =k%ex ~ lexp| (1 —a)—AD 4.3
=k, p( RTJ p[( )RT j (4.3)

52



Where,

k’¢; = the preexponential factors [mol/(m s)],

E.*“ = the thermal activation energies [J/mol],

a = the symmetry factor,

A® = the electrical potential difference between Ni and YSZ [V].

In relation with charge-transfer reaction, the faradic current is shown as equation 4.4,

electrochemical equilibrium is assumed;
i, =zFl, (k 116, -k, 116, j) (4.4)

Where,
F = Faraday’s constant,
lpb= the length of the three-phase boundary line per unit electrode area[m/mz],

Or = 1 and Op,j are reactant and product surface coverages, and i and j run over all

reactants and products, respectively.

The potential difference depends on reactant and product concentration (Nernst
Equation), it leads to a complex a nonlinear dependence of exchange current density
on the reactant and product concentration which is called equilibrium potential

effect.

4.3.3 Surface Chemistry

The charge-transfer reactions are existed by the gas phase reactants and products due
to the adsorption, desorption and surface reaction. Langmuir Hinshelwood type of
surface reaction mechanism is accepted for Ni an YSZ surfaces, the surface reactions

properties as given in Table 4.1 [42].
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Table 4.1 The surface Reaction Properties [42]

act

Charge Transfer React. Preexp. factor k¢ Act. energy E¢
0 ysz + [Ini© Oni+ [Jysz + 26 8.6:10 " mol/(m s) 41 kJ/mol
4.2:10" mol/(m s) 153 kJ/mol

H nit+ OH ysz © HyOvsz + [Ini+e—

Nickel surface reactions:

H; gas + [Ini + [Ini © Hni +Hni S§'=0.1 (sticking coeff.) -

H,0 45 + [Ini © H,On; S=0.01 (sticking coeft.) :

Oni tHyi© OHn; + [Ini 5.0-10% cmz/(mol S) 98 kJ/mol
Oni +H,0n; © 2 OHy; 5.4-10” cm?/(mol s) 209 kJ/mol
OHy; +tHni © H2Oni + [Ini 3.0-10%° cm?/(mol s) 43 kJ/mol

YSZ surface reactions:

H0 go5 + [lysz © H2Oysz S = 1 (sticking coeff.) -

2
07 ysz + H,0 2 OH ysy, 10" cm?/(mol s) 0 kJ/mol
O%vsz+ [lysz© Vo "vsz t0% ysz | 107 m/s 0 kJ/mol

On the Ni surface, reactions are assumed to take place between adsorbed H, O, OH
and H,O species. On the YSZ surface, reactions take place between adsorbed 027,
OH", and H,O species. For H,O adsorption on YSZ, a typical maximum sticking
coefficient of 1 is assumed. Lacking literature data, the surface H,O dissociation
kinetics and the O” surface/bulk exchange kinetics is set very fast to ensure
continuous equilibrium. The bulk concentrations of O* ¢ ysz and Vo ysz are set to

constant values corresponding to ZrO;-8 (mole) %Y,0:s.

4.4 Thermodynamically Effects of Kinetic Parameters

The important point is that, the preexponential factors activation energies are

consisted in every forward and reverse reaction which are dependant with each other.
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However, they have a relation with the way of thermodynamically. The relations are

explained in the equation 4.5 and equation 4.6.

EY —E" =AH, (4.5)
k' —k, =exp(AS,/R)
(4.6)
Where AHg is the reaction enthalpy, ASg the reaction entropy and
AHg = Zhj — Zhi 4.7)

hi and hj are the molar enthalpies of the reactant i and product j. The values of the
various species are given in the Table 4.2 at 700 °C [47]

Note that a simple compilation of kinetic data from various literature sources will
most generally violate thermodynamic consistency. Here, the use of an elementary

kinetic description of charge transfer will only predict the correct equilibrium

potential if all kinetic data are thermodynamically consistent.

Table 4.2 Thermodynamic data for various species [42]

Species h [kJ/mol] S [J/K mol]
H, 155.6
H;O -216.9 221.8
O ni -222 39.0
H ni -31.8 40.7
OH n; -193 106
H,O ni -273 130
[l ~i 0 0
0" vsz -236.4 0
OH vysz -282.5 76
H>0 vsz -273 98.1
[l vsz 0 0
0% vsz -236.4 0
Vo " ysz 0 0
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4.5 Porosity

Porosity represents the ratio of pore volume to the total volume. Porous structure is
one key parameter to determine the efficiency of fuel cell. The porosity is necessary
to gas diffusion through the anode side for providing the fuel oxidation at the
interface of electrolyte and anode. The fuel cell produces current as soon as the
electrochemical reactions are occurred. Fuel has to be continually transferred to the
catalytic area to constitute the three phase boundary. The products from the reactions
and the rest of reactants have to be removed from the catalytic active area. As a

result, the gas diffusion can be achieved owing to porosity.

4.6 Reduction and Oxidation Cycle Effects to the Anode

As known, solid oxide fuel cell anode material is a composition of nickel and yttria
stabilized zirconium cermets [47]. Nickel cermet anode reveals good catalytic
activity towards the oxidation of hydrogen. Relatively to developing long term
stability of the anode, nickel is typically mixed with yttria stabilized zirconium. Such
a composition of the anode prevents delaminating and cracking of the electrolyte
layer due to the thermal expansion mismatch as well as keeping the desired anode
porosity. This approach improves long term mechanical stability of Ni/YSZ based
materials operated under a reducing environment. The cycle reduction and oxidation
of nickel will result in large bulk volume changes, which may have a significant
effect on the integrity of interfaces within the fuel cell and thus may cause significant
degradation on the performance. Exposure of nickel-cermet anode to reoxidation,
however, results in change of the physical and mechanical properties that potential
leads to failure of the cell. The kinetics of nickel oxidation is depended upon powder
processing procedures, especially surface preparation, grain/particle size and
impurity levels. Such an expansion could potentially result in an increase of the
internal stresses of the nickel crystal structure which could affect the integrity of the
cell. Additionally, volumetric changes over the electrode-electrolyte layer are likely
to result in delamination of the electrolyte and micro- crack formation. The change in
mechanical and microstructure properties of the anode is expected to affect both the
mechanical strength and the electrochemical performance of the cell. However, the
result of the studies highly depends upon the thermal plasma spraying technology to
the substrate supported cell [48].
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In order to develop a high performance Ni/YSZ cermet anode with improved long
term stability, different NiO/YSZ composites varying in NiO content and NiO/YSZ
particle size ratio have been relative to their porosity and the coefficient of thermal
expansion (CTE) in the oxidized and reduced state. The CTE is dependent on the
particle size of different NiO and YSZ qualities. Besides, high efficiency and high
power output, the long term stability of SOFC is an important goal. Ni/YSZ show
high degradation during long term operation that can be attributed to the
agglomeration of Nickel particles. This leads to a loss of electrochemical active area
and therefore an increase of the polarization resistance. It could be shown that the
degradation rate strongly depends on the current density and the fuel utilization. It is
assumed that either ohmic losses across thin electrical contacts or polarization losses
at the three phase boundary locally increase the temperature and originate the
agglomeration of the initial small nickel particles. Insufficient removal of water

vapour results in Ni oxidation, which can be lead to agglomeration [49].

A porous NiO/YSZ anode will likely not experience such a drastic volume change
upon the reduction or reoxidation due to expansion into the pores but any volume
change may have a significant effect on the integrity of the interfaces within a fuel
cell and thus result in significant performance degradation. Ni oxidation generally
allows a parabolic trend at the temperature greater than 1000 °C with activation
energies typically of the outward bulk diffusion of Ni in NiO; however, at
temperatures less than 1000 °C may studies have observed that the kinetics tend to
diverge from parabolic kinetics and the activation energy or re-oxidation decreases.
This trend indicates that a short-circuiting mechanism, such as transport along grain
boundaries and/or dislocations, begins to dominate the kinetics at temperatures less
than 1000 ° C. This observation is supported by the fact that Ni oxidation kinetics
seem to be very sensitive to the preparation procedures, especially surface
preparation, grain/particle size and impurity levels. Different impurity levels and
preparation procedures will lead to a different concentration of short-circuit paths
and might explain the large spread in literature values of oxidation activation energy

[50].
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5. EXPERIMENTAL PART

The main task of this master thesis is to investigate the behavior of anode and
electrolyte under redox atmosphere. In this work, the effects of redox cycle on the
electrochemical performance of full cell are performed and redox cycle effects on the
half cell are defined with leak rate and permeability measurement. In addition,
microstructural changes are studied by Scanning Electron Microscopy (SEM)
analyse. Figure 5-1 gives an overview of the different characterization methods
applied to the cell and its components. These are divided into electrochemical and
microstructural investigations. This enables iterative improvement of the spray

process and ensures the overall quality of the cell component.

Characterization

Ll Half Cell

(electrochemical)

(microstructural)

|-V Beahaviour Impedance Long Term
Spectrosopy Measurement
SEM

Figure 5.1 The chart of the characterization methods applied to the cell and its
components
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Three main subjects are represented in experimental part. First of all, the cell
production technology, principles and used special parameters are mentioned in
detail. Next important point is the procedure of electrochemical analyse. The last one
is microstructural investigation which included redox cycle in furnace as well as leak

rate and permeability measurement.

5.1 Production of the SOFC Functional Layers

The experiments were performed in two stages; therefore the cells have been divided
into two groups. The first group was full cell which contained all the components
and the electrochemical experiment has been applied with them. The second group
was half cell and the redox cycle effects were measured with them by leak rate and
permeability measurements. Leak rate measurement was applied to the half cell
which had substrate, anode and electrolyte. Permeability measurement was applied

to the half cell which had substrate and anode.

The cathode, anode, and electrolyte of the substrate supported SOFCs were produced
by Thermal Plasma Spray process at DLR in the facility “DC 1.” This system is
composed of a vacuum chamber where VPS parameters are controlled by a Plasma

Technique (A 2000) control unit.

A contact layer to provide electrical conductivity is necessary on the cathode layer
for the full cells which were used in electrochemical analyse. For this purpose, LSCF
was screen printed on the cathode layer with a fine platinum layer, and then LSCF
was left to dry in the room temperature for 12 hours. The contact paste, which
improved to contact between platinum mesh and cathode, behaves as a

current/voltage collector. By this way, overpotential of cathode side was decreased.

The Electrolyte, anode and cathode layers were deposited using vacuum plasma
spraying while the contact layer was later on pasted onto the cathode, before
electrochemical characterization. The properties of the used powders are detailed in

the Table 5.1.
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Table 5.1 Properties of the powders used

Application Anode Electrolyte Cathode
Yittriastabilized
Nickel +YSZ . ‘
Material zirconia (Zr0O;-8 LaSrFeCoO;
Agglomerated
(mole)%YzOg)
Chemical 30 Vol % Ni 7Z1r0,-9,5(mole)%
Lag6 Srg4 Coo4 Feos O3
Composition | 50 Vol% YSZ Y->03
Size mm <55 <50 ~40
Bacon/HC
Supplier HC Starck HC Starck
Starck

Here are given the actual parameters used for depositing the cell layers (Table 5.2).

These parameters have been selected as a result of the DLR experience in SOFC

processing. As mentioned previously, for SOFC application dense electrolyte layers

are required to be deposited. This can be achieved by striking the completely melted

high velocity particles on the substrate. The maximum melting of the particles is

ensured by using high power input i.e. 43 KW. The high velocity of the particles is

achieved by reducing the chamber pressure to 80 mbar.

Unlike electrolyte anode is required to be porous. Therefore power input is lowered

to 43 KW while the chamber pressure is increased to atmospheric [11].
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Table 5.2 Plasma parameters for spraying

Properties Anode Electrolyte Katode

Powder NiO/YSZ YSZ LSCF

Plasma Nozzle MECh 3 Laval, Mach 3 Laval | F4V/02, di=7 mm

di=7 mm

Powder Injection bNgl(()) ;Vl’nﬁr;lo’ i ;Itl)tg‘l;ré, 1 Sofrom irthSeOr(nAga?rglstabO\J]z‘;
direction)

Injection diameter[mm] 3 3 3

Power kW] 23 43 22

LT LA R ] Argon:22 Argon:54 Argon:30

Plasma Gas[slpm] Helyum:8 Helyum:24 Helyum:20

Plasma Gas[slpm] Hydrogen:0,8 Hydrogen:2 Hydrogen:0

Torch-Substrate Gap[mm] | 110 260 90

Course Gap [mm] 10 5 10

Feed Rate [mm/s] 400 20 300

Number of Layers 9 6 1

Chamber Pressure[mbar] |Atm 80 Atm

Enthalpy(kJ/kg) 15890,14 16353,98 12180

5.2 SOFC Electrochemistry Test Bench

In this work, the SOFC electrochemistry test bench called DLR 11, was used in order

to accomplish the electrochemical characterization of the SOFCs. It is designed to

characterize one planar cell with a diameter of 48 mm and an active area of 12.57

cm’. Four different cells were operated in the same test bench with the same

measurement parameters in order to make the results comparable one to another.

This section will discuss the electrochemical characterization of the SOFCs in

regards to obtaining a I-V performance curves as well as EIS. The test bench is

composed of two main parts the furnace and the control system, could be seen in

Figure 5.2.
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Figure 5.2 SOFC Test Bench, “DLR 11” [DLR, Stuttgart]

5.2.1 Furnace

The cell, ceramic gas tubes, thermocouples and current/voltage measurement
connections are mounted on the stainless steel plate which is situated below the
furnace. The furnace is used to provide the necessary operating temperature for the
whole system (maximum temperature 1100 °C). The control of the furnace is
accomplished by a Eurotherm™ controller which allows programmed heating
up/cooling down procedures with a number of ramps running automatically. The
signals of the thermocouples placed at different measurement points are displayed on

the screen.

5.2.2  Control system

The control system of the test bench consists of a programmable logic controller
(PLC) system (Appendix 1). Under the base plate there are two condensers, one for
the anode and the other for the cathode exhaust gas dehumidification. The electrical

components like PLC module and transducers are placed at the back side. The gas
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supply to the cell is accomplished by the mass flow controllers. A computer is
connected to the system to record and/or change the data of the measurement
parameters, like gas flow rate, gas pressure, cell voltage, temperature etc. An
electronic load with a maximum current of 50 A is connected to the cell in order to

draw current out from the cell.

5.2.3 Installation of the Cell in the Test Stand

A cross sectional view of a SOFC, which is mounted into the test bench for
electrochemical characterization, is shown in Figure 5.3. The cell is placed between
the ceramic bases for the anode and the cathode in Figure 5.4. The current collection
from the cell is accomplished by two coarse platinum meshes; one under the
substrate and the other over the cathode. Platinum wires are welded to those meshes,

thereby completing the external circuit of the system [51].

aht OXIDANT
welg GAS ceramic base
CATHODE
current
contact voltage
contact
weight Functional
layers
platinum Substrate
mesh
. : glass paste
gold ring 2 ]
seals ceramic base
ANODE

FUEL GAS
Figure 5.3 Cross sectional view of a SOFC integrated into test Bench [61]
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Figure 5.4 Gas distributor of the cathode side (left) and the anode side (right) with a
coarse platinum mesh [DLR, Stuttgart].

The fuel gas feed and exhaust is achieved by two ceramic tubes. The fuel gas feed is
supplied upwards through the thin tube and the exhaust gas is directed downwards
through the channel between the two tubes. The anode gas chamber is isolated by
sealing two gold rings (see Figure 5.3). In addition to that, 2-3 layers of glass sealant
paste is used to seal the substrate and the gold ring. The gas sealant is heated to 80°C

for drying. The glass sealant consists of alkaline earth borosilicate [17].

5.2.4 Start up Procedure

Before the cell testing starts, several steps are required in order to improve its

performance.

The first step carried out on a cell is the heating-up. The temperature is just modified
based on the variation given in Figure 5.5. No load is applied during this step. 0,25
slpm gas mixture of 5% H; in Ar is supplied to the anode and 0,25 slpm air to the
cathode. The temperature is gradually increased from ambient temperature to 880°C
at a rate of 3 °C/min. After reaching 880°C the temperature is maintained constant
for about 5 hours in order to allow the crystallization of the glass sealant. The

cooling-down to 770°C is carried out at the same rate as the heating-up.

5.2.4.1 Reduction steps
At 770°C the cells will successively be supplied with a mixture of hydrogen and
nitrogen on the anode side, until the amount of hydrogen is about 50%. At the same

time the volume flow of the fuel gas of the anode side and the volume flow air of the
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cathode side is increased to 1 slpm and 2 slpm, respectively. Thus NiO is reduced to
Ni, which resulted in an increase of the porosity of the anode. The two previous steps

are resumed on the Figure 5.5.

Trhermosrat
A
]80 °C -32C/min
770 °C /.. .
LAV farain
+32C/min
Ar, 5%H,
Hgm]

80 °C

/_ ~ Reduction of the Anode
t

-
-

—;—4—’ >
>1h Sh
Figure 5.5 Temperature cycle during heating up and reduction steps of a cell cycle

5.2.4.2 Activation

The first I-V curve of the cell is carried out after the reduction phase at 800°C with a
gas supply composed of 0.5 slpm H, and 0.5 slpm N, at the anode as well as 2 slpm
air at the cathode. Then a long-term electrical load of 200 mA/cm” is applied to the

cell during 15 hours with the same temperature and gas parameters.

5.2.4.3 Experiment

After the first steps the parameters of the cell can be varied in order to study its
performance. The performances at standard conditions as well as during a
temperature variation and a gas variation were studied. The current - voltage curve
between the OCV and 500 mV was plotted for each characterization. As well as two
spectra of EIS at a zero current and with a 200 mA/cm’ loading were recorded. This
type of characterization is a good way to be aware of the performance of a cell for
precisely each layer during its work. Between specific measurements the cell is
loaded at 200 mA/cm’ in order to simulate a long term loading. The life cycle is
plotted all long the operating time which allow to summarize all the steps and to

evaluate the behaviour at long term loading.

65



All the measurements are performed at 0.5 slpm of N, with 0.5 slpm of H, at the
anode side and 2 slpm of air at the cathode side except during the fuel gas variation.
In fact, two different gas variation experiments were also carried out in order to
evidence the influence of the gases. The first gas variation experiment was to
investigate the effects of fuel gas and oxidant gas amounts to the anode and cathode
(seen in Table 5.3). The second gas variation experiments were also performed in
only fuel gas amounts (between 0,5 slpm and 0,0625 slpm H, to the anode side)

while the oxidant gas was constant (2 slpm Air).

Table 5.3 Fuel gas and oxidant gas amounts to the anode and cathode

Gas at the anode [slpm] Gas at the kathode [slpm]
0,5H; 0,5N; 2,0 Air
0,5H; 0,5N; 2,00;
1,0 H, 2,00,
1,0 H, 2,0 Air

The major electrochemical characterizations were carried out at 800°C. Temperature
variation simulates the temperature fluctuations of the system. The heating-up of the
cell is carried out by the furnace, while the cooling-down is not due to a freezing
system. During temperature variation, measurements were applied at 850°C, 800°C,
750°C and 700°C successively with a supply of standard gas (0.5 slpm H; + 0.5 slpm
N at the anode and 2 slpm air at the cathode).

5.2.4.4 Current Voltage (I-V) Characteristic Curve

One of the most commonly used performance evaluation techniques for fuel cells is
the “current-voltage curve”. The current and voltage values are taken and recorded
via the four-point measurement method. During the measurement it is crucial to have
a constant temperature in order to avoid the influence of temperature. In order to be
able to compare the plot of different cells, current density is used rather than current
itself. Current density is the measured current divided by the active area of the cell
and usually has the unit of “mA/cm?”. The plot is named as “I-V curve.” Generally,

the slope of the curve is the internal resistance of the cell. The over potential is not
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constant but it changes with the current flowing through the system. In this
measurement the current and voltage of the cell are recorded as the cell is gradually
loaded starting from the OCV down to a defined cell voltage and plot as seen in
Figure 3.2 is produced. Furthermore, this plot allows one to analyze the power
performance of the cell. In order to determine the power, the comparison among the
cells is made such that the data points are extracted at the operating point of 700 mV.
Furthermore, the total resistance of the cell can be determined by the slope of the I-V
characteristic curve at this respective operating point. The I-V curve is recorded over
a gradual, controlled load of the SOFC cells through the electrical load of the SOFC
test bench. Moreover, load characteristic curve until a specified, minimum voltage
value is reached. After the minimum voltage values are reached, the cell current is
gradually brought back to zero. With the comparison of the upward and downward
curve of the load curve, one may determine which electrode the activation process

takes place.

5.2.4.5 Impedance Spectroscopy Measurement

When beginning an electrochemical investigation, very often one may know little or
nothing about the process or mechanisms being studied. The determination of the
Electrochemical Impedance Spectroscopy (EIS) can be a very useful tool to help
formulate a hypothesis. EIS data and equivalent circuit model provide a useful tool to
illustrate the electrochemical problem. As can be seen from Figure 3.2, there are
many losses which occur in the SOFC. Although these losses may not be eliminated,
they can be minimized. EIS is performed to determine the loss mechanisms in the

cells during operation.

5.2.4.6 Measurement Principle

Methods employing excitation with a sinusoidal signal and analysis of the currents
produced of an electrochemical cell were the first employed way of measuring the
rate constants of fast electron transfer reactions. The voltage drop over the test
sample is measured over the reference and sense electrodes. With impedance
spectroscopy, an AC voltage is applied by a frequency analyzer/generator with small
amplitude on the phase interface where the resulting current is measured. The
frequency is varied between 100 mHz and 1 KHz and with an amplitude of 10 mV.

The generated current has a phase shift compared to the voltage. This is to be
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understood in the way that the real part of the equation describes the actual physical

process.

7="D V) exp(j0) = Re|Z|+ixIm|Z| (5.1)
TG

Where,

V = Voltage

I = Current amplitude,

Re Z = the real part of the impedance,

Im Z = the imaginary part of the impedance,
j = the complex number

(> =-1), and (-©) is the phase shift. The impedance is a complex resistance
encountered when current flows through a circuit made of resistors, capacitors, or
inductors. Impedance is an important parameter used to characterize electronic
circuits, components, and the materials used in production of components. A fuel cell
system can be considered as an electrical circuit with various components. The
partial impedance of every component in the circuit contributes to the overall
impedance of the device. In fuel cells, the main contribution results from the porous
layers of anode and cathode which are responsible for the reduction and oxidation
reactions. In addition, the resistance of the electrolyte, contacts, connectors and the
inductance of the body and connectors are also part of the overall resistance

measured [52].

5.2.4.7 Impedance Measurement Device

In this work, the impedance measurement and data acquisition, called the IM6, is
performed using a measuring system from Zahner Elektrik based in Kronach,
Germany. The IM6 is equipped with a programmable potentiometer/ galvanometer
and a frequency analyser/generator. Figure 5.6 shows a schematic of the system

implemented at DLR for the impedance measurement of SOFCs.
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Figure 5.6 Schematic of Impedance Measurement Device at DLR

5.2.4.8 Nyquist and Bode Diagrams

Using the measured and calculated data points two different types of diagrams can be
plotted. The Nyquist diagram displays real versus imaginary part of the measured
impedance. In the Nyquist diagram semi circles representing different processes are
observed. However, in most of the cases they overlap and it becomes difficult to
define the impedance value corresponding to each process. In an SOFC, the first
intersection point of the real axis is the ohmic resistance and the last intersection is
the overall impedance of the system. The semi circles observed in between are the
polarization resistances. The Bode diagram displays the impedance and phase angle
versus the frequency range of the measurement. In Bode diagram it is possible to
observe different processes analyzing the shape of the phase-angle curve. A turning
point or a local minimum indicates the border between two processes [53]. In a
SOFC the frequency where the phase angle shows zero, is the frequency at which the
ohmic resistance is measured. The overall cell resistance is observed at low
frequencies. The polarization resistance can also be determined by the overall cell
resistance which occurs at the maximum at low frequencies subtracted by the Ohmic

losses which occurs at the minimum (where the phase angle is zero).

5.2.4.9 Equivalent Circuit

Applying the EIS at various experimental conditions; such as different gas
compositions, temperatures and electrical loads, the measured cell impedance, in the
case that they are loaded, can be split up into anode impedance, cathode impedance

and electrolyte resistance [34]. An equivalent circuit can be applied for the
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simulation of the measured impedance spectra of the SOFC in order to define the
specific processes contributing to the measured impedance. This circuit is composed
of resistance, capacitance and inductance elements connected in series and parallel,
each representing an electrochemical process. In the equivalent circuit diagram is
represented in Figure 3.3. The process on the electrochemical boundary layer is
represented in the equivalent circuit connected in series as Resistance and
Capacitance (RC) elements. The number of RC elements is dependent on the number

of independent, differentiable single processes in the impedance spectrum[34].

5.3 Redox Cycle with Furnace

The furnace is made by the company of GERO, could be seen in Figure 5.7. It
consists of a framework with integrated trafo cabinet and a tube furnace. Four
controlling elements (Eurotherm 818) are installed into the trafo cabinet. The
removal of storage part is built in a tube furnace which integrated with Pythagoras
Ceramic tube. It is surrounded by a continuous heating spiral from Kantahl A1 wire.
The tube ends are closed by medium flange to prevent accessing of the athmosphere
air. A vacuum pump is placed next to the trafo cabinet. This is connected by a hose
with Pythagoras ceramic flange. At the other side of tube end, a hose is attached to
the flange which has a connection with the pipe. The argon-hydrogen mixture,
nitrogen and air was supplied by this pipe.

Vacumm Tube Flexible Tube for Gas

Vacumm Controller Furnace Supply
Pump Phythagoras

CeramicTube

Transformer
Cabinet

Figure 5.7 Tube Furnace for Redox Cycle

70



At the beginning of the experiments, four cylindrical cells (two substrate+sprayed
anode and two substrate+sprayed anode+sprayed electrolyte) were embedded onto
the rectangular ceramic plates and placed in the centre of the pipe hole. The isolated
flange (to cover from high temperature) was used for blocking the air and also
evacuating the gas outlet from the open tube side. In this tube side, vacuum was
arranged to 3-10 mbar. Next step was arranging the gas flow rate which could be
seen in Table 5.4. Control elements were regulated through the procedure of the
experiments. A homogeneous temperature field was adjusted by the use of several

automatic controllers in the pipe.

Table 5.4 Gas variation and rate for the redox cycle in the furnace

Gas Variation Rate(I/h)

Ar+5%H?2 15
Nitrogen 54
Air 10

Half cell samples (substrate+sprayed anode and substrate+sprayed anode+sprayed
electrolyte) were reduced and re-oxidized in the furnace at 800°C. The heating ramps
and overall typical thermal cycle was shown in Figure 5.8 and Figure 5.9. The
reduction of samples was performed in 15 I/h at Ar+5%H, atmosphere. Reducing
atmosphere is maintained in the furnace during heating and cooling of the samples

(by sending Ar+5%H, ).

Re-oxidation was done in 10 1/h flow of air for 2 hours. Furnace was flushed with N,
after each oxidation cycle for 30 minutes before reducing cycle for 2 hours. There
were 5 runs of redox cycle; first run was only reduction, second run was 1 reduction
and 1 redox, third run was 1 reduction and 5 redox, forth run was 1 reduction and 10
redox, fifth run was 1 reduction and 15 redox. In this furnace, two heating ramps
were applied to reach the operation temperature. The first heating ramp was 600°C/h
from ambient temperature to 700°C, and then the second heating ramp to reach the
operation temperature was 300°C/h. The samples were reduced 2 hours in the
furnace after reaching the operation condition. Afterwards the cooling ramps were

the same with the heating ramps.
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5.4 Pre-Post Test Examinations

Pre and post investigation for the full cell (substratet+anode+electrolyte+cathode)
which are used in the electrochemical analyse, were applied by using the scanning
electron microscopy (SEM). SEM was performed after production (by Thermal
Plasma Spray) of the cell to see oxide layer formations and element point analysis as
well as observe roughly the porosity. Same procedure was applied after the
electrochemical experiment to observe any changes i.e. structure changes, material

diffusion processes and phase changes/formation occurring during the experiment

Pre and post investigations for the redox cycle groups which were half cells
(substrate+sprayed anode and substrate+anode+electrolyte+cathode), were divided
into two parts; leak rate and permeability measurements. The leak rate of electrolyte
was performed with the leakage ratio while feeding the gas through the electrolyte
layer. As well as the permeability of anode was measured with pressure drop

methode.

Finally, mapping was done to check cracking and delamination effect to the

performance of the nanostructured anode under the reduced atmosphere.

5.4.1 Scanning Electron Microscopy

Scanning electron microscope (ZEISS Leo 982) was used for taking the micrographs
of the full fuel cell samples. The scanning electron microscope uses electrons rather
than light to form an image. It uses a highly focused electron beam to strike and
interact with a sample which is contained in a high vacuum environment to form a
high resolution image. The images formed by the SEM are from secondary electrons,
backscattered electrons, characteristic x-rays, Auger electrons, and others that are

emitted by the sample. Therefore the sample to be examined has to be conductive.

At the lowest magnifications, SEM resolution is limited by the pixel size. The finest
detail cannot be smaller than the size of an individual pixel. The resolution,
therefore, is fractions of a micrometer. The magnifications higher than 100,000x, is

possible to be reached by this equipment.
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5.4.2 Leak Rate Measurement

Although electrolyte layers produced through thermal plasma spray, still there is left
some porosity and micro cracks, causing leakage of fuel gas. This leakage of fuel
through electrolyte causes a decrease in open circuit voltage, thus a loss of fuel.
Therefore it is very important to know the gas tightness of the electrolyte layer. In
the following section basic operating principle and the construction of the stand is

being described.

5.4.2.1 Leak Rate

The gases like Helium, oxygen, and air follow the ideal gas law at low pressure (0-1

bar). Ideal gas law can be written in terms of molar mass M of a gas and its mass m

as
pV=m % (5.2)
Where;

M = Molar mass
m = Mass

V = Volume

R = Gas Constant

T = Temperature

Volumetric flow rate is defined as

g =2 - I’{C’q (5.3)

o | s

Differentiating (5.3) with time gives the volumetric flow of the gas

ov_10omRT (5.4)
o po M '
Or using (5.4)
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q, =V=—m— (5.5)

Rearrangement gives

q szV:mﬁ (5.6)
qpv :ql
So,
0 :pXV:mE[M} 57
M )

This pr according to DIN 28402 is defined as leak rate (q;). P is basically the

pressure difference (Phigher-Piower) that is causing the flow of gas. The temperature

must be specified [55].

5.4.2.2 Pressure Rise method for Leak Rate Measurement

Figure 5.10 shows a schematic arrangement for leak rate measurement by pressure
rise method. There lies P, high pressure on the exterior side of the sample while low
pressure on the P; inner side. Therefore due to pressure difference (P, - P;) gas flows

from the outer to the inner side. This gas flow is described as the leak rate.

Ambient Pressure

P
: ><]
Gas tflow direction
[ Z Z o Z A
e
Sample

Vi
Vacuum 4@ % @—

Figure 5.10 Pressure rise method for leak rate measurement
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For measurement of leak rate the sample is sealed and clamped between two
chambers (having different pressures). One chamber is flushed with a gas air/Ar to
maintain ambient/higher pressure P,. The other chamber with volume V; is evacuated
and closed tightly. By a pressure sensor (P;) the pressure rise A P; in the evacuated
chamber, during time At is measured. So the total amount of gas that has flown into

the evacuated chamber is

AP xV)=q,xAt (5.8)
As the evacuated volume is constant so above equation becomes

q,=V—7>" (5.9)
If Pi is the initial pressure and P;; is the pressure after At time interval then above

equation becomes

_y (B, —B,)| mbarxl
q, Af

s (5.10)

qpv = ql

In order to have uniform and comparable leak rate for a variety of test samples, the

leak rate based on surface area A of sample is defined.

_ V(E’t —Eﬂo){mbarxl}

= 5.11
1 A x At -1

szS

5.4.2.3 Leak rate measurement Apparatus

The test stand measures the leak rate at room temperature, and is based upon the
pressure rise method. A three-way valve (Whitey, Swagelok (SS43xS6MM) in
extension line connects the stand to these samples. The schematic description of the

apparatus is shown in Figure 5.11-5.12.
The major parts of the stand are

% Vacuum Pump (Two-Stage High Vacuum Pump with a single phase

motor, Edwards E2M5)

¢ Pressure sensors [Range 0 to 1 bar (abs)]
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¢ Flow Controller (EL-Flow Mass flow controller from Bronkhost)

¢ Computer (for control and data processing)

Figure 5.11 Leak rate measurement apparatus

O-Ring atm Pressure
Upper Part

Lower Part
Sample

Vacuum

Figure 5.12 Schematic of Test Stand for Leak Rate
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Two pressure sensors are used for measurement of pressure. One measures the upper
part pressure [Atmospheric pressure is maintained in the upper part by flushing it
with a very small flow of gases like Ar/He] and the other measures the pressure in
the evacuated volume (lower part). Both of the pressure sensors work on the
principle of piezzoelectric effect, in which the pressure exerted on a dielectric crystal
generates voltage. In order to avoid sudden pressure rises and flow irregularities a
flow controller is used. The flow controller ensures a constant flow rate. A flow rate
of maximum 0.5 I/min is recommended to avoid any cracking of the layer by
stresses. If the sample is sufficiently porous, the pressure inside the evacuated
volume V; will rise rapidly. For such cases the volume of the evacuated chamber
must be increased, in order to ensure a slow rise in pressure. This is accomplished
through a header/buffer flask attached to the test stand. For less porous/leak tight
samples this header/flask can be separated from the test system through an on/off

valve. Another on/off valve separates the vacuum pump from the test system

5.4.2.4Data Acquisition and Processing

For recording and saving the data from test stand, a computer program is developed
using Pro-VEE (Visual Engineering Environment). VEE is a graphical package from
Agilent Technologies USA for developing; measurement, control, test, and data-
acquisition applications. The data taken from the pressure sensors (Time Versus to
pressure) is recorded and displayed continuously on a screen during the test (Figure

5.13). At the end of the test(when P, ~ P,) all the received data is saved in the form

of a file in the specified directory. This data file can be opened and evaluated by
using the Microsoft Excel spread sheet. In order to compare all the cells, leak rate is
specified at vacuum chamber pressure for which the difference between vacuum
chamber and upper part pressure is 860 mbar. The reason is that in actual operation
of the SOFC there has been observed a vacuum pressure 100 mbar maximum
between cathode side and anode side. The schematic operation sequence for the

measurement is given in the Figure 5.14.
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Figure 5.13 Data Display during the Test
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Enter data file name and
path for saving

A

Input Data

Subs An El Cat Med Area Vol
Where
Subs: substrate Name
An: Anode Name
EL: Electrolyte Name
Cat : Cathode Name
Med: Medium (Ar)
Area: Active surface area of cell
Vol: Evacuated volume

Mention time interval between two measurements
[Atsec]

Shorter interval for porous samples

Longer interval for less porous/leak tight samples

P=P

1 a

¢ Open data file with Microsoft Excel
e Copy the raw data and paste into the file:
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v By = Prreny) _ | mbar 1
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q.-'A = 2
cm s

Out Put
Time Versace pressure
Pressure Versace leak rate

Figure 5.14 Flow chart for a leak rate
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5.4.3 Permeability

The principle of permeability measurement at DLR is based on the measurement of
the flow of a test fluid (known viscosity and density) through the sample and the
pressure drop across the sample as well as volumetric flow rate. The sketch of

permeability test is shown in the Figure 5.15.

[#—— Metal jacket
Py=2bar | o
| Weight
Sample—__ |, I ' I 4
X7 ]
PE = I:"a’.rr

Air inlet

Y, volume flow

Figure 5.15 The Sketch of Permeability Test

The anode layer sprayed over the substrate should face downwards when integrated
into the apparatus to let the air flow through the substrate first and then through the
diffusion barrier layer. A metal jacket is mounted over the sample and over- pressure
of about 2 bars is generated inside it. There is atmospheric pressure of approximately
1 bar under the sample . Now a constant volume flow would be discharged under the
sample because of the pressure difference. A computer programme records the
pressure drop and volume flow. This is automatically repeated for different given
volume flows with the help of software. Denser the layer is larger the pressure drop
measured across the sample. With the recorded data, the permeability coefficient for
the sample can be determined by means of linear regression according to DIN ISO

4022. Permeability itself is given by Darcy’s law:

g exO@xn (5.12)
Ap x A
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Where,

e= the flow-through thickness of the sample [m],
Q= is volume flow under the sample [m’/s],
n= dynamic viscosity of the test fluid [mbar s],

Ap= pressure difference across the sample [mbar]

A= the flow-through area of sample [m?].
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6. RESULT AND DISCUSSION

The objective of this work was to investigate the redox cycle effects on the anode
and electrolyte of the solid oxide fuel cells. The leak rate and the permeability
behaviours of SOFC nodes and electrolytes, which were performed under the redox
cycle atmosphere in the furnace at high temperature, would help understanding the
electrochemical performance of the cells. This section focused on the obtained
results which were categorized in two parts; results obtained from electrochemical

test bench and results obtained from the leak rate and permeability measurements.

6.1 Electrochemical Results from Test Bench

The evaluation of the electrochemical tests was performed by Electrochemical
Impedance Spectroscopy (EIS). EIS is instrument in order to understand the
behaviour of not just one component, rather the interaction of all the components
with one to another. The investigation gives an insight into phenomena such as the
Triple Phase Boundary (TPB) and diffusion which occur between the porous layers
of the SOFC. It is often that a single component, such as a single anode layer, might
served well alone in an electrical characterization test; however, the same anode
could behave exactly opposite when it interacts with the other components. The
advantage of EIS is that a complete electrochemical system can be made from the
impedance data. In this part of thesis, the anode and electrolyte materials were
evaluated to determine their performance by applied EIS. One of the aims of this
work was to measure the cell polarization resistances under the redox cycle. The total
polarization is a collection of the activation polarization, diffusion polarization, and
the ohmic polarization. For this reason, EIS determines identification of the loss
mechanisms during operation. The polarization depends on the electrodes and

electrolyte materials as well as microstructures and the operating temperature.
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6.1.1 Electrochemical Results at Standard Conditions

In this work, in order to evaluate the performance of the SOFC cell, I-V curves were
recorded at the activation phase (13 h) and 81 h, 112 h, 134 h operating hours for the
standard conditions. The measurements were performed at standard conditions; 0.5
slpm H; and 0.5 slpm N, was feed to the anode and 2 slpm airs was feed to the
cathode at a constant temperature of 800°C. The details about standard condition
were displayed on the Figure 6.1. As well as, the overview of the long term period

was given in the appendix 2.

DLR [0611_64]

12 Standart Conditions T=800 C 600
0.5 slpm H2+ 0.5 slpm N2 (anode)
2 slpm Air (Cathode)
119~ Cell area=12,57cmz [~ 777" 777777 - 500
——————————————————— - 400
- 300
276
0 U(i) 13 h /800°C
© U(i) 81 h /800°C
ou() 112h/soorc [T 200
A U(i) 134 h /800°C
: 0O p(i) 13 h /800°C
7777777777777777777777777777777777777777777 © p(i) 81 h /800°C -1 100
< p() 112 h /800°C
A p(i) 134 h /800°C
T T O
0 100 200 300 400 500 600 700 800 900

Current density i [mA/cm?]

Figure 6.1 Cell voltage and power density vs. current density at standard conditions.

The decreasing curve symbolized the voltage which was against to the current
density and the increasing curves symbolized the power density which was against to
the current density. After activation period, the power density dropped suddenly; that
was caused by the polarization of the cell. On the other hand, after some hours
(nearly 100 h), the contact between platinum mesh and nickel metals were stronger
by the effect of heat. This powerful contact was leaded by more conductive electrical
path ways between the anode and platinum mesh. That was the reason of more

efficient electron transportation. Indeed, the higher operating time provided higher
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power density which could be explained by high quality of the connection between

one component to another component and also the wires.

By comparing the power density between the cells, one fixed point was chosen and
than the power density which was marked according to the value of this point, in this
measurement the best point was at 0.7 V. In the Table 6.1, the power density values
for the each measurement at the standard conditions were reported. As can be seen
from Table 6.1, the decrement of the power density between the activation phase and
81 h was about 8,6 % due to the low polarization resistance of the cells. After 81 h,
the measured power density at 0.7 V has shown an increment nearly 34% until 112 h
and 47% until 134 h from 81 h. Although the activation phase let to decrease in the
electrochemical properties of the cell at the earlier operation time, than later the
electrical conductivity with platinum mesh and nickel element was improved under
the high temperature. High degradation in the cell performance was prevented by the
stronger electrical conductivity. Thus, the cell phenomenon was suddenly decreased
and than increased in the cell performance during the operation. The Nyquist
diagram was plotted at OCV on the Figure 6.2 and at a 200 mV/cm® loading on the
Figure 6.3 after recording EIS data.

In the previous experiments, which were done in the DLR for the same project, the
power densities gradually decreased from the beginning to the end of the cell life.
Therefore, the highest power densities were revealed at the activation phase.
However, the power densities in this study began to increase time to time after
drastically drop. That was an unexpected situation before the experiment. The reason
of this interesting increment was the difference of the substrate materials as well as,

the formulation of the component materials and the size of the component materials.
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Figure 6.2 Nyquist diagram at OCV at standard conditions

The total resistance was the sum of the polarization (activation and diffusion)
resistance and the ohmic resistance. Indeed the first semi-circle from the left
symbolizes the activation polarization process while the second one at right
symbolizes the diffusion process. It could be seen in the Figure 6.2, total polarization
at 81 h has the biggest value; 1,52 ohmem?. Additionally, the lowest polarization has
been occurred at the 134 h; 1,31 ohmem?. The ohmic and total polarization values
are given in the Table 6.1. By this way, the total polarization and the ohmic

resistance could be compared for the each measurement at standard conditions.
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Figure 6.3 Nyquist diagram at 200 mV/cm? loaded

At 200 mV/cm? loaded conditions, the total resistance in the activation phase was
0,82 ohmem®. After early activation phase (until 81 h), higher losses were caused by
the smaller TPB and the low surface ion exchange kinetics. The degradation of the
cell performance was influenced from the change in microstructure and porosity of
the cell. Afterwards, it was begun to increase due to the electrical conductive paths
formation at high operation temperature. Therefore, ohmic and polarization

resistance drastically turned to decrease, as can be seen in Figure 6.3 and Table 6.1.

When the unloaded measurement is compared with the loaded (200 mV/cm?)
measurement, ohmic polarizations were very closed in both diagrams. On the other
hand, the total polarization in the unloaded measurement was higher than loaded
measurement. A more precise way to verify this supposition was to make a
simulation with the software Thales TM available at DLR, by fitting the impedance
measurements recorded during experiments and the electrical equivalent circuit of a

SOFC.

87



Table 6.1 The data at the Standard Conditions

Power

Operation Gas at the Gas at the densit Rtotal Rohmic Rtotal Rohmic
R o g e
13. 0,5 H; +0,5 N, 2,0 Air 1091 302 1,37 0,53 0,83 0,53
81. 0,5H,+ 0,5 N, 2,0 Air 1092 276 1,52 0,58 0,88 0,57
112. 0,5 H; +0,5 N, 2,0 Air 1093 369 1,36 0,41 0,69 0,38
134. 0,5 H, + 0,5 N, 2,0 Air 1093 407 1,31 0,33 0,64 0,33
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6.1.2 Electrochemical Results during the Gas Variation

Between 81 h and 93 h, the gas variation experiments were carried out under the
different amount of H, and O, to the electrodes. The experiment conditions were
given on the Table 6.2. The temperature had to be stabilized at 800°C in order to

evaluate only the effects of fuel gas and the oxide gas. The results were displayed on

the Figure 6.4.
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Figure 6.4 Cell voltage and power density vs. current density under different gas
composition

As can be seen from Figure 6.4, the power density was minimum at the standard
conditions. The cell performance changed due to variation of the gas. When higher
amount of oxygen and hydrogen were supplied to the cathode, higher power density
was recorded. At 88 h, the highest amounts of the hydrogen and oxygen gas were
feed to the electrode and then the cell had the best performance. The ohmic and total
resistances were shown on the Nyquist diagrams (Figure 6.5 and Figure 6.6). The
power density at 0.7 V, OCV, ohmic and total resistance as well as the gas variation
for the each measurement could be seen in the Table 6.2. This Table is a good way to

show all the parameters and results together, so it makes clear not only comparing,

&9

Power density p [mW/cm?]



but also explaining the results. On the Nyquist diagram only such curves were
plotted in order to display the polarization and ohmic resistance values apparently. In
addition, the gas variation experiments for different O, and H, amounts were

performed between 169 h and 191 h; the details were exhibited in the appendix 2.
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Figure 6.5 Nyquist diagram plotted during the gas variation without any loading
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Figure 6.6 Nyquist diagram plotted during the gas variation at 200 mV/cm? loaded
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The ohmic resistance which was measured at the first intersection with the X-axis at
88 and 93 hours, was almost the same on the both Nyquist diagrams with and
without loading. The diffusion polarization was different for each curve in the loss
mechanism. The main reason of this change should be gas variation effects to the
anode and cathode. For instance, resistance of electrodes for the gas transportation
and diffusion were decreased during the replacement of ions through the electrolyte
while supplying the highest amount of the fuel and oxidant at the 88 h. For this
reason, higher concentration provided to sufficient reactants transportation to the
TPB. The high concentration was caused an increment in partial pressure of reactants
at the TPB, as well as this increment directly affected the current which was taken
from the TPB. Additionally, hydrogen at the anode side had a high diffusivity than
the oxygen at the cathode side because of its lower molecular weight. For this case,
the diffusion polarization at the anode side was lower than the cathode side. If the
partial pressure of the oxygen was reduced during the constant partial pressure of the

hydrogen, the OCV value increased due to high voltage difference between hydrogen

and oxygen. Therefore, the change in partial pressure of the oxygen resulted in the

differences of OCV (Table 6.2).
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Table 6.2 The Data about the measurement of Gas Variation

Ovperation Gas at the Gas at the Power density Rtotal Rohmic Rtotal Rohmic
tIi)me[h] anode [spm]  Kathode [sipm] OCV [mV] at0.7V OoCv OoCv 200 mA/cm? 200 mA/cm?
p p [mW/cm?] [mOhm.cm?] [mOhm.cm?] [mOhm.cm?] [mOhm.cm?]
81. 0,5 H, + 0,5 N, 2,0 Air 1092 276 1,52 0,58 0,88 0,57
85. 0,5 H, + 0,5 N, 2,0 O, 1056 329 0,81 0,52 0,71 0,51
88. 1,0 H, 2,00, 1096 404 0,69 0,43 0,62 0,43
93. 1,0 H, 2,0 Air 1137 380 1,33 0,43 0,74 0,43




Otherwise, it could be possible to measure the effect of the change in the amount of
the fuel gas. The gas variation was exposed to only anode side by decreasing the
amount of hydrogen to half in the each measurement. At the beginning of the
operation, the ratio of the hydrogen was 50% in N, and then decreased until 0,0625%
(Table 6.3). The temperature was constant at 800°C in order to evaluate only the
effect of fuel gas at the anode side. The data obtained from gas variation experiments

were displayed on the Figure 6.7.
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Figure 6.7 Cell voltage and Power density vs. current density with amount of gas
variation

As can be seen in Figure 6.7, the power density did not show a dramatically change
between 134, 136 and 139 hours due to the fuel gas variation to the anode side.
However, at 141 h, the cell performance has decreased immediately due to the lower

amount of the hydrogen. All the power density values at 0.7 V were revealed at the
Table 6.3

Additionally, the OCV values at 134 h and at 141 h were recorded as 1093 V and
1002 V, respectively. The drop in OCV was nearly 8.3%. This result proved that; the
degradation in the hydrogen supply obviously affected the cell performance, because
the sufficient fuel gas could not be reached to the TPB. Both Nyquist diagrams were
displayed in the Figure 6.8 and Figure 6.9.
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Figure 6.8 Nyquist diagram plotted during the gas variation without any loading
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Figure 6.9 Nyquist diagram plotted during the gas variation at 200 mV/cm? loaded

The ohmic resistances for all cycles were nearly same in both diagrams. Although
the total resistances were stabilized at different points, there was no significant
change in the ohmic resistances. Actually, the total resistance was the sum of the

polarization (activation, diffusion) resistance as well as the ohmic resistance. From
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the view of this point, the polarization resistance was responsible from the

degradation in the cell performance.

On the other side, the considerable change in the furnace temperature was existed; it
depended on the amount of hydrogen flow. The inside furnace temperature was
decreased during the degradation of the hydrogen partial pressure independently
from the furnace temperature control. Therefore, the furnace temperature from the
control system was increased to assure a sTable cell temperature at 800 °C. Thus, it
could be suspected that a direct exothermal combustion of H, occurred in the furnace
due to cell leakages increasing the measured cell temperature. Indeed, the H,
concentration is smaller at the cathode side than at the anode side, which can induce
H, diffusion process between these both functional layers in spite of the fact that the
electrolyte has relatively good gas tightness. Another better explanation for these
leakages could be the instability of the glass paste during operation. As well as, the
details about the operation were revealed at Table 6.3 for the discussion of the cell

behaviour due to the fuel gas variation.
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Table 6.3 The data about the measurement of amount of gas variation

Overation Gas at the Gas at the Furnace | Cell (f;l‘::r Rtotal Rohmic Rtotal Rohmic
ptime anode [slpm] kathode @ OCV | Temp. | Temp. at 0 7tyV oCv oCv 200 mA/cm?* | 200 mA/cm?
’ o o * 2 2 2 2
[slpm] [°C] [°C] [mW/cm?] [mOhm.cm?]  [mOhm.cm?]  [mOhm.cm?] [mOhm.cm?]
134h 0,5H, +0,5N, 2,0 Air 1093 782 800.8 407 1,31 0,33 0,64 0,33
136h 0,25H,+0,25N; 2,0 Air 1077 784 801.0 383 1,27 0,33 0,65 0,33
139h 0,125H,+0,125N, 2,0 Air 1048 785 801.1 336 1,22 0,33 0,66 0,33
141h 0,0625H,+0,0625N, 2,0 Air 1002 786 801.2 226 1,18 0,33 0,78 0,33
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6.1.3 Electrochemical Results during the Temperature Variation

The experiments of the temperature variation were carried out successively between
850°C and 700°C with a standard gas supply of 0.5 slpm H; + 0.5 slpm N, at the
anode and 2 slpm air at the cathode. It has taken many hours to reach and stabilize
the selected cell temperature in the experiment. The I-V recordings (Figure 6.10)
were performed at 112, 116, 121 and 123 h. when the temperature were stabilized at
800°C 850°C 700°C and 750°C, respectively. Furthermore, the temperature
variations allow calculating the activation energy of the electrode reactions and the

ionic conduction in the electrolyte layer.
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Figure 6.10 Cell voltage and power density vs. current density with temperature
variation

First of all, the cell performance was better at higher temperatures. During the
temperature variation between 700°C and 850°C at 0.7 V loading, the power density
increased by 163 % from 179 mW/cm® to 472 mW/cm®. Some of the detailed data

about the temperature variation measurement was given in the Table 6.4.
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Table 6.4 The data about the measurement of temperature variation

. . Rtotal .
Operation Gas at the Gas atthe  Cell Temp. Power density Rtotal Rohmic 200 Rohmic ,
time anode [slpm] | kathode [slpm]  [°C]  OCV [mV] at0.7Vv ocv OCV — mA/em: 200 mA/em
P P [mW/cm?] [ mQ.cm?] [ mQ.cm?] [ mQ.cm?]
[ mQ.cm?|
112h 0,5H,+0,5N, 2,0 Air 800 1093 369 1,34 0,43 0,70 0,38
116h 0,5H; + 0,5N; 2,0 Air 850 1083 472 1,18 0,31 0,59 0,31
121h 0,5H, + 0,5 N, 2,0 Air 700 1109 179 2,16 0,78 1,32 0,79
123h 0,5H, + 0,5N; 2,0 Air 750 1101 279 1,59 0,52 0,90 0,51
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The open cell voltage had the highest value (1109 mV) in the 121 h at 700 °C and the
lowest OCV value (1083 mV) was in the 116 h at 850 °C. That’s the reason of the
change in OCV is that increment in the temperature caused to decrease in Gibbs free
energy (AG). The Gibbs free energy relation with the Nernst equation could explain
the degradation of the OCV by increasing the temperature. In this respect,
polarization and ohmic resistances were lower at high temperature and the power
density was higher. In order to define the relation between the cell behaviour with the
temperature, it was necessary to observe the Nyquist diagrams. These diagrams were

displayed on the Figure 6.11 and Figure 6.12.
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Figure 6.11 Nyquist diagram plotted during the temperature variation without any
loading
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Figure 6.12 Nyquist diagram plotted during the temperature variation at 200
mV/cm? loaded

As can be seen in both graphs, at 700 °C had the biggest value of the ohmic and total
resistance, as well as, the values of the ohmic and total polarization at 850 °C were
the lowest value. Additionally, the temperature variation experiments were
performed again at 300-327 operation hours. The power density, OCV value from
the I-V curve, voltage losses value from the Nyquist diagram for loaded and
unloaded were given in the appendix 2. As can be observed, the results and
comments were nearly same with the measurement between 112 h and 123 h.
However, these two measurements’ values were useful to investigate the activation
energy change due to the long operation time. That was calculated by the Arrhenius
equation. Thus, it makes possible to define the activation energy which was required

to start the reactions.

The temperature dependency of resistance could be described in terms of the

activation energy for resistivity, Ea, using the Arrhenius equation:

Ea 1
Rpol = Roexp(—.— 6.1
po 0 XP(Rm T) (6.1)

Where;

R, = Total polarization resistanance (mQcm?)
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Ry = Resistance pre-exponential factor,

Ea = Activation energy (J/mol),

Rm = Universal gas constant (8,314 J/mol-K),
T = Temperature (K)

Taking the logarithm of equation 6.1, the following linear equation (6.2) can be

obtained.
Ea 1
In(Rpol) = ——.—+In(R 6.2
(Rpol) R T (Ro) (6.2)

The Arrhenius plot was used to determine the activation energy, (Ea). It showed that
the polarization resistance of the cells was linear function and temperature
dependent. The activation polarization could avoid reducing the energy barrier of the
rate-determining step of the reaction to a value such that the electrode reaction
proceeds at a desired rate. The electrode reaction rate is a function of the
temperature, pressure, and the electrode material. Such as, the reaction rate is faster

at high temperatures, thus the activation energy is usually smaller [23].

Figure 6.13 was plotted to acquire the activation energy of the cell at two different
operation periods. The y-axis was the logarithm of the polarization resistance at OCV

in (mQcm?) and the x-axis was the reciprocal of the temperature in 1/K.
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Figure 6.13 The activation energy of the two different operation periods of the cell

This curve was plotted to define the activation energy of the cells for two operation
period. At the short term period (between 112-123 operating hours), the absolute
value of the slope was 3112,2, thus the value of the activation energy was 25.874
kJ.mol™. For the long term period (between 300-327 operating hours), the absolute
value of the slope was 3293,1, thus the value of the activation energy was nearly
27.380 kJ.mol™'. The activation energy of the short term was 6 % lower than the long
term period. This means the cell required less energy to occur electrochemical
reactions during the short-term period than the long term period. In conclusion, the
three phase boundary had an unextensive surface behaviour due to the sintering of
NiO particles and high porosity in the combination with the YSZ molecules, while
running the long term. However, the amount of change in the activation energy in the
long term period could not make any sense when compared with the activation
change which was done in previous master thesis in this project. The reason of this

less change is that nanostructured particles were used in this experiment [12, 54].
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6.1.4 Scanning Electron Microscopy

The cell was fractured by hand-craftig after and before electrochemical operation in
order to conserve the precise form of the materials and the microstructure of the cell.
Figure 6.14 and 6.15 showed the three functional layers of the cell and the substrate.
It could be observed with a magnification of 200. First micrograph was taken after
thermal spray process and the second micrograph was taken after the electrochemical

tests.
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Figure 6.14 The SEM micrograph of the cell after plasma sprayed
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Figure 6.15 The SEM micrograph after electrochemical analyze

The electrochemical effects on the cell could be seen in the Figure 6.14 and Figure
6.15 obviously. The significant difference was the pore size. The pore size of the cell
after electrochemical analyse was bigger than sprayed cell pores. The porous
structure was extended by the effect of the redox cycle at the beginning of the
electrochemical analyse which was explained at the section 4 in this thesis. As well
as, the substrate had a very high porosity due to big ferritic particles. Actually,
substrate materials and anode base material (Nickel) had similar behaviour under
redox atmosphere, that’s the reason of the expansion in the porous structure. On the

other hand, the thicknesses of the layers were exhibited in the Figure 6.16.
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Figure 6.16 SEM micrograph of the cell cross section after the thermal spray process

The thicknesses of each components of the cell were measured after the thermal
spray process. The anode thickness was measured as 51,8 pm, which was estimated
to be <55 um, and the electrolyte thickness was measured as 45,5 um, which was
estimated to be <50 pum as well as, the cathode size, was 39,3 pum, which was
estimated to be ~40 um. All the estimations were exhibited in the section of 5.1.
SEM provided to observe the functional layers with magnification evidently.
Therefore, the components of the cell respectively 1500 times magnified in the next

Figures.
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Figure 6.17 The SEM micrographs of anode after (a) sprayed and after (b)

electrochemical tests
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Figure 6.18 The SEM micrographs of electrolyte after (a) sprayed and after (b)
electrochemical tests
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Figure 6.19 The SEM micrographs of cathode after (a) sprayed and after (b)

electrochemical tests

At the Figure 6.16, the electrolyte-anode surface adherence seemed to be strong;
therefore the three phase boundary provided to occur the reaction efficiently. The
next three Figures (6.17, 6.18, 6.19) were showed the effects of electrochemical
analyse. As can be seen from the Figure 6.17, Ni particles was sintered and assured
to a better accommodation for the porosity with a foamy texture in anode. It is seen
from Figure 6.18, the delaminations and crackings were occurred in the electrolyte
after long term operation. Finally, the cathode (Figure 6.19) seemed to have an
efficient gas diffusion property through the high poros structure of the cell. Pore size

became bigger after the electrochemical analyse.

6.2 Redox Cycle in the Furnace

Redox cycling was basically oxidation and reduction of the metallic content of the
anode and substrate. During the oxidation, nickel in the anode structure would be
oxidized to NiO by feeding air to the system, resulting in an expansion on particle
size. When hydrogen was feed to the system, NiO was reduced back to Ni, which
would be a size reduction of the particle. The functional layers should have to be
flexible to this particle size change during redox process which would be happening

several times during operation in reality. In this work, one redox cycle has been

107



occured in two separate phases. Oxidation was acquired by the flow of the air as well
as, reduction was acquired by Ar+5%H, flow to the furnace, while keeping the
temperature 800 °C. The permeability test was performed for the substrate and the
sprayed anode, besides that the leak rate test was performed with the half cell

(sprayed anode and electrolyte on the substrate)

6.2.1. Leak Rate Measurement

In order to measure the gas tightness of the electrolyte, a gas leakage test was carried
out at DLR before the electrochemical analyse of the cell. As explained in the
experimental part, the recorded pressure was plotted against the time, was shown in
the Figure 6.20. Thus, the gas leakage rate against the pressure was displayed in the
Figure 6.21. The number of the cell 0704 03 was chosen as an example

measurement, which was applied after thermal plasma spray process.
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Figure 6.20 The relationship between pressure and time
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Figure 6.21 The relationship between leak rate and pressure

In SOFC operating conditions maximum 100 mbar of pressure difference was
expected between the both sides of the cell. Therefore, the absolute leak rate should
be estimated at the point where there were 100 mbar differences. The leakage
measurement was performed at room temperature; therefore the values were not the
real leak value during operation. However, it could give an idea about the leak
tendency of the samples. The procedure was like that; first, the sprayed samples were
leak tested; and than redox cycle has applied to the sprayed cells; at last, the redox
cycled cells were leak tested. The medium, which was used for measurements, was
nitrogen. All the measurements were performed at room temperature and
corresponded to pressure of 900 mbar in vacuum chamber. Table 6.5 showed the
results obtained from these measurements. Two samples were used to provide the
precise result inside each run. It was obvious that the samples having higher amount
of the electrolyte mass (provides greater thickness) were more leak tight than the one

with less amount of electrolyte mass.
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Table 6.5 The identification data for the sample used in leak rate measurement

Scope of Run Cell Name Weight of Weight of Weight of Leak Rate2

Substrates(g) Anode(g) Electrolyte(g) (mbarlt/Scm?)
1. Run 1 Reduction 0611 38 7,402 0,4254 0,4186 4,77E-03
0611 39 7,5905 0,4281 0,4299 4,71E-03
2. Run 1 Reduction+1 Redox 0703_01 7,7562 0,4111 0,4114 5,12E-03
0703_08 7,7737 0,445 0,3843 3,37E-03
3. Run 1 Reduction+5 Redox 0611 35 7,356 0,4504 0,4024 3,36E-03
0611 36 7,3594 0,4468 0,4015 3,66E-03
4. Run 1 Reduction+10 Redox 0704_05 7,9884 0,4432 0,3961 3,78E-03
0704_06 7,8589 0,4445 0,4077 3,67E-03
5. Run 1 Reduction+15 Redox 0704-03 7,645 0,407 0,4094 5,14E-03
0704-04 7,5957 0,4506 0,4098 5,17E-03
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After each run, the leak rates of the cells were measured, so the effects of the redox
cycles on the half cells could be determined by leak rate differences. During the
Nickel oxidation, the particle size of the NiO became bigger than Ni original particle
size. Hence, the three phase boundary was damaged by the size expansion of the Ni
particles. Moreover, cracking and delamination of the electrolyte was occurred by the
effects of this enlargement. Figure 6.22 showed the leak rates comparison between

sprayed cells and redox cycled cells at room temperature.

1,20E 02
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1,00E-02
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Figure 6.22 The leak rate comparisons with sprayed cells and redox cycled cells

The percentage difference was calculated by the equation (6.3) and the graph of the

percentage difference was revealed in the Figure 6.23.

% Difference = Diisprayed) ~ Dicveden) 101 (6.3)
ql(redox)

where q= leak rate (mbar It/Scm?).
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Figure 6.23 The percentage difference of leak rate between sprayed and redox cycled cells

Run 1 exhibited nearly 14% difference; on the other hand, the difference in Run 5 was nearly
47%. This wide range of variation was relatively existed by the number of redox cycle. These
measurements concerned to define the formation of the cracks and delamination structure on
the electrolyte under the redox athmosphere. At the first and the second runs, the effects of the
reduction and redox cycle to the electrolyte were at low level due to the nanostructured
Ni+YSZ anode layers which were fabricated by air plasma spray. The biggest change
occurred after five redox cycles and it was expected before the experiment. The leak rate was
increased, while the numbers of the redox cycles were increased. However, the change of leak
rate could be ignored; it means that the electrolyte has not damaged very much from the redox
cycles. Highly possible reason of this result; the volume change of the Nickel could not
dramatically damage the three phase boundary because of the nanostructured Ni+YSZ anode

layer. As well as, nanostructured Ni+Y SZ anode layer provided strong three phase boundary.

6.2.2. Permeability Measurement

Permeability tests were also performed for the investigation of the cracking based on nano-

structured NiO/YSZ anode layer. This layer was sprayed on the substrate by air plasma spray
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technology like as the other components of the cell. The integration onto the substrate should
be as much permeable as required from the anode side. The procedure of the permeability
measurement was described in section 5.4.2. As explained in the experimental part, the
recorded flow rate was plotted against the pressure difference. The permeability coefficient
(alpha) could be calculated from the Figure 6.24. The number of the cell 0704 10 was chosen

as an example, which was performed to the sprayed cells.
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Figure 6.24 The relationship between flow rate and pressure difference

Generally, at permeability tests in DLR, maximum volume flow of 0.9 I/m and minimum
volume flow of 0.2 1/m through the sample was controlled by the software when the pressure

difference across the sample was 1 bar.

The permeability coefficients (alpha) and the weights of anodes and subsrates were given in
the Table 6.6. The comparasion of the permeability coefficient could be seen in the Figure
6.25. In the Figure 6.26 could be seen the % difference to investigate the effects of the redox

cycle in detail.
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Table 6.6 The details for the sprayed cells which are used for permeability tests

Run

Scope of Run

Cell Name

Weight of
Substrates (g)

Weight of
Anode (g)

Permeability
(m®)

s e | s | s

0703 15

7,6904

0,4918

2,11E-14

06,11 99

7,1511

0,4972

1,88E-14

0704 11

0704 13

7,7672

7,5854

0,4527

0,4807

2,99E-14

2,33E-14
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At the first run, only reduction was performed, the permeability coefficient was
nearly % 25. It was the reason of oxygen replacement in the NiO molecules at the
anode side. After the second run, the permeability coefficient began to increase while
running of redox cycles. The anode layer became denser after long operation hours
due to sintering of the Nickel particles at 800 °C. The volume flow of fuel gas
supply, which reached to the TPB, could reduce through the increment of diffusion
polarisation. Hence, the diffusion polarisation increment would decrease the cell
performance. On the other side, sintering of the particles avoided the flexibility of the
anodes under the redox atmosphere. Thus, this caused the formation of the cracking
on the anode side. As well as, the substrate had a same behaviour at high operation
temperature. The amount of cracking directly depended on the number of the redox

cycles, as can be seen on the Figure 6.25 and Figure 6.24.

The reason of the cracking was not only sintering of the particles, but also the
volume change of the anode due to the oxidation and reduction. However, the
permeability coefficient did not have an extreme change on account of the redox
cycles. It was predicted before the experiments because of the nanostructured anode
particles. Anode side was prevented from sintering of the particles and volume

change by nanostructured anode particle.
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7. CONCLUSIONS

In the auxiliary application, besides the need of high efficiency and power density,
the power generation system should also be capable of thermal and reduction
oxidation cycling. The aim of this work was to evaluate the redox and long term

stability of the SOFCs which was produced by air plasma spray technology.

One of the basic components of SOFC is anode, which brings fuel for
electrochemical oxidation at the triple phase boundary, takes back the reaction
products and transports electrons from reaction site to the external circuit. Nickel and
yttria stabilized zirconia cermet is the most commonly used anode material due to its
long term stability and commercial availability. Nickel has excellent catalytic activity
and high electronic conductivity. However, the coefficient of thermal expansion
(CTE) of nickel mismatches with that of electrolyte (normally fully stabilized YSZ)
and nickel may agglomerate at operation temperature. YSZ is added around the
Nickel particles in order to counter these issues. Ni/YSZ particle size, volume ratio
and distribution are the important parameters for defining the internal resistance,
porosity, active surface area and polarization resistance of the anode functional layer.
Moreover, the cermet behaves as a mixed ionic electronic conductor (MIEC),
increasing the active area for electrochemical reactions and combined with large

internal surface in the porous structure may lead to low overpotential.

However, YSZ-Ni anode layer suffers from redox (reduction-oxidation) cycling. Ni
can re-oxidize owning to numerous reasons such as switching off the system,
breaking off the fuel supply, seal leak, etc, thus it is paramount to be reduced before
the operation. During redox cycle nickel has a noticeable bulk volume change.
Theoretically NiO contracts by 40.9% upon reduction into Ni and expand by 62%
upon re-oxidation to NiO. Though the porosity of the anode functional layer in the
SOFC may compensate for some of this volume change, significant volume changes
were previously reported. This volume change may cause significant degradation of
performance of the SOFC due to micro cracking of anode and electrolyte and
delamination at the anode-electrolyte interface. In previous work in DLR, it was

reported an increase in the conductivity of the anode as the function of time under
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reducing atmosphere which was associated to agglomeration and partial sintering of

Ni particles.

In case of sintered cells, redox cycling was reported to create cracks in the anode
which propagate into electrolyte causing the failure of the cell. Contrarily, in metal
supported plasma sprayed SOFC of the DLR’s previous work, no change in the OCV
was measured due to redox cycling. During redox cycles, however, the internal
resistance of the anode was measured and a dramatic increase in the polarization
resistance was recorded. Consequently, the power density has a declination. Three
causes were considered to lead to this effect: 1) increase in the internal resistance of
the anode; 2) delamination at the interface of anode/electrolyte and 3) oxidation of

the substrate during the redox cycle, forming Cr,O; rich oxide scale.’

The present work nanostructured Ni+YSZ anode layers were fabricated by vacuum
plasma spray. Vacuum plasma spray is the one of the cell production technique
which has discrete advantages such as, short fabrication time, simple automation and
quality of cell layers [12].Notably, nano particle size can be produced with different
parameters by thermal plasma spray. By this way, higher cell performance and much

closer structure with anode and electrolyte were predicted.

Electrochemical analyse was used to investigate the losses mechanism in this master
thesis. After the fabrication of the cells, four cells ITMBEK 061162-63-64-65) were
mounted in the same test bench DLR 11 (see section 5.2) in order to have
comparable results. The SOFC test bench, DLRI11, was designed for the
electrochemical measurement for four cells. The electrochemical performance of the
cells was evaluated by current-voltage curve and electrochemical impedance
spectroscopy. The total measurement hours were 328 hours. The impedance spectra
were also recorded using the same device (Zahner IM6) for each measurement (see
section 5.2.6). The resulting data were related to the effective area of the cell to
compare the results with other cells which have different size. The main parameters
used in the evaluation were the OCV [V], the power density [mW/cm?], the ohmic

and polarization resistances [QQcm?].

In this work and also in previous works at DLR, it was found that the material and
structure of the component has a strong influence not only on the microstructure but

also on the electrochemical performance of the fabricated cells.
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At the standard conditions, (13h, 81h, 112h,134h), the cells had nearly the same
OCYV performances (1089-1093 mW). The most interesting and unexpected point
was the change in the power density value. It was 302 mW/cm® at 13. operation hour
than it suddenly decreased to 276 mW/cm” at 81. operation hour. After nearly 100
hours, it has rising inclination. This unpredictable power density behaviour was
explained by the new short cut way between platinium and nickel element. These
short cuts way improved the transportation of the electron from the TBP to the

external circuit of the anode.

At the gas variation (81h, 85h, 88h, 93h), the OCV values were between 1056 and
1137 mV. This range expressed better performance comparing with the previous
works which were carried out in DLR 11 at the same condition. The OCV values
were between 900 and 1000 mV in previous experiments. The amount of the oxygen
negatively affected the OCV value because of the voltage difference at the beginning
of the operation. Just the opposite, the power density values were relatively increased
from the amount of oxygen because of the high partial pressure of the oxygen at the
TPB. The most effective performance was shown at the 1H,+20; due to the highest
partial pressure of the hydrogen and oxygen. The power density value were 404
mW/cm?, it was the highest value within the previous gas variation experiments in
DLR 11. The results from fuel gas variation (134h, 136h, 139h, 141h ) was that the
degradation in the hydrogen supply obviously affected the cell performance, because
the TPB could not be reached fuel gas sufficiently. Additionally, the temperature
inside the test bench increased independently from the furnace temprature control at
the highest partial pressure of the hydrogen. Direct exothermal combustion of Hj,
was occured in the furnace due to cell leakages and that is increased the measured

cell temperature.

To investigate the cell performance, the permeability and leak rate analyse were
performed. Less or no cracking were existed on this type of electrolyte and anode
during the redox cycle. In the furnace, five runs have carried out under the reduction
and oxidation atmospheres. Between the first run and the fifth run the % difference
value were varied in the range of 14 % and 48% in the leak rate measurement. It
means that there were not any magnificent delamination and cracking problem in the
electrolyte. From this point, it is clear that there is not an integration problem

between anode and electrolyte due to the volume change of the NiO particles. The

119



permeability analyse results were matched with the leak rate measurement results.
The % difference were varied between 25% and 47%, it was nearly the same with the
leak rate results. This range was explained by nanostructured Ni+YSZ anode layers
which have very good mechanical performance when compared with previous master

thesis in DLR.

At the temperature variation (112h, 116h, 121h, 123h), the power density depended
on the temperature. Power density directly increased when the temperature were
raised. That’s the reason that the electrochemical reactions required less activation
energy at higher temperature. The long term operation is caused to increase the
amount of activation energy because of the activation polarization during the

operation.

The furnace and the electrochemical test results were demonstrated that the
nanostructured Ni+YSZ anode layers fabrication with the air plasma spray had high
cell performance. Besides, nano particles NiO+YSZ were provided efficient cell
reactions surface and much closer structure with anode and electrolyte. Moreover,
that was supported by the SEM analyse which showed the microstructure changes. In
conclusion, the electrochemical test and leak rate as well as permeability analysis
proved that nanostructured anode provided less or no cracking and delamination on

the cell during the redox cycles.
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Figure A.1 Flow Chart
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Figure A.2 Visulization of Flow Chart
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Figure A.3 Visualization of the Gas Ramp
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Figure A.5 Visualization of the load regulation
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Appendix B

Table B.1

Power
R(ohm) R(pol)
Furnace T ocCv Density R(ohmic) R(ges) R(pol)
Date Nr. Cell T [°C] Fuel gas [Ipm] Oxidgas [Ilpm] [Ohm/cm? | [Ohm/c
[°C] (initial) (mW/cm2 [mOhm] [mOhm] ] . [Ohm/cm?]2
m
)
15.03.07 | Heating 18:00 Heating 25,2 0,25 Formier 0,25 Air 1
01:00 = 896,2 0,25 Formier 0,25 Air 891
16.03.07 | Reductio | g, Red Start | 795,6 0,25 Formier | 0,25 Air 925
10h Red End 798,9 0,5H2 0,5N2 2,0 Air 1089
EGIEND | ey Activation | 800,9 782 05H2 05N2 | 2,0 Air 1091 | 302
ak 14h is ocv 800,7 0,5 H2 0,5 N2 2,0 Air 1089 109,3 42,41 1,37 0,53 0,84
at is 200 801,2 0,5H2 0,5 N2 2,0 Air 893 65,69 42,14 0,83 0,53 0,30

62 h/0,5 H2+0,5 N2/ 2 Air 2,5A Long term Loading

19.03.07 6 81h V-i 800,0 782 0,5 H2 0,5 N2 2,0 Air 1092 | 275,8
is ocv 799,6 0,5 H2 0,5 N2 2,0 Air 1091 121 45,77 1,52 0,58 0,95
is 200 799,0 0,5 H2 0,5 N2 2,0 Air 872 69,86 45,44 0,88 0,57 0,31
7 85h V-i 801,0 780 0,5 H2 0,5 N2 2,0 02 1056 | 328,7
is ocv 801,1 0,S H2 0,5 N2 2,0 02 1055 64,74 41,36 0,81 0,52 0,29
is 200 801,0 0,5H2 0,5 N2 2,0 02 905 56,76 40,76 0,71 0,51 0,20

132



8 |8sh Vi 807,0 780 1,0 H2 2,0 02 1096 | 4043
is ocv 806,9 1,0 H2 2,0 02 1099 55,55 3423 0,69 0,43 0,27
is 200 806,8 1,0 H2 2,0 02 970 48,47 34,1 0,62 0,43 0,18
9 |93n Vi 800,8 1,0 H2 2,0 Air 1137 | 380,5
is ocv 800,8 1,0 H2 2,0 Air 1130 106 3444 1,33 0,43 0,90
is 200 801,0 1,0 H2 2,0 Air 950 58,9 34,15 0,74 0,43 0,31
20.03.07 n |tz |va 800,5 782 0,5H2 0,5N2 | 2,0 Air 1093 | 368,8
is ocv 800,3 05H2 0,5N2 | 2,0 Air 1092 1083 30,34 1,34 0,43 0,98
is 200 800,4 0,5H2 0,5N2 | 2,0 Air 917 55,26 30,42 0,70 0,38 0,31
12 116h V-1 850,2 833 0,5H2 0,5N2 2,0 Air 1083 | 472
is ocv 850,6 0,5H2 0,5N2 | 2,0 Air 1083 96,29 21,23 1,18 0,31 0,94
is 200 850,4 0,5H2 0,5N2 | 2,0 Air 939 42,86 21,26 0,59 0,31 0,27
13 |12t [va 702,0 682 0,5H2 0,5N2 | 2,0 Air 1109 | 178,6
is ocv 702,2 0,5H2 0,5N2 | 2,0 Air 1105 1722 62,25 2,16 0,78 1,38
is 200 702,1 05H2 05N2 | 2,0 Air pLz 1053 62,85 1,32 0,79 0,53
14 1230 |va 751,2 732 0,5H2 0,5N2 | 2,0 Air 1101 |278,7
is ocv 750,4 0,5H2 05N2 | 2,0 Air 1100 127 41,03 1,59 0,52 1,08
is 200 750,6 05H2 0,5N2 | 2,0 Air 879 71,51 40,87 0,90 0,51 0,39
21.03.07 16 |134n VI 800,8 782 0,5H2 0,5N2 | 2,0 Air 1093 | 407,1
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is ocv 801,2 0,5H2 0,5N2 | 2,0 Air 101 1043 26,52 1,31 0,33 0,98

is 200 801,2 0,5H2 0,5N2 | 2,0 Air 926 51,13 26,24 0,64 0,33 0,31
17 |136h | Vi 801,0 784 0,25 H2 0,25N2 | 2,0 Air 1077 | 3833

is ocv 800,9 0,25 H2 0,25N2 | 2,0 Air 1076 101,3 26,6 1,27 0,33 0,94

is 200 801,0 0,25 H2 0,25N2 | 2,0 Air 912 52,16 26,21 0,65 0,33 0,33
19 |139n VI 801,1 785 0125H2 0,125 | 5 ¢ Ajy 1048 | 3358

is ocv 801,1 0,125 H2 0,125 15 g Air 1048 94,84 26,24 1,22 0,33 0,86

is 200 801,2 0125H2 0,125 | 5 ¢ Ajy 886 62,02 26,47 0,66 033 0,45
21 |141h | Vi 801,2 786 0,0625 H2 2,0 Air 1002 | 225,9

is ocv 801,3 LIS 2,0 Air 1000 96,93 26,06 1,18 0,33 0,89

is 200 801,3 00625 Hf 2,0 Air 880 52,16 26,21 0,78 0,33 0,33

22.03.07 23 |159n |V 800,3 782 0,5H2 0,5N2 | 2,0 Air 1093 | 411,42

is ocv 800,3 0,5H2 0,5N2 | 2,0 Air 101 1048 25,46 1,32 0,32 1,00

is 200 800,3 0,5H2 0,5N2 | 2,0 Air 926 50,75 25,62 0,64 0,32 0,32
24 |162n | Vi 801,0 780 05H2 05N2 | 2,002 1056 | 509,8

is ocv 800,8 05H2 0,5N2  |2,002 1055 49,19 24,65 0,62 0,31 0,31

is 200 800,8 0,5H2 0,5N2 | 2,002 945 40,37 24,39 0,51 0,31 0,20
25 |164n |V 801,6 775 1 H2 2,0 02 1102 | 624,8

is ocv 801,6 1 H2 2,0 02 1101 65,26 25,07 0,82 0,32 0,51
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is 200 801,6 1H2 2,0 02 995 44,66 24,78 0,56 0,31 0,25
26 |166h | V- 800,8 778 1H2 2,0 Air 1132 | 478,36
is ocv 800,7 1 H2 2,0 Air 1131 98,76 24,66 1,24 0,31 0,93
is 200 800,7 1H2 2,0 Air 972 49,65 2441 0,62 0,31 0,32
28 |169h |V 801,2 782 05H2 0,5N2 | 735021265 14095 | 4761
is ocv 801,2 05H2 05N2 | 9735021265 | 473 65,26 25,07 0,82 0,32 0,51
is 200 801,2 05H2 05N2 | 0735021265 g4y 44,66 24,78 0,56 0,31 0,25
30 [17th | VI 801,0 781 05H2 0,5N2 | 36802 0,632 11063 | 4976
is ocv 801,2 05H2 0,5N2 | 136802 0632 | 0, 54,92 24,74 0,69 0,31 0,38
is 200 801,2 05H2 05N2 | 136802 0,632 144 42,63 24,51 0,54 0,31 0,23
23.03.07 32 |186h | V- 800,4 783 05H2 0,5N2 | PO4SN20955 14105 13352
is ocv 800,6 05H2 0,5N2 | DO4SN20955 1404 1773 2543 2,23 0,32 1,91
is 200 801,6 05H2 0,5N2 | DO4SN20.955 | g)q 56,17 25,13 0,71 0,32 0,39
34 [187h | VI 801,6 782 0,25 H2 0,75 N2 | 136702 0,632 11057 | 306,8
is ocv 800,4 025H2 0,75N2 | 136702 0632 | ), 56,98 25,1 0,72 0,32 0,40
is 200 800,6 025 H2 0,75 N2 | 136702 0,632 | g, 43,75 2431 0,55 0,31 0,24
35 [189n |V 799,9 783 Wi 804 Ui | Lehopd Gl |y
is ocv 799,9 0,125 H2 0875 | 1,36702 0,632 | g9, 61,15 25,62 0,77 0,32 0,45
is 200 799i9 o 80 L | Lo s 51,68 25,12 0,65 0,32 0,33

135




0,0625 H2

1,36702 0,632

38 [19th | VA 800,1 784 934 | 1334
is ocv 800,5 DGR LR UKy 70,08 25,48 0,88 0,32 0,56
is 150 800,6 0,0625 H2 1,36702 0,632 | g45 74,95 25,2 0,94 0,32 0,63
109 h /0,5 H2+0,5 N2/ 2 Air 2,5A Long Term Loading
28.03.07 4 |300n |V 800 778 0,5H2+0,5N2 | 2,0 Luft 1113 | 385,42
is ocv 800 778 0,5H2+0,5N2 | 2,0 Luft 1102 1192 32,28 1,498 0,41 1,09
is 200 800 778 0,5H2+0,5N2 | 2,0 Luft 921 60,22 32,18 0,757 0,40 0,35
41 (3040 |V 850 827 0,5H2+0,5N2 | 2,0 Luft 1104 | 730,63
is ocv 850 827 0,5H2+0,5N2 | 2,0 Luft 1102 105 23,67 1,320 0,30 1,02
is 200 850 827 0,5H2+0,5N2 | 2,0 Luft 942 48,02 23,65 0,604 0,30 0,31
2 3240 | Vi 700 677 0,5H2+0,5N2 | 2,0 Luft 1129 | 197,5
is ocv 700 677 0,5H2+0,5N2 | 2,0 Luft 1125 190,6 59,07 2,396 0,74 1,65
is 200 700 677 0,5H2+0,5N2 | 2,0 Luft 714 158,9 60,99 1,997 0,77 1,23
@B |32m | vi 750 728 0,5H2+0,5N2 | 2,0 Luft 1120 | 428
is ocv 750 728 0,5H2+0,5N2 | 2,0 Luft 117 1375 40,67 1,728 0,51 1,22
is 200 750 728 0,5H2+0,5N2 | 2,0 Luft 856 117.8 41,39 1,481 0,52 0,96
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