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INTRODUCTION

In the last decade the increase in energy demardawareness of limited availability of
fossil fuels and the need to reduce green housesgamission impelled governments and
research institutions to focus on the study of wei#e energy sources such as solar, wind
and biomass derived energy and on the increasehenenergy production devices
efficiency.

Within such scenario a relevant contribution isegivby fuel cells technologies as advanced
power generation system. Fuel cells are high efficy devices and comply with the
request of environmental friendly source of enefjyey convert directly fuel energy into
power and heat by electrochemical reactions withthe need for combustion as
intermediate step. The possibility to use Hydrogekes fuel cells virtually zero-emission
devices being water the only reaction product; rtbedess, also the use of hydrocarbons as
fuel reduces considerable g&missions.

Among the different systems, solid oxide fuel c¢#©FCs) operate at high temperatures
(650-1000°C) and allow to achieve the highest dleadt efficiency, from 45 to 60% for
common fuels, values not attainable by traditiaattrical power generation methods, and
up to 70% in combination with a gas turbine for HgtPower System generation, with an
overall electrical and thermal efficiency higheamt90%.

Moreover, such technology presents many advansgesas the possibility to be fed with
different fuels, the absence of moving parts, madiyl and limited emissions. These
characteristics make SOFC suitable for applicatiathe distributed generation market.
Despite all the mentioned advantages, SOFCs shoklilgms that make these devices not
suitable for the production on industrial scale. yetparticular they present low reliability
and are not competitive with traditional powersrses.

SOFCs are constituted by single cells (consistingnoanode and a cathode separated by a
solid electrolyte) that are collected together stack by interconnects in order to obtain the
required power. This means that a stack is a ray#il assembly of materials with different
thermal, mechanical and chemical properties thatrie fulfil many prerequisites for their

own function. Moreover, some of these propertiesstmonatch for other connected
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INTRODUCTION

components; for instance they have to show sintilarmal expansion coefficients, to be
stable at high temperatures and during thermasigats.

Due to the high working temperature, stack comptmeme necessarily subjected to
degradation phenomena, which reduce their long tetiability. Among them, poisoning
of cathode by Chromium evaporation from metalliteinonnects, chemical interactions
between glass—ceramic sealants and ferritic stéiconnects, anode poisoning caused by
carbon or sulphur deposition, reduction of eleatriconductivity are worthy of mention.
Furthermore, various cycling conditions such asnta cycle, redox cycle, and load cycle
affect stability of SOFCs. All these degradatiorepbmena must be minimized in order to

increase SOFC reliability. All these issues areeocbpf intense research.

The research work of the present thesis has berisdd on the increase of redox stability
of anode supported cells, which is considered oh¢he key point to improve stack
reliability.

The state of the art materials for the anode i¥ 8 cermet due to its high performance.
Nevertheless, this cermet is prone to severe deticadupon redox cycling.

Due to the high operating temperatures, Nickeligad tend to coalesce and coarsen. Fuel
supply interruptions, over-potentials and leakacpes cause the re-oxidation of Ni to NiO
with a consequent volumetric expansion that caregea internal stresses and lead to
cracks formation within the YSZ network and thecélelyte resulting in cell failure.
Different approaches can be taken in account ierai@ minimize redox instability.

In order to study redox phenomena and produce retiite cells many aspects related to
the modification of anodic microstructure were gmal. Among these, one of the most
promising method is to modify the anode microsuiteby increasing its porosity.

The present thesis is divided in two parts. Inftist section the theoretical background of
fuel cells, specifically SOFCs, is reported. A fatar attention is dedicated to describe
redox phenomenon and the state of the art of Seareh in this field.

The second experimental part concerns with the ymtiwh of anodes with improved

microstructure. The modification of microstructuvas realized by using different powders
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and by adding different pore formers and dopingnelats. A detailed study of the effects
on redox stability of the microstructure modificats induced by the addition of each of the
aforesaid substances is described.

Part of the experiments of this work, in particutdectrochemical characterizations, have
been carried out at SOFCpower Srl laboratories @zdlombardo (TN), an Italian leading

company manufacturing cells and systems based qmoprietary SOFC technology

(www.sofcpower.com
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1.1 FUEeEL CELLS

Fuel cells are electrochemical devices that diyectinvert chemical energy into
electrical energy and heat at high efficiency. disthe working principle, fuel cells can be
assimilated to a battery; while the latter needssttp for recharge, fuel cells operate
continuously since a fuel and an oxidant are caortistéed.

This technology is well known, thanks to the iditt@ntributions of many scientists
such as Grove and Nernst in the first half of réeath century [1, 2]. The lack of adequate
materials and investigation techniques along wig ftosts limited the use of fuel cells as
power generation devices. Only in the last decathesincrease in the energy demand and
of the costs of the traditional fuels, the needalbérnative and renewable energy sources
and the developments in material science have btaugew impulse to the research into
the fuel cells field.

The most valuable feature of fuel cells is the fmkiy to work with high conversion
efficiencies. Indeed, in a traditional power cyci®. steam power plants and internal
combustion engines, electrical energy is obtaingdransforming chemical energy into
heat which is subsequently converted into powere Trheversibility of this multistep
process limits the electrical efficiency as for @&rnot’s principle. Moreover, the presence
of mechanical rotating components further decre#tsefficiency of traditional systems
and increases maintenance costs.

Fuel cells are not subjected to such limitationsalise electricity is produced in a single
step through an electrochemical reaction [1].

Electrical efficiency of fuel cells ranges from 48 60% and is independent from
plant size while only large power plants can achisimilar values. This makes fuel cells
suitable also for micro-generation plants and itisted systems. Another advantage of fuel
cells is their combined heat production, which edilse overall efficiency at about 90%.

Moreover, the electrochemical production of enemrgguces the amount of the undesired
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and polluting by-products of fuels combustion sasHine particulates and nitrogen oxides,
making fuel cells a viable environmental friend#gtinology [3].
The fuel cells power systems contain different congnts that, in the order, are [4]:

1. Unit cells where the electrochemical reaction tplaee. A unit cell is constituted by
two electrodes: anode and cathode separated lejetizolyte.

2. Stacks, where unit cells are modularly combinecelegtrical connections in order to
achieve the voltage and power output level necgd$eathe applications.

3. Balance of plant (BOP) that are auxiliary composentluding a fuel processor, if
needed, thermal management, and electric poweritamridg among other additional
and interface functions (pumps, blowers, contrdves, pressure regulators, cooling

system, are some example).

Different types of fuel cells have been developedas [5-7], each presenting specific
advantages and drawbacks for different applications
Fuel cells can be classified considering the typeised electrolyte (that determines the
kind of chemical reactions that occur within thél,abe operative temperature, the kind of
catalyst, the necessary fuel, and other attribptes)considering the fuel that they can
process or in term of the working temperature raf@e all of them the oxidant is air or
pure oxygen.
A summary of fuel cells types, including the magactions and the typical operating

temperatures, is reported in figure 1.1.
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Anode Electrolyte Cathode
th]_ SOFC (500-1,000 °C) «— 0, (air)
Internal 5| CO, B by )
refarming
H, €0 38 ¥ 0, {air
H,0 | MCFC (50 °C) SR
Cao, <« CO02 - C0,
External
reforming _ o PAFC (200 2C) ¥ =— (), {air)
H,, CO, ! , .8 ;
H
External "
reforming —s PEMFC (80 °C) HO |<—0, (ain)
Ha, CO» (- 5 = d
{CO removal)
— o <0, (aif)
Ho—>| HO AFC (70 "C) , (CO,
—0H remaoval)

Fig. 1.1: Summary of fuel cells types [6].

Low temperature fuel cells use only &nd are generally classified as:

v" Alkaline fuel cells (AFC): the electrolyte is a stibn of potassium hydroxide in water.
They can use a variety of non-precious metals @agltatalyst at the anode and
cathode. High-temperature AFCs work at temperatbessveen 100°C and 250°C.
Nevertheless, newer AFC designs operate at lowapéeatures of roughly 23°C to
70°C. They have an efficiency of 50-60%.

v' Proton Exchange Membrane Fuel Cells (PEMFC or PEH@)electrolyte is a solid
polymer where protons are the mobile ions, andadirRim catalyst is contained in
porous carbon electrodes. The range of operativgdeature is 80-100°C and the
efficiency is 40-45%. Among the PEFCs, Direct MetblaFuel Cells (DMFC) operate

at the same temperature but they use MeOH as fgkpassess an efficiency of 25-
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30%. A third class of PEFC that works at high terapges is HT-PEFC which can
use H or CO as fuels at 120-180°C and reach an effigiemcto 40-50%.

v" Phosphoric Acid Fuel Cells (PAFC): this kind of feell uses liquid phosphoric acid
for the electrolyte; the acid is contained in aldiefbonded silicon carbide matrix, and
the electrodes are made of porous carbon contamPlgtinum catalyst. The operative
temperature is about 200°C with an efficiency o#440%.

The high temperature fuel cells can operate witfedint fuels other than +such as CO,

natural gas, and hydrocarbon fuels:

v' Solid Oxide Fuel Cells (SOFC): the electrolyte idanse solid ceramic material
usually yttria stabilized zirconia (YSZ); typicallthe anode is a Ni-Zr{Ocermet and
the cathode is Sr-doped LaMgO'he operating temperature ranges between 700 and
1000°C, whereas the low temperature LT-SOFCs wbB808-650°C. SOFCs have an
efficiency of 50-60%.

v" Molten Carbonate Fuel Cells (MCFC): the electrolgteisually a combination of alkali
carbonates (lithium, sodium and potassium carbdnatdich is retained in a
chemically inert porous ceramic matrix of LiAJOAt the operating temperatures (600-
700°C) highly conductive molten salt is formed Hia#i carbonates and the ionic
conduction is supplied by carbonate ions §ONi and nickel oxide are used as
anode and cathode electrodes, respectively. Theesity of the MCFCs is around 50-
55% [8, 9].

By a comparison of the different kind of fuel ceffeom the high to the low temperature

fuel cells, one can observe a decrease of theiaaflig, higher sensitivity to contaminant

elements and increased complexity of fuel procgsi€ih

High efficiency and the possibility to use diffetdnels are some of the advantages
offered by SOFC that make them more interesting tbther types of FC. The solid
electrolyte is not corrosive (such as MCFC) andids/@lectrolyte movement or flooding
through the electrodes. Moreover, it can be comsitiéhat due to the high operating
temperature, the kinetics of the cell are relagivielst and no precious metals (such as

Platinum used in low temperature fuel cells) aredeel to accelerate chemical reactions.
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Therefore, carbon monoxide does not represent mfbhsubstance for the anode, and it
can be directly fed as fuel. The materials use®®@FCs are not too expensive. Thin-
electrolyte planar SOFC unit cells have been detrates to be capable of power densities
close to those achieved by PEFC. Moreover, higtpeature MCFCs and SOFCs are
ideal candidates for fuel cell/gas turbine hybrdtems thanks to the possibility to use the
discarded thermal energy and the energy from thebastion of residual fuel to drive gas
turbine (GT).

Currently, it is possible to observe a rapidly girmyvtrend in the application of fuel
cells in different industrial fields. The applicais of fuel cells can generally be divided
into portable, transport and stationary purposes|uding combined heat and power
systems (CHP). However, the viable applicationesaccording to the type of used fuel
cells:

- AFCs were the first type of FCs widely used in Uspace program to produce
electrical energy and water on-board spacecrafis Apollo or Shulttle;

- PEMFC are found in vehicles and portable applicegti@and for power CHP systems;

- DMFC are suitable for low power portable electrasystems;

— PAFC are used for a large number of 200 kW CHPesyst

— MCFC are suitable for medium to large scale CHResys, up to MW capacity; they
are used in industrial and military applications;

— SOFC are appropriate for all size of CHP systemkW2to multi MW, automotive
industries, and portable devices; they can be fmduybrid/GT cycles.

Apart from the previously mentioned high efficiendyel cells provide many other

advantages over traditional energy conversion Bystenodularity, fuel adaptability, and

very low levels of NQ and SQ emissions. Quiet, vibration free operation of HESoa

eliminates noise usually associated with conveatipower generation systems.

Despite the attractive system efficiency and emvinental benefits related to fuel
cell technology, some difficulties have been entered to develop the laboratory

prototypes into commercial products. These issueg loften been associated with the
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requirement of appropriate materials or manufaaturoutes that would permit the cost of
electricity per kWh to compete with the existingttaology.

It is possible to make a few general consideradioout the material requirement for
fuel cells. The combined area specific resisti(AgR) of the cell components (electrolyte,
anode and cathode) should be below Q& (ideally approaching 0.©cnf) to ensure
high power densities, with targets of 1 kwdand 1 kWkg, often mentioned for transport
applications [6]. Moreover, if the fuel cells havigh power density, the amount of material
per kW is minimized and, as a consequence, them lieduction of the costs. Other
limitations related to material choice arise frogliability and durability issues. In the case
of stationary applications a degradation rate newttnd over a period of at least 40,000 h

(5 years).
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1.2 SoLib OxIDE FUEL CELL (SOFEC)

The topic of the present thesis is the study dhbifity to the redox cycles for anode
supported solid oxide fuel cells; therefore, irstbéction SOFC devices will be described in
detail.

SOFCs operate at temperatures ranging from 550°00€®°C allowing to reach
high electrical efficiencies (up to 60%); moreovéne possibility to feed them with
different fuels, as Hydrogen, carbon monoxide amdrdcarbons, and their ease of
production are some advantages that explain tHe ihigrest of researchers and industries
on this technology with respect to the other typefiel cells. On the other hand, it has to
be mentioned that, the high operating temperatare<ritical for the long time reliability
of SOFCs, as materials degradation rate increases.

There are different types of SOFC design, basidalbylar and planar, which differ in the

single cells design and arrangement, interconneténials and gas flow. Each of these two
designs has a number of interesting variants: Xample, planar SOFC may be in the form
of circular disc fed with fuel from the central axor it may be in the form of square plate

fed from the sides.

Tubular _cells can be distinguished in two broad categories:scelith a large
diameter, >15 mm, and cells with a diameter loaant5 mm, usually named microtubular
cells [10].

The first tubular cells were produced by Siemenstiighouse Power Corporation.
In the most common configuration, tubular cell gledes and electrolyte are deposited as
thin layer around the external surface of a pormgmdrical tube having the function of

support and of air distributor for the cathode [11]
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In the first cell the tube was made of calcia-diaédl zirconia with the walls as
thin as possible considering its support function.
In the most recent production the porous suppottb@ has been replaced by a doped
LaMnG; tube having the function of cathode (air-electredpported cell) onto which the
other cell components are deposited.

Cathode interconnection

Electralyte
Alr
elecirode
{cathode)

Air electrode {cathode)

Electralyte

Fuel electrode (anode)

Electran flow
{current)

Alr flow Fuel electrode (anode)

Mickel connector

Fig. 1.2: Tubular design SOFC by Siemens Westinghoes$ower Corporation [12].
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The result of this substitution was a decreaséefitherent impedance to air flow toward
the cathode. Siemens Westinghouse Power Corpotatiafar SOFC design is reported in
figure 1.2; the cells are nominally 2.2 cm in diaeneand 150 cm in active length with one
closed end. Air is supplied to the cell interioingsan air delivery tube and fuel is delivered
to the cell exterior [12, 13].

Power produced is proportional to the active s@facea of the cells. Their
operating temperature is about 1000°C; at such d¢emgre and under atmospheric
pressure, single tubular SOFC generates power tf 0 W DC (direct current).

Each cell attains (at open circuit) a potentialabbut 1 V; therefore, in order to reach a
voltage suitable for applications, cells are come@dn series. The materials commonly
used for the components are YSZ for the electradyig Nickel/zirconia cermet, bonded to
the electrolyte, for the anode. The cathode, faleit as an extruded porous tube, is made
of Lanthanum manganite, and the cathode intercdimmecconsists of thin strip of
Lanthanum chromite.

The tubular cell design offers different advantagéth respect to planar ones; for
instance, sealing problem is eliminated by insgran air feeder tube down the cell tube.
Tubular cells are more stable against mechanicdltharmal stresses than planar cells.
Nevertheless, modern technologies (tape castinggescprinting, vapour deposition.
plasma spraying, wet spraying and others) allowelowosts for the fabrication of planar

cells.

Microtubular_cells have been developed since early 1990s when Y S&stulith

diameter ranging from 0.1 to 5 mm with thin (4%®) and dense wall were produced. YSZ
tube represents the electrolyte and the supporthtorelectrodes that are deposited with a
thickness of about 5@m. Due to their narrow diameter and to the supploitkness
microtubular cells allow higher power density immuarison to traditional tubular cells but
requires a more complex gas distribution systerh [[bdthe last years research in this field

has brought to the development of new fabricatechmniques [15]. For instance, anode
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supported microtubular cells are produced allowimgncrease the power output of these
systems [16, 17].

Planar cells can be produced with different configurations:caiglyte supported
(ESC), cathode supported (CSC), anode supporte@)ABd metal supported (MSC) cells
[18-20].

For cells with thin YSZ electrolytes (5-20m) as for anode supported cells (ASC), the
operative temperature can be reduced (< 800°C)rafipg at this temperature condition
allows a wider choice of materials (especially lowst metallic materials for the
interconnect), longer lifetime, reduced thermalesses, improved reliability, and
potentially reduced cell cost [21]. The main disathages are potential slow electrode
reaction kinetics (and therefore high polarisatjarsd the reduced thermal energy that can
be extracted from the hot exhaust stream by a rtarlor a heat exchanger. ASC
configuration is preferred to the other ones du¢thtlow ohmic losses associated to the
thin electrolyte.

In the following section it will be referred to tHeSC with planar geometry being it the
configuration considered in the present researatk.wo

The voltage produced by a single cell is usualbg lthan 1 V. As a consequence, for most
practical fuel cells applications, unit cells mi& assembly into a stack to achieve the
voltage and power output level required for the ligpgion. Different stacking
arrangements have been developed where electricaliguctive materials are used as
interconnects; these are often fabricated into dempghapes to respond also to other
functions such as air and fuel channelling andisgalFuel and oxidant flow can be

arranged to be cross-flow, co-flow, or counter-flow
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Current

Interconnect =—
Cathode ——
Electrolyte
Anode —_—

Current

Fig. 1.3: Stack cells design for a planar anode spprted SOFC.

A functional stack is constituted by different ekmts with specific properties. A
sketch of anode supported SOFC in planar configuras reported in figure 1.3. The cell
is composed by two porous electrodes, anode atbdat separated by a dense Oxygen
ion-conducting electrolyte. Every cell is connectied series with another cell by an
interconnect. A large number of units can be regmkan order to produce the desired
power. Then a sealing system of anode and cathodpartment is needed in order to
avoid the mixing and combustion of fuel and air.

In order to meet operating requirements of spetifiewer generation applications the
design of cell configuration, specifically plana®BC, needs to fulfil different requirement
[10]:
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e In the stack ohmic losses need to be minimized roleoto show good electrical
performance. This can be obtained by consideriegctirrent path in the components
to be as short as possible; there must be gootrieldaontact and sufficient contact
area between the components. The current colleatst also be designed to facilitate
current distribution and flow in the stack.

e The design must provide for minimal polarisatiosses so that high electrochemical
performance is obtained. Therefore, any gas orsdemkage and electrical short
circuit must be avoided. Fuel and oxidant mustie&itduted uniformly not only across
the area of each cell but also to each cell ofstaek. Moreover, in order to decrease
mass transport limitations, the gases must betabkgpidly reach the reaction sites.

» Stacks need to possess thermal compliance. In othiels, the design must permit the
highest possible temperature gradient across #uk sind, in addition, must provide
for stack cooling and uniform temperature distributduring operation.

e Stacks require mechanical and structural integryanar SOFC stack must be
designed in order to have adequate mechanicalgstrdor assembly and handling.
Therefore, mechanical and thermal stresses musdtepe to minimum to prevent
cracking, delamination or detachment of the comptmeinder variable operating
conditions (for instance, normal operating temperat gradients, off-design
temperature gradients, thermal shock conditionk siscsudden power change and cold
start-up, and mechanical loading expected duriatailation).

Cell-to-cell characteristics within the stack mbstas uniform as possible. If a single cell

in a stack exhibits higher resistance than therettstack failure often initiates at such cell.

The cell then exhibits lower voltage and even aatigg voltage. If a cell exhibits negative

voltage, the Oxygen chemical potential within thectrolyte can exceed that in the oxidant

at the cathodic side and can drop below that irfubéat the anodic side. This can lead to
high internal Oxygen partial pressure resultinglectrode cracking and/or delamination,
and very low Oxygen partial pressure leading toaloelectrolyte decomposition,

respectively. Both situations can lead to cell statk degradation [22].
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Ageing and degradation remain fundamental problémsbe solved before
industrial scale production can start. In ordesdtve the disadvantages of this device it is
necessary to know the characteristics, the masgeaiadi the operating conditions in detail.
Many companies and research groups are involvélakistudy of such device carrying out
accurate analyses in order to allow scale up agidsinial commercialization of SOFCs. In
the next section a brief description on the prilespand materials used for the production
of SOFCs is reported.
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1.3 SOFCOPERATION PRINCIPLE

1.3.1 THERMODYNAMIC CONSIDERATIONS

Different fuels such as Hydrogen, carbon monoxidatural gas and other
hydrocarbons can be used in SOFCs.
The overall electrochemical reaction when Hydrogensed is the oxidation of Hydrogen
by Oxygen into water.

The Oxygen is adsorbed within the cathode andrédsiced producing Oxygen anion:
1 - 2
EOZ +2¢ - 0O (1.1)

The Oxygen anions are transported through therelgts into the anode where they react

with the adsorbed Hydrogen:
H,+0% - H,0+2¢e (1.2)

The overall reaction in the cell is the additiortled two previous semi-reactions:

2 (1.3)

1 _
Hag) +5 o) = H20
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The maximum electrical work (MY obtainable in a fuel cell operating at constant
temperature and pressure is given by the chang6Gilibs free energyAG) of the

electrochemical reaction:
W, = AG = —nFEeq 1.4)

where Eq is the Nernst potential or theoretical open ciraudltage (OCV) that can be
measured when there is no current in the circuis; the number of electrons exchanged in
the overall reaction and F is the Faraday con§86#87 C/mal).

If the reactants and products of the cell reactiwe in their standard states at the
temperature of the transformation, the Gibbs freergy change is given by the standard

value AG) and by the reaction equilibrium constant K

P
AG = AG° +RTIn(K )= AG® + RTln “—Oy (15)
R, P2

The equilibrium constant for SOFCs typical opemationditions can be written as the ratio
between partial pressure of products and reactarggad of using the related fugacities,
since in the usual operative conditions of SOF@ggtises behave as ideal.

Since:

AG’ = -nFE;, (1.6)

by substituting Eqs (1.4) and (1.6) in Eq. (1.%% tequilibrium voltage of the overall
equation (1.1) is given by Nernst equation:
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ol

PH 2 02

(1.7)

Nernst equation provides a relationship betweeridbal standard potentiaE(gq) for the

cell reaction and the ideal equilibrium potentily at the partial pressures of reactants
and products. It can be observed that the cellnpi@deincreases with an increase in the
partial pressure (concentration) of reactants andeerease in the partial pressure of
products.

The standard Gibbs free energy for the reaction (E8) isAG,=-228.59 kJ/mol [10], to

whom correspondqu:1.18 V.

The ideal standard potential depends on the fued s the cells. For instance, if SOFCs

are fed with CO or methane the overall reactioes ar

co, (18)

g

CH, ) +20,,) =COy,) +2H,0 (1.9)

and the corresponding ideal standard potential 5232133 V and qu:1.04 V,

respectively.
In real operation conditions, the fuel cell potehts lower than the theoretical one due to
irreversibility losses associated with the curgmatduction.

A typical trend of the voltage (V) versus curreendity (i) for a generic fuel cell is

shown in figure 1.4.
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Fig. 1.4: Ideal Current — Voltage plot characterisic for fuel cell.

In such plot it is possible to see that the meas@€V is lower than the theoretical one.
At low current densities a rapid fall of potentialobserved, then as the current density
increases the voltage decreases slowly with a tjn&ar trend. In the last part of the curve,
at very high current densities, a sharp voltagaugtdn occurs. This behaviour can be
explained considering that there are different $ypd polarization losses which are
dominant in different range of current density:

v Fuel crossover and internal currents

v/ Activation polarizationif,)

v" Ohmic polarizationt{snm)

v' Mass transfer losses or concentration polarizdtigfn)

The operating voltage of the cell is:
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V = Eeq _,7act _/70hm _/7conc (1-10)

Fuel crossover and internal currents

As mentioned in the previous paragraphs the idiegtrelyte should be exclusively ionic
conductor and impervious to gases. In a real caliesfuel diffusion across the electrolyte
and electron conduction can occur. The passageedisel from the anodic to the cathodic
compartment results in its combustion without cboting to the electrical power
generation. This small amount of wasted fuel it fuel crossover. On the other hand, a
finite electrical resistance of the electrolyte ses1an internal current from the anode to the
cathode without passing through the external dirdithese two phenomena occur also at
open circuit and explain the lower actual OCV imparison to the ideal one. This kind of
losses is more critical in fuel cells working atwvldemperatures (PEM), while are less

important at high temperatures where the real GCapproaching Nernst potential.

Activation polarization )

An electrochemical reaction involves charge transfe the electrodes interface which

results in a current density. The latter is propodl to the reaction rate and determines a
loss in cell voltage called activation polarizatmnoverpotential.

In other words the activation polarization is theemgetic barrier that is necessary to
overcome in order to realise the reaction and @oigelated to the reaction rate. More in

detail the activation polarization is correlatedthe slower stage of the reaction that is
realized at the anode/cathode compartment.

In a complex reaction as electrocatalytic oxidatiorfuel cells, the rate determining step

can be attributed to a different elementary stephsas the adsorption of the reactant into

the electrodes surfaces, the electron transfdraaouble layer, desorption of the products
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from the surfaces and each of them are thermaladeti; son. is correlated with many
parameters (i.e. material properties, microstractatmosphere, and temperature).

Butler-Volmer equation correlates the current dgnsith the overpotential:

i - io{exr{ﬂﬂ:nact} — exr{_ (1_ ﬁ)nFnact j|} (1.11)
RT RT

where Sis the transfer coefficient, ranging from 0 tol amepending on the electrode
material and reaction involved; is the exchange current density which represdms t
electron exchange across the electrode/electratygeface when the current densitys
zero.

The contribution of activation polarization in thell voltage loss is more evident at low
current density.

In order to decrease this contributes it is posstblincrease the reaction rate in both the
electrodes, which is influenced by many factormfierature, active area and activity of the
electrodes); in fact it is possible to decrease fbkarization losses by increasing the
operative temperature, and/or the active area efdlectrodes; moreover, by using an

appropriate catalyst, it is possible to enhancathizity of the electrodes.

Ohmic polarization fonm)

Ohmic polarization is the result of losses dueh® intrinsic electrical resistance of the
electrodes and electrolyte materials. There iseali relation between this polarization and

the current density:

”ohm = (loele +pc|c +pala + Rcontact)i (1'12)
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where o, o, andp, are respectively electrolyte, cathode, and anedsstivities ands, |,
and |, are respectively electrolyte, cathode, and andiekriesses, an®.onac IS any
possible contact resistance. The ohmic polarizationtribution to total cell losses is
important in the intermediate current densitiegyeaas shown in figure 1.4.

In most SOFCs, the main contributionsig, is from the electrolyte; for instance, the ionic
resistivity of the electrolyte state of the art ev&l (YSZ) at 800°C is about 30cm. This
can explain the superior performances behaviotine@fASCs, where the electrolyte is thin
(less than 20m), compared with the ESCs.

The ohmic resistance normalized by the active amdh is the Area Specific Resistance
(ASR). The ASR is a function of cell design, maikghoice, manufacturing technique,
and, operating conditions because material praggedihange with temperature. The ASR is
a key performance parameter, especially in highperature fuel cells, where the ohmic

losses often dominate the overall polarizatiorhefdell.

Mass transfer losses or concentration polarizaiigg.d

At high current densities the concentration pokticn becomes more relevant. Indeed in
this current range the reaction control passes ftmchemical stage to the mass transfer
stage. In other words, the limiting step of the rallereaction is the diffusion of the
reactants from the bulk of the gases to the eldesanterface and/or the counter diffusion
of the products.

The concentration polarization increases with theremt density with a non linear
behaviour, and is also function of parameters sagcHiffusivity and partial pressure of the

gases and the electrodes microstructure.
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1.4 SOFCCOMPONENTS AND MATERIALS

The core of a SOFC stack is the cell. As mentioaedell is constituted by different
components: two electrodes (cathode and anode)oardelectrolyte. Considering the
planar ASC, each cell is electrically connecteth® others through metallic interconnects.
Due to the high operating temperature, and to theold state nature of the components,
the coefficient of thermal expansion of each mateamdmposing the stack must be as close
as possible, in order to avoid mechanical fracturg material delamination due to thermal
stresses that develop during thermal cycling ofceiles. Moreover, they require to be stable
at high temperatures (they operate at 800-1000A@)ta be produced with cost-effective
materials.

The characteristic and the properties that thekselements must possess are briefly
described in the following, focusing on the pla@aode supported cells configuration,

being the kind of cells investigated in the preseoik.

The schematic representation of a planar SOFCpisrted in figure 1.5. The two porous
electrodes, anode and cathode, are separated llettise ionic conductor electrolyte. The
cathodic compartment is fed with a comburent, tgibycair, where the molecular Oxygen
is reduced into Oxygen anions @y the external electrons provided through anteted
circuit. Due to the difference in Oxygen chemicatgmtial between cathode and anode the
Oxygen anions go towards the anode through thérelg®. In the anode the Oxide anions

oxidize the fuel, usually Hydrogen, to give wategat, and electron as product.
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Fig. 1.5: Schematic picture showing the operatingrpciple of SOFC.

1.4.1 CATHODE

The cathode is kept in oxidising atmosphere duidpgration. The molecular Oxygen
diffuses through the cathode and reduces at tleefawe with the electrolyte into Oxygen
anions. For this reason the cathode materials ttebd stable in this environment, have a
high ionic and electronic conductivity and catalyke dissociation of Oxygen. They must
have a high porosity in order to let the Oxygemeach easily the electrolyte surface where
there are the active reaction sites, known asetqylase boundary (TBP). The active sites
concentration should be high in order to ensuredgmthode performance. Other important
requirements that a cathode should fulfil are adgaghesion with the electrolyte interface
and chemical compatibility with adjacent cell compots [2324].

In anode supported cells the cathode is a thirr leoyavoid mass transfer losses, but at the

same time has to provide sufficient in plane cotigitg.
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Usually the cathode is produced by using ceramideriads, typically Lanthanum
manganites. They have a perovskite-structure oxiut exhibits p-type electronic
conductivity. In order to increase their electrowienductivity they can be doped with
lower-valence cations, such as Strontium, CalciBarium, Nickel or Magnesium, or by
other alkaline- or rare-earth cations [25, 26]. Eiate of art for cathode materials when
YSZ is used as electrolyte are Strontium doped L@M(LSM) and Strontium doped
Lanthanum cobaltites (LSC) for their high electficanductivity as well as for thermal
expansion and chemical properties compatible witlercSOFC component materials [27].
LSM applications are limited to temperatures highlkan 800°C; instead at lower
temperatures LSC are the preferred cathode matedak to their good electrical
conductivity in this range of temperatures [28, .2BJany alternative and promising

materials based on rare earths perovskites arertlyrunder development [30].

1.4.2 ELECTROLYTE

The selection of the electrolyte material into sloéid oxide fuel cells determines the
operative temperature of the cells. Indeed elegiaheeds to show different properties to
be selected, first of all an elevated Oxygen iaaductivity which strongly depends on
temperature. This is because Oxygen anions arenttiéle species migrating through the
electrolyte from the cathode to the anode. Othatufes that an electrolyte necessitates to
satisfy and are not less important than the previone are: it must show a minimal
electronic conductivity to avoid short circuit intbe cell, have a high density in order to
inhibit the fuel crossover with consequent fuel bwoistion. In addition it needs to be
chemically stable into the reducing and the oxidjsatmospheres, being in contact with
both the two electrodes. To minimize ohmic los$es fayer must be produced as thin as

possible (for ASC). Finally the electrolyte mushisit good mechanical resistance in order
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to avoid cracks or pores formation either duringhafacture or in the course of long-term
operation.

Fluorite-structured oxide materials such as ytsiabilized zirconia (YSZ), rare
earths doped ceria, and rare earths doped Bismidle bave been widely investigated as
electrolyte materials for solid oxide fuel cells3[231]. Among these materials YSZ has
been successfully employed, and currently is theestf art as electrolyte material. It can
be used either as 3YSZ, i.e. zr@ped with 3 mol% YO; (TZP) or 8YSZ, i.e. Zr@doped
with 8 mol% Y,O; (CSZ). Although the oxide ion conductivity of 3YSZ significantly
lower than that of 8YSZ, this material is advantage because of its outstanding
mechanical stability.

Yttrium oxide (Y,O3) is introduced as dopant into the zirconia for t&asons:

v It stabilizes the high temperature cubic phase thasses the highest ionic
conductivity between the different crystal phadasfact the pure zirconia exists in three
crystal phases at different temperatures. At végh temperatures (>2370°C) the material
has a cubic structure (c). At intermediate tempeest (1170 to 2370°C) it has a tetragonal
phase (t). At low temperatures (below 1170°C) ttetemal transforms to the monoclinic
structure (m). In nature these transformationsnaaetensitic and the transformation from
tetragonal to monoclinic is rapid (by cooling) asdaccompanied by volume increase that
causes extensive cracking in the sintered matdrias behaviour leads to dramatic failure
of fabricated components during cooling and makes girconia useless for any structural
or mechanical application. Instead the use gDsYor other oxides such as CaO, MgO,
S60; and rare earth oxides as dopant can stabilisentdrclinic structure in the cubic or
tetragonal form.

v It increases the oxide ionic conductivity introchgiOxygen vacancies. For instance
one mole of Oxygen vacancy is created for each mbM,0O; dopant, as can be observed

by the defect reaction written in the Kroger—Virdtation:

Zro,

Y05 _, 2Y, +305 +Vg
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whereY,, is the lower valence catio)] is the oxygen ion on normal sites a¥’ is

the Oxygen vacancy [32].
Moreover zirconia has good thermal and mechanibatls resistance when doped with
yttria (Y,0s), scandia (S©3), samaria (Sp®Ds) and magnesia (MgO).

The Oxygen ionic conductivity behaviour of elecytel materials against the
temperature can be observed by the graphic reportédure 1.6, where it is possible to
see that different materials such as §&&&,10: 95 and BpVooCly 10535 posses at lower
temperature higher conductivity than (ZJ&(Y ,0s)o.1. But this condition is not sufficient
to choose them instead the doped zirconia as elgietrmaterial; in fact, for instance,
Bi,V.dClp 105 35 is not stable in the reducing environment of theddic compartment of a
fuel cell. It has to be also stressed that, amtwegcandidate materials, yittria stabilized
zirconia is a relatively cheap base material.

In addition it is sufficient to produce YSZ eledtes with a thickness lower than 15
pm to have a specific ionic conductivity greaterrtHa)? Scni' at 700°C that allows to
obtain an ASR of 0.1%cn¥ and ensure that the total internal resistance foiehcell is

sufficiently small [6].
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Fig 1.6: Oxygen ion conductivity vs. reciprocal termperature for different doped oxides for
SOFC electrolyte [6].

Even if YSZ based electrolytes represent the sthtkee art materials, ceria based materials
seem to be promising candidates for electrolytedpetion and are object of an intense
research [33].

Pure ceria has a fluorite-type structure over watgges of temperature and Oxygen
partial pressure. The electronic defects conceatratnd conductivity are directly related
to the degree of non-stoichiometry that increasitls the temperature and decreases with
Oxygen partial pressure. Doping of ceria with a bamof oxides such as CaO, b,
Gd,03, Yb,0s, Y,0s, LaOs, increases the concentration of Oxygen-ion vaegnand the
material exhibits high ionic conductivity.

On the other hand, for instance, Gd doped L£E&&CO) become mixed conductor in
reducing atmosphere, so the fuel can pass throbghetectrolyte into the cathode
compartment resulting in an internal short cirafitthe cell. Consequently, a decreased
open circuit voltage (OCV) and an additional fuélization even under OCV-conditions
takes place, thus lowering the system efficien®}.[3
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Other alternative materials are the oxide havingOABerovskite structure; this
structure is extremely amenable to tailoring vigidg on both the A and B cation sites. A
large variety and concentration of dopants candm®ramodated in a wide range of host
compounds. Introduction of divalent dopant ions,general Strontium and Magnesium,
into the Lanthanum and Gallium sites (LSGM: (La(6B,Mg)Q), respectively, of
Lanthanum gallate LaGaQproduces a material with a high concentration ofbieo
Oxygen vacancies and thus high Oxygen ion condticti@n the other hand, they do not
show long term stability due to Ga evaporation imeducing atmosphere. Moreover,
Lanthanum gallate undergoes deterioration forgtetivity with Nickel, the typical SOFC
anode electrocatalyst [30-35]. In addition, the 0B&€SGM as electrolyte shows problems
due to the low mechanical stability and the higbts@f Gallium.

So far zirconia based oxides remain the best an@ st effective electrolyte materials.
Sc-doped Zr@ electrolytes are the most promising alternativetrdas dopant material
allows to increase the ionic conductivity signifitig for reduced operating temperatures so
far. On the other hand the low quality of ScSZ-persdavailable, and the high cost of
Scandium restricted its use.

A further consideration is that the electrolyte deé show a high strength and toughness
especially in planar configuration. Several fuell developers add a small quantity of

alumina to YSZ based electrolytes to enhance theharécal strength [31, 36-39].

1.4.3 ANODE

The electrochemical oxidation of the fuel is readiznto the anodic compartment. If
Hydrogen is used as fuel the oxidation productsaaker vapour and electron as evidenced
in Eg. 1.13:

2H, , +20% - 2H,0,, +4e” (1.13)

2(9)
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The porous anode in SOFCs offers the sites fofublegas to react with the Oxygen
ions delivered by the electrolyte, within a struetwhich also facilitates the necessary
charge neutralisation by its electronic condudfivit

In order to have a SOFC with high performance #issanode material must exhibit
different properties [23].

The anode has to be chemically stable in reducinmosphere, show high
electrochemical/catalytic activity, necessary foe kinetic of the reaction, be sufficiently
porous to permit efficient transport of the fuelthe active sites and to remove products
such as water. For the anode supported cells (AS@geds to be thick enough and show a
good mechanical strength; for the latter a compsemwith the porosity is necessary.
Moreover, the anode must be chemically compatibilh whe electrolyte and with the
interconnect materials without interdiffusion beémeadjacent layers; high wettability with
respect to the electrolyte substrate is extrenmajyortant in order to have a good adhesion
between the layers and avoid delamination duringratons. Anode necessitates to match
the shrinkage during sintering and the thermal exjma coefficient with the neighbouring
components in order to minimise stresses causedebperature variations during
operation, start-up and shut-down.

In addition, it must present corrosion resistanzethie fuel and the impurities therein;
specifically, it needs to avoid coke deposition &amde tolerant to Sulphur present in the
fuel. Preferably, anode should show catalytic @gtioward the hydrocarbons reforming. It
needs to be stable over a wide range of tempegatingen the sintering temperature during
fabrication to normal operating conditions and th&aquently, to cyclic shut-downs to
ambient temperature. The anode, as before mentiomeiks in a reducing atmosphere,
with a very low Oxygen partial pressure, but thitelacan increase, and to lodge fault
conditions, so the anode needs to be chemicalhlesia oxidizing conditions, even after
short and/or repeated exposures to air at higheestyres showing then stability to redox

cycles (alternative change of atmosphere: reduckidising).
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The performances of a SOFC depend strongly fromatiogle microstructure and it
is very important to understand the phenomena u@ebin the anode during operation.

The electrochemical reaction takes place only ipaaicular zone namely three-phase

boundary (TPB). In this zone, Oxygen ions accesditdim the electrolyte reacting with the

fuel can discharge electrons to the conducting enddis requires a gas phase for the fuel
access, an electrolyte phase for oxide ion entdyaametal phase for electrons output. The
anodic microstructure must provide an active voltiimereaction region in three
dimensions homogeneously distributed through theelarin order to have good efficiency
and low losses at operation conditions. The absaicene of this phase due to the
breakdown in connectivity has as consequence tteatdéaction cannot occur being not
catalyzed. In addition, a site will not contributethe performance of the cell if the gas
cannot reach the site or the electrons cannotrbeved from the site.

Consequently, anodes materials selection and ptiodutechniques are very important in

determining a structure with high TPB concentraton stable during cell operation life.

Considering the polarisation losses in the anodigartment it can be observed that:

v'Activation polarization is related to the chargansfer processes, as before explained,
and depends on the electrocatalytic activity ofahede and then on the extent of the
triple-phase boundaries zone (electrode, elecapbytd fuel).

v/ Ohmic resistance that includg$) the internal resistance, related to the resistamce
the transport of electrons within the anode andefloee to the electronic resistivity and
thickness of anodsdii) the contact resistance due to low adhesion betwaede and
electrolyte layer.

v' Concentration polarization depends on the transpbdaseous species through the
porous anode and, thus, on the anode microstryauren other words, on the volume
percent porosity, the pore size, and the tortudaitor.

In the research of an anode material that coul@raptish the most of the peculiarity

exposed, at the beginning of SOFCs developmeniattamtion focused to single phase

materials counting graphite, Platinum, Iron, Copiditkel and other transition metals. But

it was stated that each of them presented phyai@dichemical instability and cannot be
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used. For instance, graphite is electrochemicallyoded so it cannot be used; Platinum
during operative work spalls off probably for thater vapour development at the metal -
oxide interface; corrosion of Iron is observed whhbe partial pressure of oxidation
products in the anode compartment exceeds a trithitae [9, 40].

The use of the Nickel evidenced significant thermapansion mismatch with YSZ
electrolyte; the metal aggregates by grain grovitihigh temperatures, with consequent
decreasing of anode porosity and three-phase baesdaquired for cell operation [9, 41].
The anode material that fulfils great part, but alht of the previous requirements is, until
now, a mixture of ceramic and metallic materidig, porous Ni/YSZ cermet.

Use NiO and YSZ powders as starter materials faxdanproduction present different
advantages instead of use pure Nickel. No reactioours between the anode and
electrolyte being Nickel and YSZ not miscible evan high temperatures. Electronic
conductivity and catalytic activity are provided Kyin the cermet anode; instead, the rigid
ceramic YSZ structure constitutes the network whteee Nickel is dispersed, and gives
mechanical resistance to the anode, especiallyh®rASC; moreover, YSZ lowers the
activation polarization since it serves as a pathfea Oxygen ions migration and therefore
extends the triple phase boundary region insideatiede (being usually limited to the
interface between the electrolyte and other anodgenials); in addition YSZ adjusts the
coefficient of thermal expansion (CTE) close ta thiaY SZ electrolyte.

A particular and important issue in the Nickel lthaeode is related to the fact that, during
operation at high temperature, and under electiéd INi tends to sinter, coarsen and
agglomerate. These in tumble give: (i) a decredsmaodic porosity and of the active sites
available for oxidation (having a negative effentthe gas transport and reaction kinetics)
that determines an overall efficiency decreasénefftiel cell by increasing the polarization
losses; (ii) an increase in the redox instability.

The addition of YSZ to form a Ni/YSZ composite reds, but do not remove, the
sinterability, and the Ni agglomeration kinetic ithgr SOFC operation and the related

consequences [42].
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It is worth noting that the NiO and YSZ powders egtatively cheap in comparison with
other anodic raw materials.

In the ASC configuration the sintered anode is tituied by a thick YSZ network
where NiO is distributed. At the start up of thdl dickel oxide is reduced with Hn order
to have the activation of the catalysis sites ffar it} oxidation. The reduction of NiO into
Ni metallic (Eq. 1.14) is accompanied by a 40.9%ksl phase volume reduction based on
dense NiO [43ith consequent increase of the anode porosity.
A porosity of 30—40 vol% is necessary to supplydhe for the reaction and to remove the

reaction products [44]:
NiO+H,, =Ni+H,0 (1.14)

The amount of Nickel contained in the cermet infices the electrical conductivity
of the anode. The percentage of Ni in the cermetei®rmined in order to assure the
percolation threshold, this is the adequate amotiMickel for continuity of the electron
conduction. The S-shaped curve correlates the ativity of the cermet as a function of
Nickel content as reported in figure 1.7.

The quantity of Nickel in the anode has to be asie80 vol% into the cermet, in
order to ensure sufficient electronic conductivifjis concentration is the threshold value
at which the conduction mechanism switches fronicida electronic. Usually Nickel is
found in concentrations of 40-60% in the anode e¢nmnith a porosity of 20-40%, the latter
to facilitate the mass transport of reactant amdipet gases [23].

From the comparison of the cermets sintered aermdifft temperatures (Fig. 1.7) it can be
observed that an increase in the sintering temperatesults in a lower percolation
threshold, which might be attributed to a decregs®dsity as well as a narrowed pore size
distribution [41].
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Fig. 1.7: Variation of electrical conductivity measired at 1000°C as a function of Nickel
concentration of Ni/YSZ cermet fired at different ttmperatures [45].

As reported by Zhu and Deevi [41], porosity, poiessize distribution, and size of raw

powders as well as contiguity of each componeraémices the percolation threshold and,
as consequence, also the Ni/YSZ cermet electriglahliour; for instance, particle sizes of
YSZ and of Nickel affect the electrical conductyyithat increases with an increase of the
ratio of their size (dYSZ/dNi), for a fixed Ni amouand porosity. In order to have an

anode showing high electrical conductivity, stabiérostructure, as well as sufficient

porosity, it is necessary an optimization of abbgassing variables since from the mixing of
the selected raw materials, preparation, sintetémgperature [46, 47]; moreover, the fuel
composition and gas flow rates influence the FGpeential [41].

In some anode supported cells, in order to enhealt@erformance, a dense Ni rich anode

functional layer is introduced between the anode #ie electrolyte. For the functional
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anode the goal is a fine microstructure with agdaat TBP as possible and connectivity in
both Ni and YSZ phases. The activity depth of tinecfional anode is of the order of 5 to
10 um and usually layers of 20 to 30n are used [48]. On the other hand this thin layer,
due to its density, is more sensible to redox diagian.
As before mentioned, the Ni/YSZ cermet do not aqu@h all the ideal anode properties;
indeed it presents different disadvantages duhieduel cell operation such as:

(a) poor redox stability;

(b) Nickel agglomeration after prolonged operation;

(c) low tolerance to Sulphur;

(d) carbon deposition when using hydrocarbons as fuel.
The last two issue are related to the use of thé fthe degradation of cells due to redox
instability is explained in depth in the following.
As mentioned before, the operating temperature &Q&C is controlled by different
thermal activated processes like the Oxygen iordeotivity of the solid electrolyte and
different chemical and electrochemical reactionpsten the electrodes or at the
electrode/electrolyte interfaces. A decrease irofterating temperature generally results in
increased losses of the cells and a decreased m@msity at a constant efficiency. On the
other hand, the long term stability of the systsnmproved and the system costs can be
reduced by using cheaper metal alloys for interectsiand for external components.
Moreover, if the device is used under pressure @EC3gas-turbine hybrid system the
temperature is restrained.
Therefore the development of cost effective altéveamaterials and components for
SOFC-systems working at about 800°C is necessd}ly Mthough alternative materials
can be considered in order to overcome these disaages [49-51] they do not posses
similar high performance and low cost as the Ni/Y&fmet. All this areas are under

development in order to decrease their degradatiemomena.
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1.4.4 |INTERCONNECT

A single cell produces a potential lower than 1Wotder to increase the voltage output for
practical applications it is necessary to pile-uffecent cells in a stack. In the case of
planar cells, these are superimposed and the afame cell is separated from the cathode
of another by an interconnect. The latter has twztions:

- Ensure the electrical connection between adjacsls; c

- Separate anodic and cathodic compartments of neighty cells.

Interconnects must comply with many requirementigth temperature oxidation and
reduction resistance; stability under multiple ckeh gas streams; high electrical
conductivity and high density with closed porosity; addition they necessitate a good
thermal conductivity, phase stability over wide parature range, need to be resistant to
Sulphur poisoning, oxidation and carburization andreover, for planar configurations,
show strong and high creep resistances.

The most common interconnect material, for high gerature SOFCs, is alkali doped
LaCrQ; (Lanthanum chromite), with the specific dopantpitgally, Sr, Ca or Mg) and
concentration being selected to best match themiddeexpansion of the other fuel cell
components in the geometry of interest. The probhéth the Lanthanum chromite is its
difficult to process because of chromia evaporatbrigh temperatures, which leads to
poor densification [35].

With the development of SOFCs working at temperguranging from 600 to 800°C
cheaper materials, such as metallic alloys, canubed as interconnects. Metallic
interconnects if compared to ceramic materialgjltetronger, easier to form, have higher
thermal and electrical conductivities and negligilbnic conductivities, but a thermal
expansion coefficient that tends to be higher thast of the other cell components.
Nevertheless, ceramic materials can be considerpdrier at high temperatures because
the oxidation of the metallic interconnects on th¢hode side occurs with formation of an

oxide layer. This oxide layer, usually made of chim has a poor conductivity and can be
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detrimental during long-term operation, and is grai cracking and spalling [23].
Moreover, Chromium evaporation occurs at operat@Emperatures causing irreversible
poisoning of cathode active sites [52].

Among the metallic interconnects the most used rnaddeare ferritic steels because they
are cheaper and easier to process then the othdidete alloys. Different efforts were
undertaken to develop more suitable compositiomiginied to the development of several
special alloys. Currently Crofer22 APU (Krupp) idely used.

To reduce the degradation of metallic interconnexisrotective coating is applied on their
surfaces.

Usually the materials used for the coating are yskites as Lanthanum Strontium
manganite (LSM), or Lanthanum Strontium cobaltitsSC). It was observed that the
presence of Manganese leads to the formation ofi&CKMspinel having good conductivity,
and the reduction of Chromium evaporation, thusrawimg the long term performances of
the cells. In the last years Mn based spinels abalfananganite (GMnO,) were
successfully applied as coating showing an importamprovement in the cathode

protection assuring a high conductivity to the iiotanect [53, 54].

1.4.5 SEALING

In planar SOFCs, sealants attach the cell to ttegdonnect and/or metal frames as well as
seal all possible leakage points. The choice dfrggaaterials has to be done according to
many requirements: they need to be cheap, eldtyricgulating, their thermal expansion
coefficient must be compatible with other cell caments. In addition, they must be
chemically and physically stable at high temperegum both reducing and oxidizing
environment and gastight; moreover, they need tahmmically compatible with other

components and provide high mechanical bondinggthe
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Three type of sealing can be considered: rigid bdndeals, compressive seals, and
compliant-bonded seals. Specifically, rigid-bondsshls are the most common and are
usually made from glass or glass-ceramic matef28}. This type of seal is attractive
considering that their viscous/wetting behaviouilfiates hermetic sealing; they are cheap
and easy to manufacture and apply and fulfil mahyhe key properties required for a
sealing material; in addition, glass-ceramics candbsigned to avoid viscous flow and
uncontrolled progressive crystallization during igtien.

On the other hand they have different inconvenisrige to their fragility, leading to seal
and even cell failures during cool-down, and temgeto interact with adjacent cell
components, especially with the interconnects [BB-ih addition some of the constituents
of glass volatilize during operation including &dn, Boron, and alkali metals [4]. These
constituents will likely foul or poison the eleati® catalyst or interact in an undesirable
manner with other cell components. Many studies @agied out to overcome these
problems.
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1.5 SOFCISSUES

This section deals with one of the problems relétean easy commercialization of SOFC.
In fact, in spite of the great potentiality of sblbxide fuel cells (SOFCs) there are still
several problems that need technological solutimhraake these devices still not available
for a large scale use.

In this paragraph the redox instability of the plaanode supported SOFC is discussed in
detail being one of the most relevant obstacleshferproduction of reliable SOFC systems.
Considering that the aim of this work was to insethe tolerance to redox cycle a detailed

description of the redox phenomenon is necessary.

1.5.1 REDOXINSTABILITY

Among SOFCs the anode supported configuration shtves best electrochemical
performances due to the thick anode (range 100-u6f)Cconstituted usually by a Ni/'YSZ
cermet and a thin electrolyte (YSZ) (ranging betwée20um) that minimizes the ohmic
losses in comparison with the other cell configorat.

Indeed, Nickel is a good electronic conductor andeacellent electro-catalyst for the
electrochemical Hydrogen oxidation; moreover theZYfeamework constitutes a good
Oxygen ions conductor. In addition Ni/YSZ cermetsha high chemical stability in
reducing atmosphere and has a good matching ah#ierxpansion coefficient (CTE) with
YSZ electrolyte [13, 30, 41].

One issue still present on Ni/YSZ based anode stegaells is the instability to

redox cycles. As reported by Wood et al., out ofréerences found in the technical
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literature using anode-supported cell architectnoge report multiple redox cycles with no
degradation due to microstructural modificatioradfli-YSZ anode [43].

During fuel cell operation the anode is in a redustate, but for different reasons
the anode can re-oxidize: for instance, discontisuinel supply, emergency stop, system
shutdown without fuel, overpotentials or insuffitiduel permeation through the anode can
determine undesired oxidation of the metal phagkinvihe cermet, this being responsible
for the phenomenon usually defined as redox inktyabi

A model of the microstructure evolution during wetion and subsequent oxidation
was developed by T. Klemensg et al. [58]. The maslekported in figure 1.8 to better
explain the microstructural modifications due te tedox phenomenon.

As sintered, the anodic microstructure appears \With porosity and NiO is uniformly
distributed into the YSZ network, in order to gusee the percolation (Fig. 1.8a).

During the first operation, NiO is reduced into adét Ni. This process is associated with a
volumetric shrinkage, an increase in porosity, angstructuring of the Ni network (Fig.
1.8b). Due to the high operating temperatures (80@00°C), Nickel particles tend to
coalesce and coarsen (Fig. 1.8c). Fuel supplyrimi&ons, overpotentials and leakages can
cause the re-oxidation of Ni to NiO, with a consegfuvolumetric expansion. After the re-
oxidation the microstructure is different with respto the as sintered state, due to the
modification realised during the operative conditireduced state). In fact, the NiO
particles grow, and their final volume can be higtien the initial one: in such a case,
anode bulk expansion occurs and anode internasstsedevelop, with consequent crack
formation into the YSZ network and into the elebtt® which can results in a loss of
electrochemical performances and, worst, lead eddfiure of the cell (Fig. 1.8d) [43, 48,
59, 60].
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Fig. 1.8: lllustration of anodic microstructure change due to redox cycle [58].
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In the last years many investigation were developgdlifferent research groups on the
mechanism and characterization of the redox behaviout it is still far to solve the
problem [61].

Klemensg and Mogensen improved later the proposedehof the process occurring
during more redox cycles from the results obtaibgddirect current (DC) conductivity
measurements and by thermo-gravimetric study odxddnetics. They observed that the
anode electrical properties depend on samples ipardbe decrease in the electronic
conductivity reflects Ni coarsening and agglomematiOxide growth mode causes damages
to the YSZ network but may also promote improvedcpkation of the Ni/NiO network
until a critical porosity [62].

Different approaches were used to examine the retlexomenon, in order to understand
the kind of modifications necessary to overcoms issue. Ni-based anode specimens with
apposite composition and having different shapéd siscdiscs, bars or powder were tested
in order to investigate the effect of redox cycling

For instance, D. Sarantaridis et al. [63] invesddathe redox behaviour in order to
determine the critical degree of oxidation for AStBat leads to irreversible mechanical
damage. To obtain these data they oxidised twerdifit configuration cells: free-standing
cells were oxidized in air and cells that were agalt their periphery to the fuel plate were
oxidized electrochemically. They observed that -B&mding cells resulted in failure at a
critical degree of oxidation of about 50%, instélagl constrained cells were fully disrupted
with a critical degree of oxidation of about 5%. fdover, they gave an interpretation of
mechanical failure and noticed that a non-unifoxidation process have more catastrophic
effects than an uniform one. They considered tteripperal tensile stresses can be
generated if the oxidation is non-uniform and caorticded in the central part of the cell.
This leads to a central zone of expansion thattesea radial compressive stress in the
surrounding material and a tensile hoop (tanggratagss.

In order to improve the redox tolerance of anodgpsuted fuel cells, several solution have

been proposed [64-68].

48



STATE OF THEART CHAPTER1

Wood and al. [43] in their paper reported a catizgtion of the possible solutions; they
considered system solutions (such as purge gaglbrewversal, high temperature check
valves and so on) and unit cell or material sohdioThe former are expensive and need a
deep evaluation on a number of criteria includitigativeness of solution, efficiency,
amount of additional system equipment, safety achriical risk. The latter are less
expensive since do not require special system paweaontrol. Inside this category are
considered: materials alternative to Ni/YSZ cermebdes, microstructure modifications,

changes in kinetic of reactions, improved sealing lawer stack operating temperatures.

Use of alternative materials

One possible solution to solve redox instabilityhis utilization of alternative anode
materials to Ni/'YSZ cermet and the choice of sulsta that are not as susceptible to
oxidation, or better that do not posses relevantedisional variation due to change of
oxidative state.

The continuous search for alternative anode madeiggorimarily centered on perovskite-
related structures, but also other materials aresiigated such as fluorite, pyrochlore and
Tungsten bronze. Many researches are currentlyséztan this topic [40, 64, 68-71].

A possible approach could be to choose a ceransiecbanode such as Lanthanum
chromite or doped Strontium titanates. The key [@mwis with these materials up to now
are the low electrochemical activity, low electticeonductivity, and high cost in
comparison with Ni/YSZ cermet [43].

However, at the time being there are few anode niatgealternative to Ni/YSZ cermet.

Tietz et al. analysed the conductivity and the afisional variations during redox
tests of different alternative anode materials, netype conductors as Yttrium or
Lanthanum doped Strontium titanates and p-type wctots as SrlLaB1.,Mn,Osz5 (B=Al,

Ti). They carried out that most of the ceramicshwittype conductivity or substitutions
with manganese leading to p-type conductors dorealize the requirements of a redox

stable anode substrate material. Either they sh@wed high chemical expansion or a too
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low electrical conductivity and insufficient cheralcstability. They detected that only the
series S, Y4 TiO35 Or Sk_3,5Y « Ti035 (0<x<0.08) shown promising properties [72].

Thus, if the anode material remains unchanged gsigrs redox solutions are considered
too expensive, the only remaining solution to inygr&OFC redox tolerance is to modify

the microstructure of the anode.

Modification of microstructure

In order to minimize the degradation of the cetid @onsequently of the device, due to the
volume changes associated with redox cycles, nuadiifin of anode microstructure can be
considered a possible solution. At the same tims ih necessary that the modifications
introduced into the microstructure do not decretise electrochemical performance of
Ni/YSZ cermets.

Malzbender et al. tested redox tolerance of anagarted cells constituted by a
thin electrolyte and anode with a porous currerdtector and a dense functional layer.
They observed that upon re-oxidation the resulfNi) particles show an increase in
volume in comparison with the as sintered statetdubeir spongy structure.

The expansion of NiO led to a compressive stretgstie anode and to tensile strain and
stress in the electrolyte that determined the fdioneof fractures into the electrolyte. This

means that the stresses induced by NiO expansiercawme both the modulus of rupture

and the compressive residual stresses of the elgetr They suggested, then, that a
possible solution to decrease the redox instalefitycts is to increase the anode porosity in
order to minimize the stress developed by NiO exjmam[73].

Viable methods for anode porosity increase in orderimprove the cells
performance were studied by many research grougisdid not characterize the redox
stability of the produced anodes [74-78].

For instance, Morales et al. [79] discussed theofi$egitive materials to introduce a
tailored porosity into the SOFC electrodes. Théharg mixed PMMA beads with sub-

micrometric size into anodic and cathodic slurpesducing electrodes with a homogenous
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porosity. They observed that a cell with electroti@sing increased porosity (PMMA
addition) shows an improvement in electrochemieafgrmances in comparison with a cell
produced by conventional route.

Clemmer and Corbin [80] produced anodes with medunf YSZ, Ni and graphite
particles or YSZ and Nickel coated graphite pagclThey also stated that the use of
fugitive materials may increase the cell perforngnby achieving an improved Ni particle
distribution and as consequence allows to decrtbasgercolation threshold.

Instead Rainer et al. studied the feasibility ofqus anodes prepared by adding
polyurethane (PU) foam precursors into the anodlicrys [81]. By changing the ratio
between powder and PU foam, different percentageparbsity can be obtained. In
particular, the authors observed that a good comise between mechanical stability and
network homogeneity can be achieved with 20 vol%améc load.

The modification of the microstructure can be asbieved by changing or grading
the Ni/YSZ ratio, or by adding an oxidation barrgto the anode side in contact with the
fuel in order to avoid Oxygen diffusion into anadatrix [43].

For instance, Waldbillig et al. produced cells tatgr from an anode substrate where
a graded double anode functional layer (AFL), etdgte and cathode were screen printed.
The AFL next to the anode substrate had 57 wt% @ Mk order to provide good
electronic conductivity and thermal expansion matathile the AFL adjacent to the
electrolyte had a lower NiO percentage in orderdézrease the amount of oxidation
induced volume expansion. Moreover, they produedld with an oxidation barrier having
high NiO content on the fuel side of the anode wakes so that upon re-oxidation the NiO
expansion reduces the barrier porosity and as qoesee lowers the Oxygen diffusion rate
into the anode, and increases the amount of tineeleteto reach a certain redox depth.
Both these modifications increased redox tolerarscdemonstrated by the reduction of cell
voltage degradation after repeated redox cyclek [66

When the microstructure of the anode is modifigdificreasing the porosity, a
decrease on mechanical strength occurs. In faadoWRa and Lara-Curzio studied the

mechanical properties of unreduced (NiO-YSZ) ardlced (Ni-YSZ) anodes as function
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of porosity. They found that Young's and shear niiodnd fracture toughness of both,
unreduced and reduced anode materials decrease pwitbsity. This decrease after
reduction can be mostly related to the increasponosity of the samples. Moreover, the
authors also observed that fracture toughnessedditbde samples increases after reduction
in Hydrogen, despite the significant increase imopity upon reduction ascribing this

behaviour to the formation of a ductile Ni-metabph during hydrogen reduction [82, 83].

Modification of kinetic of reaction

Tietz et al. performed a study on the influencesahe extrinsic parameters such as
temperature, incident gas flow rate and directiod time of oxidation, on the re-oxidation
behaviour of a cell without changing the propertiéghe cell (porosity, microstructure,
thickness of the anode, NiO/YSZ ratio, particleesdistribution, specimen shape). They
demonstrated that the re-oxidation behaviour styonigpends on degree of oxidation
(DoO: defined as the ratio between the amount ofg®@r absorbed by the substrate and the
maximum amount of Oxygen the substrate would haankable to absorb upon complete
oxidation) and homogeneity of oxidation. These tfmotors are controlled by several
extrinsic parameters. The redox stability of cefistherefore strongly influenced and
determined by the mentioned extrinsic parametersusT selection of appropriate
configurations in system operation can help to ificantly improve the redox stability of
the cells [72].

As previously explained, in the anode the redu@tmosphere reduces NiO to Ni
and keeps the Ni in the metallic state. An unddsswitch to an oxidizing atmosphere

allows the Nickel re-oxidation:

Ni +%o2 . NiO (1.15)
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Gas diffusion kinetic into anodic matrix and theeraf Ni re-oxidation are important
parameters of this reaction. The study of the redeaction mechanism and the
identification of the rate determining step make tontrol of the oxidation kinetic a
promising strategy to increase cells redox tolesania order to prevent sudden Ni
oxidation.

Tikekar and collaborators studied the kinetic adugtion and oxidation of dense
Ni/YSZ cermets with or without oxides additives (@aMgO, TiG,). They observed that
reduction kinetic is linear with respect to the dilfinterface controlled) and increases with
the temperature. On the other hand oxidation kinéti essentially independent of
temperature and controlled by diffusion. The usadditives starts from the consideration
that small oxide inclusions in metals suppressudiéin phenomena. Thus it is expected that
these additives may enhance the Ni stability by segsing its diffusion kinetic through the
YSZ network. Indeed the authors obtained that #mesd anode doped with 4 mol% of one
of the additives showed a decrease in both reduetim oxidation rate with respect to the
undoped anode. All these metal oxides decreasexidation kinetic and the Ni mobility
so that the coarsening of Ni is inhibited. Thusule of specific oxide as dopant appears a
possible strategy to increase the redox tolerahbk-based anodes [84].

The analysis of redox kinetics of Ni/'YSZ anodesd&d by several researchers via
thermogravimetric analysis (TGA) and/or by dilatdreon bulk samples is an effective
method to correlate redox degradation to microtirecmodifications [85-87].

Fouquet et al. studied the kinetic of oxidation aaduction of NiO powders and of
Ni/YSZ bulk ceramics. They observed that the reiduckinetics of bulk ceramics show an
inhibited transport process due to the presendeSaf and therefore their reduction rate is
lower than that of NiO powders. On the other hath@, oxidation of bulk ceramics is
completed in a shorter period of time in comparisothe Ni powder samples [85].

Waldbillig et al. confirmed that the reduction ofOMYSZ cermets follows a linear
kinetic with an activation energy of 78 kJ/mol ahdt the re-oxidation follows a parabolic
kinetic at low temperatures and for limited masarge. On the other side, they observed

that the re-oxidation kinetic deviates from parabaohodel at higher temperatures (700-
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850°C). Waldbillig et al. underlined that many difnt oxidation activation energy values
can be found in literature due to the high serigjtiof NiO oxidation kinetic to preparation
procedures, powder size and impurity levels.

They performed their redox study on two types o&cimens: coarse and fine
microstructure respectively, the latter being samtb the AFL. The two samples showed a
different behaviour upon re-oxidation, since thee draving fine microstructure showed
many cracks due to the small pores which cannaicaté the NiO expansion. They
confirmed that, in a cell, anode with a dense nsictecture typical of AFL may lead to
electrolyte delamination or cracks formation upefoxidation[88].

Moreover, different research groups stated thatptioperties of fuel cells, such as
mechanical and electrochemical performances, leng stability, sintering behaviour and
final microstructure, can be effectively modifieg the tailored use of selected doping
elements that can be added in small quantitiekgcahode and/or the electrolyte [36, 38,
39, 89, 90]Dopants such as &;, MgO, CeQ were also added to the anode in an attempt
to increase the resistance to redox cycles [86, 91]

Undoped and doped samples made by NiO witOAIMgO or CeQ were studied by
Pihlatie et al. by dilatometry and thermogravimetfihey confirmed that porosity is a
major microstructural parameter related to the disi@nal and structural stability during
redox cycling. They measured the cumulative redmairs (CRS), that is the samples
elongation during repeated redox cycles with ressgeits as sintered length, observing that
after three isothermal redox cycles at 850°C iteases by a factor of more than 20 when
the as-sintered porosity of the composites decsefasm 34 to 9%. They also observed that
the dopants affect the as-sintered porosity of ahede and concluded that the use of
dopants is a potential way of tailoring cermets rostructure and improving the redox
stability [86].
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1.6 PRrRobuUCTION OF ANODE SUPPORTED SOFC BY TAPE

CASTING

In the present research work the samples were ey using water based tape
casting, so a brief general introduction on thisdpiction method will follow.

Tape casting is the most significant process talyee large area, thin and flat
ceramic or metal substrates and multilayer eleatrdavices [92]. This technique is easy
and cheap. The thin ceramic sheets are essentiallydimension structures since the
thickness (from 5-100Qm) is smaller than the other two dimensions.

Tape casting is usually based upon non-aqueousrsgshbut in recent years there
have been a successful increase in the use of agjumsed tape casting process [93].
Water has the advantage to be a cheap and envinbainfigendly solvent.

The process appears very simple: homogeneous sisirigtroduced into the
reservoir of the doctor blade apparatus (Fig. &r8) cast onto a rigid substrate and then let
dry.

The movement between the doctor blade and theratdbstan be obtained by
moving either the carrier film (stationary blade)tle reservoir itself (moving blade). The
doctor blade gap, i.e. the distance of the bladm®s the substrate, fixes the height of the
cast slurry (and consequently of the dry tape) aad be adjusted by acting on the
micrometers. The green obtained tape is flexibld d@formable and can therefore be cut,

punched or wrapped very easily.
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Fig. 1.9: The basic principle of the tape casting jrcess.

In order to obtain a homogenous and free of dejestn tape it is important to
prepare a well-dispersed slurry. The slurry is spsasion obtained by thoroughly mixing
ceramic powders, solvent, dispersants and binders.

Dispersants are low molecular weight polymers statbl the milling attrition
added to stabilize the suspension by separating ptimticles, in order to obtain a
homogenous suspension.

Depending on the molecular structure, dispersamtsadsorbed onto the particles surface
and avoid their agglomeration by steric hindrano#/ar ionic repulsion (Fig. 1.10).

The optimal amount of dispersant depends on thecles specific surface area
and can be determined when the suspension showsitlieum viscosity or maximum
packing ability in sedimentation tests. Typicalpdissants are Sodium silicate, menhaden
fish oil, stearic acid, salts of polyacrylic or tatrylic acid, polyethylene glycol and pH

adjustment.
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Electrostatic repulsion Steric repulsion Electrostatic/steric repulsion
(inorganic dispersants) (polyacrylate dispersants)

Fig. 1.10: Different type of repulsion realized bydispersants.

Binders are high molecular weight polymers thated®tne the green tape
mechanical properties such as strength, flexibilipfasticity and smoothness. They
constitute a solid network in which the ceramic gewis entrapped. Binders commonly
used are vinyl (PVA, PVB), acrylic (PEMA, PMMA), polefin and cellulose based.

Many parameters determine the tape height and henaity: temperature, blade
gaps and carrier speed, slurry height in the resgrand slurry viscosity. The relation
between these parameters and the final tape heighgry complex and up to now the
proposed mathematical models are not completehiel

Viscosity is very important to obtain a tape withnstant thickness, so the slurry
should show a pseudoplastic behaviour. In this thsehigh shear stress exerted on the
slurry below the blade reduces its viscosity andbfas the flow rate, while viscosity
increases downstream from the doctor blade sdtieatast tape is stable and do not spread
laterally [94].
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GENERAL CONSIDERATIONS

Different approaches can be pursued in order tdyw® redox resistant cells.

Tailoring the cermet microstructure by increasimg tporosity with the aim to
facilitate free Ni expansion upon re-oxidation seeim be a promising route. To obtain
such result it is possible to add within the anaderostructure different kind of fugitive
materials. The addition of a pore former into tm®de has different objectives such as
provide a supplementary porosity and improve theese to the active three phase
boundary regions of the anode increasing as coeseguthe conductivity and the
performance of the cells. Nevertheless, it is nesgsto take in account that ASCs must
show sufficient mechanical strength, and a compserbetween these two characteristics is
foreseen. Many other strategies can be adoptedpmie redox tolerance:

— Acting on redox kinetic, i.e. control the oxidatitimetic in order to reduce the Ni
reaction rate with Oxygen.

— Increase the wettability between Ni and YSZ netwwith the purpose of avoid the Ni
particles migration and coarsening in reducing Emment.

— Increasing the mechanical resistance of YSZ netwarld as consequence of the
anode, in order to contrast the internal stresssduged during Ni re-oxidation.

— Adding appropriate dopant oxides could be consitlexeuseful technique with the
intention of achieve the previous objectives.

A further possible and interesting method to achieadox tolerance is the tailoring of the

microstructure by using combinations of anodic persd with different shape and

granulometry. This method seems a promising anthleviaoute to enhance both the

porosity and mechanical strength of the cells.

During the present research work, all such appresmblave been considered with the
intention of realize redox tolerant cells. Diffet&inds of investigation have been taken in
account in order to evaluate their redox toleraridee obtained results, the specimens
production procedure and their characterizatioapagsented in this section.
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The experimental part is divided into four chaptdrsthe first chapter the attention is
focused on a description of the general methodd fesethe production of the specimens;
moreover, the apparatus used for the analysis lend¢haracterization of the samples are
reported. In addition, the test conditions used éacch investigation developed are

described.

In the second chapter, the modifications realizéd the anodic microstructure by
adding pyrolizable materials in order to increase microstructure porosity and obtain
redox tolerant cells are reported. This chaptelivigled in different parts where the effects
of different pore formers are analyzed. For eacthef, the experimental procedures are

described and the obtained results are reported.

In the third chapter, the modifications of the amadicrostructure by using powders
with different morphology are considered as a wayirtcrease porosity and enhance
mechanical resistance and redox tolerance. Fordhison ceramic powders of customised
size and aspect ratio (different from the NiO-YSXwders) were added to the usual anodic
powders. The redox behaviour of these specimensimeestigated and related results

reported.

The last chapter deals with the use of dopant eiesnedded to the anodic
composition in order to modify the redox behavioline addition of the dopant agents has
the purpose to produce redox tolerant anodes, migh electrochemical and mechanical
performance. This chapter is divided into differpatts according to the kind of analyses

realised to study the redox behaviour.

62



CHAPTER 2

EXPERIMENTAL PROCEDURE

M ATERIALS , PRODUCTION AND INVESTIGATION
METHODS






MATERIALS PRODUCTION ANO NVESTIGATIONMETHODS CHAPTER2

In this chapter a brief description of the genéeahniques used for the samples production
and of the apparatus used for the analysis areteghpdMoreover, the test conditions used

for each investigation carried on are described.

2.1 TAPE CASTING TECHNOLOGY FOR ANODE AND

ELECTROLYTE PRODUCTION

Thin and flat ceramic sheets were produced by wadsed tape casting technology.
Ceramics powders typically used in this work are:
- 8 mol% yttria stabilised zirconia (8YSZ, Tosohpan) for the electrolyte;
- 58 wt% NiO powder (J. T. Baker, USA) mixed with wt% 8YSZ for the anode.
Ceramic powders were dispersed in a plastic druth aisolution of deionised water and
an organic dispersant, specifically an ammoniunygaylate dispersant (Darvan 821A,
R.T. Vanderbilt Inc., USA). Zirconia balls (InfratnAdvanced Materials) were introduced
into the plastic jar in order to disrupt powder iaggtes.

The electrolyte slurry was, mixed for 3 h usingighhefficiency mixer (Turbula
T2F, Bachofen, Switzerland). The anodic slurriesenmixed for 18-20 h in a conventional
rotating jar mill.
Then, the slurries were filtered to %0n to eliminate the possible agglomerates and the
zirconia spheres. The air bubbles present in theyswere removed by de-gassing the
suspension for 20 min by using a vacuum Venturi purcrylic emulsions, B1000
(Duramax, Rohm and Haas, France) as binder, andB{Duramax, Rohm and Haas,
France) as plasticizer were added; the mixture® wkawly stirred for 2 h. The slips were
delivered to the dual doctor blade reservoir (DDB;5 in wide, R.E. Mistler, Inc., USA)
and cast on a composite three—layer film, PET12/LRPE6GO (BP Europack, Italy), in
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order to make the removal of the dried green tapels. The casting speed was fixed at 1
m/min. For the electrolyte suspension, the gagdsoot and rear blades were 30 andps0
respectively; these gaps were set to 700 and88Cfor anodic slurries casting. It was
possible to obtain half cells by casting sequelgtihle thick anode suspension on the top of
the dry electrolyte tape. The relative humidity the over-standing environment was
controlled and set at about 80% during casting @nythg phases, in order to avoid fast
evaporation of the solvent and consequent possiteleking of the green layers due to
shrinkage stresses. A schematic illustration ofgtacess used for the preparation of the
half cells is reported in figure 2.1. The green thpe was punched or cut in different
shapes and then sintered at 1450°C for 2 h.

Ceramic powders 2 _

Solvent Binders

Dispersant N = =D> —_—
Zirconia spheres

Ball Milling ggg%gmgsﬁ]g Stirring

Co - sintering
@1450°C

Green tape
cutting /punching

Sequential tape casting:
1St electrolyte
2ndsupport anode

Fig. 2.1: Schematic process of samples productioly bape casting technology.
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2.2 SCREEN PRINTING TECHNOLOGY FOR CATHODE

PRODUCTION

Screen printing is a coating technique that use®@en mesh to support an ink-
blocking stencil. Coated area shape and extensnadored by using different stencils.
The ink is typically a thick paste which is forcéttough the mesh by using a squeegee
onto the surface to be coated. A sketch of theescpeinting apparatus is reported in figure
2.2.

Many parameters control the process, such as:rs¢eeg@ mesh size, fabric material
and filament diameter), squeegee (e.g. materiadrness, speed and pressure), ink (e.g.
composition and rheology) and substrate charatitzis(planarity, roughness and
materials). Inks are obtained by mixing powder vatihigh boiling point solvent and an
organic binder; some time other substances aredasigieh as lubricants or sintering aids.
Mesh size and filament diameter are chosen by gakinaccount the paste rheology, the
surface roughness and the desired coated laydm#ss. Typical printed paste thickness

ranges from 60 to 8@m while after drying the resulting layer is 20430 [95].

Steneil
Squeegee

Mesh \>‘2~, & — /

-
"

~
Electrolyte'\ Ink.ﬁ‘ - " - Support

A I A ———— ~

Fig. 2.2: Screen printing sketch for the applicatia of the cathode upon the thin electrolyte.
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Screen printing technology was used for the apidinaof the cathode over the
sintered electrolyte of the samples produced dutisg?hD work.
In detail, cathode interlayer was preliminarily dsjped by using a mixture of LSM
(Nextech, USA) and YSZ (Nextech, USA) powders saspm with 50/50 weight ratio; the
LSM cathode contact layer was then screen printed the interlayer. Both the pastes were
prepared by dispersing the powders into a mixtfiterpineol and ethylcellulose. Once the

layers were dried the cells were sintered for 2 h1&0°C.

2.3 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analyses (DTA — STA 409 PC LuMetzsch) were performed to
investigate mass changes during oxidation and texfucycles and the kinetic of redox
cycling. Redox cycles were carried out under isottaé state at the temperature of 800°C
in order to have condition similar to the real @iem of the cells. The test consisted of the
following steps:

- (a) heating to 800°C at a rate of 20°C/min in &0Q ml/min),

- (b) reduction for 3 h in 5 % Hand 95% Ar (100 mi/min),

- (c) oxidation for 3 h in air (100 ml/min),

- (d) repetition of step (b) and (c),

- (e) cooling to room temperature in air at a rat@@fC/min.
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2.4 REDOX TESTS

In order to study microstructure changes upon réalu@nd oxidation, anodes and
half cells were used for redox cycling tests. Thesgs were carried out in a tubular furnace
according to the following steps process:

1) heating to 800°C at 5°C/min undep N
2) reduction in 10% kN, atmosphere for 1 h;
3) reduction in pure kifor 2 h;
4) purge of the furnace chamber by using puggX0OmI/min) for 15 min;
5) oxidation in air for 3 h
6) purge step and repetition from th¥ @ the &' step;
7) cooling at room temperature.
After reduction and re-oxidation the samples mitragure was studied and the porosity

was measured.

2.5 [ELECTROCHEMICAL TESTS

Tests benches developed by SOFCpower Srl for sgedle configuration were used
for cells electrochemical characterization.
Cells were tested at 800°C in order to comparesbdetrochemical performances and redox
cycling tolerance. Electrochemical performanceshefcells before and after redox cycles
were determined in order to evaluate open circoltage (OCV) recovery after each cycle
and performance losses due to microstructure nuadifins.

The cells were mounted in the furnace as showigurd 2.3. The cells were sealed,

with a high temperature sealant, on the top oflamiaa tube in correspondence of a 14 x

69



MATERIALS PRODUCTION ANO NVESTIGATIONMETHODS CHAPTER2

14 mnf window fixed over an alumina mask thus ensuringetive area of about 2 ém

The electrodes were fed through two narrow aluntubas having a square alumina sponge
on the side in contact with the electrodes. Curcetiection was assured by a Nickel mesh
for the anodic compartment and by a Gold meshHerdathodic compartment. The cells

were heated up to 800°C with a rate of 1°C/min.

a) . b)
urnace Sealing Au
) C—T]| Mesh Au
SYAVAVAVAve Pt wires AlLOs |/ wires
| \ leskr\‘_! % r'd
Fuel-—» il Air Fuel — > | l ] -¢ Air
Exhaust < Al //,v{: 'L\r\\\ Al
SAAA Sponge [N St
pong | e Sponge
—i

\
! Ni
Mesh

Fig. 2.3: Electrochemical test set-up. a) Furnace drpiping; b) particular of electrical
connections and gas feeding system.

The reduction of the anode occurred in an atmogpH#N, with a ratio of 10/90 for
1 h, then the cells were fed with 150 ml/min of Rumidified at 3% at the anodic
compartment and with 300 ml/min of air at the cdibcide; after 1 h I-V measurements
were carried out. Afterwards, redox cycles werefgrared. At the anodic compartment
different flows were fed:
(@) Purge step in N(100 ml/min) for 15 min;
(b) Re-oxidation in air (100 ml/min) for 2 h;
(c) Purgestepiniy
(d) Re-reduction in KN, 10/90 (1 h) and pure H1 h) atmosphere; repetition from the
step (a);
(e) Cooling at room temperature.

Labview software was used to control the data aifipm process.
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2.6 ELECTRICAL |IMPEDANCE SPECTROSCOPY (EIS)

AC electrical impedance spectroscopy is a powerfidthod for performance
evaluation and degradation diagnostic of fuel celbis technique is based on the
measurement of the complex impedance)Z Z.+ jZ, in function of the frequency of
a voltage or current signal. The frequency usuedlsies from low values, few mHz, to
hundreds of kHz. The utility of this method consish the possibility to monitor the
different relaxation times and relaxation amplitside the various processes present in a
dynamic system over a wide range of frequencieecifipally in the SOFCs each
electrical, electrochemical, chemical and massspart process is characterised by a
typical time constant; so the response of each gg®adepends on the solicitation
frequencies.

Considering that in a SOFC the different processage a time constant that can
differ of many orders of magnitude, it is possitiédentify them by varying the frequency.
Moreover, it is possible to associate to each sipgbcess an equivalent electrical circuit
that is constituted in the simplest case by at@si® and a capacitor C in parallel [96]. So a
fuel cell can be modelled by a more complex sesfethese elements. The impedance can
be plotted in different ways; the most used areNlgquist diagram where the imaginary
part of the impedance is plotted vs. the real pant the Bode plot where logfy or
log(zm) are plotted vs. logf). For instance the impedance of a circuit congituby a

resistance and a capacitor in parallel is:

- R _ R 3 aR*C
1+JeRC  1+(w?RC?) T 1+(wPRC?)

(2.1)
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that in Nyquist diagram is represented by a seniecihaving R as diameter (Fig. 2.4a).
This circuit is characterized by a relaxation frencywgthat is the frequency at which the

imaginary part of the impedance is maximum:

1
Wy =—— (2.2)
RC
20~ ; 120 . .
[a] [b]
1004 R ] 100 R R B
] 1 E
= 1 C X 1
_E 6:: i | ——,.g E-j_ 1 2
[N 1 S N
' dﬁ-_l //)_\\ ] " ol 1
1 iner. w :
204 Ty 20
4 -
[ = | (=Y.~
i} .' T T T T '::' ¥ T T T
0 20 40 &0 80 100 120 o 20 40 &0 B0 100 120
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Fig. 2.4: Nyquist plot examples: RC circuit in pardlel (a), and two RC circuit in series (b) [97].

In the case of two circuits in series having quitéerent relaxation frequencies, the
representation in Nyquist diagram is constitutedvey different semicircles as evidenced
in figure 2.4(b) [97].

The degree of complexity in a real fuel cell isthidue to the presence of processes with
similar time constants. The correspondent Nyquesgram is the sum of many semicircles
partially or completely overlapped resulting in mgbe distorted arc. Despite of the
difficulty on its interpretation, EIS is very uséffor understanding the cell behaviour;

indeed the response time for ohmic polarisatioesgentially zero, while the time constant
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for concentration polarisation is related to thievant gas phase transport parameters such
as diffusivity [10].

AC electrical impedance spectroscopy analysis waset! out for some specimens.
The Autolab Potentiostat/Galvanostat module PGSTO®N3supported in GPES (General
Purpose Electrochemical System) and FRA (Frequ&esponse Analyser) was used to
control the data acquisition process.
The test were performed at 800°C in potentiostadiedition and EIS were measured at
OCV and at 0.5 A/chwith frequency ranging from 0.1 to 50000 Hz.

2.7 CURVATURE ANALYSIS UPON REDOX CYCLES

It is possible to study the redox behaviour of cdlso by the analysis of the
deformation of the unconstrained half cell durihg bxidising and reducing atmospheres.
The curvature evolution upon redox cycles was aealyin situ by a charge-coupled device
(CCD) camera acquiring pictures at regular intesa@D s) through a series of optical filters
[98]. The length of the bi-layers and the curvatdexeloped upon the redox cycle were
measured from photographs with the freeware soéwaeageJ 1.38 J.

The sintered specimens were laser cut into 20 nmgtheand 3 mm width strips. A
specific alumina sample holder was built to allecétte specimens. The samples were
situated with the anode placed on the holder (ebté upside). A design of the apparatus
and of the sample holder is reported in figure 2.5.
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Tubular Optical filters CCD camera
furnace

Image processing

Fig. 2.5: lllustration of the set-up for curvature study during redox cycle and of sample holder.

The redox cycle was performed at 800°C in an alarmibular furnace, under the
following conditions:
(a) heating to 800°C at 5°C/min undey (100 ml/min),
(b) reduction: 70 min in 3% humidified,H100 ml/min),
(c) purge: 15 min in N(200 ml/min),
(d) oxidation: 70 min in air (100 ml/min),

(e) cooling at room temperature.
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2.8 BIAXIAL FLEXURE ANALYSIS

Fracture strength is one of the most important erigs for characterization of
ceramics mechanical properties, as it is a basithéoselection of the materials for a target
application and to determine the reliability of aterial during its lifetime. Many test
configurations have been proposed in order to neabe material strength; most of them
associate the fracture strength to the maximumngthe at fracture. Thus, the stress
distribution has to be known so that fracture gitkrcan be determined for any particular
load and specimen’s geometry. As a matter of feetstrength of ceramic materials is quite
sensitive to size, shape and surface finish; thas@meters affect the high dispersion of the
strength values for a given material. A viable testhodology must take in account the
effect of these parameters in order to minimizértinluence.

Uniaxial loading methods such as three and fountpbending tests are very
commonly applied to the ceramic strength invesiibgat However biaxial loading
techniques result useful in testing real ceramimponents because they apply to the
specimen a more severe stress state than uniagthlods. Moreover, by considering that
in brittle materials fracture often originates atealge or surface, specimens preparation can
dramatically affect the strength measurements. Ximigests are highly sensitive to the
finishing of the specimen’s surface. The biaxiatseare less sensitive to surface defects
because they accounts for flaws regardless of tibre@and the stresses are almost zero
along the sample’s periphery. Therefore biaxiahtégues have to be preferred if the
intrinsic material strength is addressed [99].

As well as in all experimental techniques also laibflexure one is affected by
errors. These errors depend by the test configurdtiit two of them are common to all the
biaxial flexure techniques. A specimen subjecteditxial flexure develops a steep stress
gradient being compressed uniaxially and perpetatiguon one face centre, while the

opposite face is subjected to equibiaxial tensiris gradient affects the polycrystalline

75



MATERIALS PRODUCTION ANO NVESTIGATIONMETHODS CHAPTER2

ceramic mechanism of fracture: it is transgranular large grained materials and

intergranular for finely grained materials. Moregvéhe stress equations developed to
calculate the fracture maximum stress are basedhenhypotheses of isotropic and

homogeneous materials and that the central deftecti the specimen is small. In order to
decrease the stress gradient, disks with thicksmesdler than the 20% of the support radius
and with a central deflection lower than half o thickness are used.

Ring on ring configuration consists in two concéntngs, one is the support where
the disk is placed and the second is the loadthagis contact with the upper surface of
the specimen and bears the load as shown in figéeThis configuration presents some
disadvantages: the absence of perfect contact betiwading rings and sample can lead to
substantial deviation from radial symmetry in theess field and errors in the strength
determination. This contact defects imply a staeswcentration in limited areas of the disk;
moreover, friction and wedging effects can affée measurements reliability. From these

considerations, a perfect parallelism betweenwlerings is required.

Load
ring
| | Specimen
<
[ 1
D V\S port
u
Dq r}i)ng
D

Fig. 2.6: Ring on ring fixture
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In spite of these drawbacks the advantage of rimgilmg in comparison with the
other biaxial flexure fixtures resides in the fetat the stress is almost constant within the
load ring area. This allows to determine the stilernd the samples without uncertainties if
the fracture starts inside the load ring.

Equibiaxial flexural strengthd) via concentric ring on ring configuration undeomoatonic

uniaxial loading can be estimated as:

_3F |4_ D -D; Dy
o o (1 |/)—2D2 +(1+v)In L (2.3)

where:

F is the breaking load

h is the test specimen thickness

vis the Poisson’s ratio

DsandD, are the support and load ring diameters respdgtive

D is the test specimen diameter.

In order to evaluate the scattering of strengtta dat ceramic materials, Weibull
distribution is the most used statistic method. Wesbull distribution calculates the failure
probability assuming that the failure is determitgdthe most critical defect according to
the weakest link theory. The failure probabilRyat a given stress levelcan be estimated

by the following relation:

P, =1-exp - (ij (2.4)

77



MATERIALS PRODUCTION ANO NVESTIGATIONMETHODS CHAPTER2

where:
oo and m are the Weibull characteristic strength and maoslulespectively. The latter
parameter is particularly useful because give aigit estimation of strength variability:
the higher is the modulus the smaller is the streugriability.

In Weibull analysis the experimental results, fracture strengths, are ranked in

ascending order and a failure probability is assign

i—05
P, (o)= IT (2.5)

where:

N = number of test specimens

i =i-th datum.

Weibull distribution is commonly represented bytpig the experimental data (probability
of failure) in a graph wittn{In[1/(1-Py)]} vs.In(0).

The Weibull parameters are then calculated byealimegression.

Ring on ring tests were performed to determinentigehanical strength of the half
cells produced during this work according to theTASstandard C 1499-09 [100].
The fixture used (Fig. 2.6) had a support diamet&3 mm and a load ring of 10 mm. The
tests were performed at room temperature usingm@atiement rate control of 3 mm/min.
30 circular specimens were tested for the estimatifoWeibull parameters. The test was
performed on half cell specimens were the eledigolyas in compressive surface, so that
the anode surface is located in contact with thpett fixture. A Poisson’s ratio of 0.25 for
all the samples it was assumed.
The ring on ring tests were performed on two kioflsamplesAlfa and standard half cells.

The previous were produced adding to the usual ersddrry a ceramic powder with
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different size and aspect ratio provided by SOFGgo8ir.l. The latter samples were also

provided by the company.

2.9 OTHER ANALYSES

In order to gain a deeper insight into the sampiesdifications upon redox cycling further
analyses were performed.

Morphology of the doped powders, microstructurewbdes, of half cells and of the cells
produced were analyzed by scanning electron miopes¢SEM, JSM 5500, JEOL, Japan).
Anodes porosity was measured by using the Archirsedethod.

Specific surface area (SSA) of the doped powdessdedermined by Nitrogen Adsorption
BET method (ASAP 2010, Micromeritics, USA).
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3.1 INTRODUCTION

A possible way to enhance redox tolerance is tceame the anode porosity in order
to allow the large volume increase of Nickel duringroxidation, decreasing at the
contempt the internal stresses generation and gaasécrack formation. An improvement
in cells performance can be also expected, consgldor instance a decrease in the
concentration polarization due to the transporgadeous species. Different experimental
tests were performed at the beginning of this waeitk the intention to select the fugitive
material to add to the anodic slurry.

Pyrolyzable organic particles were chosen as fuggtimaterial considering that no residue
has to remain within the anodic microstructurepider to avoid anode poisoning. From
this preliminary screening the following pore fommevere selected: polyurethane (PU)
foam, Poly(methylmethacrylate) (PMMA) beads, (PEMMMA) poly(ethyl
methacrylate-co-methylmethacrylate) beads and gmfibcks. The mean size of the used
pore formers decreases from PMMA to PEM-co-MMA taphite, as it is possible to
observe in the micrograph of figure 3.1. Differshiapes and dimensions were chosen in

order to understand if and how these factors cfattthe redox behaviour.
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Fig. 3.1: Micrographs of fugitive materials: PMMA (a) and PEM-co-MMA (b) beads and
graphite flakes(c).
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3.2 Pu-Foawm

The first pore former tested was a PU foam. Thepdasnwere produced by spraying
the foam within the anodic slurry in order to ohta spongy structure with large open
porosity. 9 wt% of PU-foam with respect to 8YSZ/Nf@wder was added to the slurry.
The starting anodic slurry was produced by the lustacedure explained in the Materials
and method chapter; the PU foam was added to #genagion after mechanical stirring of
the binders and was mixed manually. The slip was wiéth a blade height of 3 mm.

After sintering the microstructure of the anodewgb@ high open porosity as it is
evidenced in the micrographs of figure 3.2. Evethdéf samples demonstrated elevated open
porosity, their brittleness made them not suitdbidfurther analyses and for production of
fuel cells.

Fig. 3.2: Cross section of anode prepared with adiibn of PU foam (a) and its magnification (b).
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3.3 ANODE AND HALF CELLS wWiTH PEMA-co-MMA

3.3.1 INTRODUCTION

In the present paragraph the effect of anode ntierctsire modifications due to the
addition of poly(ethyl methacrylate-co-methyl mathdate) beads (PEMA-co-MMA) on

the anode microstructure was investigated.

3.3.2 EXPERIMENTAL

Anode and electrolyte were prepared by water-béspd casting technology. The
electrolyte was fabricated by using 8YSZ powder #redanode was based on 58 wt% NiO
powder mixed with 42 wi% 8YSZ. The procedures usedproduce the samples are
reported in the paragraph of Materials and methods.

Standard (STD) dense anodes and half cells (anodielactrolyte) were obtained.
Anodes and half cells with different pore morphgl@nd distribution were also prepared
by adding (4 vol%) poly(ethyl methacrylate-co-metinyethacrylate) beads (PEMA-co-
MMA) (Scientific Polymer Product inc., USA) as pofermer to the NiO/8YSZ slurry.
Slurries composition and casting parameters arerteg in Table 3.1. After drying, STD
and pore former containing anodes (PF) and correlipg half cells were sintered at
1450°C for 2 h.

In order to study microstructure changes upon réalucand oxidation, NiO/YSZ
laminates and anode/electrolyte half cells werel diseredox cycling tests. Microstructure
of the samples after sintering and after redoxeg/alas analyzed; porosity and specific
surface area (SSA) were measured.

Cathode interlayer and contact layer were sequbnsareen printed on some half

cells to obtain the fuel cells suitable for electremical tests.
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Table 3.1: Composition of electrolyte and anode sluy (vol%)* and casting parameters.

Electrolyte Standard anode Anode with
(STD) pore former (PF)

Powder 28 21 21
Dispersant (Darvan 821A) 2 3 3
Solvent (Water) 58 53 53
Pore former (PEM-co-MMA) - - 4
Binder (B1014) 6 18 12
Plasticizer (B1000) 6 5 7
Casting speed (m/min) 1 1 1
Rear blade height (um) 50 800 800
Front blade height (um) 40 700 700

*Binder and dispersant contents are reported otbdsis.

Cells with STD and PF anodes were electrochemitesited at 800°C in order to compare

the electrochemical performances and redox cyc¢titegance.

3.3.3 RESULTS ANDISCUSSION

The diameter of half cells was measured beforeadigd sintering by a micrometer:
the calculated shrinkage resulted about 23-24%.tfic&ness after sintering was 38020
um and 13+3 um for the anodes and the electrolgspectively. After sintering the
thicknesses of the cathode interlayer and contaarlwere observed to be about 15 um
and 60 um, respectively.

The microstructure of STD and PF anodes are showfigures 3.3 and 3.4

respectively. Whereas a uniform and interconneatétoporosity was obtained in STD
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sample, a discontinuous distribution of macropoxes observed in the PF anode. Such
structure is characterized by isolated and notéotenected spherical or elliptical pores.

Fig. 3.4: Magnification of STD (a) and PF (b) anodeafter sintering.

I-V plots of STD and PF cells obtained by electemiical tests are shown in figure 3.5.
The performances appear quite similar and botts deiled after one redox cycle thus
exhibiting very low redox resistance.
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Fig. 3.5: I-V plots of the STD and the with PF cell¢one redox cycle).

The amount of organic constituents (B1000, B10ldrvBn and PEMA-co-MMA)
in STD and PF slurries is about 26 vol% with respecthe total slurry volume; this
explains the same porosity measured for the twergd anodes (Tab. 3.2). In the reduced
state the porosity of PF anode becomes higher iha@®TD anode as it is possible to

observe in Table 3.2.

Table 3.2: Evolution of anode porosity upon redox cying.

STD Anode PF Anode
As Sintered 14 14
After Reduction 25 33
After re-oxidation 13 12
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It has to be noticed that the composition of théymer emulsions used in the
slurries for STD and PF anodes was different; idddbe percentage of pore former,
having a larger size than that of the other polyaukted to the slurries, was about 15 vol%
with respect to the total amount of organic mattsponsible for macropores formation
(Fig. 3.4b).

In Table 3.3 it is possible to observe that thdaggr area increases after reduction
due to the increase of porosity of the cermet i@ tbduced state and decreases after
successive oxidation.

Pore formers introduction seems to affect micropitydn an unexpected way. It is
worth of note that as-sintered STD anodes showeni@5A and more homogenously
distributed porosity than PF anodes. This behavisumprobably due to an overall
rearrangement of the structure by pore formerodhiction that leads to a denser and
compact skeleton around big pores. Converselyijiited fine porosity was maintained in
PF samples also after reduction and oxidation steps

Table 3.3: Specific Surface Area (m2/g) of the anode

Condition STD anode PF anode

As sintered 0,25+0,01 0,20 +0,01
After 1st reduction 0,45 +0,01 0,31+0,01
After 1st oxidation 0,36 £ 0,01 0,27 £0,01
After 2nd oxidation 0,35+0,01 0.15+0.01

The microstructure of the anodes after reductiog. (86) is noticeably porous when
compared with the as sintered anodes. On the b#rad, the porosity is strongly reduced

by Ni volume increase after re-oxidation.
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Fig. 3.6: Fracture surface of (a) STD and (b) PF arue after reduction.

Figure 3.7 shows the re-oxidised anode surfaceastiarcture and it is possible to
observe the presence of cracks generated by ihtstnesses and the formation of coarse
NiO particles. Therefore it was observed that niodifons of the anode microstructure
obtained by the addition of low amount of PEMA-cd/¥ pore former do not improve
redox tolerance. This behaviour can be explainatsidering that the presence of pore
former in the anode may affect NiO distributiondéed, the lower SSA of PF anode may
leads to a higher NiO concentration per unit ofaee that produces locally concentrated

internal stresses detrimental for anode integrity.

A i 3 A~ 1 "\’ &

Fig 3.7: STD (a) and PF (b) anode surface after 1sixidation. NiO particles are indicated by
arrows.
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The cross section of the standard (STD) and PFeaisoaported after one redox test
in figures 3.8 and 3.9. In both micrographs itésgble to see the cell failure due to cracks
of the electrolyte. In the STD cell it is possildleserve a crack trough the electrolyte and
the cathode (Fig. 3.8a); figure 3.8b shows a mamibn of the STD anode where an
intergranular path of crack can be observed, agtgaiout by the arrow.

Fig. 3.8: STD cell cross section (a) and anode miatoucture magnification (b) after one redox
cycle.
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3.3.4 CONCLUSIONS

Polymeric beads can be added to the slurry forptoeluction of SOFCs anodes with
modified microstructure. Nevertheless, standard aode-former-containing cells are
observed to display similar behaviour upon redoxling if the amount of organic

component is the same. It was observed that chaagsseciated to different pore
morphology are not sufficient to improve the redolerance unless also the porosity is
increased. Moreover, the open porosity within th&rastructure needs to be well
distributed.
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3.4 ANODE WITH ADDITION OF PMMA

By considering the result obtained by adding PEMWIA to the anode, the effect of the
addition of PMMA pore former with larger particléze on the anode porosity was

investigated.

3.4.1 EXPERIMENTAL

Different amounts of pore former were added tosiliery composition ranging from
10 vol% to 40 vol% of PMMA with respect to the paavdGreen tapes obtained from the
slurries with the higher concentration of fugitiveaterials showed many cracks. The
observed defects could be ascribed to many fastark as the high amount of added pore
former and/or the insufficient amount of binder.r Hastance, considering the anode
prepared with 30 vol% PMMA (with respect to the mi®m) cracks are present in the
microstructure of the as sintered tape. Figure 3Hdws the cross section micrograph of
the 30% PMMA sample where it is possible to seeeddent crack, highlighted by the
arrow. Thus, an optimization of the anodic compositvas required and this was achieved

by reducing the pore former amount.
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Fig. 3.10: Cross section of anode with 30%vol of PMA as sintered.

The optimized slurry composition of PMMA containiagode was constituted by 21 vol %
of powder, 4 vol% of PMMA, 52 vol% solvent and ttwtal amount of the binders and
dispersant (reported on dry basis) was 23 vol%.r€bkalting sintered anode was crack free

and tested to verify the redox cycling resistance.

3.4.2 RESULTS ANDISCUSSION

The samples porosity increases from 20% in thegdtstate to 32% in the reduced one as
was expected considering that Ni reduction is agaoried by volume decrease. These
microstructure changes can be observed in figure. RAfter one re-oxidation the measured
porosity was 15 vol%. Changes in the anodic micoostire due to Ni particles
agglomeration and growth during reduction and riglabion can explain the different
porosity between as sintered and re-oxidated sanplecomparison to PEMA-co-MMA
(par. 3.3), the introduction of PMMA within the atio slurry did not produce any benefit
as confirmed by the analysis of the anodic surédter one redox cycle. In fact many inter-
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and trans-granular cracks can be observed witlerY®®Z network (Fig. 3.12) and sponge-

like NiO. It is also possible to observe the growththe Ni particles after re-oxidation
caused by the coarsening process.

18 i) #1588 1 Erra

18k L = 1 18km

Fig. 3.11: Anodic cross section of as sintered (ahd after reduction (b) anode with PMMA. It is
evident the higher porosity in the reduced anode.
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Fig. 3.12: Anodic surface after one redox cycle, acks and NiO coarsening are underlined by
the arrows.

3.4.3 CONCLUSIONS

The results achieved when PMMA beads are introdwaddn anode slurry confirm the
conclusion pointed out from the use of the PEMAMBHA as pore former. The amount of
pore former within the anodic slurry needs to kghbr and must present finer size in order
to obtain well distributed porosity. The two tespaate formers present similar morphology

and the result obtained are worst even if the apoegents an initial higher porosity.
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3.5 ANODE WITH ADDITION OF GRAPHITE

In the present paragraph the addition of grapleteet (Alfa Aesar) to the anodic slurry as
fugitive material is discussed. The choice of tmiaterial derives from the results of the
previous attempts of anodes production with a tedoporosity. Therefore, in order to
obtain an anode with fine, uniform and homogenodstyributed porosity, graphite flakes
seem to be a suitable pore former.

3.5.1 EXPERIMENTAL

The anodic slurry was prepared by using the prasedeported at the beginning of the
chapter. The composition of the anode is repontefiable 3.4. It is worth noting that the

amount of fugitive material in terms of powder volel is 1.7 vol%, higher than the amount
added within the anode with PEMA-co-MMA.

The total fugitive material is about 57 vol% witlsspect to the powder and graphite is 8

vol% of the fugitive materials.

Table 3.4: Composition anode slurry (vol%)*.

Anode with
components X
graphite
powder 20
solvent 54.0
graphite 3.6
dispersant 1.8
B1014 12.6
B1000 8.0

*Binders and dispersant contents are reported obakis.
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3.5.2 RESULTS ANDISCUSSION

The anode porosity is 21%, 36% and 17% for the sesvas-sintered, after reduction
and after first re-oxidation, respectively. The gmity of the samples measured after the
second re-oxidation is around 16%, and similar eslare measured after the first re-
oxidation. If compared with the standard and PEMAMMA anodes (Tab. 3.2), it is
possible to observe that the porosity of the saswiéh graphite is always higher.

The fracture surface of as sintered and after témlu@node are reported in figure
3.13. The as sintered anode shows an open and wellbditgd porosity that increases after
reduction (figure 3.13b).

Fig. 3.13: SEM images of the fracture surface of # anode as sintered (a) and after first
reduction (b).
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The cross section and the surface of the anode @ftexidation are reported in
figure 3.14. After one redox cycle it is possibte itlentify the anode microstructure
modifications (Fig. 3.14a): NiO is not uniformlystiibuted within the YSZ network as in
the as-sintered state; it appears coarse and sitoila sponge, as it is underlined by the
ellipse in figure 3.14a and by the arrow in fig@r&4b; its expansion fills more thoroughly
the porosity, as confirmed by the lower value aidiby Archimede’s measurements. Also
the distribution of the porosity appears differesith respect to the as sintered state. Indeed,
denser areas are clearly visible within the anattrix (figure 3.14a). If the porosity is not
sufficient to allocate coarse NiO, internal strespeoduced by this constrain generate
cracks in the YSZ network as indicated by the i figure 3.14b.

Zeky 6. 668

Fig. 3.14: Cross section (a) and surface (b) of teode after one redox cycle.
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Electrochemical measurements were performed os wéth LSM/YSZ cathode and
the results are reported in figure 3.15. It wassjis to perform six redox cycles before
failure. It is evident for each cycle a degradatdnhe cell. The decrease of OCV is due to
the formation of micro-cracks within the electr@y®nyway, the trend shows that there is
incomplete failure of the cell. From the J-V cuitvean be observed that the performance
of the cell after each cycle is higher with respecthe cell that did not undergo any re-
oxidation, in particular at high current densitighis behaviour can be explained
considering that the re-oxidation, if not destruetican improve, at the beginning, the
performance by conditioning the Ni network and emdiag the conductivity, as was stated

by Sarantaridis et al. [63].

LIVAY)
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Fig. 3.15: J-V plot for cell produced with additionof graphite into the anode.
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J-V curve shows the worst performance but the higipen circuit voltage (OCV)
that is 1046 mV while the current density at 0.i5W85 mA/cr, as shown in Table 3.5.

Table 3.5: OCV and current density at 0.7 V for eacleycle.

cycles OCV(mV) J(mAlcm?) @ 0.7V

-V 1046 485
I 934 766
I 899 842

1l 894 664

v 903 587

\% 887 460
VI 871 434

The OCV values decrease at each cycle confirmgotineation of cracks within the
electrolyte. At 0.7 V the activation polarizatioantribution to the total losses is very low
and the decreasing in the current density can bebasl to the ohmic polarization. This
means that the cell microstructure changes upoh egcle, and the resistance to the

electrons flow through the electrode is increased.

3.5.3 CONCLUSIONS

The addition of finer pore former such as grapitkes within the anodic
microstructure leads to improvements of the redpalectolerance even if after the first
cycle cracks formation are evidenced by the OC\pdiihis means that porosity, despite
the homogeneous distribution obtained with grapftaiees, needs to be further increased.
Although different authors introduced similar pof@mers in order to increase the

performance of cells [74-80], they did not chareeztethe obtained cells in order to study
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the redox behaviour. Consequently, it is not pdesib compare the obtained result with
available literature data. Nevertheless, theselteesonfirm the hypothesis that tailoring
anodic microstructure and increasing the porogigyreecessary to produce redox tolerant

cells.
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4.1 INTRODUCTION

In order to obtain anodes with higher open poroaitgt high strength it was considered the
idea to add within the anodic microstructure a mgcgpowder with different dimensions in
comparison with 8YSZ.

A ceramic powder of larger aspect raitioorder to reduce the particle packaging and
increase the porosity accordingly, nan#dth powder (provided by SOFCpowder Srl), was
added within anodic slurry. Because of the promgisesults obtained during this study the
procedure and some microstructure images will eateported considering that the work is

going to be submitted for a patent application.

4.2 EXPERIMENTAL

The half cells were produced by tape casting teldgyo The anode was produced
by using a mixture of 58 wt% of NiO, 8.4-16.8 wt%8Y SZ andAlfa powder to balance.

The anodes were characterized by porosity measutsria order to understand the
influence ofAlfa powder on the mechanical performances of the tell§,cring-on ring
tests with Weibull analysis were carried out. Tokerance to redox cycling was measured

by electrochemical and microstructural analysedessribed in chapter 2.
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4.3 RESULTS AND DISCUSSION

Electrochemical tests

The results of the electrochemical tests perfororetheAlfa cells are reported in
figure 4.1. The behaviour of a commercial cell istied as reference in figure 4.2. It is
evident that the commercial cell is not redox tater Indeed it failed after the first redox
cycle. TheAlfa cell resisted up to 5 redox cycles.

The trend shows a decrease of the performanceaseafth cycle, even if the first and
second have a similar behaviour. A more evidehofahe performance is observed during
the 3° cycle; this behaviour can be addresses to expatahset-up problems, for example
a not optimal contact between conducting mesh aitlode, with an increase of cell
resistance. With the "4 cycle a sharp OCV decrease is observed while thmim
polarization is lower in comparison with the prawocycles, confirming the set-up
inconvenience. This behaviour can be also asctibedme little cracks into the electrolyte
that can put in contact the anodic and cathodicpastments resulting in fuel combustion
and local increase of the temperature with consegneprovement of the performances.
The presence of little cracks can explain the OQ3s1

The unexpected performances improvement duringtfheycle can be alternatively
explained by considering that upon a redox cytle,cermet conductivity may increase as a
consequence of the partial disintegration of theZ Y@twork and of the redistribution of
Nickel particles that may divide in smaller onesompa fast oxidation; this anode
microstructure reorganization is believed to actofor the improved Ni network
percolation [62]. Of course this is true until atical damage of the structure occurs as

observed during the"scycle where OCV is low and ohmic polarization iigth
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Fig. 4.1: J-V plot of theAlfa cell (5 redox cycles).

The OCV of standard anilifa cells are listed in Table 4.1. It is possible bs@rve
that the starting OCV is almost the same for bhthdells, while their redox behaviour is

totally different.
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Fig. 4.2: I-V plot of a standard cell, does not shw redox tolerance.

Table 4.1: Comparison of OCV (mV) value after redoxycles.

Redox cycles STD Alfa cell
Start 1070 1089
1° Broken cell 1061
2" Broken cell 1050
3 Broken cell 1048
4" Broken cell 1000
5 Broken cell 950

The pictures of standard cell after one redox cgclé the so-calledlfa cell after 5 cycles,
are reported in figure 4.3. From the comparisotheftwo images the dramatic failure of
the traditional cell can be observed. In fact, amhen theAlfa cell was removed by the test
set-up the cell was broken, but as can be obséheedctive area for the test do not present

any crack.
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Fig. 4.3: Standard (a) andAlfa (b) cells imagines after redox test.

High qualityAlfa cells were obtained by improving the productioogess.

For such cells the redox tolerance showed an eviderease up to 15 cycles. The J-
V trends after each redox cycle are reported imrég4.4. The cell shows the same
behaviour during the first two cycles, then a combus decrease in the performances can
be observed. The cell was still working after tifeeénth cycle but the test was stopped
because of the low power output measured. The ojeuit voltage (OCV) is almost the
same for all the cycles; this suggesting that rexicthas originated or propagated in the
electrolyte.
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Fig. 4.4: J-V plot of theAlfa cell (15 cycles).

Figure 4.5 shows the values of OCV and of curremtsity when the potential is 0.7
V for the Alfa cell after each redox cycle. For comparison theesponding values for a
standard cell are also reported. For standard wmelilata are available after th& redox
cycle. It is worth noting that the commercial cglows better performances but it cannot

stand redox cycling.
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Fig. 4.5: Evolution of OCV and current density @ 0.7V for standard cell and Alfa cell during
redox cycling test.

EIS measurements were performed at OCV (Fig. ©@)e 0.5 A (Fig. 4.7).

At OCV the contribution of activation polarizatiorse prevalent with respect to other
losses.

As it is possible to observe by the impedance pégorted for each cycle, at high

frequencies the real part of the impedance is dlmmsstant for all the cycles; instead at
low frequencies it is evident that the activatiaigpization shows an increasing trend with
the redox cycles. This means that cycle by cycleeduction of three-phase boundary
density occurs, due to changes in Nickel distrdoutiMoreover, the relaxation frequency,

i.e. the frequency at which the imaginary parthef tmpedance reaches its maximum, is
measured at decreasing frequencies with the pregfethe redox cycles. For instance the
relaxation frequency is 1880 Hz at the first cy@lé6 Hz at eighth cycle and 400 Hz at the
last cycle (Fig. 4.6).
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The decrease of the number of TPB during redoxesyalas confirmed by the study
of TPB' performed omlfa cells as sintered and after 15 redox cycles. & determined
that after the redox cycles the TPB density deerdégsl5.6 %.

The loss of the current density observed with thecteochemical tests is higher in
comparison with the percentage of TPB losses;ttgans that many other phenomena of
degradation occur in the cells during the redok sesconfirmed by EIS analyses.

o Cycle1 x Cycle 8

o Cycle?2 o Cycle9
10- 4 Cycle3 * Cycle 10
’ v Cycle 4 @ Cycle 11
* Cycle 5 Cycle 12
> Cycle 6 Cycle 14

¢ Cycle?7 % Cycle 15

Fig. 4.6: Alfa cell impedance measured at OCV for each cycle, aeti area 1.96 ¢

Considering the analyses of impedance at 0.5 Artegan Nyquist diagram (Fig.
4.7), it can be observed that the losses increfiee every cycle confirming the trend at
OCV. The Nyquist plot shows the overlapping of the circles relative to the anode and
cathode losses. With the increasing of the redatesyit is possible to distinguish the

! The TBP analyses were performed in CIME-EPFL latmries.
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circles. Though the two circles are more evidenhwespect to the OCV measurement, it is

difficult to differentiate the two contributions.

O Cycle1 X Cycle9
O Cycle 3 O Cycle 10
0.2+ A Cycle 4 * Cycle 11
v Cycle5 @ Cycle 12
% Cycle 6 Cycle 13
. > Cycle7 Cycle 14
&3 014 <& Cycle 8 % Cycle 15
N
0.0 T . =
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 4.7: Alfa cell EIS curves at 0.5 A and 800°C, active area B.@nt.

Microstructural analysis

The porosity of these cells was measured afteersing and after the first reduction and the
first re-oxidation resulting 38%, 46% and 34% respely.

A comparison between the porosity of standard an@diiout addition of pore
former) and of anodes prepared by adding PEMA-coAMPF), or graphite ofAlfa
powder is reported in Table 4.2.

By SEM observation of théilfa cells cross section microstructure, anode shows an
outstanding porosity homogeneously distributeds iilso possible to observe the good
adhesion between anode and electrolyte in thenterad cell.

The higher value of the initial porosity of thdfa cells in comparison with the other
cells produced can explain their enhanced redoawetr.
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Table 4.2: Anode porosity (%) comparison between diérent cells.

State of the anode STD PF graphite  Alfa
As Sintered 14 14 21 38
After one Reduction o5 33 36 46
After one re-oxidation 13 12 17 34

Changes in the microstructure of tidfa cell after the 18 redox cycle were
observed in figure 4.8: growth and coarsening a@ingly nickel oxide particles are visible
and some cracks are observed within YSZ networkit & underlined by the arrows.
Moreover a different distribution of the porosity detected, specifically larger voids are
present between anode and electrolyte interfacesé@tobservations can contribute to

explain the increase in polarization losses meashyeslectrochemical test.

ZEKU

Fig. 4.8: Alfa cell anode cross section after 15 redox cycles.
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Mechanical testing

The mechanical characterization was performed emAtfa and standard half cells
provided by SOFCpower. The mechanical strength dedsrmined by biaxial flexural test
using a ring on ring fixture. 30 samples were g$te each kind of cell.

The average dimensions for standard half cells are:

diameter: 25.2+0.1 mm

thickness: 260+£2um

Instead the average dimensionsAdfa half cells are:
diameter: 25.6+0.3mm

thickness: 230+3pm

The collected data were analyzed in order to estim&eibull distribution

parameters (Tab. 4.3).

Table 4.3: Weibull parameters.

Half cell 0q (MPa) m
Alfa 148 6.1
standard 540 8.2

The linear regression of the experimental data. (#ig) show the lower value of the
Weibull characteristic strength and module of tAH#a cells. This is an expected
consequence of the increase in the porosity actiibyehe addition oAlfa powder to the

anodic slurry.
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Fig. 4.9: Weibull plot for Alfa and standard half cells.

4.4 CONCLUSIONS

Alfa cells were produced by substituting a certain arhafi 8YSZ powder with a
ceramic powder of larger aspect ratio to increasesity of the anode.
Redox tolerant cells were obtained: after 15 redgaes the cells did not show cracks
within the electrolyte. Thanks to the modificatiomgthin the anodic microstructure
obtained by using this powder, it was possiblereate a structure with homogeneous high
porosity and high compliance which allows Ni voluregpansion upon re-oxidation
without generating detrimental stresses.
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By electrochemical tests, losses in polarizatiord amnsequent performances
decrease were observed due to changes into thécanadostructure, such as growth and
coarsening of the Ni particles. Nevertheless, tl@V/Qonstant value over every cycle
demonstrated that the electrolyte did not presamtifcant cracks that can lead to cells
failure, as it was confirmed by microstructure gsa.

On the other hand the anode high porosity limitrttechanical strength and a higher
probability of failure is expected withlfa than with standard cells. It is necessary then to
improve cell mechanical reliability and at the sartime obtain an increase in

electrochemical performances.
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The addition of selected doping elements in thedaror the electrolyte is known to
improve cells mechanical properties, electrochehpeaformances and long-term stability
[38, 89]. For instance, AD; was reported to act as a sintering aid for cul®z Y37, 38],
and to enhance hardness, fracture toughness amay$omodulus [36, 39]. Moreover, the
addition of AbOs into the anode increases its sintering rate iriotal match the electrolyte
sintering rate, this allowing to obtain high qualiand flat “as sintered” cells [90].

Dopants such as s, MgO, CeQ were also added to the anode in an attempt to
increase the resistance to redox cycles [86, Bdj.these reasons, A); and Ce@ were
selected as dopant elements.

In the first paragraph the effect of different amtsuof ALO; and Ce® on
reduction and oxidation kinetics of NiO/YSZ powdersas investigated by
thermogravimetric analysis at 800°C in/RAr (reduction) or air (oxidation) atmosphere,
associated with detailed microstructural investagabf the samples.

In the second paragraph the behaviour upon redolngyof Ni/YSZ anodes doped with

the selected elements is reported.

5.1 StuDIES OF THE REDOX KINETIC OF THE DOPED POWDERS

5.1.1 EXPERIMENTAL

Both Al- and Ce-doped NiO powders were producedaliging 1 to 10 mol% of
Al(NO3)3-9H,0 (Riedel- De Haen, Germany) or Ce(j§6H,0 (Alfa Aesar, Germany) to
NiO powders (J. T. Baker, USA) in a plastic jar @ning ethanol and zirconia grinding
media. The suspensions were milled for 24 h and dhned and calcined for 10 h at 900°C.

Pure NiO powders were also calcined for 10 h at’@0@nd used as reference material.
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After calcination, the dopant elements were preasrixides. These samples were labelled
considering the dopant element concentration: kamle, NiO doped with 3 mol% Al-
nitrate was named 3% Al while NiO indicates thecitedd reference. Powders were
screened through a 1Q0n sieve and specific surface area (SSA) was detedniDoped
and undoped NiO powders were mixed with 8 mol%iaststabilised zirconia using a
NiO/YSZ weight ratio equal to 58/42, dispersant atilled water for 20 h in a rotating
plastic drum containing zirconia balls. The powdeese then dried and ground manually
in a mortar. Loose powders were finally heat tréat¢ 1450°C for 2 h for promoting
sintering. The resulting samples were manually gdoand the fraction passing through
100um sieve was used for redox tests.

In analogy with the names assigned to doped NiOdeosy doped NiO/YSZ powders
were indicated as X% M-YSZ where X is the molarcfien of dopant within the NiO
powder and M = Al or Ce.

Mass changes during oxidation and reduction cyclesre measured by
thermogravimetric analysis; the test procedureeidbed in paragraph 2.3.

The powder morphology before and after redox cyeles characterized by scanning

electron microscopy.

5.1.2 RESULTS ANDISCUSSION

Powder characterisation

The specific surface area of the as calcined poswvidereported in Table 5.1. It can
be observed that SSA is higher in all the dopedpsssnthan in the undoped NiO; in
particular, in case of Al addition, the higherh® tdoping level, the higher is the final SSA.
On the other hand, for powders doped with diffesnbunts of Ce, their SSA seems to be
rather independent from Ce concentration, rangiomf3.3 (1% Ce) to 4.0 gy (3% Ce).
Considering that as received NiO powder possesS&Aaof 3.3 fig and the calcined one

only 1.0 ni/g, it is evident that the treatment at 900°C aot®tor the coarsening of the
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NiO grains. Therefore, the use of Al- or Ce-nitratibits the coarsening of the NiO upon
calcination. Such considerations can be supportgdthe observations of powder
morphology by SEM (Fig. 5.1a).

Table 5.1: Specific Surface Area of the as CalcinddiO Powders.
Sample NiO 1% Al 3% Al 5% Al 10% Al

SSA
) 3.8 4.3 6.6 15.4
(m/g)
Sample NiO 1% Ce 3% Ce 5%Ce 10% Ce
SSA
) 3.3 4.0 3.4 3.7
(m/g)

For sake of briefness, only the microstructureshef most representative samples are
reported here. The chosen samples are the refeli@gel% Al, 10% Al, 3% Ce and 10%
Ce. Each NiO powder was analysed (i) as calcinégl @-1a), (i) mixed with YSZ and
sintered (Fig. 5.1b), and (iii) after two redox ®s(Fig. 5.1c).

As for the as-calcined NiO powder (Fig. 1a), aidigton can be pointed out between
Al- and Ce-doped samples. All doped powders arter fihan the reference one; the powder
fineness increases with the amount of Al-dopingilevh is substantially constant for all
Ce-doped powders, in agreement with the Nitrogesoigdion data.

The heat treatment of NiO/YSZ powders for 2 h A€ leads to the formation of
well developed sintering necks between particlegantact; a YSZ matrix can also be
pointed out, which exhibits areas with varying dées, clearly depending on the degree of
agglomeration of the pristine powder (Fig. 5.1)eTcomparison of each sample in the as-
sintered state (Fig. 5.1b) and after two redox eyc{Fig. 5.1c) allows to point out
variations in the microstructure: an increase imopity, grain coarsening and different
distribution of NiO. Nickel oxide is finely and udormly distributed within the YSZ
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network in the as-sintered samples; converseler afte two redox cycles, it appears
coarser and characterized by irregular shape. ddrnisbe explained by considering that the
first reduction of the small and uniformly distriied NiO particles occurs with volume
reduction and porosity increase. In reducing emvitent at high temperature Ni can diffuse
on YSZ surface and agglomerate. The re-oxidati@hvarumetric increase of such coarsen
Ni particles can locally lead to intense stresadbé YSZ network [58].

It is interesting to observe the presence of sontergranular cracks between
zirconia grains generated by Ni particles expansimon oxidation. In some cases
intragranular cracks were observed as well (sahp¥é Ce-YSZ in Figure 5.1c).

Different portions of the same samples were andlys®rder to determine whether
any differences in the densification of the zir@oniatrix has an influence in the coarsening
of NiO grains and in crack formation. As an exampléferent portions of 1% Ce-YSZ
sample after two redox cycles are reported in due.

One can observe that in the zones were more neekfoaned between zirconia
particles and the matrix is denser (Fig. 5.2a),nhmaber of cracks is higher. In such areas,
the dimensions of the NiO particles are smalleggssting that the zirconia skeleton
inhibits the Ni agglomeration. Nevertheless, whédw tparticles are oxidised, their
volumetric expansion cannot be accommodated bpdhesity and introduces high stresses
in the structure, with consequent cracks nucleadimh propagation (Fig. 5.2a).

On the other side, where the zirconia matrix issévo(Fig. 5.2b), the coarsen NiO
particles are bigger. In such zones, the Ni aggtatian is less inhibited by the zirconia
matrix and cracks formation is less severe, thdgcating that even the coarser particles can

expand freely in the larger voids of the network.
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b10% Al-YSZ
e o

Fig. 5.1: SEM micrographs of selected NiO doped andindoped samples: as calcined NiO
powder (column a), as sintered NiO/YSZ (column b)NiO/YSZ after two redox cycles (column

¢). The samples are, from the top to the bottom: theeference, 1% Al, 10% Al, 3% Ce and 10%

Ce. Coarsening of NiO (reference sample in Figure.5c), intergranular cracks (sample 1% Al-

YSZ in Figure 5.1c) and intragranular cracks (sampé 10% Ce-YSZ in Figure 5.1c) are
highlighted by arrows.
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Fig. 5.2: SEM micrographs of two different portions of sample 1% Ce-YSZ, after two redox
cycles. The arrows indicate: a. intergranular cracksb. coarsening of NiO.

Thermogravimetric analysis

First ReductionThe normalised mass change and mass change rfatectien of time
upon the first reduction are shown in figures 518 &.4 for Al- and Ce-doped samples,
respectively. The curve corresponding to undope@/X6Z is reported for comparison.
The mass change values are normalised with regpébe final weight of the completely

reduced samples, by the following relation:

a,=——0" (5.1)

wherem, andm are the initial and the final mass, respectivalydm is the mass at
time t. After a reduction time of 180 min all the thermograetric curve are constant,

indicating that the reduction process is complete.
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Concerning the Al-doped samples (Fig. 5.3), itislent that doped samples reach the
final reduced state more quickly than the referepoeder. After 10 min treatment, the
reduced fractions for 1% and 10% Al-YSZ are 0.64 @r®5, respectively (Fig. 5.3a). Such
results suggest that the higher is the Al dopingllehe faster is the reduction process.

The peaks of the reduction rates range from -1rif6" for the undoped sample to -1.6 %
min® for the 10% Al-YSZ doped powder (Fig. 5.3b). Sutéta can be explained by
observing that the specific surface areas of theptss (Table 5.1) are significantly
increased by the addiction of the dopant (from 1%onf/g in the as calcined state). The
higher surface available for the reduction reactiam be the reason for the observed
behaviour. It is important to say that the spedsficface areas of the same powders mixed
with YSZ and sintered were not measured, but froemSEM images (Fig. 5.1b) it is clear

that they possess finer microstructure than NiO/Y&Erence.
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Figure 5.3: Normalised mass change (a) and massdaste (b) versus time upon first reduction

for the Al-doped powders. The DTG graph (b) is relave to the time interval where the mass
change is more significant.
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The effect of the addiction of Ce on the first retitan cycle is less clear (Fig. 5.4). The
curves corresponding to limited doping level samee very close to the reference one,
while a different behaviour can be appreciated tfoe 10% Ce-YSZ doped samples.
Nevertheless, as it was the case for the Al-dopeigred samples, also in this case the
higher is the doping level, the faster is the réidncprocess. After a reduction time of 10
min, the reduced fractions for 1 and 10% Ce-YSZedbpowders are equal to 0.63 and
0.76, respectively (Fig. 5.4a). Such values areagbMower than data obtained for Al-

doped samples.
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Fig. 5.4: Normalised mass change (a) and mass changte (b) versus time upon first reduction
for the Ce-doped powders. The DTG graph (b) is relatie to the time interval where the mass

change is more significant.
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First Re-Oxidation The normalised mass change and mass change exigs\time

upon the first re-oxidation are shown in figures &nd 5. 6, for the Al-doped samples and
the Ce-doped samples, respectively.
The mass change values are normalised with redpethe final weight of the

completely oxidized samples, by the following rigat

a = (5.2)

Only the data corresponding to first 60 min areortgr since the oxidation process is
very fast and is substantially complete in thetftreur. The oxidation process is always
faster than the reduction one. For the refereneedpothe maximum reduction rate is -1.4

% min?, while the maximum oxidation rate is 4.1 % fhin
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The oxidation rates are faster for both the Al- déimel Ce-doped samples with respect to
pure NiO/YSZ.
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Fig. 5.6: Normalised mass change (a) and mass changate (b) versus time upon first re-
oxidation for the Ce-doped powders. The DTG graph ngorted (b) is relative to the time interval
where the mass change is more significant.
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The oxidation maximum rate is observed in the 3%Y&FZ doped powder (5.5 % min
Fig. 5.5b). After an oxidation time of 5 min, theidized fractions of the reference powder,
1% and 10% AI-YSZ doped samples are 0.77, 0.80a8id respectively (Fig. 5.5a).

For the 1% and 10% Ce-YSZ doped powders, the ceddizactions are 0.85 and 0.97,
respectively (Fig. 5.6a). In particular for the €8Z samples the higher the dopant
concentration, the faster is the reaction.

Second Reduction and Re-Oxidation Cydesecond redox cycle was performed on

all samples in order to point out any differencéwthe first cycle. The related mass change
and mass change rate diagrams are reported in digpenFor sake of conciseness, only
the results of 1%AI-YSZ and the NiO/YSZ referenge ahown, the behaviour of such
samples being common to all the investigated omés. diagrams corresponding to the
reduction and oxidations are shown in figures 5id &8, respectively. It is evident that the
second reduction process and the second re-oxidatiocess are always faster than the
first one. Comparing the first and the second didda the maximum oxidation rate for
pure NiO changes from 4.1 to 4.7 % fhitior 1%Al-YSZ powders it changes from 5.2 to
5.6 % min". The faster second reduction and re-oxidationecgaggests that the first redox
cycle is responsible for a modification of the romtructure related to a different pore
distribution caused by Ni coarsening which allowseasier gas diffusion. The micrographs
of the selected samples before and after the regoes (Fig. 5.1b and 5.1c¢) show in fact

that a change in the NiO particle morphology tot#ce.
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5.1.3 CONCLUSIONS

NiO/YSZ powders with different amount of Al- or Geping elements were tested by
thermogravimetric analysis to investigate how thaydify the reduction and re-oxidation
kinetics.

The specific surface area of the calcined NiO pavidereases with the amount of Al,
whereas it is almost independent when Ce is added.

It was found that both dopant elements increaseetiection and oxidation rates with
respect to the reference powder. The reduction imteeases monotonically with Al
amount; on the other hand only when high Ce loagséxd (10%) the first reduction rate is
sensibly affected.

The second reduction and re-oxidation are fast@n the first one. The presence of
coarser NiO particles generated in the first cyardel a consequent porosity modification

can explain the generalized reaction rate increase.
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5.2 DEFORMATION OF UNCONSTRAINED HALF CELL WITH

DoPED ANODE

In this paragraph redox behaviour of 1%Al-doped &%Ce-doped half cells was analyzed
by monitoring in-situ the deformation associated cgclic changes of the operative
atmosphere. This characterization aimed to beagghtforward way to determine the redox
stability of anodes with different composition amicrostructure. Moreover, it has to be
underlined that the observation of the unconstohideformation of the cell during redox
cycles gives additional and different informationthwrespect to those obtained by

electrochemical test.

5.2.1 EXPERIMENTAL

NiO powders doped with 1 mol% of AI(NR-9H,0 or 5 mol% of Ce(Ng)s-6H,0
or just calcined were prepared as described irgpapa 5.1.1.

Different half cells were produced by using theaattd NiO powders for the anode,
with NiO to YSZ ratio of 58 to 42 by weight. Anodmd electrolyte were prepared by
water-based sequential tape casting technique @a). Unlike the typical electrolyte
materials, for the half cells made with NiO caldnanode the electrolyte was produced
with zirconia FYT13-002H (Unitec, UK). Green bi-kxg were sintered at 1450 °C for 2 h.
Curvature evolution upon redox cycling on the pmetl half cells was performed
following the procedure described in the paragraph The microstructure of the cells was

analyzed by scanning electron microscope.
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5.2.2 RESULTS ANDISCUSSION

Deformation during redox cycle

The curvature evolution upon a redox cycle is reggbin figures 5.9 and 5.10. As a
convention we chose to report positive curvaturehfidf cells bent towards the electrolyte
and negative for those bent towards the anode.

Figure 5.9 shows the deformation associated torédection of the samples. The
process is very fast, the changes in the samplatire being observable within the first
20 min. When the cell bends in the direction of éim@de, one can suppose that the anode
shrinks, while it expands when the cell bends towthe electrolyte. As observed before,
NiO to Ni reduction is associated with a volume réase. One may therefore expect that
the anode shrinks and this in fact happens in #se of 1%Al-doped (anode doped with
AI(NO3)3-9H,0) and NiO-calcined (reference) cells (negativesature).

Conversely, it is very interesting to observe hd#wCe-doped sample bends towards the
electrolyte upon reduction; this somehow surprisibghaviour can be explained
considering that ceria is very sensible to the gasosphere. In a reducing environment
Cé" can be reduced to &eand the reduction can be accompanied by volumease
[101]. Such volume increase produces an elongatiaihe anode and the cell assumes a
positive curvature.

The curvature upon the re-oxidation is reportedrigure 5.10. The geometrical
changes associated with re-oxidation occur withi first 40 min; all samples develop a
positive final curvature.

The initial curvature at the beginning of the otida step corresponds to the curvature at
the end of reduction step. Consequently, 1%Al-dogedl NiO-calcined samples start from
a negative curvature. Then, a positive curvaturebiserved, this indicating that samples
bend toward the electrolyte; this behaviour is edusy the re-oxidation of Ni to NiO with

a volume increase and consequent anode elongdtiencurvature reaches a maximum,
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which is very large for the 1%Al-doped samples 228i%), and, then stabilizes to lower
positive values.

An analogue inversion in the curvature rate dunglation (cell bending at first
towards the electrolyte and then towards the anodey also previously observed by
Malzbender et al. [102]. Faes et. al. [103] attigldusuch curvature inversion to creep
phenomena occurring in the anode and to movemethieodxidation front. In addition, one
can also consider that cracks formed during thegs® can contribute to relax internal
stresses and reduce the observed curvature.

It is also worth noting that, analogously to whappens in the reduction process, the
5%Ce-doped sample in the first 2 min of oxidatidrows an opposite behaviour, i.e. a
negative curvature rate. The initial curvature dase could be ascribed to the oxidation of
the C&" to C&* with a volume decrease followed by a re-incredse@ curvature due to

the volumetric expansion of Ni re-oxidation.
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Fig. 5.9: Curvature evolution upon reduction.
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The opposite behaviour of &eand Ni observed during oxidation and reduction
allows to suppose that the optimization of Ge®ncentration with respect to NiO could

decrease the half cell deformation and increasexrazlerance.
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Fig. 5.10: Curvature evolution upon re-oxidation.

Microstructures analysis

Figures 5.11 and 5.12 report the anode microstrecamd the electrolyte surface
before the test, respectively. Nickel oxide pagticare evenly distributed in the YSZ matrix.
One can also observe (Fig. 5.11b) that 1%Al-dopeatia shows a denser microstructure.
The open porosity in the oxidised state, as meddawyeA\rchimedes method, is in fact 24%,

13% and 18% for NiO-calcined, 1%Al-doped and 5%0pedi samples, respectively.
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Fig. 5.11: Cross section of the as produced anode NiO-calcined (a), 1%Al-doped (b) and
5%Ce-doped (c) sample.
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Fig. 5.12: As produced electrolyte surface in NiOalcined (a), 1%Al-doped (b) and 5%Ce-
doped (c) sample.

The electrolyte surface of NiO-calcined, 1%Al-dopatt 5%Ce-doped samples after one
redox cycle is shown in figure 5.13. Cracks arajevisible in all samples. Density of
cracks and severity of damages decrease moving Tféml-doped to 5%Ce-doped and to
NiO-calcined sample. In the latter sample the csacke evident only at high

maghnifications.
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Fig. 5.13: Electrolyte surface after re-oxidation inNiO-calcined (a), 1%Al-doped (b) and 5%Ce-
doped (c) sample.

A larger number of cracks are clearly visible in Adoped sample. One can
remind that such sample exhibits the highest cureatiuring oxidation and the highest
expansion of the support anode. This behaviourbeaexplained by considering that the
anodic microstructure of 1%Al-doped sample is deifssompared to the others.

The coarsening of Ni particles in the reduced stag their volumetric expansion
upon oxidation induce higher stresses that accfauniarger macroscopic expansion. The
low porosity of the anodic support cannot accomnmttze Ni re-oxidation. It was reported
elsewhere that typical anode strain limit duringox@ation is in the range 0.1 — 0.2%
[103]. All samples considered here exceed cleadghslimit, as demonstrated by the
electrolyte failure.
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The cross section of anode-electrolyte interfader afe-oxidation is reported in
figure 5.14. Redox cycle modifies the anodic mitnoesture and different distribution and
coarsening of nickel oxide particles are evidentcbynparing figures 5.11 and 5.14. The
higher density of 1%Al-doped sample is clear. Shigher density was expected since it
was previously observed that alumina acts as #mgtexid for Ni/YSZ anode [37, 38]. In
the cross section of 1%Al-doped sample (Fig. 5.1#ky also possible to observe cracks
within the electrolyte and the anode. The higheogity of NiO-calcined and 5%Ce-doped
samples can explain the better behaviour with @sigethe 1%Al-doped sample, though
the presence of cracks within the electrolyte (big4c).

Fig. 5.14: Cross section of the anode interface aft one re-oxidation: NiO-calcined (a), 1%Al-
doped (b) and 5%Ce-doped (c) sample. Cracks are ifchted by arrows.
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The analysis of the microstructure confirms that Key point to improve redox
tolerance of anode supported cells is to increseahode porosity in order to tolerate Ni

particle expansion during re-oxidation and limi tpeneration of stress.

Stress analysis

The maximum value of the measured curvature wad tseestimate the stresses
which are developed in the half-cell and the thgcaé elongation of the anode upon
oxidation. The strain difference between anode aledtrolyte Ac) and the maximum
tensile stress in the electrolyte;,®) depend on the curvature radius according to the

following equations (rearranged from [104-107]):

4.2 2
A& :[m n +2mr(2m 2+ 3m+2)+1}(t1 +h j(l—ul) (5.3)
6(m+1) mn r
x| MPn(4m+3)+1 (tl +t2j
= 5.4
’ [ 6(m+1)*mn } o) cY

where r is the curvature radius, andE, the elastic modulus of the electrolyte and anode,

respectivelyy the Poisson ratian = ty/t,, the thickness ratio and n the modulus ratio, mive

by:
n:( 2 ](1_'/2) (5.5)
1-v, E,
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If we consider a monolithic electrolyte layer, démensions would be constant
regardless of the atmosphere (oxidizing or redycitige termAe in Eq. 5.3 is the
elongation of the anode only. For the calculati@oan assume a Poisson ratio of 0.3 and a
Young’s modulus of 200 GPa and 100 GPa for thetrellgte and the anode, respectively
[102]. The thickness of each layer was measure8HEM. The maximum anode strain and

electrolyte tensile stress are reported in Talile 5.

Table 5.2: Maximum anode straing,, and electrolyte tensile stresgmax (MPa) during the re-

oxidation.
NiO-calcined 1% Al-doped 5% Ce-doped
Emax % 0.26 0.97 0.37
Omax 650 1949 760

The tensile strength of a typical 8YSZ electrolsgages between 150 and 250 MPa
[108, 109]. As shown in Table 5.2 the maximum chtad tensile stress is significantly
higher than the electrolyte tensile strength afglldads to the formation of cracks that can
be observed in the electrolyte as shown in figut&5

1%Al-doped sample is subjected to the maximum kensiress and anode
elongation, while both quantities are minimum ir tNiO-calcined specimen. Also the
crack density and width are maximum in the 1%Al-ebgample (Fig. 5.13b). Comparing
the three samples, one can observe that the tnegl@dtrolyte stress, anode elongation and
crack density is opposite to the trend in the pibyobeing it NiO-calcined > 5%Ce-doped
> 1%Al-doped. In other words, a higher porosity imizes the anode elongation, which in
turn minimizes the stress in the electrolyte.

It is worth to say that although the performed tidamnalysis furnishes an estimation

of the stresses and can be employed to comparerediff samples, it is not obviously
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rigorous. In fact, due to the relatively high temgiare (800°C) of the process and to the
exothermicity of the Ni=NiO reaction, the cell behaviour upon redox cyclaynmot be
purely elastic [103].

A complete analysis of the stresses should relg omore complex visco-elastic approach.
In addition, curvature and elastic modulus, curkatate, viscosity of the layers, oxidation
front movement and real sample temperature shoalkriown. Nevertheless, the high
curvature level reached by 1%Al-doped samples fieated in the multiple and severe
cracking of the electrolyte, this confirming thhetin situ observation of the curvature is a

rapid and effective method to test multiple samfdesedox tolerance.

5.2.3 CONCLUSIONS

Redox behaviour of anode supported half cells dopah Al,O; and CeQ@ was
investigated by monitoring in-situ the deformaticaused by cyclic changes of the
operative atmosphere.
During oxidation, 1%Al-doped samples present thghést curvature variations and
maximum tensile stress, this resulting in highersity of cracks accounted for the limited
porosity of the anode. Indeed, the denser is tlwel@nthe higher are anode deformation
upon NiO expansion during re-oxidation and intesta¢sses with consequent cell failure.
Samples produced using pure NiO and 5%Ce-dopedpNi@ler show lower deformations
due to their larger porosity, though this is nobegh to avoid crack generation within the
electrolyte. The higher density of 1%Al-doped samph comparison with the other
samples can be attributed to the sintering aiccefiéalumina within Ni/'YSZ anode.
When CeQ is present as dopant, the volumetric effect assediwith Ni oxidation and
successive reduction is counterbalanced by defownstcorrelated to CeO- CeOs;
transformation.
The obtained results lead to important understandirthe role of doping elements on the
redox process; limitation of the anode expansioanupe-oxidation appears to be a first
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approach for increasing redox tolerance of anogeated cells. This can be accomplished
by considering the addition of a suitable amountdoping elements with an opposite
volumetric behaviour to NiO (such as Gg@nd/or by increasing the anode porosity to

tolerate Ni particles re-expansions.
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CONCLUSIONS

In the present work important results regarding risgox behaviour of anode supported
planar SOFCs have been obtained which can be useftle production of redox tolerant
devices.

A strong relation has been pointed out between @maidrostructure and redox behaviour.
Careful and tailored modification of the anode ms#tructure was adopted as strategy in
order to overcome such issue and decrease thesedregthin the electrolyte and avoid
consequent crack formation due to NiO expansionndure-oxidation. The influence of
different modifications produced within the anodiicrostructure was considered. For this
reason different kinds of pore former were addetihéoanodic slurry.

PU foam, PEMA-co-MMA, PMMA and graphite flakes weselected as fugitive materials
to increase anode porosity. It was observed tleaathount and morphology of pore former
play a key role on the final microstructure.

Anodes produced with addition of PU foam showedHiggility. Despite the open and
interconnected porosity, they are not suitableSOFCs pre-pilot and industrial production
unless their mechanical strength is increased.

The comparison between anodes having differentasiiascture but the same amount of
organic materials allowed to draw some interestiogclusions, comparing the role played
by each pore former in relation to microstructurel ¢he effect on redox behaviour.
Actually, the standard anodes and the substrates obtainbdheitaddition of PEMA-co-
MMA beads as fugitive materials, both having atiahiporosity of 14%, displayed similar
behaviour upon redox cycling. The cells failed jugion one redox cycle, showing no
improvement in support robustness. It was obsetlatl changes associated to different
pore morphology, while keeping the same porosity,rt sufficient to improve the redox
tolerance unless also the porosity is increasedebr, the open porosity needs to be well
distributed. Indeed, SEM observation showed that itlftroduction of PEMA-co-MMA
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produced some large voids not evenly distributéal the anode. This result was confirmed
when PMMA beads were introduced into anode slufFhe amount of pore former within
the anodic slurry needs to be higher and must ptesean size as finer as possible in order
to obtain a well distributed porosity.

The addition of finer pore former such as grapHiakes within the anodic
microstructure brought to an improvement towardfoxetolerance. The cell tolerated six
redox cycles before failure, even if already aftee first cycle cracks formation is
evidenced by the OCV drop. The benefit allowed ibg graphite addition is evident, due
to more homogeneous distribution of fine porosibgugh it is not enough to guarantee
lifetime longer than six redox cyclesirom these observations, anodes with higher and
finely distributed porosity can likely tolerate nearedox cycles.

An alternative new interesting approach was comsitieluring this research work,

consisting in modifying the anode microstructure 182 backbone by addition of proper
ceramic powders with high aspect ratidfé powders). The use &lfa powders in anode
production allowed to increase the open porosity8®® in the as sintered component,
while the usual values are in the range of 25-30%e porosity increase was not
detrimental for the mechanical properties, keepireggaverage flexural strength in the order
of 150 MPa.
Redox tolerant cells were therefore produced astéde The cells did not show relevant
cracks in the electrolyte up to 15 redox cyclesai®s to the modifications realised within
the anodic microstructure by this different powdewas possible to create a structure with
a higher and homogeneous porosity, which alloweddiime expansion upon re-oxidation
with low stress generation.

OCV was quite constant during 15 redox cycles, eviail consistent performance
degradation upon redox cycles was observed, prglzahised by changes into the anodic
microstructure, such as growth and coarsening ®fNhparticles, and occasional cracks
into the anode network (observed by SEM analybls)ertheless, the OCV constant value
over every cycle demonstrated that the electralidenot present significant cracks leading

to cells failure, as it was confirmed by microstural analysis. However, due to the
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promising results obtained, such approach for hidfust redox cells is under investigation
for patent application, including materials andgassing.

Even if sufficiently high for 15 redox cycles, theechanical properties and stability
of the anode was investigated with the aim to iaseecell reliability. In order to achieve
this goal, AYO; and CeQ@ were selected as dopants for their well documeptegerties as
sintering aid and mixed electronic and ionic coriduaespectively. NiO/YSZ powders
with different amount of Al- or Ce-doping elememisre tested in order to investigate how
they modify the reduction and re-oxidation kineticcomparison with the standard anodic
powders.

Both dopant elements increase the reduction andat®n rates with respect to the
reference powder. The reduction rate increased toaimally with Al,O; amount; on the
other hand, only when high Ce@ad is used (10%) the first reduction rate wassksy
affected. The second reduction and re-oxidationewfaster than the first one for both
dopants. The presence of coarser NiO particlesrgtatkin the first cycle and a consequent
porosity modification can explain the generalizedation rate increase.

Interesting information on redox behaviour of ansdpported half cells doped with,8l;
and CeQ were obtained by monitoring in-situ the deformatielated to cyclic changes of
the operative atmosphere. During oxidation, théaé&y curvature variations were observed
for 1%Al-doped samples, resulting in a higher dignsi cracks that can be attributed to the
limited porosity of the anode. Indeed, an increimsanode density leads to larger anode
deformation upon NiO expansion during re-oxidatithis is responsible for high internal
stresses and consequent cell failure. Samples peddusing pure NiO and 5%Ce-doped
NiO powder showed lower deformations due to thaigér porosity, though this is not
enough to avoid crack production within the elelgten It is interesting to observe that for
the Ce-doped samples, the volumetric effect asttiaith Ni oxidation and successive
reduction is counterbalanced by deformation coreeléo CeQ@— CeOs transformation.

The obtained results lead to important understandirthe role of doping elements on the
redox process; limitation of the anode expansioanuge-oxidation appears to be a first

approach for increasing redox tolerance of anogpated cells.

155



CONCLUSIONS

A general aim to produce redox tolerant cells rdgahe reduction of supporting anode
deformations. The results presented here suggasttiiis can be accomplished in two
ways: (i) tailoring of the concentration of dopietements with an opposite volumetric
behaviour to NiO (such as CgCand (ii) increase of the anode porosity to tdkeri

particles re-expansions. In any case the modi6ioatealized within anode microstructure

must take in account the mechanical strength arfdnpeance.
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A. Normalized mass change and mass change rateadiagor second reduction and re-

oxidation for Al and Ce-doped powders.
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Figure A.1. Normalised mass change versus time upcsecond reduction for the Al-doped
powders.
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Figure A.2. Normalised mass change rate versus terupon second reduction for the Al-doped

powders. The DTG graph is relative to the time inteval where the mass change is more
significant.
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Figure A.3. Normalised mass change versus time upaecond re-oxidation for the Al-doped
powders.
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Figure A.4. Normalised mass change rate versus tenupon second re-oxidation for the Al-
doped powders. The DTG graph is relative to the timénterval where the mass change is more
significant.
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Mass change rate (%rnin_l)

Figure A.6. Normalised mass change rate versus terupon second reduction for the Ce-doped
powders. The DTG graph is relative to the time inteval where the mass change is more

significant.
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Figure A.7. Normalised mass change versus time upsecond re-oxidant for the Ce-
doped powders.
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