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ABSTRACT

CHARACTERIZATION OF TEMPERATURE CHANGES AT THE GAS -ELECTRODE
INTERFACE OF LANTHANUM STRONTIUM COBALT FERRITE 7 GADOLINIUM DOPED
CERIA BASED CATHODES FOR SOLID OXIDE FUEL CELLS USED IN MOBILE
APPLICATIONS

Ryan Crozier Advisor:
University of Guelph, 2019 Professor Dan Thomas

Increased awareness of climate change and problems associated with environmental pollution have led to
an international search for alternative fuel sources and methods of energy amvErs includes

innovating current transportation methods to be less reliant on fossil fuels and have reduocath@O
Automobiles currently rely on extremely inefficient internal combustion engines (ICEs). A popular
alternative to ICE vehicles aredicell vehicles, which boast efficiencies ttamthree times higher than

ICEs depending on the type of cell used and the operating tempeitigehesis is an investigation of

the temperature changes at the-glestrode interface of lanthanwstrontium cobalt ferrité gadolinium

doped ceria (LSCI&DC), a candidate material for the cathode of a solid oxide fuelldwd.

observations from experiments indicated that the changes in temperature caused by changing the
load and the flow rate were nimal compared to the overall cell temperature, and therefore their
impact on cell structure and degradation is likely minimal as well. Furthermore, the cell, as
measured from the side of the cathode, equilibrated relatively quickly, which is ideal in the
application of SOFCs in mobile applications such as FCVs, where rapid changes in load demand

are needed to shift the power of the vehicle.
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1. Introduction and Research Objectives

In 2013 the United Nations Environment Program announced that@©entrations had

exceeded 400 ppm in multiple globataisphere watch stations, a much higher concentration

than 350 ppm, which they considered to be a safe tdvel in 2019, as seen in Figurel1CO;

levels havegotten as high as 410ppm a n d tirdieatioa thathese tevels will stop

increasing Studiessuch as thsehaveaided in the initiative tincrease awareness of climate

change and problems associated with environmental pollution caused by fossil fuel usage, which
has led to an international search for alternative fuel sources and methods of energy conversion.
Around 30% of C@emissiors come from the transportation sector, thus there is much interest in

innovating current transportation methods to be less reliant on fossil fuels, and have reduced CO

output?!

Mauna Loa Observatory, Hawaii, Monthly Average Carbon Dioxide
Concentration
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Figure 1.1: Atmospheric CQconcentrations (ppm) derived froim situ air measurements ¢
Mauna Loa, Observatory, Hawaii. The seasonal adjustment is made to remove thegylas
seasonal cyclé.



Mostautomobiles currently rely on an internal combustion engine (ICE), a type of heat
engine, to convert the chemical energy of a supplied fuel into the mechanical esedgo put
the vehicle in motion. These ICEs are extremely inefficient, with the most modern ICEs of the
past decade only using 20980% of the energy in a gallon of gasoline to move the vehiale.
patentialalternative to ICE vehicles are fuel cell vehicles (FCVs), wiheoreticallyboast
efficiencies as high as 60980% depending on the type of cell used and the operating
temperaturé.The high efficiencies of fuel celtsan be explained e fact thatsince they are
not heat engineshey are not subject to the Carnot limit, whiabfinesthe maximumefficiency
of all heat engines. Fuel cell efficiency plotted with the Carnot limit can be seen in Eigure

Carnot limit for a heat engine can be calculated as follows:

0 Wi &g Re— [1.1]
HereT; is the maximum temperature of the heat engine, while the temperature at which the
heated fluid is releas€druel cells are not subject to this limit because they are able to directly

90
Fuel cell, liquid product

80
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Fuel cell, steam product

70

60

Efficiency limit (%)

50 — Carnot limit, 50°C exhaust

40

30 | | T T |
0 200 400 600 800 1000
Operating temperature (°C)

Figure 1.2: Efficiency of fuel cells compared to heat engines subject to the Carnot
Adapted from Larminiest al3



convert chemical energy into electrical energy, without any intermediary step involving
transformation into therma&nergy. Thus, one can see that replaci
20% efficiency with a fuel cell at 60% efficiency could redtck a t  eCOuUtpUEtdD14S

of the original. This of course assumes that the fuel cell utilizes gasoline as fuel, which is an

option for some cells, but not possible for other typemy fuel cells howevergan utilizepure

hydrogen as a fuel sour@mda comparison amongst fualgces could provide valuable insight

into which may be a better option. In Figur8 one can see a comparison of various fuel sources

in terms of energy density (Wh/L) and specific energy (Wh1Rg).

While the low mass of gaseous fuels such as hydrogen result in superior specific energy,
liquid hydrocarbons are seen to have the highest energy density amongst fuel sources, while still
having very high specific energdlowever, here are other factoteat one should considevhen
determiningwhat may be the most economically and realistically viable option for a fuel source.

One of the most important factors to consider is infrastructure. To create a compatible

Fuel Sources: Comparing Mass and Volume Energy Content

Liquid Hydrocarbons

10000
Alcohols

1000
Gaseous

Fuels

Energy Density (Wh/L)

100

10
1 10 100 1000 10000 100000

Specific Energy (Wh/kg)

Figure 1.3: Comparing fuel sources by energy density and specific energy. Adapte
modified from Linderet al, and Thomast al.*®



environment for FCVs utilizing pure hydrageas fuel would require large investments in
infrastructure to build hydrogen stations, a place where owners of FCVs could purchase and
transfer hydrogen into their FCV. Thsan extreme measure when compared to liquid
hydrocarborcompatible FCVs whichauld simply use infrastructure that has already been built.
Furthermore, the idea that hydrogereled FCVs have zero G@utput is misleading because

the main source of this hydrogen is teéormingof hydrocarbons, which results in greenhouse
gas emissins? Therefore the use of liquid hydrocarboompatible FCVs is a much more

realistic approach, while still having a very positive environmental impact.

One type of fuel cell that is compatible with liquid hydrocarbons, as well as other
potential fuel sourcess the Solid Oxide Fuel Cell (SOFQ)he high operating temperatures of
SOFCs (60€L000°C) give it the advantages tife highestefficiencies (5660% with methane as
fuel and air as an oxidgnthe capability fointernal reformingandcogeneration of power
through recycling waste he&f However, these high operating temperatures combinectiéth
brittle ceramicghatmake up the SOF@quirerelatively long warrup and coeddown times.
Furthermorethese temperature fluctuatiooan lead to structural degradation because of the
mismatchd thermal expansion coefficients (TECSs) of the different cell companents
Historically, this has limitedhe use of SOFCGs applications with rapidly fluctuating
temperaturessuch as mobile power plastor FCVs, where varying accelerations wiquire
varying power demands, which will require frequent changes in operating conditions in the cell
Thus, nuch of theSOFC literature and applications focusstationary poweplants
paticularly SOFCs of the tubular geometry which have been usedlltiple > 100 kW power
generation systenfsAn example of thevarying load demandsie&8OFC for a FCV would

undergo can be seenfigurel.4below?® This city driving cycle is one of a series of tests



defined by the United States Environmental Protection Agency to measure taitpgstons and
fuel economy of passenger vehicl€her tests include highway driving, aggressive driving and

an optional aiconditioning test. Unique drive cycles aksdst for Europe and Japan.

United States Environmental Protection Agency Federal Test
Procedure 75

60

N
o

Speed (mph)
w
o
——
—F
—— S
I 4

)
o
——

=
o

IR ] U

0 5 10 15 20 25 30
Time (min)

Figure 1.4: EPA Federal Test Procedure 75, commonly referred to as/BTBr the city drive cycle.
The duration is 31 minuteand 14 seconds, the distance is 11.04 miles (17.77 km), and the a
speed is 21.19 mph (34.10 km/h)

To increase SOFC suitability for applications suchmabile power plantg is
imperative that the operating temperature be brought down to the intermediate temperature (IT)
range of 500C - 750°C. More traditional materials for SOFC components tend ¥e ha
significantly reduced conductivity at ITs. It is therefore important to investigate alternative
materials such danthanum strontium cobalt ferriteRCH), which has superiaonic
conductivity to lanthanum strontium manganite (LSM), the traditional cathode material, in the IT
range.The objective of this research isdbaracterize the changes in temperatfi®@OFCswith

LSCFbased cathodesausediy changesn operating conditios This is done by altering the



load demand, as well as tfiew rate of the fueland observing how these thermal variances
differ when the cell operates at different initial temperatuBg<ollectingtemperature data
through the placement of a thermocouple at thecg#tsodanterfaceone cargaininsight into
the magnitude of therahvariances and leafmow these variances affect theerallperformance

of the cell.



2. Literature Review

2.1 Fuel Cells

First publicly demonstrated in 1839 by William Grove where it initially received the gase
battery, a fuel cell is a device that directly converts chemical energy into electrical éAdiy.

most common implementationlimsed on the reaction:
O -0 900 [2.1.1]

As displayed in Figur@.1, a fuel cell consists of three main components: the cathode,
electrolyte, and anode.

_electrons

Oxygen Hydrogen
/
N cathode | electrolyte anode “]

Figure 2.1: Basicfuel cell diagram.

Beginning at the anode, hydrogen enters the cell where it is oxidized. These electrons that
have been removed from the hydrogen then travel through the external circuit and into the
cathode. Thelectrons then reduce oxygen moleculesfa@ions, which proceed to react with
the oxidized hydrogen to form:B.1! The formation of HO can take place at either the cathode
or anode side depending on the type of fuel cell.

Fuel cells whichcan be categorized into five main typage distinguished by the species
that migrates across the electrolyte, and what direction thetioigia in, hence the

categorizations are named after a quality of the electrolyte. These five main tyaiisadires



fuel cells (AFC), proton exchange membrarsometimes also called polymer electrolyte
membrane (PEM) fuel cells, phosphoric attidl cells (PAFC), molten carbonate fuel cells
(MCFC), and solid oxide fuel cells (SOFE).

2.1.1 Thermodynamics

In a fuel cell, it is the change in the Gibbs energgeattion ¥ "Q that is the difference in the

Gibbs energy of the products and reactants, which generates the energy that will be converted to
electrical work® Theoretically, if there were no losses in the fuel cell, then all of the Gibbs

energy would be converted into electrical energy. Knowing this, one can derive a formula for the

open circuit witage (OCV) of a fuel cell:
O — [2.1.2]

Where E is the electromotive force, or open circuit voltage of the fuelcd, is the Gibbs
energy per molef reaction eventsand the FaradagonstantF is the charge foone mole of

electrons. The 2 arises from the fact that two electronsarsferred in the reaction as written

To determine the efficiency of a fuel cell, a comparigbthe electrical energy produced
to the thermal energy that would be produced by burning the fuel is often made. Thus, the
maximum efficiency for a fuel cell is a ratio of the change imtiaéar Gibbs energy ofeaction

over the change imolarenthalpyof reactionY "O :

;/— primp [2.1.3]

It should be noted that for the burning of hydrogen there are two potential valYe&farFor

the formation okteamy 'O "O0 ¢ T8 Q@ £ , and if the product water is

condensed back to liquid 'O 00 ¢ Y& TQ ¢ 2 Thesmallervalueis known as



thelower heating valuel(HV), while thelargervalueis thehighea heating valueKHV).
Suppose that 100% of the energy from the enthalpy of formation were transformed into electrical

energy. If this were the case, the equation for the OCV would be:

o I— [2.1.4]

Now an efficiency based on the actual opietavoltageVop of a cell can be derived, with the
addition of the fuel utilization coefficient . This coefficient is a ratio of the mass of fuel
reacted in the cell over the mass of fuel input to the cell, an important addition because at least

10% of the fuel usually passes through the cell unreatted.

— pmnmnb [2.1.5]

Therefore, by using the above equation and a simple voltage measur@meahingful

estimation of the fuel cell efficiency can be achieved.

The Gibbs energy of the reaction is not only affected by temperature, but the
concentration and pressure of tkactant gases as well. Therefore, the OCV is affected by these
parameters through their influence on the Gibbs energy. This can be expressed in the form of a

Nernst equation, which allows the calculation of an OCV at a given temperature and pressure:

o o —iIl [2.1.6]
WhereE® is the OCV at standabnditions for each reaction participawhiled ,0 ,and

0 are the partial pressureseach respective gddVith typical standard conditionthe above

equation is for pressures given in bar.
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2.1.2 Voltage Losses

While the equations in section 2.1.1 can be used to determine theoretical OCVs, the operational
voltage of a cell is often considerably lower due to multiple forms of voltage Toese losses

can be seen in the polarization curve of Figu&?!? The voltage losses in the first region are

known as activation losses. These are due to the reaction kinetics of the oxidation and reduction
reactions taking place on both the anode and cathode surfaces. A portion of the generated voltage
is used to driveéhese reactionsThe linear ohmic losses in the second region are due to the

internal resistances of the materials involved. The third region represents concentra®n loss
Here,the reaction rate hascreased tohe point where the reactants are being consumed faster

than they are being suppli¢althe electrode surfasghus leading to a decrease in reactant

concentratiorand a lower voltagé
A

Activation

Concentration

Ohmic losses
losses

v

I
Figure 2.2: Polarization Curve, illustrating three forms of voltdgsses.

2.13 Alkaline Fuel Cells

Alkaline fuel cells were pioneered by F.T Bacon in the 1940s and 1950s, thus leading to their
alternate name thBacon celP'3The electrolyte consists of an alkaline solution, often either

sodium hydroxide or potassium hydroxide, and the electrodes are made from carbon with a
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platinum electrocatalyst. While a common operating temperature iZQsome AFCs operate

up to 260°C, such as the one used on the Apollo spacettaft.

Oxygen in the cathode reacts with the electrons anerypaoduced at the anode to form mobile

hydroxyl (OH) ions:
0 TQ "™O0° 100 [2.1.7]

These hydroxyl ions travel through the electrolyte, where at the anode, they react with hydrogen,

producing electrons, and water:
¢O 100 ° 100 T1Q [2.1.8]

While AFCs are largely considered to have advantages in low cost, simplicity, and a wide range
of operating temperatures, they require a/\yaire source obxygendue to poisoning by both

carbon monoxide and carbon dioxite.

2.14 Polymer Electrolyte Membrane Fuel Cells

PEMs, sometimes callesblid polymer fuel cellsSSPFCs) were first developed in the 1960s by
General Electric, to be used in NASAs first manned spacétiafhile theirperformance could
not match that of the AFCa the timeand thus were not used in the Apollo lunar missibgs
1996enough improvements had been made in R&MMnology that NASA decided to replace
their existing Space Shuttle AFCs with PEM#$eycitedan additional 8000 hours of life
expectancy50% higher power generatipandimproved system reliability as some of the
reasons for the chang®'® The electrolyte consists of a proton conducting polymer membrane,

with a porous electrode on either side. Hydrogen fuel entering the anode is oxidized into protons
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and electrons. These protons travel through the thin polymer electrolyte and into tlde catho

while the electrons go towards the cathode through the external interconnect:
¢O O 10 1Q [2.1.9]

At the cathode, the oxygen molecules react with the protons and electrons which originated from
the anode, and form wat€r:

5 1Q 10 ©° 0ol [2.1.10]

PEMs often operate around 8D, and similarly to AFCs, consist of carbon electrodes
with a platinum electrocataly$t.PEMs are specially suitable for mobile applications because
they can operate at low temperatures, and thus have a fast start &ijf tienemain disadvantage
of PEMs is the ease in wdh they are poisoned by carbon monoxide, thus requiring an expensive

external fuel processét.

2.15 Phosphoric Acid Fuel Cells

The PAFC was first described in a General Electric press release in 1963. This original PAFC
consisted of a phosphoric acid electrolyte in between two platinum electrodes, and was capable
of oxidizing a variety of fuels including methane, propane,raadane!® PAFCs work

similarly to PEMs, the reactions occurring at the anode and catbp®AFCs are the same as
equations 2.1.9 and 2.1.10 for PEMs, and both utilize a proton conducting eleétidigiecan

have an operating temperature up to ZD0and due to the utilization of platinum

electrocatalysts, as with PEMs, PAFCs are also susceptible to carbon monoxide poisoning.
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2.16 Molten Carbonate Fuel Cells

MCFCs can be traced back to the [2850s from the work of Broers and Ketelaar at the
University of Amsterdam who were investigating high temperature fuel cells described by
Davtyan in 19467 The electrolyte is either composed of sodium lithium carbonate, or potassium
lithium carbonate, with operating temperatures from 8D0 700°C. The alkali carbonates

form a conductive molten salt, while carbonate §@ons provide ionic conductichUnlike

other fuel cells, MCFCs require a carbon dioxide supply at the cathode, in addition to oxygen,

for the following reaction to take place:
0 ¢o0 T1Q © ¢O0 [2.1.11]

The mobile carbonate ions then travel through the electrolyte, to tidke avhere hydrogen fuel
is supplied. The carbonate ions react with hydrogen to form water, carbon dioxide and mobile

electrons.
¢O ¢ob O 0oL cov T1TQ [2.1.12]

The electrons generated in equation 2.1.12 will then travel through theaxiecuit to
the cathode to be utilized in equation 2.1.11 for the formation of the carbonatd tmnkigh
operating temperatures of the MCFCs allow the possibilitynternal fuel reforming, as well as
higher system efficiencies compared to low temperature fuel cells. However, the high

temperatures also give rise to problems of corrosion stability and lifetime of cell compbnents.

2.17 Solid Oxide Fuel Cells

The origin of SOFCs began in 1853 when Gaugain discogaiednic solid electrolyte gas

cells®1®His investigations, which involved cells composed of two tubes of glass, platinum
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wires, air and alcohol vapour, led him to note a new source of electricity possessing the same
characteristics of an aqueeelectric cell. In 1899 Nernst discovered solidd® electrolytes,

and was the first to describe zirconia as an oxygen ion cond¢mot937, Baur and Preis were
the first to demonstraten&OFC with a yttria-stabilized zirconia (YSZ) electrolyte, which to

this day remains one of the most common SOFC electrdfités.

SOFCs generally operate between-1800°C and are composed of a solid ceramic
inorganic oxide as the electrolyte. By internally reforming a hydrocarbon fuel within the cell
they are able to run on a mixturelgfdrogen and carbon monoxide, while using air as an
oxidantto produe water vapour and carbon dioxifeA schematic of these reactions and the
components of the SOFC can be seen in FigulgeOxygen molecules enter the cathode where
they move towads the triplephase boundary (TPB). The TPB, which will be discussed in more
detail in section 2.2.3, refers to the boundary between the cathode, the electrolyte, and the
gaseous oxygen molecules. Apart from mixed ionic electronic conductors (MIECSd), lvelvie
an additional pathway for the oxygen reduction reaction (ORR), it is typically in this area where
the oxygen molecules are reduced into anionic species. At the anode, hydrogen molecules are
oxidized at a similar TPB at the anedkectrolyte interfae, and their electrons travel through an
external circuit and into the catho#i¥.These electrons then react with the oxygen molecules at
the TPB, reducing them into the aforementionedrai&rom here, the oxygen anions are
conducted through thelectrolyteandinto the anode, where they react with the now oxidized

hydrogen to form water, arbtentially alsacarbon monoxide to form carbon dioxitle.
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The SOFC is conceptually simpler than other types of fuel cells because it only requires a
solid and gas phase to be operatidriairthermore, unlike AFCs, PEMs, and PAFCs, SOFCs do
not require an expensive electrocatalyst such as platinum, and are therefore not susceptible to
carbon monoxide poisoning. iBlmakes SOFCs most similar to MCFCs, however the lack of a
need for carbon dioxide recycling and of course a molten carbonate electrolyte are the main

differentiating factors between the two.

&

Electrong(e)
Carbon dioxide
(CQy) + water
Cathode Electrolyte Anode L » (H20)

Carbon

Oxygen o ,
™ O monoxide

(G2) XD XDx (CO) +

hydrogen (H)

CO+H+20
0O COx+ HO +
4e

O, +4e0 20"

Figure 2.3.Schematic of the components of a SOFC and the chemical reactions that tak
within it, assuming hydrocarbon fuel as source, and not pure hydrogen.

2.2 Solid Oxide Fuel Cell Components and Properties

2.2.1 Geometries

SOFCs are typically fabricated in one of tg@ometriesplanarand tubularThese are pictured
in Figures 2.4 and 2.5 respectiv&R%The planar geometrgonsists of a positivelectrolyte
negative electrode (PENgn interconnect on both sides of the cell, and dnel air channels.
The airflow channel is locatedetween the cathode and interconnect, while the fuel flow

channel idetween the anode and interconnect on the other side.
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Current flow

Interconnect
Anode

Electrolyte
Fuel —— Cathode
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~d

Figure 24. Structural diagram of a single repeating unit of a SOFC planar stack with crc
flow geometry adapted from Bhattacharyya and Rengasvwwamy

Planar SOFCs (PSOF@Gave the potential to offer higher power densities than the
tubular designDue to its compactness, it can be stadkedsimilar manner to a PEM cell to
meetthe power demands of a wide variety of applications. Furthermore, the PSOFC is relatively
simple to fabricatand can be manufactured into various configuratibiosvever there are
problems associatesith the requirement for high temperature gas sealdcomplications from
theinternal stresses in cell components caused byundorm temperature distributiortsan lead

to increased manufacturing co$ts.

Tubular SOFCs (TSOFC) consadtboth an inner and oett tube.The outer tube, or cell
tube,is made up of the anode on the outermost surtheecathode on the inner surface, and the
electrolyte between therfihe inner tubgusually composed @lumina,is the air injection tuhe
Here,preheated air is injected into the bottom of the cell armkflows over the cathode surface
through the gap between the cell and inner t&oel flows across the anoteough the gap
between separate cell tub@SOFCsare easier to manufacturetasydo not require gas tight
sealsandtheyshow promise to replaa@®nventional heat engingddowever they havenuch
higher ohmic losses due to the longer path for electron #ow thus have lower power densities

thanPSOFCs.
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Interconnection

Electrolyte

Air
Electrode

Fuel Electrode
Figure 2.5. Structural diagram of tubular SOFC adapted from Sin§jhe

2.2.2 Anode

As previously mentioned, the anode of the SOFC is where hydrogen is oxidized, and
subsequently reacts with anionic oxygen to form water. It must be porous enough to allow mass
transport of reactant and product gases, as wek akectronically conductivé The reaction that

occus at the anodelectrolyte TPHs the twostep reaction leading to water vapour formation:
‘OO0 0 ¢Q [2.2.1]
¢O U © 00V [2.2.2]

As well as the formation of carbon dioxide:

14

0 0 0° 60 (¢Q [2.2.3]

Material choices for the anode are generally limited to nickel, cobalt and the noble metals
due to their resistance to oxidation at the elevated operating temperatine SfFC-! Thus
most SOFCs contain nickbhsed anodes due to its low cost compared to the alternatives.
However, the anodes are rarely made of nickel alone, and are most often a cermet made of nickel

and YSZ.The cermet increaséise reactive surfae aredy allowing regionswith nickel
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particles and neighbourir@” ions in YSZ particleso react farther away from tiePB.
FurthermoreYSZ is introduced to give the cermet a comparable thermal expansion coefficient
(TEC) to that of the electrolyte, which is typically YSkhe TEC is a material property that is
indicative of the extent to which a material expands upon heating and islefteed as the
fractional increase in length per unit rise in temperature. It is usually given in unit$ K10
Without similar TECs, the anode would have poor adhesion to the electrolyte, leading to
cracking and degradation durifaprication, as well as temperature cycling during operation.

In more recent years, anodes of nickel/ceria cermets have been used in SOFCs witisedria
electrolytes in order to improve electrical performance. Ceria has also been incorpacated in

some Nickel/lYSZ cermets in YS@ectrolyte based SOFCs for the same redson.

2.23 Electrolyte

The electrolyte of the SOFC needs to be ionically conductive to facilitate the transport of oxygen
anions to the TPB of the anode, as weklastroncally insulating, ominimally electronically
conductive so that the cell is not shectrcuited by having electrons travel directly between the
anode and cathode. It is also important that the solid electrolyte is completgdprous so the
oxidant and reactant gas feeds do not thikSZ is the most wdely used material for the

electrolyte due to its excellent oxygen ion conductivity, as well as its stability in both the
reducing and oxidizing environmerits: Zirconia is doped with ytia to stabilize it in the cubic
fluorite structure from room temperature to its melting point of 2&8@&nd also to increase the
number of oxygen vacancies in the lattice, thus increasing the ionic conductivity. The amount of
yttria present in YSZ is uslly around 8 mol%a dopingrange thathasbeen found to produce

higher ionic conductivities!
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In more recent years, there has been much research searching for alternative electrolytes
to YSZ. This is due in part to the operating temperature cS@IECbeinggoverned by the
nature of the electrolyte, and there is great interest in lowering the ogetertiperatures of
SOFCs so that they may be more easily incorporated into portable applications like FCVs. The
aforementioned YSbHased SOFCs typically require operating temperatures aboEgabile
bringing the operating temperature down to T0@nd lower is ideal for FSOFCs!!
Unfortunately, SOFC performance tends to drop rapidly as operating temperatures decrease, due
to increased electrolyte and electrode resistatfcBsis has led many researchers to study thin
film electrolytes of doped ceria. Gadolirdaped ceria (GDC) and samadaped cerigSDC)
are both very promising electrolyte materials, as they have much higher ionic conductivity than
YSZ in the intermediate temperature raitj€he downside of doped ceria electrolytes is that
their electronic conductivity reduces the ofmrcuit voltage (OCV) of the cell, and partial
reduction of C& to Ce" in the reducing atmosphere that SOFCs operate in can lead to structural
degradatiort® To combat these problems much research is being done to try and suppress or
block the electronic conduction of doped ceria. This includes the use cffuttdayers of YSZ

on the anode side of the electrolyte, as weiraployingBaZo.1Ce 7Y 0.20s.1 (BZCY).2>2°
2.24 Cathode

Like the anode, the cathode is generally a porous struetiowjng the mass transport of
reactant gasesEurthermore, it must have high electronic conductivity under an oxidizing
atmosphere, as well as a matched TEC and chenaogatibility with the electrolyte

materialt'?’ Lastly, it is important that the material acts as a catalyst for the ®RR:

6 T1Q o ¢d [2.2.4]
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In Figure2.60ne can see there are three distinct pathways for the’®RRile certain

pathways are likely to be more dominant in certain materials, it is important to note that the ORR
can occur simultaneously through all three pathvi&isirthermore, the pathways can affect

each other and the overall reaction rates. For example, the incorporation rate of oxygen into the
cathode in the bulk path is directly influenced by the surface concentration of adsorbed oxygen
in the cathode surfagmth?®

.Cathode ‘ Electrolyte

Oz  Cathode surface path o Bulk path Electrolyte surface path
2

P

O2

Figure 2.6: Three potential pathways for the ORR at the catteddetrolyte TPB. Adapted an
modified from Fleig?®

The cathode surface path involves oxygen gas diffusion, adsorption onto the cathode
surface and subsequestrfacediffusion towards the TPB. At this point the ORR occurs,
followed by ionic transfer into the electrolyt&This type ofpathway is suitable for cathodes

which are solely electronic conductors such as 1°5M.

The bulk path begins with oxygen gas diffusion, subsequent adsorption, dissociation,
reduction and incorporation into the cathode, and lasthnantransport through the cathode and
into the electrolyte. Since this pathway involves ionic transport within the cathode itself, it is
most suitable formMIEC cathode such as LSCFThe bulk path is unique in that reduction of
oxygen occurs within the bulk cathode, and not on the electrolyte surface as with the other two

pathways.
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Last is the electrolyte surface pathway. Oxygen gas diffuses, adsorbs and is reduced all
on the electryte surface, with the electrons being provided by the electrolyte, and is then
directly incorporated into the electrolyt8ince most relevant electrolytes have minimal
eledronic conductivitiesthe active zone a region very close to the TPBaking his pathway
geometrically similar to thelectrode surface patf This pathway is suitable for composite
cathodes that employ a combination of an electronic conductor and an ionic conductor, such as

LSM-YSZz 2’

The most commonly used cathode material is LSM{ypp semiconductor. Similar to
the Nickel/YSZ cermets of thenade, LSM is often used in combination with YSZ to form a
composite bilayer for the cathode to increase chemical compatibility between the cathode and the
YSZ electrolyte and ensure similar TEC valtie$.For LSM however, sintering is restricted to
temperatures below 120Q because above this temperature the formation of zircoaiaties
cathodeelectrolyte interfacsuch as LaZr,O7 and SrZrQ can occur! This is anissue because
these zirconates have much lower conductivities than LSM. For exampfe;@ahas a

conductivity over 100 times lower than LSW.

The push to lower the operating temperature of SOFCs has led to the pursuit of cathode
materials whicloutperform LSM in the IT range. One such material is LSCF, which has a
superior electrical conductivity to LSM under equivalent conditfdtnfortunately LSCF is
much more reactive with YSZ, leading to the formation of zirconates, than LSMsigl$D
much more susceptible to reduction at high temperatures, which can lead to issues of long term
stability* For these reasons it is more often used in SOFCs with emp@dbased electrolytes.
However, the primary advantage of LSCF is that that it is @ MIEC. Its ability to conduct

oxygen anions leads to a dramatic increase in sites for the ORR to take place, leading to an
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increase in overall cell performan€€This is an important improvement because overall cell
losses in ITSOFCs are dominated by polarization losses for the ORR. These polarization losses

can be as high as 65% of the total voltage loss in thé%cell.

2.3 Lanthanum Strontium Cobalt Ferrite and Gadolinia-doped Ceria

2.3.1 Material Properties

LSCF, like LSM, has the crystal structure of a perovskite. As seen in Rdutéisconsists of
an ABQ; structure®® The A cations occupy the larger spaces coordinated to 12 oxygen anions,
while the B cations occupy theféld coordinated octahedral spacé3he total charge of A and
B cations is +6, and for the case of (n + m) < 6, the missing charge is made up for by the
introduction of vacancies at the oxygen lattice sitdr LSCF, the A cations are represented
by Sr and La, while the B cations are represented by Co arekleed Cat the Bsitereadily
change their oxidation states in respotaoselectron transport artiustheir concentrations
directlyinfluencethe electronic conductivityLa and Sr do not readibhange oxidation states,
leading to the creation @ikygen vacancies to balandeacge and therefore thegoncentrations
at the Asitedirectly influence ionic conductivity’ While the TEC is mostly affected by the Co
concentration, higher Sr content crediggheroxygen vacancy concentratie, thus contributing

to a slightly higher TEG’

These trends can be observedable2.1, where the compositions containing the lowest
amount of Co and Skao ¢S 2Co.2Fen.¢0s i, have the smallest TEC values of 141®° K and
15.4x10° K1, while La 6Sto.4Coo.sFen.20a i, has both the highest concentrations of Sr and Co, as
well asthe highest TEC value of 21x40° K. Kostogloudis and Fitkos discovered thatsie

deficientcompositions based dghe forms Lag.6-Sr.4C0o.2Fen.sand La.eSto.4.Coo.2Fen.ghad even
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lower TEC values than previously seén particulat Lag.555f.4Coo 2Fen.sand La eSto.2CoooFen.s

with TECs 0f14.2x10°% Kt and 13.8«10° K1 respectively’?
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Figure 2.7: Unit cell for the ABQ perovskite structure, exhibiting cubic symmetry. Adap
from Boukamp®®

GDC exists in the cubic fluorite structure displayed in Figuse&Z2* The undoped Ce0s

shownin the right cubeln the left cube, two of the cerium ions are replaced by gadolinium ions
represented by thadark spheres, betwe&rhich an oxygen vacancy appeanslicated by a small
sphere. The Ce ar@d cations make an®ld coordinated faceentered cubic lattice and thé O
ions occupy the 4old coordinated tetrahedral sités.a similar manner to LSCF,hen ceria is
doped with lower valenceationssuch as Gtf, oxygen vacancies are generated through charge
compensatio’?! The literature has inconsistent and contradictory experimental repovibat
composition of GDC exhibits the maximum conductiyitycluding10% (Steel®, 15% (Zhaet

al.), and 20% (Kudo & Obayashi) Gd?3’ The variations in the measured data for the GDC
compositions showing maximum conductivity can ldelaited to the variation in sample
preparation, sintering temperature , and various levels of reduction in the samples. Furthermore,

the level of the purity of the ceramic also affects the conductivity since grain boundary resistivity
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increases in impure sampf&ddayashiet al. found that both the measured and calculated TECs
of GDC linearly increase with the Gd content, stating that this agreement between the calculated
and measured resultsplies that the increase of TECs with the increase of Gd content results

from the reduction of the binding energy in GBC.

Table 2.1: Compositional variations of LSCENd its properties: TEC (x18 K1), the
temperature up to which the TEC is averad@),(and electronic conductiviti (S cm?).

Composition TEC T Ue Reference
(x10°K™Y) | (°C) (S cmib)
Lao.sSro.2Con sFen 203 1 u| 20.7 600 1050 Taiet al®
Lao.sSro.2Con.sFen.203 1 | 19.3 800 1000 Tai et al.& Petricet
a|.40,41
Lap.sSro.2Co.oFen.e0s 1 | 15.4 600 125 Taiet al®®
Lao.sSr.2Co.oFeneOs 1 u| 14.8 800 87 Ullmannet al*?
Lao.6Sr.4Co.eFen203 7 u| 21.4 800 269 Sunet al?’
Lao.6Sr0.4ConsFen.s03 1 | 20.3 800 490 Petricet al.& Ullmann
et alt4?
Lao.6Sr.4CoooFeneOs 1 a| 17.5 800 302 Ullmannet al*?
Lao.6Sro.2Coo.oFen.gOs 1 u| 13.8 700 166 Kostogloudis & Fitkos?!
LaossSo.4Coo2FensOs 1 | 14.6 700 (TEC), | 366 Li et al*®
600 (g
Lao.555M0.4C00.2Fen.g03 i | 14.2 700 380 Kostogloudis & Fitkos?!

A common technique used to optimize the high conductivity and low TEC of the cathode

is to make cathodelectrolyte compositeXu et al.experimented with LgsSr.4Coo sFen 203 1 i
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Cep.sSnp.202 1 (LSCFSDC) composite cathodes and found that adding 50 wt.% SDC was
optimal for reaching the minimum electrical conductivity requirem@®0S cm?) of a SOFC
cathode, while the TEC of 14.4 kept it within the range of acceptipl@nsiorcompatibility of
15% - 20%* Li et al.characteized LaoseSto.4Coo2FensO0s 1 T Cen.sGh.202 composite cathodes
with weight ratios of 50%, 70%, and 90% LS&R.hey found thathe conductivity increased
from 140S/cmi 366 Scmat 600 °C and 113/cmi 314 S/cmat 800 °Cas LSCFcontent
increased from 50% 100%: The TECs also increased fra8.97 14.6at 700 °C and 12.7
16.9 at 1000 °C for the same range.8CF weight percentag&he composite cathode TECs

can be seenin Table 2.2.

Figure 2.8: The cubic fluorite structure of gadolinia doped ceria. Adapted from Sckfwarz

One can see from Tab®l1andTable 2.2hat the TEC for LSClnd LSCH GDC
compositegan vary, usually anywhere between2ll However, onlgightof thesefourteen
example compositions are within the required TEC range of the electrolytes that L&@F wo
typically be paired with, such &DC or GDC, with TECs usually ranging froni2.0 to 12.8
(Table 2.3Y**¢Furthermore, onlgeverof those (the Asite deficient and the composjeneet
both the minimum required conductivity and fall within the range of the TEC compatibility
limits. Thisfurther illustrates the amount of diligence that must be put into the design of a

suitable cathode.
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Table 22: Compositional variations diSCFGDC and LSCFSDC composite cathodesd
their properties: TEC (x10K™), the temperature up to which the TEC is averadeéjl and
electronic conductivityie (S cn?).

Composition TEC T Ce Reference
(x10°KY) | (°C) (S cnt)

50:50 13.9 700 (TEC), 600(y | 140 Li et al®®

Laos58S10.4C002F& 803 1

i Cen.sGo.202

70:30 14.1 700 (TEC), 6008 | 251 Li et al®

Laos58S10.4C002F& 803 1

I Cen.sGh.20

90:10 13.9 700 (TEC), 6008 | 324 Li et al®

Laos58S10.4C002F& 803 1

I Cen.sGo.20

50:50 14.4 730 116 Xu et al®®

Lao.6Sr0.4C00.8F€.203 1 i

I Cen.sSMp.2021 i

Table 23: Compositional variations 0ofSZ, SDC, and GD@nd their properties: TEC (x£0
K1), the temperature up to which tR&C is averagedC).

Composition TEC (x10°K?1) | T (°C) Reference
CesSm 2021 12.8 900 Xu et al®®
Ce.sGh 202 12.0 700 Li et al*®
CandGth1O2 1 & 12.5 750 Steelet®

8% YSZ 10.1 700 Hayashiet al*’

The Goldschmidt tolerance factibcan be used to describe the stability limits of

perovskites:

0O — [2.3.1]
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Where R, Rs and R are the ionic radii of the A, B and?Qons, respectively’ In general,

perovskites are stable within the range of 0.¥5<4.0, where a tolerance approaching 1 would
represent thetructure withcubic symmetry/*8The symmetry of LSCF is dependent on both

dopant concentrains, as well as temperature. Eaial. used XRD analysis to study LSCF

samples of the composition d.510.2Cor.yFg,0s at 25°C, from y = 0.0to y = 1.0 with steps of

0.13°They found that at room temperatiua sSto.2Cor-yFe,0s exhibited rhombohedral phase
symmetry for 0.0 Oy O 0.7, and orthorhombic
compositional variations that exhibited orthontbic phase symmetry at room temperature, they
found that each underwent a phase transition from orthorhombic to rhombohedral. For y = 0.8

the transition occurred below 6G, between 110 160°C for y = 0.9, and 200 300°C fory =

1.0¥The compositions 0.0 Oy O 0.7 wéOe stable

When using XRD to study the crystal structure of LSGIBC composite cathodes
Vargaset al.and Liet al.both confirmed the presence of the LSCF and GDC single phases as
perovskite and fluorite respectively, with no second phase detected in the compdsitethe
GDC fluorite symmetry was cubic loth studieslespite different compositionghe symmetries
and composition of the LSCF phases were different for each gvangaset al. studied
Lan.6S10.4C00 Fen.g0s 11 Cen.oGh.101.95 sinteredat 1100 °C andbserved the orthorhombic
symmetry?® However, Liet al.claimed to observthe cubic perovskite structure for

Laos58Sr0.4Con2Fens0s i ti Cen.eGh.20. compositesintered afl000 °C, 1100 °C, and 1200 .°C
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2.32 Conductivity

Both the electronic and ionic conduction mechanisms of LSCF can be understood by looking at
LaCoQ and LaFe@ In both compounds, since transition metals can exist with multiple

valencies, equal numbers otype and gtype carriers are formed, based on the equation:
qi] 0 0 [2.3.2]

where M = Fe, or C6 This results in high conductivity at high temperatures. When one then
dopes the La Asites with Sr, the $tions act as acceptors, and the readiion ©

0 dominates. This results IISCF behaving as atype semiconductor with holes acting as

the charge carrief8.The Sr substitution also promotes ionic conductivity through the creatio
oxygenvacancies. To understand the ionic conduction mechanism of LSCF, it is useful to use
KrogerVink notation. The ORR of equation 2.2.4KndgerVink notation would be written as

follows:
0 cw TQ © 0 [2.3.3]

wherew is a vacant oxygen site, afid is an oxygen anion on an oxygen lattice &iteetrov
et al.proposed a defect model associated withyE5aCoGs.i (LSC), with the electroneutrality

condition®®
6¢ Cw “Y [2.3.4]

wheredé represents Céand"Y represents $fin a L& lattice site. Furthermore, the

relationship betweedé¢ andw can be expressed by the following defect reaction:

coé 0 O¢coée¢ w -0 Q [2.3.5]
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And the equilibrium:

o 6¢ 0 68 00 [2.3.6]

whered ¢ represents Co,0 is the equilibrium constant and is the oxygen partial

pressuré®*°From these equations, one can see that in order to maintain electrical neutrality with
the substitution of $f into La®* sites, the formation of equivalent positive charges takes place in

the form of C3" becoming C6" and the creation of oxygen vaciex

The relationship between multiple Fe valencies and oxygen vacancies in strdopeuoh

lanthanum ferrite (LSF) can be expressed in a similar way as equation 2.3.5:
A 0 °¢0Q w -0 Q [2.3.7]

Where'@ represents Péand"OQ represents Fé&2’ Therefore, one might presume that in

LSCF both equains 2.3.5 and 2.3.7 occur concurrently throughout the lattice, however this is

not necessarily the case. A study 06.63r0.4Co.2Fen.s USingin situ x-ray adsorption

spectroscopy by Itoh and Nakayama showed that oxygen vacancies were preferentially localized
around Co ions! While there will be slight variance depending on the relative amounts of Co

and Fe present, the charge disproportionation reaction onshe ®ill largely be dominated by

Co ions, i.eequation 2.3.5! One may wonder why the incorporation of Fe into the material is
important, as opposed to simply using LSC. First, LSF is more stable than LSC, due in part to the
stable 3delectonic configuration of the Féion.?’ Furthermore, ferritdased perovskites have

TECs closer to the range of those expected in electrolytes, while as seen ltatilgh cobalt

concentration leads to a high increase in TEC. Thus, incorporating both iron and cobalt helps
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bring a balancediween high conductivity, low TEC, and improved thermodynamic stability

compared to the likes of LSM, LSC, or LSF.
The conductivity of GDC can be expressed in a similar fashion
MO ¢0'0 ©¢OQ ovU W [2.3.8]

Where"OQ represents Gt in a Cé* lattice siteln GDC, Gd substitutes Ce in the same lattice
position creating a charge defe&ince Gd and Ce cations are not equally charged, oxygen

vacancies are created to balance the net charge of the System.

The conductivity mechanism of LSG@Gihd LSCFGDC compositebas been shown to

follow the small polaron hopping model, expressed by the equation:

., —Q~ [2.39]

WhereA is a material constark,is the Boltzmann constari, is the activation energy for
hopping conduction, ari@lis the absolute temperatuf&*3 This equation shows the temperature
dependence of electrical conductivity in LSCF. The maximum conductivity can be foliag at
= Eu/k, where the prexponential terms begins to dominate the outcome of equati@ 283,
plotting In,, "Versus 1T, the slope of the resulting graph will yield the activation energy for
smallpolaron conduction. Since LSCF is dype semiconductor, hole mobility can be

expressed by the following equation:

S— [2.3.10]

Where' is hole mobility, p is hole density, and q is the elementary cddywith electronic

conductivity, similar equations have been derived for ionic conductivity:
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., =0 [2.3.11]

and ionic mobility:

S — [2.3.12]

Whereny is the fraction of vacant oxygen sitésis the number of normal sites per unit volume,

andg = 2e is the lattice charge of an oxygen vacafcy.

24 SOFC Thermal Properties

2.4.1 Heatransfer models

Understanding the temperature distributigithin an SOFC is vitain optimizing cell

performance because it directly affects the reaction kin@tidelectrochemical modetith the
magnitude of the temperature influencthg voltage, polarizatiolosses, and heat generation
within the cell.Thereis very little experimental data available in this area, wighmajorityof

the following information beingrovided by studies using mathematical modeling and computer
simulations.The sensitivity of cell performance to temperature was studied l®t Hloin a
numerical analysis of a planar anesigported SOFC with compositeetrodesvhich found

that a 10% decrease in temperature can lead to a 12% drop in cell performance because of higher
internal resistance to the flow of oxygen idfé. t béen weldocumentedby Santarelliet al,
Atkinsonet al, and byFischeret al thatthe degradation of SOFC materials is enhanced by hot
spots and temperature gradiets’ Furthermorethe TEC mismatch between the anode and

electrolyte has been reported as the main cause of thermochemical faBOE@s®>°
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Thermal conduction and convection are the taain types of heat transfer that are
consistently applied to SOFC heat transfer modiis locations that these tisfars take place
are displayed ifrigure 29. Recall that the electrolyte is intentionally aparousto prevent the
mixing of the oxidant and reactant gas fedllas we only see convection occurring within the

porousanode and cathodehere the gasses flow in on both sidesnductive heat transfes

Gas flow channel

Airin 0. Convection Air out
Cathode
—» Convectionand

e || Electrolyte

Electrolyte
v
Anode o* Convectionand
: Convection
Fuel in Gas flow channel Excess fuel & HO out

Figure 29: General diagram of heat transfer locations in a SO

observedn all solid components of the ceélihile radiative heat transfaffects thecomponents
in contact with the gas flow channgtsich as the electrodes, interconnects and flow channel
walls, whetherits effectsare relevant or negligiblie SOFC heat transfer modédiasbeen a

muchdiscussed topic.

In the spectral radiative heat transé@alysisdone byDammé& Fedorov,they foundthat
the effects othermalradiation inPSOFCare minimaland can safely be neglected in heat
transfer model&® Daunet al. (2006)evaluated thémportance of thermal radiation the

electrode and electrolyte layers witl$ OFCsusing a 2D numerical approaahd likewise
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concluded thathe minor effect thermal radiatidras on the temperature figklnegligible®!
Furthermore Yakabeet al found in their 3D model calculations thadiative heat transfer in the
fuel and air channels ofRSOFCalso has a minagffecton the overall temperature distribution
within the cell relative to other modes of heat tran&f&ollowing thesepag studies, more
recentwork on PSOFC modelindike the work by Hcet al. on transportchemical and
electrochemical process modeling, have chosen to leave out radiative heat transfer in their

models®3

In a review of the matmeatical modeling of SOFCs, Hajimolaraal concluded that the
magnitude of thermal radiation depends upon the temperature, as well as the thickness of the
electrodes and electrolyte. At higher temperatures and with thicker layers, radiative heat transfer
becomes more significant compared to the other heat transfer compdriRatsome authors,
theinclusion of radiative heat transfisrimportant, particularly in TSOFChk a simulation of a
TSOFC through finite volume analysis, Caleteal found that radiative heat transfntributed
up to 70%of the radial heat transfer between the SOFC tube and its air injectiotf tube.
Hajimolanaet al. comparedhe cell temperaturdistribution ofthree different heat transfer
modelsfor TSOFCs by Otat al. and Suwanwangkulet al?>®>%In the model including
conduction, convection, raation, electrochemical heating, and diffusional hedbn@taet al,
the difference between the maximamd minimumtemperatur@long the length of the cell was
87 K23%5|n the moded by Suwanwarangkudt al the aforementioned difference waBK in the
model includingconvection, conduction, and radiation, d#bK in the model with only
convection and conductidi®® While the literature certainly suggest®re may be a distinction

in the importance of radiative heat trandfetween TSOFCs and PSOF-Esjimolanaet al.
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concluded in their review th#te knowledgef the effects of radiative heat transfer on the bulk

andcontact surfaces of SOFCs is stiltomplete and should be investigated furfiier.

2.42 Heat Sourceand Voltagd_osses

Recall that the driving reaction of energy conversion in a SO oxidation of hydrogen
shown previously in equatidh1.1. During this reactignhe amount of energy generated
corresponds to thenthalpy chang¥ "O , which can onlyartly be converted into electrical
work. This is displayed below

) (v

Yo YO YYY [2.4.1]

The difference of "Y ¥ "Y is theentropic energy contributices a result of thelectrochemical
reaction (2.1.1and is released as h&afApplying the assumption that the reaction sites are

infinitely thin layers, the heat flow per unit area at the electrodesn be expressed as
0 — YYY [2.42]

for both the cathode and anode TPBkerej is the current densityt is important to note that
the values oD  will be different at either electrodeven thougla common modeling practice is
to assign equation 2.4.2 to a single reaction®ikurthermorethis particular heat source is a
result of thermodynamic principles and therefore cabeateduced by cell optimizatiobnlike
the reversible singtelectrode reactions however, the energy lost from the concentration,
activation, and ohmic polarizationdses is irreversible, and can therefore be reduced by cell

optimization®’

During the operation of a fuel cell the flow of reactants is associated with a concentration

gradient The higher the current density, the lower the partial pressure of the reattaotis the
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cathode and anode BB, while simultaneously the partial pressure of the products increases.
Thisincreases the entropy term in the oxidation of hydrogen, and thus dedhea&ésbs
energy Using the Nernst equation 2.1.6 one can tietive terms for the concentration

polarizations-  associated with each electrodde cathode term being

- —1 T— [2.1.6]

where the superscriptsb, andTPB, refer to the cathode, bulk flow, and triple phase boundary

respectivelySimilarly, the term for the anogeepresented by the superscaps

- - — [2.1.7]

The heat produceidom these polarization losses thetwo electrode TPBsan then be

expresse@ds

~

0 -  andd (o [2.1.8]

Despiteit being more convenient to exprébe heat produced from concentration losederms
of electric quantities, one should remember thase losses are a result of the energypshe

change in entropy of gaseous species.

The activation overvoltagewhich ardosses due to the limtian of charge transfer at

the electrodescanbe expressed by the Tafel equation
- —I 1= [2.19]

wheren is the number of electrons transferred per ribke charge transfer coefficiedtis the

proportion ofapplied electrical energy that is used to change the rdte electrochemical
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reaction andthe exchange current densjgycan be thought of as the current density at which the
overvoltage begins to move from zerd surface with a higher exchange current density will
requirea higher reaction ratand will therefore havhigher activatiodoses The heat generated

at the electrode reaction siteg these activation ksescan be expressed as
0 Q- andod - [2.110]

Last is the heat producdém the ohmic polarization lossesftenreferred to agoule
heatingor thejoule effectn the literaturé” ®° The resistance in the solmponents of the cell
to both ion and electron flow contribute to further irreversibésesand thus heat generated
within the cell This local heat source per uniblume 0 is determined by the local current

densityj andthe material conductivity.
0 -0 [2.1.11]

A comparisorbetween the ohmic heat generaite@®SOFCs and TSOFCs was carried
out by Zhanget al in a numerical study on electric characteristics of SO®C&eydiscovered
that he distribution obhmicheatwas similar for both electrodestine PSOFCof which the
magnitude was dependant on the current densithel SOFChowever, most of the ohic heat
was generated within the cathadige to its high electric resistance combined wheavery long
pathfor the current flow. Overall the ohmieat acounted for3% of the total heat generated in
the PSOFC and 8% fahe TSOFC.Conversely,m a morerecent study bydo et al it wasfound
that ohmic heatontributed up td4.1% of the total heat produced by their PSOFC model. They
suggested that the reason for this rhaye been anodsmupported structure of the PSOFC having
a thicker anodeand thus the endothermic reforming process proceeds at a faster rate, consuming

moreheat.Also, their cell was working at a higher average current dettsity.
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3. Results & Discussion

3.1 Experimental Procedure

All experiments were performed time electrolytesupportedFiaxell 2RCell™ displayed in
Figure3.1where the black innegircle is thel.54cn? cathode The anodeonsisedof Ni and
8% YSZ The electrolytavas made up of 8% YSZyith aNi and 8% YSZayer interposed
between thelectrolyte and the cathodedgpress thalegradatiorof LSCF due td&r migration
Lastly, the cathodevas composed of BSCFi GDC composite of the for80%
La0.65r0.4C00.2Fen.s T 40% Gdo.2dCen.8d01.95 for high ionic conductivity and a single layefrpure

LSCF on top for high electronic conductiviypdcurrent collection.

Figure 3.1: Electrolytesupported Fiaxell 2/”Cell™ with 1.54 cn? cathode.

A crosssectional scanning electron microscopy (SEM) image of themitilithickness
measurements of the different componeatisbe seen in Figure 3.Figure 3.3 shows the
differentsections that were analyzed using enalippersive Xray spectroscopy (&X). The
EDX results can be seen in Table @Here he orange cells represent the elemedetgctedthe

blue cells represent the spectrum number, and the white cells represent the atomic percentage
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Figure 3.2: SEM crosssection image of thEiaxell 2RCell™.

A top-loading electrikittec® SQUADROKiln, pictured in Figure 2, was used to heat
the cell tothe desired temperaturBhe Open Flangé¥ test fixture supplied by Fiaxell sits on
top of the kiln, with springompressed metal plates, pictured in FiguEeh8lding the button
cell inside the kiln. A simplified schematic of all the equipment used for the following
experiments is displayed in Figuré3A k-type thermocouple sat on top of the cathadmcent
to the air flow channektonnected to a Measurem&omputing USBTC-Al DAQ to collect and
record temperature measuremeAt$SW Instek PSR2010 programmable power supply was
used to control the cell load and measure the current, while a Fluke 85 multimeter was used to
measure voltage. Brooks Instrument GF40 mass flow controller was usezbntrol the flow

of hydrogen gasotthe anode through a program in LabVIEW, while an OMEGA 5850S flow
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Figure 3.3: SEM crosssection image of thEiaxell 2RCell™ with EDX spectra.
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Table 3.1: EDX results from the crossectional SEM image. The orange cells represent tt
elements, the blue cells represent the spectrum number, and the white cells represent
atomic percentage (%).

14.288| 5.493 10.701

7.339 | 3.781 5.698

4.468 | 2.023 4.043

19.675| 8.270 15.036

2.905 2.273

1.698 | 13.973 10.123
53.162 29.460 40.044 2.227 | 2.844
1.421 | 1.423 1.508 | 1.838 | 2.207 3.629 | 1.878
34.613| 9.398 19.885| 34.183| 13.151 24.757| 32.142
63.967| 36.016| 52.532| 63.554| 49.147| 63.979| 44.598| 52.126| 49.388| 63.136
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meter was used to control the flow of air to the cathode.

Gold cathode
contact wires

Figure 3.5: Closeup picture of the components that sit inside the kiln. The button ct
situated between the two pieces of alurrgilicate felt.
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Figure 3.6: Simplified schematic of the experimental equipment displayed in Fgjdrand
Figure3.5, and additional equipment and pictured.

Taking the madnum power densityhat was achieved in the following experimeoits
0.781W/cn? for the 1.54cn? cell and applying it to a 106 cell would generat@8 Wi/cell,
therefore one would nedsdl cells for a 5 kW stacleightof thesestackswould produce40 kW.

Since the interconnect plateictured in Figure 3,4s approximately 2.00 mm thicnd the cell
is approximately 0.35 mm thick, a repeating unit thickness of 0.235 cm is used. Multiplying this
thickness by the 64 cells in the stack results in a stack thickn&8s0df cm Multiplying this by

the 100 crharea results ia stack volumefol504 crd. Lastly, nultiplying this by the 8 stacks
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needed to achieve 40 kWsults in a total volume df2032cn? or 12.032L for the complete

fuel cell stack system.

Figure 3.7: 2.0 mm thick metal interconnect plat

While mostcarswith ICE engines can produce over 100 kW, this power is only needed
in extreme situation®h more common amount of power needed would be that of cruising at
highway speeddviany electric cars, such as the Tesla Roadstquire approximately 20 kW
when cruising at highway speeds?A target br the SOFC of 48W is able to keep up with
cruising demanddye ableto recharge following high power consumption events, such as
accelerationand provide additional power to run auxiliary power needs, such as lights,

computer, sound system, amabre.

An example othe temperature data collected can be seen in Figired.all
experiments the samplingte of the DAQ was one point per secode can see that there are
periodic temperature fluctuations ranging from 0.5 °@7 °C peakto-trough, approximately
every 30 second3hese are caused by the kilmningon-and-off at a thirty second interval
which was its controll er 6s mAtterhptsdverd noadetanai nt ai

remove or minimizeheseoscillations in thedata,but these effortgproved unsuccessiudne



