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Life is like riding a bicycle. To keep your balance yaust keep moving.

- Albert Einstein
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SUMMARY

Solid oxide fuel cellsepresent a scalabémergy generation technology capable of
operating at high efficiencies on multiple fuel sources. However, -spdead
implementation of SOFCs has been limited the high degradation rate atrrent
operating terperatures of 80Q00CC. Lowering the operatingemperatureto an
intermediate range of 56000°C will decrease the degradation phenamdut will also
decrease the catalytic activity of takectrodesModifying the surface of the electrodes is
one methd to increase the catalytic activity at these relatil@lyoperatingemperatures.

This dissertation seeks to understand the role of surface modification on solid oxide fuel

cell electrodeshrough conformal and neconformal coatings

An SOFC has thremain components: the anode where the fuel is oxidized, the
electrolyte which provides a conduction path for ions, and the cathode where the oxygen
reduction occurs. As operating temperatures decrease, the cathode dominates the total cell
resstance. Thust is important to focus efforts on improving the catalytic activity of the
cathode. There are two strategies to improving performance of the cathode. The first is to
rely on a single material to provide sufficient bulk and surface properties. Howeser, thi
often results in a compromise of bulk conductivity and surface performance. The second
strategy is to take a material widixcellentbulk properties and modify the surface with
another specieto enhanceatalytic activity.The surface modification routdso allows
for thin films and intricate morphologies on the surface that can provide unique effects

only observed on a small length scale.
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The state of the art cathode materiahistrontium and cobalt doped lanthanum
ferrite known as LSCF. It has denmgirated ideal bulk characteristicsroixedionic and
electronic conductivity that give high performance for the oxygen reduction re&itae.

LSCF has vast literature regarding behavior in different operating conditions, it was used
as the backbone rmaial. In order to investigate thienportant surface properties, it is
necessary for the modifying material to have controllable properties like ionic and
electronic conductivity. For this work, the properties of ceria were varied using samarium
and prasedymium to investigate a range of conditions for conformal and nonconformal

coatings.

The first part of this dissertation demonstrates an asymmetric cell testing platform
that is used to better understand the effects of conformal film deposition. Depositing a
conformal thin film into a porous cathode is nontrivial and requires exhaustiw@zagiion
of either solution or gas phase deposition technigbesn then, if the backbone material
and the coating materi al arendét very simil
then the film will no longer be conformatter reaching SOFGperating temperatureghe
asymmetric testing platform in this work was designed to focus on the effect of the thin
film modification, which was accomplished by depositing a dense LSCF cathode on one
side of an SDC electrolyte support with an accompangorous LSCF counter electrode.
Because of the high surface area of the counter electrode, the polarization resistances
measured were dominated by the dense LSCF thin film. The planar dense film allows for
precise control over the modification with confal thin films via RF sputtering@.he first

part of the dissertation describes the fabrication and electrochemical characterization of

XX



this testing platform, which demonstrated the ORR activity was the dominant feature in the

impedance spectra.

The secongbart of the dissertation describls surface modification with unged
ceriaand samarium doped ceria. First, infiltration was used to modify the surface and it
was seen that a change in morpholodluencedthe ORRactivity. More specifically, for
theundoped ceria, a more conformal morphology as opposed to a more dispersed, nano
island morpohology lead to lower impedance for the ORR. Using the asymmetric testing
platform and sputtered ceria, it was found that the thickness of the conformal ceria
influenced the ORR. Thinner films showed an increase polarization resistance, while
thicker films showed a decreased polarization resistance. The increase in polarization
resistance for the thinner films was explained by an increase in vacancy concentration as
demonstrated through comparison of the impedance behavior under bias to a doped ceria
thin film. Second, it was found infiltration with samarium doped ceria decreased the
polarization resistance. Interggfly, the performance increase was independenhef t
mol% of the samarium doped into cefldis goes against the conventional thinking that
increasing ionic conductivity (by increasing samarium molwWd) lead to increasing
surface exchange properties. Thin film conformal deposition of 20SDC demaothstrate
overall increase in polarization resistance with increasing resistance correlating to film
thicknessThese last two results suggest that the ionically conducting surface modification
reduces the oxygen through a surface mediated process that reggiesurface

nanoparticles.

The third part of the dissertation describes the work using praseodymium doped

ceria as themodification material to better understand the role of ionic and electronic

XXi



conductivity in the ORR catalytic activity. Dopinggseodynium into ceria increasémth

the ionic and electronic conductivity. Through infiltration, it was found that the optimal
performance occurs at 50 mol% praseodymium in ceria even though 70 mol % exhibits
higher electronic and ionicconductivities. Through XPS and TGA,it was found that
amount of C& (i.e. reduced ceria) changesnlinearly with praseodymium dopant
concentration. The 50 mol#oped cerishowed more Céavailable relative to the 30 and

70 mol% praseodymium concentration. Thus, it was fotiad oxygen ion vacancy
concentration and electronic conductivity are not the only material properties relevant to
increasing ORR activity. Insteathe results indicate a more nuanced view of oxygen

reduction reaction and the correlation to bulk matgmiaperties.

In the end, this work describes a platform for the characterization of conformal thin
film surface modification and demonstrates the potential to increase material performance
beyond bulk materiaproperties.  Importantly, this work has shown thauanced
performanceenhancement beyond traditional correlations to ionic and electronic

conductivity.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

The modern world is defined by the insatiable demand for energy as staaflards
living increase throughout the world. The Energy Information Administration projects that
global energy consumption will increase by 48% to 815 quadrillibo By 2040 driven
in major part by growth in developing countfids Meeting that demand requires
technological advancements that accommodate aerahguational priorities including
economic and environmental constraints. The traditional forms of energy generation have
relied on energyntensive extraction of hydrocarbon fuels in the forms of oil and coal. This
has literally fuelled the economic boasfithe United States throughout theé"gnd 26"
centuries and resulted in a large infrastructure for energy transmission for residential,
commercial, industrial and transportatiapplications However, the longerm future of
energy production will likly be driven by environmental and economic opportunities in
renewable energy sources, as evidenced by recent trends aooystitive solar and wind
resources and global agreements on sustainability efforts like the ratification of the Paris
Agreement.Thus, it is important to explore technologies that can balance the many

constraints for energyeneratiortechnology of the future.

Solid oxide fuel cells represent an attractive techyplto meet these demands.
SOFCs operate througime electrochemical xadation of a fuel gas and thus anet
constrained by the Carnot efficiencies of internal combustion engines. That allows SOFC
systems to attain electrical efficienciels>60%.Because they operate a&latively high

temperatures of @-1000°C, there isno requirement for expensive precious metal



catalysts. Additionally, these higher operating temperatures allow for greater fuel
flexibility than traditional energy sources ranging from hydrogen to more energy dense
hydrocarbons. For example, SOFCs can taklgantage of the existing natural gas
infrastructure and the recent boom in domestic natural gas supgilye 1 shows the
energy consumption projections and theyexoted energy production from different

resourcelR]. The higher temperatures also allow for combineelat and power

a ) Figure 1-1. World energy consumption, 1990-2040
(quadrillion Btu)
1,000 History Projections
800
600
|Non-OECD
400
200
QOECD
1990 2000 2012 2020 2030 2040
b) U.S. energy production continues to increase in the Reference case—

Energy production (Reference case)
quadrillion British thermal units

45 2016
history | projections
40 dry natural gas

35
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crude oil and

20 lease condensate
15 coal
other renewable

10 energy

5 / nuclear

_/ natural gas plant

0 . : . . . . . liquids
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U.S. Energy Information Administration #AEO2017 | www.eia.gov/aeo 13

Figure 1. Projections of a) world energy consumptiofi] and b) U.S
energy production through 20472].



applications, which can lead to overall system efficiencies approachiaQ%d@a], [4].
Another advantage is the ability trale these systems to handlgergy applications
ranging from 1kW single home distributed energy sources toddslle base load power
and heat. Applications range from larggale stationary, higefficiency energy generation

to fuel flexible transportation related to the electrification of commercial and non
commercial vehicldS]. SOFCs also offer an opportunity for energy storage in what is
called a Solid Oxide Etrolysis Cell (SOEC), which switches between electrolysis mode,
when excess enerdy generated from solar and wind installations, and fuel cell mode,
when the hydrogen and oxygen can be used as the fuel and oxidargledtenity isin

high demanfb], [7].

However, there are several constraints that limit the \sjfead commercializatn
of SOFCsBecause of thligh operating temperaturgthe active materials degrade over
time. SOFCs in real world applications must maintain continuous performance for lifetimes
on the order of 40,000 hours, but often degrade on the order offefeant per hundred
hours rather than the Department of Energy target of 0.2% per 1,0008hoditse
degradation often occurhrough precipitationof secondary phases frothe bulk or
adverse reactions between compondikésthe sealing material and the cathi@eOne
way to decrease the degradation is to operate at lower temperatures. However, there are
tradeoffs that come with changing the operating temperatutégdightedin Figure 2.
For example, as temperaturesigiase carbon deposition from @D, mixtures become
more favourable but carbon deposition from hydrocarbon fuels becomes less
favourabl¢l0]. Lower temperatures also allow for more economical support materials

such as stainless steels instead of high tempenaitkelbasedalloys. Unfortunately, as



tempeature decreases, the resistances for the electrochemical reactions indrease.
intermediate temperature range of BID°C has been identified as a compromise between
decreasing reaction rates and increasing material durfibifjty12]. Thus, it is important

to engineer materials in SOFCs to enhance catalytic activity at these intermediate
temperatures. The purposgthis dissertation is to explore routes to increase performance
of the SOFC electrodes through surface modification to increase performance at these
intermediate operating temperatures and identify principles that will guide rational design

of the nexigeneration of SOFC technology.
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Figure 2. A summary of trade-offs related to operating
temperature of solid oxide fuel celj11].



1.2 Research Objectives

The research in this dissertation focuses developing a better understanding of surface
modification to enhance catalytic activity of the cathaaleich leads to future rationale

design of cathode materials. The objectives are as follows:

1 Develop an asymmetric cell testing platform that enables comparison and
fundamental insight into surface modification of SOFC cathodes

1 Vary the ionic and electroniproperties of the surface modification to understand
the important factors influencing thexygen reduction reactioand characterize
under realistic operating conditions.

1 Understand the role of conformal films and film thickness on performfandke
oxygen reduction reaction and the fuel oxidatioy characterizingwith the

impedance spectroscopy

1.3 Dissertation Structure

After a background on fundamental operating principles of solid oxide fuel cells, the
relevant literature on cathode materials and filmm experiments will be reviewed. From
there the technical approaches will be described. Chapter 2 will show the development of
an asymmetric cell testing set up that was designed to test thin film coatings. Chapter 3
will use that platform to better uadstand the role of doped and undoped ceria coatings on
the LSCF backbone. Chapter 4 will examine pinaseodymiurdoped ceria system to
identify the role of oxygen ion conductivity on ORR performaridee final part of the

dissertation will be a summaryn@ recommendations for future worRn appendix



discusses some of the work in anode catalysts specifically with respect to molybdenum

carbide as a hydrocarbon catalyst for enhanced activity and increased coking tolerance.



CHAPTER 2. BACKGROUND

2.1 Solid Oxide FuelCells

Fuel cells are electrochemical devices that create energy through the oxidation of
fuel source. The cell consists of three main components: the anode, electrolyte, and
cathode. The porous anode is where the fuel is oxidized and must supportnidnic a
electronic conductivityThis is often achieved through a ceramietal composite, where
nickel is the metal and the ceramic is the same as the electrolytd hisadectrolyte must
be dense and only ionically conductive so that electemasorced through an external
circuit. The porous cathode must also support electronic and ionic conductivity, and is the

electrode where the oxygen is reduced.

The different fuel cell technologies are defined by their electrolyte as s€ejune
3, which show five different fuel cell technologj&8]. Solid oxide fuel cells, as the name
indicates, conducts either oxygen arsar protons through an oxide electrolyte. Because
it is an all solidstate system, high operating temperatures are needed to overcome the
activation barrier of ion diffusion through the lattieé¢owever, it is capable of internally
reforming hydrocarboffuels. Also, the higher operating temperatures do not require the
expensive precious metal catalysts that are used in proton exchange membrane fuel cells.
Molten carbonate and phosphoric acid fuel cells operate in the low to intermediate
temperature rangdut utilize a liquid electrolyte that introduces sealing challenges and

limits applications to stationary power generation.
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Figure 3. Schematic showing the electrokgs thatdefine the
different fuel cell technologie$13].

2.2 Thermodynamics

2.2.1 Thermodynamic Foundation and Nernst Equation

The fundamental reaction in a fuel cell reaction is the production of water from

hydrogen and oxygenvhich can be separated into two half reactemsdicated ifEq 1.

Anode 0°c¢0 cQ
Cathode -0 ¢Q 09 ¢h
Overall O -0 °© 00

Eql

The electrochemical potential is given by the Gibbs free energy cipaegented
in Eq 2, where G is the Gibbs free energy, U is the internal energy, T is temperature in

Kelvin, S is entropy, p is pressure and V is volume.



O Y YYw Eq 2

Differentiating Eq 3 and assuming constant temperature and constant pressure
showsthat the maximum electrical work a system can perform is the negative of the Gibbs

free energy difference.

Q0 Q7Y YQYYQ YA QodQn
Q0 YQYQ® YQYYQ'YNQooQR
Q0 YQ'YN Qo YQYYQ Y] QO®QN

an G - . Eq 3
Q0 OR YO &

The electrical work a system caaiso be calculated frorhe energy required to
move a charge (Q) through an electrical potential difference (E), where n is the number of

mols of eletrons transferredand Fisbad ay 6 s constant .

Eq 4

RelatingEq 3and Eq 4 demonstrates thdhe electrical potential is given by the
molar Gibbs fre@nergy change of the reaction resulting=q 5. This electrical potential

is known as the reversible cell voltage.



YO ¢ "00 Eq5

The Gibbs free energy change for the fuel cell reacti@yihand water in the liquid phase

is -229kJ/mol, which gives a reversible voltage of +1.229V according§gd[14].
Including the latent heat of vaporization for gaseous water instedquid water, the
reversible voltage is 1.18V. This is the maximum posgibtential that can come from the
system using hydrogen as the fuel and oxygen as the oxidant. Remember that the Gibbs

free energy is a function of temperature.

Eq 6 shows that the temperature dependent reversible cell voltapes @function of the

molar entropy change. For the-B; fuel cell with ay"Y T ® WG € @ , this
translates into approximately 23 mV decrease in reversible voltage for every 100 degrees
increase in temperature. Conversely, lowering the operating temperature increase the
reversible cell potential, which is another positive attribute of intelateedperating

temperatures.
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The Gibbs free energy of a reaction also vanéh the concentration of the
products and reactants. This variation in Gibbs free energy with concentration is defined
by the chemical potential () of a given species) i n a given phase (U
Eq7, where the righhand side of the equation represents how much the Gibbs free energy
changes for an infinitesimal increase in spees
1 O

T Eq 7

The chemical potential is related to concentration through the term acaiyviag (
shown inEq 8. The logarithmic dependence arises from the relative ¢nphadding
atoms; in other words, adding a few particles to a small system is expected to have a large
effect on the chemical potenf{idb]. On the other hand, adding a few particles to a large

system will most likely have little effect on the chemical potential.
YYD Eq8

CombiningEq 7 andEq 8 gives the change in Gibbs free energy for a system of

chemical species for a small change in amount of that spegies (

8)
)

Q"0 C ‘ YV &
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For an arbitrary chemical reaction, the molar Gibbs free energy of a reaction is given by

Eq 10

30 0 g W o YV ——
W &
30 30 YV —— Eq 10
® @

Combining Eq 5 and Eq 10 yields the Nernst equation which takes into account the
electrical and chemicatontributiors to the reversible cell voltage. The equation for
calculating this Nernst potential shown inEq 11 wherea is the activity of the species

andyv; is the stoichiometric coefficient.

-Y "Y AE (I)

© 0 57%>5<b

Eq 11

For the H-O2 fuel cell reaction irEq 1, the Nernst equation is:

T Eq 12

The Nernst equation can also be derived when the electrochemical potential of a
species is th same at both electrodes. In that case, the chemical potential is exactly

balanced out by the electrical poterjtial.

12



For an ideal gas, which is the most likely case in a solid oxide fuel cell, the activity
can be approximated by the partial pressure of the gas. For a nonideal gas, an activity

coefficient is used tdescribahe deviation from ideal belmur.

2.2.2 Equilibrium Defect Reactions

The performance of SOFC materials is based on the domimanitile
electrochemical species, which varies with doping concentration, partial pressure of
oxygen and temperature. ldentifying the conductivity determisjpagies requires a point
defect model which consists of writing mass action laws for every case that can satisfy
electroneutrality in the bulk of the material. For example, ceria can have intrinsic
conductivity due to the reduction of €¢o Ce* (Eq13), from an antiFrenkel defectEq
14) or from the generation of an electrorifpair Eq 15). Ceria can also be doped with
an aliovalent species like samarium that introduces a vacancy to balance the 3+ dopant on

the 4+ lattice siteEq 16).

0 P ¢Q -0 Eq 13
g Baw® Eq 14
¢ ®aQ @ Eq 15

"Ya0 6Q ¢0 P ¢Ya o2 10 Eq 16
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Each equation can be represented by a mass action law witthaniusform such

as:

- - O
) PR § . o g
w2¢ 0 0 Y QA 2B, Eq 17

Where &2 is the concentration of oxygen ion vacancies the concentration of
electronsp T is the partial pressure of oxygan, “Y is the mass action coefficier®

is the reaction constarn@ is the oxygen vacancy formation energgy s Bol t z mann
constant and is temperature. After all the possible equations governing conductivity have
been written, a charge neutrality equation can be developed that balances the charges of

the possible positive and negative species:
e 0 Ya N oqw Eq 18

By using a Brouwer approximation, an isothermal defect diagram can be presented
under varyingd atmospheres as shownRigure4[16]. The approximation is basexdf
the assumption that there is a single dominant defect mechanism fenaegyonUsing
this Brouwer diagram, it is possible to understand the contributions to conductivity in
different regions based on the slope of the carrier concentration. For example, in Region
II, the conductivity isdominatedoy oxygen ion vacancies created through the aliovalent
doping mechanism and thus you would expecthange in ioniconductivitybecause the
concentration of oxygen ion vacancissfixed by the dopant concentration within that

range of oxygen partial pssures

14
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Figure 4. A Brouwer diagram for acceptordoped ceria[16].

2.3 Kinetics

The thermodynamic vaé#is provide a foundation for understanding the
electrochemical kinetics in SOFCs. For a given electrochemical reaction, there exists an
activation barrier that must be overcome before the reaction can take place. The probability
of a reactant species beilmgan activated state is defined through statistical mechanics

arguments as:

0 QY7 Eq 19

where Reivatedis the probability of finding the reactant species in the activated ¥téie,
the energy barrier between the reactants and the activated species, R is the universal gas

constant and T in temperature in Kelvin. In order to determine

15



While the thermodynamic efficiency is dictated by the Nernst equation, there are
several polariz@on losses that reduce cell efficiency as showirigure 5. Activation
polarization is the energy loss due to the activation barrier encountered for the reaction to
proceed at the electrode. In response to an asymmetric activation barrier, which occurs
when the final state is at a lower energy then the initial state, an electric potential difference
is generated across the electrode known as the Galvani potentiaigAkese potentials
together gives the observed reversible open circuit voltage. In order to have current flow,
the system needs to be biased toward the forward reaction. The-\Boitlaer equation
describes the relationship between the activation oWtage and the current density

observed:

-Q 7T =0 T Eq 20

Where j is the exchange current densify,is the exchange current density at
standard concentration®,’is the initial reactant (or product) concentration at the surface,
&is the actual surface concentration of
symmetry of the activation barrier, veq i s
their usual meanings. These activation losses can be mitigated by new catalysts on both the
anode and cathode side that can affect the gas adsorption, dissociation and other

intermediate species involved in the multigtep oxidation or reduction praNote in
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Figure 5. a) A typical IV curve showing the fuel cell polarization losses ar
b) the relative contributions for the anode, cathode aneélectrolyte[14].

17



Figure5 b) the relative magnitude of losses associated with the anode, electrolyte and
cathodeThe middle region ofFigure5 a) exhibits a linear decrease with increasing current
density due to ohmic losses in the electrolyte, electrodes, interconnects and current

collectors as shown in ¢hfollowing equation:

- QY where Y Y Y Y Eq 21

Ohmic losses from ionic conduction in the electrelyecome larger as temperature
decreaseand thickness increases. To minimize ionic resistance, the electrolytes of planar
SOFCs are thin films (on the order of 20 um) deposited on a porous anode stipport.
compare cells of different sizes and with different materials, the ohmic resistasuoelly u
normalized by area (Area SpecifThesloPeofi st an
the linear portion of this IV curve is approximately tiesistance of the electrolytbut
really incorporates all ohmic resistances in the éelbther way to dtermine the ASR is
through impedance spectroscopy, where the ohmic resistance is the real value of the

resistance for which the imaginary impedance is zero.

At high current densities, magsnsport and reaction rates cannot keep up with the

demanded cuwent, which result in concentration polarization losses. The loss can be

guantified using Fickodos first | aw and the
0o — when rearranged— p —
0 0O —1 b andO o —1b
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Where im is the limiting current and R, T, n, F have their typical definitions. This
assumes that the concentration polarization is much larger than the activation polarization,
which is appropriate for the relatively high operating temperatures of solid oxlaefise
The difference in surface concentration also affects the symmetry of the activation barrier

as previously described in the ButMollmer equation.

2.4 Increasing Cathode Performance

Increasing performance of the entire solid oxide fuel cell releisnprovements in
each component: anode, electrolyte and cathOadethe anode, the hydrogen oxidation
reaction has been shown to relatively more efficient with much of the effort on establishing
oxidation tolerance and identifying hydrocarbon catalysiskte advantage of more energy
dense fuelsAdvances in thin film fabrication and discovery of materials with higher ionic
conductivity havegreatly enhanced performance of electrolytes. Thus there is significant
motivation to focus efforts on improvingdhoxygen reduction reactioAs previously
shown, the athode overpotential is the largest contribution of the overall resistances in an
operating fuel cell and will only increase as a fraction of the total contribution at lower
temperatures due to a highactivation energy. The following overvieaf the current

statusof SOFCcathodeglraws from extensive reviews in the literaf@i@i [19].

The cathode can take two forms: a composite of ionic and electronical conducting

phases or a single mixed conducting phase. In the traditional composite form, an ionic

19



conductor (usually the same material as the electrolyte) and an electronictootidlac
(La,Sr)MnQG (LSM) are physically mixed and then fired as a cathdtes strategy mimics

the approach of the anadgontrary to the anode, there is a large oxide material set that is
stable in the oxidizing environment of the cathodlke more common approach with
materials is to use a single mixed conducting phase lierL.&o/Fer.yO3 (LSCF)which

has a sufficient oxygen ion and electronic conduction. The key morphological difference
between the two strategies comes from the aetiea for thaeaction For a composite,

the oxygen reduction reaction will occur where electrons, gaseous oxygemsace all
present. The interface between the gas the electron conducting phase and the ion
conducting phase iknown as the triple phase boundanheTadvantage for a mixed
conductor lies in the increase of the surface area available for the reaction to occur. Instead
of being confined to thdéinear geometryof intersecting phases, the ORR a mixed
conductorcan take place across the enteeposedsurface area. Additionally, the
composite cathode must maintain percolation of the electronic phase or some of the triple
phase boundaries will not be actiidaus, there may be a sacrificed in active surface area

to maintain continuity in the electricalonducting phase.

A large amount of research has shown that overall cell performance scales with the
triple phase boundary lengtAlowever, the exact progression of ORR at the triple phase
boundaries is not completely understdaf. In general, it is thought that oxygen
molecules absorb on to the surface whieeg tare catalytical or electrocatalytically reduced
to form an electroactive species. Either before or dfisrreductionthe species must be
transported along the surfacetople phase boundamyf materials and then transfer into

the bulk of the iord conductor. Traditional electrochemical kinetics, whicditionally

20



focuses on theurface of a metal electrode with a liquid electrolyte, doegadectly
apply because gatiffusion electrodes are often limited by multiple rdigtermining

step$l7].

In order to better understand the ORR process, it is helpful to simplify the materials
used.For exampleusingplatinumor silveras the cathode has been the prototypical way
to study behaviour of the triple phase bound&hese experiments have yieldetbortant
insight in the challenges in applying traditional electrochemical metizogas diffusion
electrodes. For examplealculating the Tafel slope to predict limiting kinetissoften
used in liquidbased electrochemistry, but can create misleadimglusionsfor a gas
di ffusion electrode. Adl er p oi n tNemstiao u t t h
relationship exists between the applied potential and activity of electroactive oxygen on a
platinum surfacl7]. That means the surface concentration at the triple phase boundary
would varylogarithmicallywith potential. If the rate of adsorption/diffusion depends on
concentration of the species, then the current will vary Jaiparithmically with
overpotentialand appear to exhibit Tafel behavidrhat being said, a large body of
literature correlates prrmance with the geometric length of the triple phase boundary. In
an attempto correlate structure to performance, earlyaedeers studied platinum on YSZ
and took lessons from gas diffusion electrodes in hydrogen oxifietjo®ne of the big
takeaways from comparison to fuel electrodes in solution and palygas diffusion
electrodes is the possibility that diffusion processes cdimibperformance below the
limiting current densitj20]. Before delving into the foundational literature on the ORR
reaction, it is important to netthat processing, microstructure, temperature, polarization,

partial pressure of oxygen and many other factors influence overall cell performance. Thus,
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even in the ideal platinum on YSZ experiments, there can be variation due to the actual
testingand fdricationconditions that coul@npactthe data andubsequennterpretation.
Thus, there can be a large spread in data for relatively simple systems with minimal

components.

There are few lessons to draw from early work of platinum and silver oni&iEz
and collaborators studied silver microelectrodes on [Z8Z Their impedance data
showed two major arcs with the larger one at lower frequencies ascribed to the adsorption
and diffusion of atomic oxygen inside the silver microelectrode dtleetgariation of the
resistance and capacitance ifopedance datht with conventional circuit elements. The
mechanism they describe is that atomic oxygen dissolved in the silver where it is reduced
to an anion and then enters the electrolyte at thke fphase boundary. This would explain
why the capacitance varies nearly to the cubic of the partial pressure of oxygen because the
volume of the silver is involved in the capacitive effect. A chemical potential gradient of
oxygen is then generated in&ty state that causes more oxygen to adsorb and dissociate
on the surface and then diffuse to the triple phase boundary. Verkerk and Burgraff also
described a mechanism limited by both diffusion and adsorption in platinum of2¥5Z
After subtracting the doublayer capacitance of the metal/electrolyte interface and the
resistance du@the electrolyte, the impedance spectra showed Ed5n a Nyquist plot,
which indicates that a diffusn limitation in the proce§&3]. However, a 45line in a
Nyquist plot does not necessarily iodie finitelength diffusion. The same spectra would
result from an system that is reduced to smfmite diffusion including if the system is
limited by kinetic processes in the steadgtg24]. The concept of a elimited process is

exempl i fied [17. Thegrocess éas bertheught & as two distinct processes
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that involves the adsption of gas molecules on the surface and then an electrochemical
reaction that occurs at the triple phase boundary that depletes the adsorbed species. As the
surface species is reacted at the interface and pulled into the electrolyte, a gradient of
adsorled species near the interface will begin to develop. Thus, the adsorbed species will
move under a surface concentration gradient into an equilibrium at which the increase in
surface sites available is balanced by the decreasing rate of diffusion duerigea |
transport path. That translates into a compromise between exchange coef)caamd (

diffusivity (D) where the utilization lengthi( is defined as:

ax Eq 23

Sl O |

This utilization length brings together tlwe-limited terminology because both
values are important in determining the rate of the ORR by determining the active region,
which can vary with microstructure, grain size aogpantievel amongnanyother factors.

The dependence on these multiple factorakes it difficult to ascribe better overall
performance to either value especially among materials that have similar performance but
different diffusivity and surface exchange coefficients. The resulting impedance spectra
will vary depending on those difsivity and surface exchange values as seéiguare6.

The tear drop shape of the impedance arc is due to the Warburg impedance (45° line) that

is associated witHiffusion controlled reactions.
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Figure 6. Two models where a) shows the impedance spectra if the ORR overal
reaction is limited by surface adsorptionand b) the ORR reaction is limited by
diffusion of the oxygen anion throughthe mixed conductingfilm [17].

While the extreme caseseabetter understood, models to describe the actual
behaviour lies somewhere in between without a -defined breakdown of which
processes are limiting, which brings up the idea dfrading reactions occurring in SOFC

cathodes.

Increasing performance of tleathode foroxygen reduction reaction has been
characterized by two effective rate constants k (oxygen surface exchadd®)axygen
bulk diffusivity). With that in mind, i has beermgenerallyunderstood that both oxygen
vaa@ncy concentration and electronic conductivity play a role in enhancing surface
exchange coefficient and the ORR. Becausetmribution from each componeistnot

well-developed, it is helpful to consider recent literature to see how performaéiece
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surface medicationorrelates with both vacancy concentration @edtronicconductivity.
There are two main surface modification stragegior SOFC cathodes using solution
infiltration. The first involvesinfiltrating a new material on a cathode backhomhke
second introduces the infiltration solution opa@ous electrolyte suppait create a thin
film of the cathode on the electrolyte backbo®&viously,any material infiltrated on a
porous electrolytbackbonavould need to reach a percolation tias on the surface to
conduct electrons through the external circuit. The major focus for theswés surface

modification using a homogenous cathode as the backbone.

2.4.1 lonically Conductive Infiltrates

Infiltration of the ionically conducting infiltrates believed to increase the surface
exchange due to the oxygen vacancies and oxygen storage[28]ilittyor example,
infiltrating 20SDC into an LSCF backbone demonstrated a reduction in polarization
resistance until a critical loading after which the performance decf2@keSigure 7
shows the impedance spectra and the calculated interfacial resistance varies with loading.
Other groups have also shown an increase in performance with doped ceria infiltration
including YD({27]. Xia and coworkers demonstrated through a theoretical model using a
spherepacked framework that the infiltrated electredecreased the triple phase boundary
length, which is responsible for the enhancef2&jt Leng showed experimentally that
the infiltration of GDC was able to reduce LSM sintering and also attributed the increase
in performance to increase in triple phase bowi@at. It is very common for authors to
attribute enhancement after infiltration to an increase in surface area. Howevdgwery
authors perform BET measurements on the porous cathodes to normalize the polarization

resistance by the surface area. Instead, it is generally accepted to normalize by the top down
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surface area. This makes comparisons between different research gjiglihg more

complicated. For example, two cells could exhibit the same polarization resistance when

normalized by top down area, but could have very different surface areas due to differences

in cathode thickness, porosity, etc. If normalized by actudhce areasherewould be

significantdifferences That being said, the overwhelming majority of polarization data is

normalized by top down are@ther examples of doped ceria on LSM can be found in the

review by Ding et aJ30].
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The performance of the cathode has also been stwosaoale with increasing ionic

conductivity of the infiltrated compound@lVhen yttrium stabilized bismuth oxide (YSB)
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Figure 7. The a) impedance spectra and b) the plot of interfacial resistance versus inverse

was infiltrated into an LSM backbone, the polarization resistance was lower than an SDC

infiltrated LSM cell as fabricated in the samgexmenf31]. In that case YSB has higher

ionic conductivity than SDC. While the perforntae

trended with

oni

difficult to draw a direct correlation because of the change in material from a bismuth oxide
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to a cerium oxide hostaterial Hong et al examined the oxygen surface exchange
properties ofSmCe1-xO2-a (SDC) infilt rated on anLap 6Sto.4C oo sF& 20s-a backbong32].

The authors found that the surface exchange coefficient as measured through ECR
followed the trend of conductivity in Swhoped ceria, i.e increasing with increasing
samarium dopant with a peak at 0.2 and then a decrease with subsequent increase in
samarium mol fraction. They also foutitht with the same dopant concentration, the
performance varied with loading with a maximun® &6mg/cm. Above that loading, the
deposited film had less cracks and became a more dense film. It is important to note that
the deposition technique was a slurry coating, which resulted in film thicknesses on the
orderof35 e m as o0 p p o s énfitratioo of nitratasdvhithiogeratasl on a length
scale an order of magnitude or two smaller. Their conclusion was that the oxygen vacancies
are critical tothe surface exchange reaction, but the length scale of the coating may be a

significant aspect ahat explanation.

The interesting aspect to the doped ceria surface modification is that the surface
exchange coefficient of GDC as calculated through isothermal isotaparege method
by Armstrong et al and Laret alwas shown to be orders of magui¢ubelow the LSCF
surface exchange coeffici¢BB], [34]. However, infiltrating doped ceria on LSCF
increases the surface exchange coefficient of the catBatler et atxplored the influence
of ionic condwtivity of infiltrates on an LSCF backbone using ECR and isotope exchange
to better understand the reason for the increase. They showed @t &dl CeQ
infiltration decreased the surface exchange coefficient while GDC enhanced the surface
exchange coéitient. The isotope exchange measurements suggested that the surface

exchange is limited by the dissociative absorption, which in their view excluded the
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possibility of the spill over mechanism as the reason for improvement. However, they were

not able tadescribe an alternative mechanism.

The ionic conductivity may not be the only indicator for performance of a given
material. Liu et al explored modifying an LSCF backbone withsbaCa.0124Ce.502-u
(LCC)[35]. LCC has a much lower ionic conductivity as compared to SDC and GDC, but
supports a large amount of oxygen ion vacancies. The authors compared two composites,
one where LCC was physically mixed with LSCFlame where the LCC was deposited
on the surface. The LCC/LSCF physical mixture showed an increase in polarization, which
makes sense due to the low ionic conductivity of the bulk phase. However, when the LCC
was infiltrated, the polarization resistancemased significantly thus highlighting the role

of oxygen ion vacancies in the ORR.
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Figure 8. a) Comparison of conductivity between SDC and LCC and b) a comparison
interfacial resistance between LSCF, a physical mixture of RCFLCC and a physical
mixture of LSCF-SDC[35]
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While it may be tempting to try and increase the oxygen ion vacancy concentration
as much as possible, there are important degradation considerations to be aware of.
Tsvetkov et al modified the surface of LSC with cations whose binary oxides had either
lower or hgher enthalpies of oxygen vacancy formafgsj. They found that the less
reducible cations improved the oxygen exchange coefficient and decreased strontium
segregation. lis undestood that the accumulation mdsitively charged oxygen vacancies
on the surface create a driving force for the effective negatively charged strontium dopants
to segregate to the surface and turn in to an inert strontium dkatedegrades
perfaomance Thus, hey found a volcano relationship between the reducibilftghe

infiltrated materiabnd the surface exchange coefficient as shoviaiguare9.
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Figure 9. The a) volcano relationship between reducibility and the surface exchange
coefficient and b) the increase in surface strontium for varying infiltratedcationg36].

2.4.2 Electrically Conductive Infiltrates

There are two main material groups under the auspices of electrically conductive

infiltration. The first isinfiltration of mixed ionic electronic condtors thathave high
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electronic conductivity relative tihe ionic condudtity, such as SgESi.sC0o0s.u (SSC).

The second modification strategy is through infiltration of noble metals.

Along the first directionLou et al infiltrated SSC on an LSCF bacdke and
showed decreasing polarization resistance with increasing concentration of the
solutio{37]. From the impdance spectra they determined that the infiltradohanced
the rate of oxygen reductiohigh frequency arc) while the mass transfer (low frequency
arc) stayed the same. Thus, only the surface properties were modified and not the bulk

LSCF.

A thin film coating of LSM on LSCF is the prototypical example of nonintuitive
properties of conformal surface coatings. LSM has more sluggish oxygen surface exchange
kinetics due to lower concentration of oxygen vacancies and thus lower ionic conductivity,
but posseses higher electronic conductivity as compared to [S&FDespite these poor
surface exchange propertiegnch et al found the polarization resistance of the cathode
decreasesvhen a thin film of LSM isdepositedon LSCFas seen irFigure 10[39]. An
important aspect of this experiment is that the initial resistance of thedoadMd LSCF
is slightly higher than the reference LSCF, but under bias, the polarizasistance is
lower. When tested as a full cell, the performance continues to increase rather than degrade
like the LSCF reference. Thus there are two benefits from the surface modification: a
decrease in polarization resistance and a dramatic decreleggadation rate. The authors
ascribed theincreasing performance over time #consistent increase imacancy
concentrationwith increasing cathodic biger LSM. Others have also reported on the
enhanced performance of LSM thin films under bias andbatéd the increased

performance to atom rearrangement on the sydate
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Figure 10. Above, (a) shows a cross section of a 48nm coating of LSM on a dense L.
asymmetric cell; (b) a TEM micrograph of a porous LSCF cathoé with a conformal
coating of LSM; and (c) current density over time measurements for the blank and
LSM-coated cathodg39]

Giuliano et al highlighted the importance of the cathode bone on the performance
under biaBt1]. The authors infiltrated LSM into LSCF and BSCF and performance EIS
under OCV and a cathodic bidske Lynch, he authors found that LSM on LSCF resulted
in a lower polarization resistance under a cathodic bias. However, for the BSCF, which
exhibits higher ionic conductivity and bulk cathode performance, the polarization
resistance increased under bias with the Lifitration. Using EIS to calculate chemical
capacitance, they determined that the vacancy concentration in BSCF decrease under the

bias, whichis contrary to expectations based on LSCEF literature.

Lee et al also showed that a thin partial layer of L&MLSC can increase the
surface exchange coeffici¢h?]. They postulated that the enhanced performance of the

partial @verage film was due to the manganese substitution in the underlying LSC that
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stabilized higher Sr concentration near the surface. The ideathithnesswas 0.9nm
with decreasing performance for films thicker than 3nndelnhonstratethat even small
madifications to the surface can yield large changes to performance and that interdiffusion

between the backbone and coating can occur under operating conditions.

The second strategy for surface modification with electrically conductivity material
is throughinfiltration of noble metals. Platinum and palladium are oftdiltrated into
sub10 nm particles on the surface of the cathode. Uchida et al infiltrated platinum on an
LSC-SDC composite cathode and saw a reduction in cathodic overpg#itielowever,
Simner et al incorporated platinum via several different ways into arSLEE composite
cathode and found no change in performftte The null result for that work indicates
t hat size is important for the platinum
presumably larger than Uchittased on the fabrication methods. Simner also looked into
palladium dopants and found the larger particles were capable of decreasing polarization
resistance by 50%, but also noticed some possible dissolution of the palladium nanoparticle
into the hostdttice that corresponded with a significant degradation rate. Others have also
identified palladium entering the later of LSCF and Bagl4%), [46]. In addition to doping
into the lattice, which may or may not improve performance, it is also important to consider
long termdegradation beyonahny intial performance enhancement because of coarsening

at higher operating temperatures.

Precious metal surface decoration is a very common strategy in the broader
chemical catalysis community. In purely chemical catalysis experiments, the increase in
performance is ascribed to a metal support interaction and a change in local electronic

structure. Therefore, in terms of infiltration with electronically conductive material,
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precious metal catalysts influence the ORR activity not purely by the electcipaty,

but by the change in locelectronicstructure.

2.4.3 Applications of Conformal Coatings

Advances in thin film deposition have allowed for unique thin film properties to be
characterized in electrochemical applicatioBsrface moditation with conbrmal thins
havebeendemonstrated throughout theel cellcomponentsin general, there are several
major areas where ALD has been used: thin electrolyte layers, interfacial layers between
electrode and electrolyte, protective layer for interconnects,aamnode and cathode
catalyst§47]. The Prinz group has developed an ALD process for thin film SOFCs aimed
at reducing the thickness of the electroly
electrolytes of yttriestablized zirconia (YSZ) to caée high performance cells with
operating temperatures as low as-300°C. Thdree-standingPt/YSZ/Pt fuel cells are on
the order of 150 nm in total thickness with a peak power density of around 0.2%,W/cm
which is significantly higer than sputtered ZSfilms[48]. They have further increased
performance to 677 mW/cin861 mW/crd and 1.34 W/crhat 400°C, 450°C and 500°C
respectively for an ALD thin film SOFC with a high surface area corrugated eleetrolyt
membrang49], [50]. Besides limiting ohmic resistance by employing thin filmgjnsic
ionic conductivity has been enhanced by an order of magnitude when the layer thickness
is reduced from 70 to 17 fjB1]. At these small length scales, nanoionic effects may factor
in to perfomance. However, it is important understand there are many confounding factors
that can lead to inaccurate data such as the purity of testing set up materials, especially

when testing thin films that ay have high resistangég], [53].
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Brahim et al tried to enhance the electrochemical activity of the electrolyte
electrode interface by creating a gradigalic to electronic composition using a 2rO
system doped with B3 to increase conductivifg4]. While no full cell tests were
performed, impedance on thelfheells showed an increase up to 65.2 mol%:lpénd
then a decrease up to 91.5 mol% indicating the ability to tune electrochéetealiour
using ALD and manipulate the doping concentration of the thin films. Chao et al tried to
modify the surface inisilar manner by depositing a 1 nm thick layer ofi%imol % YSZ
on a YSZpelle{55]. The 50% increase in performance was attributed to the higher oxygen
vacancy concentration at the surface, which enhanced oxide ion incarpolatlso
demonstrated the possible importance of vacancy concentration over ionic conductivity

since 8 mol% YSZ has the highest ionic conductivity.

ALD has been used to apply thin coatings to active materials to enhance stability.
Biener et al stabiliz& nanoporous gold with a 1 nm film of alumina and titania. The
alumina coating stabilized the nanoporous gold up to 1000°C and the titania coating (which
consisted of highly dispersed nanoparticles after annealing) showed a 3x catalytic
enhancement of COxalatior{56]. Gong, et ahlso used ALD to stabilize nanostructured
Lao.eS0.4C00s.q in an SOFC cathod®7]. The conformal Zr@ films reduced the
polarization areaspecific resianceby a factor of 19 after 4,000 hours of testing. They
claimed that the Zr@coating hadenoughporosity for Q to access the LSC, but confined
the growth of the LSC nanoparticles and suppressed surface Sr segregation, which is a
known cause for LSC deadation. Also looking at the cathode, Kungas et al demonstrated
that ALD of Al,Oz on an LSFYSZ cathode causes an increase in electrode impedance that

correlated to blockig of the active surface af&8]. Yu et al explored other surface
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coatings by deositing ceria and strontium oxide on composite cathodes of- YSZ
Lag.6Sr.4C00s.u (LSC), YSZLapsShlFeQs (LSF) and YSZBays5ShsCan.sFen 20
(BSCFJ]59]. In this experiment, YSZ was used as the scaffold and the composite material
was infiltrated after which the surfaces were coated via ALD. While the strontium oxide
showed increasing polarization with increasing surface coveragegmorisvith blocking

of active sites), the ceria coating showed most of its increase in impedance after two ALD
cycles. They suggest that the ceria interacts with the surface vacancies in the LSF and
diminishes the @adsorption process, which likely occaisvacancy sites. They claimed

that the higher electrode resistance for LSF when compared to the BSCF was due to the
lower vacancy concentration ihSF relative toBSCF. These findings indicate the

importance of surface functionalization on SOFC cathodes.

ALD also allows access to unique thin film properties. Crumlin et al found via in situ
AP-XPS that thin films of LaxSxCoQGz.s showed strontium enrichment and decreased
formation of secondary phases as compared to bulk pellets of LSC, especially at high
temperatures[57]. The strontium enrichment was cited as the source of the enhanced
catalytic activity. Chen et al found that pemdymiurmdoped ceria thin films (~150nm)
had a greater deviation from stoichiometry as compared to the bulk due to a decrease in the
enthalpy of reduction of ceria[58]. In another example, Chueh et al used ambient pressure
XPS to determine a high conceatton and stability of G& on the surface over a range of
temperatures and oxygen partial pressures, which differs from thbdhdkiouf59]. The
Ce* concentration also varied with temperature. At low temperatures, (~250°C), the
surface and bulk conceations were approximately equal. At higher temperatures

(~650°C), there was as much as a two orders of magnitude increasé do@entration,
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which correlates to increased electrical conductivity wawhncy concentration, whigh

important in the gasolid electrochemical interface[60]. Jose la O et al found a similar
increase in vacancy concentration in LSC films as compared to bulk which contributed to
dramatically enhanced ORR, but wasnot abl
vacancy concerdtion[61]. Gadre et al have shown an increase in ORR activity when
Lao.2Sr.2Co0s.a and (La.sSto.5)2CoOu are put in a heterostructure arrangement, there is a

Sr enrichment in one phase driven by a chemical potential that increases vacancy
concentratia[62]. Han and Yildiz pointed to an interfacial strain that also facilitated the
oxygen incorporation[63]. Even without a coating, the surface of the cathode can change
during operation as evidenced by work showing change in surface segregation with

cathodc bias[42], [43].

2.5 Technical Approaches

2.5.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a widegd technique in solid state
electrochemistry to determine important features of the system.elBaogrochemical

system responds to an applied sinusoidal current or wotted results in a phase slaft
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Figure 11. Examplesof an impedances spectra and the
accompanyingRC circuit model[60]
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a function of frequencyThe resulting spectra forms one or more distancs that can be
approximated byeries and paralladircuit elementsas demonstrated ifrigure 11. The

ohmic resistance is the firstimtercept and the polarization resistance is the difference
between the first sintercept and the finax-intercept at low frequencieS.he major
advantage of this technique is the ability to differentiate electrochemical steps based on
characteristic time constants. In relatively straightforward cases, the recorded response is
analyzed using equivalentcuits where charge transfer steps are modelled as resistors and
charge polarization as capacitoféie data collected is typically reported in a Nyquist or
Bode plot, which gives information about the resistance of thatastepen ifrigure12.

A Nyquist plot does not explicitly show frequency information, but frequency decreases
from left to right. In other words, high frequencies are to the left and low freqgencie

towards the right.
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Figure 12. a) shows the small voltage perturbation and the resulting gain and pha:
shift, b) an example of an Nyquist plot with imaginary and real impedance as the
and x-axis respectively, and c) the caesponding Bode plot of impedance as a
function of frequency [60].

In cases of mixedonductors, such as cathode materials like LSCF, both the surface

activity and ambipolar diffusion through the bulk canliout the behavior resulting in
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deviations from the ideal capacitive behaviorthis case, the perfect semicird¢hat is
indicative of capacitive behavior becomes distorted at high frequencies due to diffusion
limitations. Alder presents a review of the papers describing this behavior and describes
the diffusion process as taking place on the surface as opposeg tiegendence on
diffusion through the film into the electroly6®]. In that same reviewAlder describes the

simple model derivation of the impedance for theliocoted case, whichhas been
described in the cathode literature revaavd is shown ifrigure13[61]. Briefly, the model
assumes aemtinfinite surface that has uwifm surface coverage of the gas species that
occurs via gas adsorption/desorption and surface diffusion. Then the surface equilibrium
is perturbed at the origin by an electrochemical reaction by which the adsorbed species is
consumed and there is a drigifor species to move toward the vacated space. At steady
state, the increasing rate of adsorption due to the newly available surface area is balanced
by the decreasing rate of diffusion due to the longer distanced that need to be covered. The
resulting inpedance shows a characteristic tear shape known as the Gerischer impedance
as indicated ifrigure13d). The spectra is reminiscent of a Warburg impedance, which is
due to strictly diffusion, but varies from
For the Gerischer impedance, the characteristic time constant is proportghi@(ishere

k is the surface exchange coefficientidathe characteristic resistance is proportion to

pATQQwhere D is the diffusion coefficientfitting the impedance is often narivial as

many circuit elements can be fit to a given spectra making any mechanistic determination

38



unclear.For further inbrmation about Gerischer impedance in the SOFC literaieee

several additional papef24], [62].
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Figure 13. Several representative graphs for deriving Gerischer impedance
response where a) shows a seinifinite plane with a given equilibrium surface
coverage, b) is the concentration profile about the origin, c) is the surface ful

as a function of time with theutilization length parameter, and d) the
impedance spectra for surface flux specg61]

2.5.2 X-ray Photoelectron Spectroscof¥P9

X-ray photoelectron specscopy is a surface sensitiver&y absorption technology
that aids in identifying oxidation state of materials. The petetrdepth is typically 8.0
nm, which allowsisolation of the top surface that is often most important in
electrochemical reactiomsvolving a gas phas&-rays probe the electronic features of the

surface species by ionizing ceewvel electrons. These core level electrons are then ejected
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from the sample and the kinetic energy is measured using a hemispherical detector

according to:

O O O " Eq 24
WhereO is the binding energy of the electrdd, is theenergy of the X
ray, O is the measured kinetic energy of the photoelectromaisdwork function,

which a combination of the device and material work functions. For a given syltem,
work functionis assumed to be constafihe X-rays ina lab scale unit are typically a single
wavelength and generated by striking an aluminium target. The Thermo Scierifith &
uses an Al KU monochr omenteramplewf thetapparatué 6e0
up and XPS spectra asbown inFigure14[63]. Interpretation of the XPSpectra can be
challenging especially for cerinibased materialdue to manglosely space peakBurther

details relating to the fittingf cerium and praseodymiuate discussed in later chapters.
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Figure 14. A schematic repregnting the major features of an XPS chamber including
photon source, hemispherical analyzer and an inset of example XBfectrg63].
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CHAPTER 3. ASYMMETRIC CELL TESTING PLATFORM

The purpose of an asymmetric cell is to isolate the performance of the cathode with
respect tahe surface modification. It is difficult tcaonformally coat the tortuous porosity
of a typical cathode. Since the impada scales with surface areaymmetric cells with
a porous cathode on one side and a dense thin film of the same material on the other side
will be limited by the impedance oh& dense filmThus any increase or decrease in
performance can be directly related to the surface modification of theTtilenadvantage
in usingan asymmetric cell testing agb iscontrol of film thickness and morpholodyor
examplethere may be nitiple microstructural features of an infiltrated coatiiign that
can beobserved after testinglowever, it is difficult to correlata single feature from the
range of microstructures to the performance increasalysis of the improvemenmntelies
onexperience and representative morphological elements. With the asymmetric cell testing
set up the film thickness can be accurately controlled as well as the surface area to triple
phase boundary ratid.dditionally, physical deposition technique like sfaring allow for
a larger range of films to be tested as compared to gas phase conformal coating techniques
like ALD, which rely on a limited number of available presars or solution based

techniques, which are more difficult to control in terms ofkhéss and conformality

3.1 Electrolyte Supported Cell Fabrication

The electrolytesupportsfor the asymmetric cells were fabricated by dry pressing
0.35¢g of 20 mol% samarium doped ceria (S[PGj)chased from Fuel Cell Materials. The
powders weréall-milled in ethanol for 24 hours with 1 wt% polyvinylbutyral (PVB)

binder. After drying, thepowders were pressed in a 13 mm wies tons. It was often
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difficult to press complete pellets without cracking at the beginning. Several difference
lubricants were tried tluding steric acid in acetone, graphite suspended in acetone and
WD-40. All of these worked at varying levels of success, but without providing consistent
uncracked pellets after pressing. The most important factor in prevent the cracking pellets
was to &oid any powder from gathering between the inner die and the die wall. Sometimes
putting scotch tape on the surface of the pellet combined with one of the lubricants would
prevent the powder from accumulating between the inner die and the wall. Howerasr, it
found that powder would constantly fit around the dfeer pressingeveralpellets The
remedy was to press the pellets one tim8-fotons and then immediately grind up the
pellets in a mortar and pestle until the small particles were reducesvtiepagain. After

the repressing, there was very little powder evident between the inner die and die wall. It
is important to clean two inner die pieces with a cotton swab and ethanol after each press
to remove any powder remaining. It is likalye paricle size of the powder was small
enough to fit between the die and die wall. After pressing one time, the particles are larger
aggregates that cannot fit as easlliye pellets were then fired according to the following

furnace schedule:

Table 1. Firing Conditions for SDC Electrolyte

25°C to 500°C at 1°C/min 1 hour dwell
500°C to 800°C at 2°C/min 1 hour dwell
800°C to 1425C at 3°C/min 5 hour dwell
1425C to 25°C at 3°C/min End

The electrolyte supports were greater than 95% dense according to Archimedes

method. After firing, the pellets wenaolished using a MetPrep3 (Allied High Tech)
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automatic polisher. They wemountedwith Crystalbondo an aluminiunpuckheated to

240°C ona hot plate. feprotocolin Table2 wasfollowed to polish the pellets

Table 2. Polishing protocol for electrolyte supportsused in the pattern anode full cells.

Green Lube 9N Diamond Grid 350-150-contral5secs
6 um 9N Diamat 350-150-contralmin
3 um 9N Gold Label 350-150-contra2min
3 pum 9N Gold Label 350-150-comp2min
1pum 4N White Label 350-150-contralmin
1pum 4N White Label 350-150-comp-1min
0.1 um 4N Final A 350-150-contralmin
0.1 pm 4N Final A 350-150-comp1min

After polishing,the pucks were reheated and the cells weneoved and rinsed
with acetone tget rid ofany residue from the Crystalbonchécathode was then attached
to the norpolished side of the electrolyte pellihe LSCFcathodeswere tape cast
according to the protocol ifiable3. After mixing the first five ingredients, the slurry was
ball milled for 12+ hours. Then the plasticizers were added and the slurry was ball milled
again for 12+ hours. The final preparation step was adding the binder after which the slurry

was ball milled agaifior 12+ hours.
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Table 3. Protocol for making the tape cast slurry for the LSCF cathodes.

Adding Sequence Mass/'Vol Component Description
1 0.369g Menhaden Fish Oil Dispersant
2 10.00g LSCF (Fuel Cell Material) Powder
3 1.00g Graphite Pore Former
4 4 mL Xylene Solvent
5 4 mL Ethanol Solvent
6 0.66g Polyalkylene Glycol Plasticizer
After 12 hours of
ball milling
7 0.34g Butyl Benzyl Phthalate Plasticizer
After 12 additional
hours of ball 8 0.62g Polyvinyl Butyral Binder
milling

Right before castinghe slurries were degassed in a vacuum oven-1d minutes
to avoid formation of bubbles in the final taped thenimmediatelycast with a blade
height of 50 em. The t athenthearsulatelearodesiwere dr y
cut out with a6.35 mm punch The LSCF tapeast electrodes were adhered to the SDC
electrolyte support using an SDC slurry. This buffer layer slurry was composed of SDC,
V006 and acetone in a 1:4:20 ratio, respectivEtte SDC used in this slurry was fabricated

from the carbonate coprecipitation method to yield very small particle size. A smaller
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particle size provides a larger driving force for sintering, which allows for dense interlayer
between the SDC and the LSCF Et00°C instead of a more typical 1400°C. The
coprecipitated SDC was prepared from a 0.1 M solution of cerium and samarium nitrates
in a 4:1 cation ratio. Briefly, 100mL of 0.1 M solution (16mL of 0.5M cerium nitrate + 8
mL of 0.25 samarium nitrate + 76 mif deionized water) was added dropwise using a
peristaltic pump into 200-mL solution of 1.5812g of NFHCOs in deionized water to
maintain a ratio of 2 mols of carbonate to 1 mol of cations. The resulting precipitate was
centrifuged at 6000 RPM for 3 mites and then centrifuged again with deionized water
and two round of ethanol. After drying at 70°C for 12 hours, the powder was calcined at
650°C for 2 hoursThe powder was then ball milled in acetone with V006 for 24 hdurs.
was found that adding aml@itional 2 wt% of Triton X100 to the buffer solution yielded
more uniform buffer layers and kept the SDC particles suspended for longer periods of
time. Once the slurry was well mixe80e L of t he buffer solution
SDC electrolyte pellet. After approximately 10 minutes of drying at room tempertie

LSCF tape cast circle wasessed on to the center of the pellet with a cotton swab. The
cells were then placed in aythg oven at 80°C for 2 hours and were then fired to 1080°C
for 2 hours with a ondour burnout at 400°QA crosssection SEM is show iRigurel15.

The top part of tt SEM shows the porous LSCF cathode that was used as a counter
electrode in the asymmetric cell testing set up. The thickness of the LSCF was
approximately 50 um. The SEM also shows a cgesgion of the dense SDC electrolyte

that was used as the supportthe asymmetric testing set up.
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Figure 15. A cross section showing the dense electrolyte support and the port
LSCF cathode.

Similar to the asymmetric cellsymmetric cells allow for isolation of the effeaif
just the electrode of interest. Instead ofud cell with both a cathode and anode, a
symmetric cathode cell has two identical cathodes that are fabricated on either side of an
electrolyte support. This not only simplifies the data analysis, butralss out any
performance losses due to improper sealing, which is a difficult part of full cell testing. For
the fabrication of the symmetric cells used in this dissertation, SDC was used as the
electrolyte and the cathodes were fabricated via a tafiagasethodust describedThe
symmetric cell consisted of two porous cathodes of the same type as sheguréeils.
The symmetric cells were tested in a compmsset up consisting of a mulibre alumina
tube, springs and small diameter tubes. A silver electrode was compressed against the

cathode with an SDC pellet as a spacer between the compression rod and the silver wire.

3.2 RF Sputtering

Sputtering is a thin film deposition technique that requires the ionization of a process
gas (typically argon) and subsequent impact of that ionized gas on the surface of target

material. The plasma is generated by applying a potential between a betev¢argét
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(cathode) and the substrate (anode) in a low pressure chamber with deposition pressures
on the order of 1® mbar.The positively charged ionized argatoms are driven to the
target and transfers their momentum into the atoms on the surfack,imtion are ejected
towards the substrate. While just about any solid material can be sputtered, the power
source required depends on the electrical conductivity of the target material. For highly
conductive materials, theoltage is applied using DC pwer source. For less conductive
materials, an RF power supply is requir€de RF voltage induces a voltaga capacitive
coupling through the target without any charge accumulafigpically, RF sputtering
shows much lower deposition rates, but alldarsthin film depositionof nonconductive

oxides Toincrease the deposition ratemagnetron source can be used in conjunction with
either an RF or DC power supply. The magnetic field can trap the free electrons to a
confined area above the target whigrforms two functions. First it lowers the amount of
electrons that bombard the surface, which results in heating of the sample. Second, it
increases the probability of the electron ionizing a neutral argon gas maletuigll then

strike the target

The sputtering set up used in this dissertation consisted of a-lhaitheleposition
chamber with two DC power supplieschone RF power supply. The sgi is shown in
Figurel16. The system has a rough pump and turbo pump capable of pumping the interior
chamber down to T0mbar. After pumimng down, the argon gas is flown in via mass flow
controllers with a manual lerfly valve before the turbo pump that allowsreodulation

of the working pressur@ the deposition chamber.
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Figure 16 The sputtering system used in this dissertation showing the stainle:
steel chamber, the interior of the chamber with heating stage installed, and tl
argon gas inlets on the top.

RF sputtering from a dense LSCF target was used to deposit a unifofitmtton the
polished sideof the SDC electrolyte suppoithe parameters for sputtering were guided
by previous work by Lee et al in preparing dense LSCF [8d{s The LSCF target was
fabricated from commerai powder (Fuel Cell Materials) by die psegy in a 32 mm die
to 15 tonsfollowed by sintering to 1325°C for 5 hour§he pressure and sputtering power

werevaried to identify optimal coating parameters.

There were significant challenges while optimgzoheposition paramete®uring RF
sputtering runswith 20W power, the LSCF target was prone to cracking during the
deposition resulting imnusuallylow deposition ratesSeveral changes were made to try
to reduce the cracking of the targethich is show in Figure17. The target would often
crack where thenagnets in the sputtering source focused the plashetarget would
crumble under very small force after remabfrom the holderMuch of the following
effortsto fix the problenwere guided by discussions with thefAliternational Technical

Staff. Theprimaryissues of concernwerethermal managememnd stresses in the target
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clamping assemblyf'he target can belevatedo temperatures on the order of 100°C under
bombardment by the argon plasma. With metallic targets, the heat is condueted
quickly usually through an additionabpper backing plate that physically toucltles
sputtering sorce gun. The copper plate is indirectly cooled by water flowing on the other
side of the sputtering source guro increase theuality of the contact between the flat
copper plate and the sputtering source, a copper mesh was placed in between, as advised
by AJA. While this probably increased the heat tranisfiethe LSCF targetthe problem

with the target cracking continuethe recommendation for thickness of an arbittarget

is 0.125 inches for the ST0 l-inch diameter sourcek depositions of ickel, it was found

that a target of 0.125 inches was actually too thick to spark a plasmas st likely

due to the ferromagnetic nature of nickel that influences how the magnetic field looks on
the otherside of the nickel target that is exposedhe argon gasPolishing the nickel

target to smaller than 0.100 inches allowed for easy sparking of the plasma and consistent
deposition.ThinnerLSCFtargets were fabricated to test the thickness hypothesis but the
same cracking phenomena occurrddother possibleexplanationfor the cracking was

that the physical contact of the clamp created stress in the tatgel, was magnified at
relatively higher temperatures due to thermal expansion mismatShes the fabricated
targets are larger than theumping diameter after sintering, the targets are polished down
to a smaller diameter using 120 grit SiC paper. Sometimes the diameter of the target fits
almost perfectly into the clamping ring with very little room for thermal expan3ion.

avoid clampingdirectly on the target, two strategies were implemented. For the first, the
targetwas polished down to a smaller diameter so that it could physically fit through the

clamping ring. It was then attached to the copper backing plate with silverdpyicl
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ink so that it would be not fall out of the sputtEawn arrangemeras shown irFigure18.

This time the clamping ring would attach directly to the copper backaig pith the

target sticking through the ring@.ypically, the target is flush with the bottom of the
clamping ringHowever, this set up did not even allow for a plasma to be spdristelad

of the expected deep purple plasma, theas avfaint yellow glay, but noobvious signs of

an argonplasma. It was unclear what the faint yellow glow was from, but there was what
appeared to be a burn mark at one spot on the clamping ring near the target. A second
configuration was fabricated in order to keep the tafilgeh with the face of the clamp.

I n this arrangement, a thin disk (<.1250)
on either side with 120 grit silicon carbide paper. Then a CNC was used to bore away the
inside leaving a small lip around tperimeter. The lip would be the main contact point to

the clamping ring. The LSCF target was polished to a smaller diameter as before and seated
into the copper holder with quick drying silver ink. The surface of the target was flush with
the top surfacefahe lip. This allowed the target to sit in the copper holder. In this case,
the target was the same height or a little lower than the surface of the clamping ring. After
several depositions with a cumulative sputtering time of >15 hours, the targetdshowe

resistance to cracking. This set up was used for the remainder of the sputtered films.
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Figure 17. Cracking of LSCF targets during RF sputtering.
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Figure 18. Two target holding set ups where a) the clamping ring pressed again:

the copper backing plate and b) the clamping ring pressed against the lip of a

copper target holder. The copper holder with the small lip was the optimal set up
avoid cracking of theLSCF target.

In addition to the new testing setup, the power sofoc the sputtering gun was
ramped slowly prior to deposition and after deposition was completdd was
recommended that the slow ramping of the power be done each run, but espediadly the
deposition for a new targethe breakin procedure reduces any internal strigem the
high temperature sinterirag well as removing any surface contamination. It also prevents
large thermal fluctuations that may be present from quick rampifulj fmower. This was
vital to keeping the LSCF target intact for multiple depositions, but was also used for the

ceria and doped ceria targets.

At the beginning of each deposition, the chamber was pumped daprégsure of
less than 5 £ mbar and thebackfilled with argon up to 88 mbar. The plasma for the
RF sputtering target was ignited with the help of a secorsgarnyering source the same
chamber. This helper plasma was a DC sputtering source with a metal target that would
readily spark on itewn. Being adjacent to the RF with a small power applied allowed for

easy lighting for the RF plasmahe recommended pressure for sparking the RF without a
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helper plasma was on the order of-ZEnbar according to conversations with AJA
International In other sputtering seaips the helper plasma it is not necessary. However,
achieving the higher pressures needed to spark an RF plasma on its own would tax the
turbo pump in the current configuration. After the plasma was ignited at the low pressures,
the flow rate of the argon was increased to 60 sccm over the course of one to two minutes
to minimize any thermal stresses created by the increasing bombardment of ions and
electrons. After reaching the working pressure of 26&bar, the RF power was slowly
ramped over the course of one to two minutes to the desired output. For the LSCF targets,
the deposition power was kept at 15Wie 15 Watts on the-ihch target provides a power
density of 3W/cri, which is the recommended deposition power for ceramic tabyehe

Kurt J. Lesker compaif§5s]. It was found that higher powers for that target led to more
cracking For the ceria targets, the deposition power was ZDWg. undoped and doped
ceria target were relatively moretwust, but there were still a few targets that cracked after

20W depositions.

3.3 Morphology Upon Deposition and Pos{Testing

The RF sputtering produced a dens@formly thick LSCF film.Figure19a)shows
a cross section of the film deposited on a silicon wafer with indicators of thicldess.
shown, the film wasonformaland showed no obvious columnar morphology that is more
typical of films deposited via PLDThe film was uniform across the width of the silicon
wafer pieceVisual inspection of the sampfaate after the deposition showadhiform
material deposion in a circle approximatel$4 inches in diametePractically, thameans

up to six samples could be deposited at a given time. Because there is so much variability
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in the nature of the nanometewrel fabrication procedure, samples from the same batch

were compared for performance increases.

A top down view of the depdsd film shows the small grains on the order of a few
micrors as seen ifrigure 19 b). There were some small pinholes noticeflequently n
the film but the vast marity of the bp surface initially appears to dense LSCHKIm as
deposited|t is important to recognize that there not all thin film deposition techniques
result in identical morphologies. Simrick et al used pulsed laser depdBitibto deposit
thin films of LSCF and found very small grains that changed in morphdtogysharp to
rounded particleafter high temperature testig®]. With PLD, the deposition temperature
is typically on the order of 600°C, which can lead to differemtial and final
microstructures as compared to the room temperature deposition of sputtering in this work.
In much of the thin film work, the beginning and ending morphology are not always
pictured.There exists substantial variation in electrochemical perfocmanetrics with
varying LSCF thin film setups, which could be due to minor differences in grain size or
change in morphology that occurs under testing conditibhs. effects of those minor
differences on performance are not well studied. Adding to tiréhility is the fact that
thin films degrade much more quickly than porous cathotleggeneral, e greater
degradation rate can be explained by the surfacstisity of the experimeral set upand
the small amount of material deposited. Thus, amyomchange in performance are

magnified.
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Figure 19. The asdeposited LSCF film shown as a) cross section, b) tapwn view
before testing. Compare those images to the PLD films by Simrick with) ¢cop-down
view asdepositedand d) a top-down view after EIS testing[66].
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Previous LSCF deposition suggested a two hour anneal at 800°Qegitesition,
which is common in many RF sputtering experimg@ng Often annealing the filnis
required for film homogeneity since the physical deposition technique could give rise to
uneven distribution of elements from the tar¢fetvas found that annealy 800°C for two
hours resulted in cracking of the film as showrrigure 20. The cracking in the film is
obviously undesirable. In terms of characterizing the OR®ig¢ the nonuniform
surface makes comparison between samples more difficuiias determined that the
ramping rate of 3°C/min for both heating and cooling was too fastamiibuted tahe
cracking. Samples that were heated and cooled at a rat€ohin did not exhibit any
crackingevenafter 100+ hours of testirand thermal cycling between -Z%0°C For the
electrochemical data described in this work, the films were mounted in the testing set up
after deposition and heated 1°C/minto 750°C todo anin situ anneal.The annealing

manifested itself imn equilibration time necessary for consistel8 spectra

U0 5.0kv 10 7mm x40.0k SE(U)

Figure 20. A top-down SEM image taken of the LSCF film after a) annealing to
800°C for two hours and b) zoomed in further after cell testing.
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3.4 Electrochemical Characterization

As with any electrochemical measurement, it is important toemelkectrode
connections are not influencing the impedance spetwa. different current collectors
werecompared during this workhe first was ring of silver paste along the outer surface
of the LSCF film, as shown irigure21a). In practice, the silver paste was applied around
the entire circleThen a small silver wire was twisted together and bent in a circle and
attached to the silver paste. The silver pasis applied around the edges of the dense
LSCF film to avoid overlapping with the porous LSCF cathode used as the reference
electrode. Thus, the electrochemically active area of the dense LSCF working electrode
was not covered by any of the pastbe secod electrode connection relied on a silver
mesh as the current collector. In this set up, silver wire was wound into a circle and
flattened between two metal blocks and then adhered to a YSZ or SDC dense pellet with
silver paste. This allowed for an easynection to the silver wire that would connect to
the leads of the EIS. The mesh was placed between the silver wire and the dense LSCF

film and held in place using a compression testing seshgw in Figure 22. The

Figure 21. The top and bottom view of the asymmetric cathode with a) silver paste anc
silver connecting wires and with b) silver mesh on the polished LSCF with silver paste
the porous LSCF electrode.
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Figure 22. Compression testing setup for asymmetric and symmetric cells.

compression came from the springs that would press up against small alumina tubes. The
pressure wasnough to prevent the cells from moving, but care had to be taken to prevent
the cells from cracking under too much pressiiitbe atmosphere needed to be controlled,

the set upvasplaced in a quartz tube witdsiliconestopper containing an inlet andtlet

small borealumina tube.

The purpose of the asymmetric cell configuration icreate a dense film that
dominates the polarization resistance. Thus, it is important to have a counter electrode with
very small impedance so that any changes inrtipedance spectra are directly correlated
with the working electrode. In thin film experiments, there are several choices for the

counter electrode. It is commondionply paint orsilver or platinum pasten the opposite
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side of the electrode. However, ngia paste as the counter electrode can create some errors

in the data collected. Adler demonstrated through numerical calculations that differences
in the electrode kinetics can cause distortion of the impedance including frequency
dispersiof68]. To mitigate dispersion due to differing electrode kinetics, a porous LSCF
counter electrode was used. Because it is the same material and theoretical has the same
kinetics, there should be minum impact on the impedance speckmure 23 shows a
comparison between the asymmetric cell impedance and a symmetric cell of porous LSCF.
The symmetric porous LSCF cell shows a much smaller impedance that is barely visible
on the scale of the dense film LSOHus, the impedance spectra for thenasyetric cell

testing set up is dominated by the dense film.

Comparison Between Symmetric Cell and Asymmetric Cell at 750°C
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Figure 23. Comparison of the impedance spectra for the LSCF dense film and a
symmetric cell with two porous LSCF cathodes at 750°C. The inset graph is an enlarg
view of the impedance of the symmetric cell, whiclsihardly visible on the scale of the
dense film impedance.

Figure24 shows the impedance spectra on two different sesripat were fabricated

under the same conditions. The only difference between the two is the current collector,
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which were tested as previously described. There are several important observations that
can be drawn from the figure. First, the spgcthowidentical features with a small
variation in the magnitude. T, we can be confident they are capturing the same behavior.
Second,the difference in magnitude of the two arcs corresponds to scatter in the
experimental data. The difference in thentercept is determined by the thickness of the
pellet used, so slightly thicker electrolytes will haves slightly larger resistance before any
normalized conductivity values are calculated. While the difference in the magnitude of
the polarization resistance teten these two samples appears large, the differences due to
the coatings vary theotarization by an order of magnitude. When taking experimental
measurements of thin films, even slightly changes in the surface morphology can influence

theelectrochemicabehavior.

Impedance Variation with TPB
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Figure 24. EIS spectra taken on two samples fabricated under the same conditions with 1
only change being the type of current collector used.

After confirming the current collection is not contributing to the ctdléaatait is
necessary to confirm that the impedance arc is a measurement of the oxygen reduction
reaction occurring on the surface and not due to a bulk film fed&une.way to confirm
that the surface is the prominent feature is to vary the partisspre of oxygen. The bulk

ionic conductivity should not be affected by small variations in the oxygen partial pressure.
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The oxygen reduction reaction varies directly on the partial pressure of ¢&9pen
Impedance spectra collected in several different oxygen partial pressures are shown in

Figure25.

Impedance Variation with Oxygen Partial Pressure
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Figure 25. Impedance spectra collecte@t varying oxygen partial pressures showin
the defining characteristic of the spectra is due to the oxygen reduction reaction
activity.

The plot demonstrates that the main impedance arc at lower frequencies is dependent
on the partial pressure of oxygéius, the dominant contribution to the impedance spectra
is the oxygen reduction reaction on the surfa¢es matchegreviouscontinuummodels
developed for mixed conducting films that suggest the low frequency impedance arc is
associated with the oxygereduction reaction and smaller impedance arcs at higher

frequencies correspond to mass transfer between the cathode and elgt@lolyte
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The samples were typically anneatgebrandaat 750°C for 34 hours or until the
impedance spectra was not changing after consecutineir@ie intervals. Interestingly,
the impedance of the thin film cells showed a low impedance upon reaching 750°C that
would approximately double by the time the impedance spectra had equilibrated. Other
thin films deposited via physical deposition methods have shown a transition from
amorphous to crystalline between 4500°(71]. While this may indicate amorphous
films as a method to improve conductivity fom temperature solid oxide fuel cells, the

reason for the initial low impedance was not further investigated.

For thin film experiments, it is important to justify the testing set up is in fact probing
the reaction instead of a bulk phenomena. It is wadlkn that thin films may be influenced
by sheet resistance, which can dominate the impedance spectra or cause erroneous
conclusions to be drays], [70], [72], [73] One way to make sure that the impedance of
the asymmetric cell is controlled by the surface and not bulk diffusion through the thin film
is to vary the thickness. If the polarization resistance does not change with the film
thickness, then the EIS spectra can be attributed to the surface ORR processes. To test this

several different film thicknesses were used varying from7Z@Dnm.

The thickness of the LSCF film is a significant consideration when characterizing
material properés. It is important for the total thickness to be smaller than the
characteristic thickness, which is the value at which the bulk diffusion pathway is dominant

over the surface exchange pathway. This characteristic thickngss defined as
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5 Eq 25

Where'O'is the oxygen selfliffusion coefficient and k is the surface exchange
coefficient. For mixed conducting perovskites, the characteristic thickness on the order of
~100unj74]. Thus, it is unlikely for thin film experiments to be approaching that
limitation. That being said, how the current is collected is an important feature specifically
for thin film electrochemical measurements. gkeviously mentioned, both a mesh and a
silver wire/paste configuration were tested and showed the same electrochemical
phenomenarlhe conclusion that the mesh and silver paste give the same electrochemical
impedance is most likely due to the high eleefrmonductivity of the LSCF backbone. In
this testing setup, there does not seem to be a need for the typical photolithography of the
current collector. For the case of just the thin film cathode (i.e. without surface
modification), previous numerical sitations have shown the requirement tosely

spaced current collect¢rd].

The impedance spectra for LSCF thin filmisvarying thicknesses are shown in
Figure26. The plot shows that the polarization resistance decreases with increasing film
thickness until about 450 nm. Thickemfi$ showed no further increase in polarization
resistance. One explanation for this is that the film is limited by a contribution from sheet
resistanceThe interesting aspect is that the general shape of the EIS spectra does not
change much over the rangé thicknesses, so perhaps the effective sheet resistance is
exhibited by both the ionic and electronic charges carriers and thus manifests itself as part

of the mixed bulk/surface reaction. One unusual feature of the plot is the difference in slope
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for the 376 nm film(0.93eV vs~0.73eV for other lines)t is expected thathe activation
energy should around1.5 eV. One possibility for the lower activation energydise to

the multiple processes occurring in the impedance of the thin film in this wWark.
described irFigure24, there are several features to the impedance with the main arc at low
frequencies attributed to the ORR. The change in the total polarization will be a sum of the
changes of each individual process. If the two smaller processes that occur at higher
frequencie change less with temperature, the overall polarization behavior will change
less with temperature. Smaller changes of polarization with temperature correspond to a
smaller slope in thérrheniusplot and thus a lower activation energy. Thus, the lower
apparent activation energy can be attributed to sum of the behavior and will underestimate

the ORR specific activation energy.

Polarization Resistance as a Function of Film Thickness
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Figure 26. Polarization resistance values for LSCF film ranging in thicknes
from 321-750 nm.
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As will be described in the subsequent chapter, the as deposited LSCF film was not
completely dense. The TEM images presented in the next chapter show that the porosity
was well distributed throughout the thickness of the film. This porosity could have also
played a role in the change in polarization resistance observed with changing thickness.
The amount of connected porosity could have decreased with increasing film thickness
which would manifest in a larger observed impedance. Additionally, the decreasing
polaiization resistance with increasing thickness up to ~450 nm could also be explained by

the increase in surface area of the npamus LSCF cathode.
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CHAPTER 4. CERIA COATINGS ON LS CF CATHODES

4.1 Overview of Chapter

As has been previously mentioned, past literatureates that vacancy concentration
is a direct predictor of SOFC cathode performance. However, few groups have controlled
the vacancy concentration of tlseirface modificatiormaterial directly.This chapter
focuses on surface modification of an LSCF baclkbtimough infiltrationof symmetric
cells and RF sputterinfpr conformal deposition on the asymmetric cell testing platform.
Both undoped ceria and doped ceria are used to modify the surface of an LSCF cathode

backbone. The scientific and technical objexs of this chapter are as follows:

1 Understand theole of ionic conductivity of the material deposited on an LSCF
backbone on performance by varying the doping concentration of samarium in ceria

1 Correlate electrochemical performance with morphology tbé surface
modification material

1 Use the asymmetric cell testing platform to identify the correlation between film

thickness and polarization resistance for doped and undoped conformal films

4.2 Fabrication

The symmetric cells were fabricated similar to tegnametric cell testing platform
described inElectrolyte Supported Cell Fabricatiam Chapter 2.The process will be
described here briefly. First, approximately @3% SDC with 1 wt% PVB binder was
pressed to 335 MPa in a 13 mm dieisTélectrolyte support waken fired to 1450°C for

5 hours A porous cathode fabricated via tape casting was attached to the electrolyte with
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an SDC buffer layerThis buffer layerslurry used SDC powder fabricated through a co
precipitation method which results in a very small particle sizes. The high surface area of
the powder provides a larger driving force for sintering, which allows for a dense SDC
layer without having to exposend porous tape cast cathode dwrcessively high
temperatures which would decrease the surface area and thus performance of the cathode.
Approximately 30uL of the buffer layer slurry was dropped on the electrolyte support and

let dry for approximately 10 mutes.The porous cathode was punched out from a tape
fabricatedaccording to the previously mentioned recipel pressed onto the buffer layer

using a cotton swalifter the cathode and buffer layer were applied to both sides of the

electrolyte supporthe pellets were fired to 1080°C for 2 hours.

For the infiltration of complex oxides, it is importathiat the resulting oxide is
stoichiometric. The final composition can vary without the use of a proper chelgéng a
Two different chelating agents wewnsed to identify any differences in performance or
morphology of the infiltrated coatings of undoped ceria. The first is glycine, which is a
simple amino acid that can complex at the amine or hydroxyl ligands. The second is citric
acid, which is a carboXg acid that has four ligands to bind to metal ions in solution. For
both cases, the cation to chelating agent molar ratio was held constant at 1:1. The
polarization resistances for symmetric cells infiltrated with 0.03M undoped ceria on LSCF
are shown irFigure27. The polarization resistance does not depend on the chelating agent

used.

68



Chelating Agent Effect on Polarization Resistance of UDC
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Figure 27. The effect of chelating agents on thpolarization resistance of undoped cerie
infiltrated on an LSCF backbone. The error bars indicated one standard deviation.
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Figure 28. SEM micrograph of the undoped ceria infiltration on the LSCF cathode backbone
The coatings are faint because of the small amount of material deposited and the excellent
surface coverage.
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It is expected that using citric acid will result in a homogenous coating, but the effect
of the citric acid and glycine on the morphology is notiobs. The SEM images of the
infiltrated solution after testing is shownkiigure28. The top image a) shows the nearly
conformal coating of the infiltrated solution with glycine. The ridges evident on the LSCF
backbone indicate where the coating is present. The bottom image b) shows an SEM image
of the infiltrated solution with citric ag. Although the surface morphologg/not as clear

as the top image, a similar morphology is hinted at.

4.3 Infiltration of UndopedCeria Coatingson LSCF

In this section the LSCF cathode has been infiltrated with varying doping levels of
samarium in cerialt is anticipated that increasing the vacancy concentration of the

infiltrate will increase the performance.

For the undoped ceria, four infiltration molarities were tested ranging from 0.3M
to 1.0M. Above 1.0M the solution becomes more difficult to tird#te as evidenced by the
solution not visibly wicking into the porous LSCF. Even with vacuum infiltration, the
solution does not always appear to fully integrate into the cathode backbone. Instead, a
light precipitateforms ontop of the cathode which,taf firing, blocks some of the surface
porosity. The effect of molarity on polarization resistance for a cathode symmetric cell is
shown inFigure 29. The figure indiates two interesting behaviours. First, the 0.03M,
0.10M and 0.5M solutions all decrease performance to the same level. If ceria is acting as
a physically blocking nowwonformal layer, then the increasing the molarity should show

progressively worse perfiarance as more ceria is used to block the active surface sites.
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Second, the polarization resistance of the 1.0M undoped ceria solution is not only lower

than the previous concentrations, but also lower than the reference cathode.

The morphology for the iilfrated undoped ceria is shown Kigure 30 with
increasing molarity of the infiltration solution from top to bottom. As the concentration is
increased, there is aarphology change from sparse island (0.03M) to a slightly more
connected network of islands (0.10M, 0.50M) to nearly conformal coverage (1.0M). This
suggestghat a conformal film of ceria may be more beneficial to performance than the
higher surfaceislands, which goes against conventional wisdom. In most cases,
performance increase is attributed to increasing the surfaceaarkancreasing the

availability of sites for the ORR to occur

Effect of Molarity on Polarization of UDC
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Figure 29. Polarization resistance for infiltrated undoped ceria of varying
molarities.
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Figure 30. SEM images of a) 0.03MJDC, b) 0.10M UDC, c) 0.5M UDC and d) 1.0M
UDC. Note the morpohology changes from 0.5M to 1.0M. Each row is the same
sample at two different regions. Note the scale bars are either 500 nm or 1000 nr
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4.4 Thin Films of UndopedCeria

4.4.1 Sputtering Deposition

Tesing conformal thin films is a difficult in a porous cathode, which was the
motivation for creating the asymmetric cell in this work. This setliggved for conformal
films of ceria to be deposited via RF sputtering. The sputtering set up has been previous
described. Briefly, for each deposition the chamber was pumped down to leSsBEttan
mbar and then backfilled with argon up to 1:-BEnbarworking pressure. Theower was
ramped slowly to 20W and the thickness was controllegdnying the sputtering time.
The deposition rate of the ceria at 20W and 126Enbar working pressure was
approximatelyd0 nm/hour. A crossection of the ceria film deposited on a silicon wafer
is shown inFigure31. The asdeposited film was dense and evenly conformal throughout
the width of the substratBigure31b) shows a top downew of the as deposited thiitm
of ceria. The top down view demonstrates the uniform small grains on the order of 50 nm

in diameter.

While the SEM crossection appears to show a dense film, closer inspection via
TEM demonstrates that both the LSCF dnid film ceria coating were porouBigure32
shows the TEM cross section of the 80 nm ceoated LSCFFigure 32 a) shows the
transition from dense SDC electrolyte to porous LSCF with an 80 nm ceria coating. From
those TEM images it can be seen that the LSCF supported significant nanoscale porosity
with some porous channels extending from the SDC substrate tortaeesuudging by
this 2dimensional crossection, the LSCF appears to have continuous porosity throughout

the thickness of the filnFigure32 c) and d) reveal theolumnar morphology of the ceria
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coating. The ceria film also shows a rougher surface than the LSCF film. Also notice the
poor physical connection between the ceria and the LSCF. There is considerable porosity
between the two different films. As opposedPtD, where the substrate is typically heated

to 603700°C, the RF sputtering used in this work deposited the film at room temperature.
With less thermal energy available for mass transport, films deposited at these lower
temperatures can maintain porosifyigure 32 €) shows the selected area electron
diffraction pattern for the surface modified LSCF. While both films were deposited at room
temperature, there exhibit uoh different morphologies. The rings in the pattern
correspond to the ceria film and indicate it is composed of small grains with random
orientation. This coincides with the small morphology sedfignre31. The bright spots

in the diffraction pattern arise from the a very crystalline LSCF thin film. The following

electrochemical data is based off the microstructure showigure31 andFigure32

4.4.2 Conformal Thin Film

The conformal thin films of ceria were electrochemically characterizddruopen
circuit voltage and under bia&s previously mentioned, tresymmetric cells were tested
in air using the compression cell set up. The connections were made with silver paste on
the porous counter electrode and silver mesh on the dense woddtrgaé. For all biased
measurements, a negative applied potential was used with the dense cathode defined as the
working electrodeThe LSCF dense backbone was kept at ~450 nm and the thickness of

the subsequent ceria film was varied at 80, 160 and 320 nm
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5.0kV 8.4mm x100k SE(U)

Figure 31. SEM of the crosssection of the ceria film deposited on a
silicon wafer. The film thickness is approximately 340 nm.
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Figure 32 TEM cross-section of the asymmetric cell a) showing the dense SDC support, the LSCF
cathode and the ceria coating, b) zooming in on the LSCF and the ceria coating on top, ¢) showing
contrast between the ceria and LSCF, d) zooming in on the columnar struate of the ceria film and
e) diffraction pattern of the ceria coated LSCF.
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TheNyquist plotof impedancevariationwith film thickness is shown iRigure33.
The thinnest coating of 80 nm showed an initial increase in polarization relative to the
reference cell withouany ceria coating. However, the increasing the ceria film thickness

to 160 and 340 nm showed a decrease in polarization resistanearbf one order of

Impedance Variation with Thickness of Ceria Film
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Figure 33. The variation in electrochemical impedance as a function of ceria film
thickness.

magnitudeFigure34 shows the calculated impedance as a function of film thicknésgs. T
trend replicates the trend observed in the undoped ceria infiltrated cells, where lower
molarity solutions initially increased polarization resistance while the higher molarity
solution decreasetthe polarization resistance. The higher molarity solution deposited more
solution per given volume infiltration resulting in a more conforfikal and relatively
thicker film. The EIS for these samples were all taken at open circuigeoNshile this

serves as a useful indicator for cell performance, impedance behaviour under bias is more

representative dliel cell operating conditions.
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Figure 34. Plot of polarization resistance as a function of ceria film tltkness.

The variation of impedance under bias for the reference LSCF thin film is shown
in Figure 35. All biased measurements were taken at 750°C in ambienF@ireach
sample, the cathodic bias was varied from OCV to akib6V. However, using only the
applied potentiais not as helpfuin comparisorbetween cathodes. The overpotential is a
more accuratenetric to compare different cathodes becaus@akiés into account the
voltage drop associated with the ohmic resistance. The overpotential was calculated by the

following equation:

- @ [S4 Eq 26
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Where dq is t ke osteerpptentiabapdiaed ddtween the working and

counter electrode(ls the current, andy is the ohmic resistance, which was taken

from the impedance spectra.

Figure 35 a) displays the effect of increasing biased voltage. Two important
observations come from this plot. First, polarization resistance decreases relative to the
OCV impedance. Second, there sadiration of improvement aftef.2V. Further biasing
does not further decrease polarization loss. In fact;ieass slightly with larger cathodic
biases While the magnitude of the polarization resistance changes, the shape of the arcs
does not. Thi indicates that the mechanism is not changing with the application of the bias.
Figure35 b) shows the change in impedance under OCV conditions after the final biase
measurement. For the reference LSCF film, there is a small positive residual effect initially
after the biased measuremditwever, the impedance returns to the original OCV value
after 23 hours.In comparison to the ceria modified films, the impedast@nge after the

biased measurement is almost negligible, as will be shown in the following plots.

Figure36 shows the behaviour of tlesymmetric cell with an 80 nthin film ceria
There are several important distinctions between the thin film ceria coating and the
reference LSCF backbommder a biasFigure36 a) shows the same trend of decreasing
polarization under increasing cathodic bias. However, the raw data shows significant
deviation from the expected arc. With the reference backbone, e && shape was
maintained independent of the magnitude of the.di@r the 80 nm coating,-8.08V
overpotentialshowed almost no effect on the impeda, but a-0.15/ overpotential
showed a dramatic improvement and a-static impedance with time. Tiehr ase fAnon

statico sfacetlaktke dateopointshde not form a regular arc due to the time
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interval used to collect the data. Because each point represents a different frequency, there
is an increasing time interval between data points aslth@dentiostat moves from high

to low frequency. If the impedance changes with time and the time interval is significant
with respect to that change, the data points will deviate from an expected arc. For instance,
if the impedance of the asymmetiakesseveral hours to reach an equilibrated value under

a given condition, the impedance arc is not anticipated to deviate during the test. However,
if the impedance takes B minutes to equilibrate under a given condition (such as under

a cathodic biasandthere is 40 minutes in between data points being collettedac

collectad during the impedance run will deviate from theected ardf the polarization
resistance increasean elongated arc would be expected. If the polarization resistance
decreasg, the arc would retreat towards the origior the 80 nm ceria film unded.15v
and-0.2V overpotentiglthere is a noticeable decrease in polarization resistance measured
as frequency decreases. As with the reference LSCF thin film, the decreaseizapoh
saturates after aboud.25/. However, the data for the 80 nm ceria still shows a large
scatteri.e. not formingan exact arc as expectdchis large scatter was evident in multiple
samples and was characteristic of the 80 nm ceriaFilgure36 b) displays the change in
impedance at OCV after the biased measurements were taken. The first measurement taken
after the bias (blue triangles) shows the elordyate that occurs when the impedance
increases on the time scale of the measurement as mentioned previously. This indicates
that theinitial relaxation is relatively quickly. From that point, thelarization resistance
increases with increasing time. TRgquistplot also shows that after about 20 hours, the
relative change in resistance with time is small with the value holding slightly below the

original impedance. Notice also that the ohmic resistance (the dingércept) decreased

80



after tre biased neasurement and maintain that lowelueathroughout the following 20

hour dwell.
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Figure 35. Impedance response of reference LSCF film a) under varying bias and t
under OCV after biased test.
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Figure37 shows the Nyquist plots for the LSCF dense cathode with a 160 nm ceria
film. As seen in a), the impedance is relatively unchanged with the application of a cathodic
bias. While there is a gt decrease in the polarization resistance, the change is much more
subdued when compared to the LSCF reference film and the 80 nntcatéal LSCF.

Note that the overall polarization resistance is smaller than the reference and the 80 nm
ceria. Additiorally, the plot in b) shows a different behaviour after the application of the
cathodic bias. Instead of amtial decrease in resistance and a gradual regression to the

prebias measurement, the 160 nm cedated sample show increasing polarization

Impedance Variation with Overpotential - 80 nm Ceria
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Figure 36. Impedance of asymmetric cell with 80 nm ceria coating a) under varyin

bias and b) the relaxation behavior after the biased measurement.
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beyond original value. In other words, the performance is worse after the application of the
bias, which is the opposite of the trend usually observed in SOFC cathode literature. Notice
also that the shape of the arcs are similar to the previous LSCRand 8oated LSCF

samples.

Figure 38 shows the Nyquist plot for the LSCF cathode modified with a 340 nm
ceria thin film. One of the firstoticeable differences asropared to the previous samples
is the shape of the impedance dree LSCF reference, the 80 nm ceria on LSCF and the
160 nm ceria on LSCF all had a dominant arc at lower frequencies with a minor arc at
higher frequencies. However, the low frequency ardeatt in the 340 nm ceria on LSCF
samples is depressefls with the 180 nm ceria, there is little change in impedance with
the cathodic bias and there is a slight increase in the ohmic polariZaiioine 38 b)
reveals the same behaviour as the 180 nm ceria: a small decrease in ohmic resistance and
an overall increase in polarization resistance. The magnitude of the total increase in

polarization is similar to the 88m ceria samples.
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a) Impedance Variation with Overpotential - 160 nm Ceria
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Figure 37. Impedance of asymmetric cell with 160 nm ceria coating a) under varyi
bias and b) the relaxation behavior after the biased measurement.
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a) Impedance Variation with Overpotential - 340 nm Ceria
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Figure 38. Impedance of asymmetric cell with 32 nm ceria coating a) under
varying bias and b) the relaxation behavior after the biased measurement.

4.5 Infiltration of Samarium Doped Ceria

Threedifferent doping levels were used for the SDC infiltratiorduding 1Q 20
and 30mol % samarium.Most infiltrations in the literature have focused on 20DSC
because it is the doping level for optimum oxygen ion vacancy conduction when SDC is

used as an electrolyte. However, increasing the doping level will |&abpress the
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reduction of C& since there are less €egresent in higher doped solutions due to the

electroneutrality of the aliovalent dopant.

The polarization data for varying concentrations of precursor is showigume
39. The activation energy does not appreciably change and is clo88 &V/Ifor both the
reference and infiltrated sampl@dis value is slightly higher than expected as references
to literature valuesAs also seen in the UDC samples, there is an increase in polarization
for lower concentrations (0.1M, 0.2M) and then decrease with increasing concentration.
The maximum perforance is at 0.3M after which the polarization begins to increase, but

remainsbelow the reference cathode.

The polarization data for varying concentrations of 20SDC is shoWwigure40.
Similar to the previous behaviour of UDC and 10SDC, lower molarity infiltration caused
an increased in the polarization resistance. After 0.2M 20SDC, increasing the molarity
decreased the resistance up to 0.4M 20SDC, which showed petformance than the
reference LSCF uncoated cathode. The activation energy changed slighthbfoot 1.98
eV for the reference to about 1e®/ for the 0.4M 20SDCInfiltration with 0.5M 20SDC

showed a decrease in performance.
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Effect of Molarity on Polarization of 10SDC
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Figure 39. Polarization resistance changes as a function of the molarity of 10SDC. T
lowest polarization resistance is found with 0.3M solution.

Effect of Molarity on Polarization Resistance of 20SDC
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Figure 40. Polarization resistance changes as a function of molarity o0&SDC.
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The literature suggests that 20SDC should be thebleesiuse of its optimum ionic
conductivity for bulk ion conduction. Howey, the literature also proposist increased
vacancy concentration is important for ORR. Thus, solutions of 30SDC were also
infiltrated. The 30SDC infiltratiorshowed the same trend in performance as the 10SDC
and 20SDGas shown irFigure41. At low molarities, the infiltrations showed a negative
effect on the performance with a minimum in resistance for the 0.3M solution. At 0.4M,
the performance regresses to the baseline LSCFTtelfact thathe 30 SDC equivalent
performance gains to the 20SDC raises the idea that oxygen vacancy concentration may be
more important than the oxygen ion conductivity. The results suggest that the oxygen
vacancy concentrati on do emance,tbut haeinge susface i | vy
with oxygen vacancies is import to the ORFhas been demonstrated that the activation
energy for oxygen conduction is lowest and the ionic conductivity is highest at the optimum
20 mol% samarium dopifig6]. Because the performance increase seems indepeaident
the doping concentration, it appears that the infiltrated partitégsincrease performance
by the vacancies at the interface of the SDC and LSCF, which would vary less than the

bulk oxygen vacancy concentration.

An interesting aspect of all thréefiltrations is the intial decrease in performance
followed by the dramatic increase in peformance beyond the LSCF baseline. This is
contrary to previous SDC infiltrati¢®6]. There are two differences between that previous
report and this work. In this work, only 5 pL of solution was infiltrated (versus 10uL) and
there was no additional solvent added to increase wettability (versus 0.6:1 propanol in
water). The change in performance could be related to morphology of the deposited

material at lower concentrations. For example, the smaller particles could support a
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different thermodynamically stable concentration of vacancies as has been previuosly
descried in the literature review. For this work, the analysis will focus on the performance

increase of all doping levels at the optimum doping eatration.

Effect of Molarity on 30SDC Infiltration of LSCF
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Figure 41. Polarization resistance of 30SDC infiltrated into LSCF symmetric cell.

4.6 Conformal Thin Films

The SDCthin film coatingswerefabricated under the sarsputteringconditions as
the previougeriacoated_SCF asymmetric celld-or this set of experiments, the thickness
of the SDC film was varietb 80 and 160 nm. Aklectrochemical testing was performed
at 750°C in ambient air. The cathodic bias was applied using the dense film as the working
electrode and the porous LSCF as the counter elecifbdeoverpotential was calculated

as described in the previous section.
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Figure42is a Nyquist plot of the impedameneasured for the reference, 80 nm SDC
film and 160 nm SDC film under OCV. The first thing to note is that the impedance
increases with increasing thickness of the SDC film with the reference LSCF film showing
the lowest polarization resistance of theethsamplesiAnother aspect of the plot to note
is the change in the arc shape for the 160 nm SDC film. At higher frequencies, there exists
a depressed seruircle that is apparent until the larger arc associated with the ORR begins
to dominate at intermealie and lower frequencies. Looking just at the polarization
resistance, the impedance increases by about 2x from reference tec@atech SDC and
another 2x to 160 nm. Keep in mind that the calculated polarization resistance of the 160
nm coated LSCF addke contribution byooth phenomena (i.e. both arcs instead of only
calculating the ORR impedance from the single dominant arc). This depressed smaller arc
seen at higher frequencies may be due to a mixed diffusamtion limited condition that

occurs wih thicker SDC films.

Impedance Variation with SDC Film Thickness
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Figure 42. Nyquist plot showing the relationship between impedance and thicknes
of 20SDC film.
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Figure43demonstratethe effect of bias on the SBfdated_SCF sampled-or both
the 80 nm and 160 nm films, applying a cathodic bias decreases the polarization drastically.
In comparison to the LSCHIm reference, which saw a polarization decrease of
approximately 50% under bias, the SDC coated LSCF showed nearly an order of
magnitude decreas@lso different was théehaviour under bias beyon@.2V. In the
reference cedl, there was a minor decsean pdarization resistance afted.2v. However,
for the SDC coated samples, there was no saturation observed. Increagmlibe
cathodic bias beyond.4V further decreased tlobserved impedance. Beyor@i3V, the
relative change in impedance wasg significant than at a lower bi&or referencea
typical fuel cell in a commercial operating application would most likely be operated

around 0.7V for optimum power output
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a) Impedance Variation with Overpotential - 80 nm SDC
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Figure 43. Nyquist plot of a) the 80 nm SDGcoated LSCF and b) the 160 nm SDE
coated LSCF under varying bias

4.7 Discussion

When viewed together th@evious thin film and infiltration experiments give insight

into the behaviouunderlying the performance change due tostinéacemodification.
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First, I 61 | di scuss the doped ceria beca

ceriaresults The infiltrated samples with varying samarium domamicentration showed

that polarization resistance does not scale with ionic conductiMity interesting aspect

of the test was that 10SDC, 20SDC and 30SDC all showed nearly the same enhancement
in performance at approximately the same molarity of infiltrated solution. This indicates
two possible factors that govern ORR performances. Ewestnorphology of the surface
modification is important. Because the molarity influences the morphology, the optimal
coating is a slightly larger, but not complete dense fifigure 30 shows how the
morphology changes for the undoped ceria, which is the same trend seen in the morphology
of the doped ceria infiltrated solution§his means there ian optimum morphology
between the small, isolated nanoislands at lonant@s and the more conformal thicker

films at the higher molarityAt higher molarities, there may also be a tendency for pores

to be blocked due to slightly higher viscosities which is commonly observed for
concentrated solutions. This blocking of potesild would also manifest as a decrease in
performance because of a more limited active surface area as compared to the reference
porous cathodeThe higher concentration solutions could have also led to a thicker
deposited film, which could be the causfethe decrease in performance as wehe
conformal thin films deposited on the asymmetric cell testing platform further justify the
interpretation that ¢hicker SDC filmdecreases performance for the doped ceria samples.
The asymmetric cell set up elinates any decrease caused by isolation of pores. The
increase in polarization resistance observed with increasing film thickness demonstrates

that the dense conformal thin film decreases performance.
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With these results in mind, it is possible to describe a possible route for the performance
enhancement for the doped cesiarface modificatioras shown irFigure 44. Since the
optimal performance enhancement was found with the infiltration, the optimal morphology
is most likely discrete particles on the $ace of the LSCF backbon&ecausethe
performance enhancement is independent of bulk ionic conductivity, then the oxygen
transport is likely to occur on the surface of the particle instead of through the bulk. Again,
if the bulk ionic conductivity was thgoverning factor than it would be expected that the
thin film SDC would show a decrease in polarizatiblfowever, the conformal films
showed higher polarization resistance relative to the reference LSCF reinforcing the idea
that the discrete particle mdrplogy is more important. The concept that you can

Aoverdoped SDC bey o nanduactiviiyanthstilkobserueran ificcease i o n i

0, 0,

(}£> Cp Sm.Ce; O,

LSCF

Figure 44. Schematic showng a possible mechanism for enhancement of the doped ce
surface modification on an LSCF backbone

in performance is supported by literaturang et al who found that doping samarium into
ceria beyond 20 mol % ressltin increased effect interactions (between cation and
vacancies), but electrochemical strain microscopy indicates these associated defects may

lower activation for ORR and increase surface exchangd#@jes
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It could be argued that the conformal films were relatively thicker than the infiltrated
samples. However, the 80 nm thickness is on the same drdagaitude as the infiltrated
samples judging by the SEM which shows patrticles on that same order of magnitude. While
TEM was not performed on the infiltrated samples, the thickness from aserctssn can

be estimated to be on the order of 30 to 50 maters.

The performance of the doped ceria thin films under bias helps develop an
understanding of the undoped ceria under bias asRvellious thin film cathode literature
has shown that performance will increase under an applied cathodic bias. Hawever
performance increase under bias has not been directly correlated with oxygaoanay
concentratioras is demonstrated in this work. One of the key features ahgiedance of
the 80 nm and 160 nm SDC films on LSCF is ttenstantly decreasing polarization
resistance with increasing bias. Recall, the SDC fishewed a drastic decrease in
polarization with increasing cathoditas while the 160 nm and 320 nm undoped ceria
showed very little change in polarization resistandth cathodic bias. The change of
polarization resistance as a function of cathodic bias are comipaFéglure 45. In this
figure, there are three distinct regioresdribing differenbehaviouraunder bias. For the
160 nm and 320 nm undoped ceria films, there is little change in polarization resistance
with increasing cathodic bias. For tB@ nm and 160 nm SDC, there is a drastic decrease
in polarization with incresing cathodic bias. However, the 80 nm ceria and the LSCF
reference films demonstrate an intermediate response to increasing ibiaaportant to
keep in mind that these values are normalized. In absolute terms, the 160 nm and 320 nm
ceria showed theoWwest polarization and the 80 nm and 160 nm SDC showed the highest

polarization resistanc&his visual allows us to make some nuanced observations about the
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thin films. Suppose that the vacancy concentration in the film determines the behaviour
under biaslt would be expected that the SDC films and the thicker undoped ceria films
would have opposite behaviour because the former has high oxygen vacancy concentration
and the latter has relatively much less. We do in fact see that the SDC films showca drasti
change under bias while ttlécker undoped ceria films show relatively little change under
bias. The LSCF reference film serves as valuable data pedatuse of its intermediate
vacancy concentratiorelative to the undoped and doped ceria. This iné€eiate ionic
conductivity fits directly in between the doped and undoped ceria films sééguire45.

With the previous knowledge in mind, the data point that stizk is the 80 nm thin film

of undoped ceriaA priori, it is expected that thisndopedceria film would have a low

vacancyconcentratia, which would be in line with expectations for bulk ceHawever,
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the experimental results indicated rather significant oxygen vacancy conceniRatient

thin film experimentaliterature suggests that thin films of undoped ceria can@tpp
higher vacancy concentration than bulk undoped cesjpecially under biaghang et al
probed the oxidation state of cerium in a thin ceria film using ampiressure Xray
photoelectron spectroscd@]. One important result that work is the correlation between
Ce*/Ceé* oxidationreduction with applied bias shown Figure46. There are two main
points to draw from the two figures. As demonstrated in a), under a cathodic bias there is
a smalle concentration of Cé (or a larger concentration of €& The half reaction taking

place on the cathode is:

Cathode b o® ¢Q ©° ¢i Eq 27

Under equilibrium conditions there is a given vacancy concentration in the ceria. Under
an applied cathode bias, the flow of oxygen ions is increased to the counter electrode
meaning more of the oxygen ion vacancies are filled witbxggenion from the gseous
oxygen. Thus, the concentration of vacancies would be expected to be drngler46
a) shows the quantitative difference under an applied bias as aeeatvease in Ce
which given an intimal C¥ state is a proxy for the vacancy concentration (loweY Ce

means lower vacancy concentration due to charge balance considerations).
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Figure 46. The change in oxidation state of a) &0 nm ceria film under different applied
biases and b) the relative % Ce3+ change under bias for varying film thicknesses. Figui
taken from [78].

The second point to draw frorfrigure 46 is the change in relative €e

concentration for varying thicknesses of the ceria film. The films used in that work (50,

100, 250 nm) are very similar to the films in this work (80, 160,82)) thus the behaviour

under bias is a valid comparison. The plot shows that at a given bias, the relative change in

Cée* concentration is inversely correlated to the film thickness. The 50 nm ceria film

showed the largest change in*Ceoncentration uret bias.

At this point it is important to note that vacancy concentration may not be the ultimate

predictorof ORR performanceAs mentioned before, if vacancy concentration was the

most important attribute, then the 20SDC films should have shown thstloagedance.

Instead, perhaps the amount of*Cavailable to be reduced and/or the reducibility are

better indicators. Referring backRkggure45s, the relative chage in polarization resistance
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may be ausefulindicator for ORR activity. The SDC films showed the largest change
under bias also have the highest vacancy concentration. The thicker ceria films show little
change under bias, but have the lowest a pramaucy concentratio he lack of change

in polarization resistance under bias suggests there is not a large change in the vacancy
concentration. On the other hand, the 80 nm ceria film showed the intermediate change in
polarization resistance with bias ggesting there is some change in the vacancy
concentrationBoth of those observations coincide with the resultSigure46. In other

words, the thickness of the film influences the ease of whichfadae be reduced to a

Ce*. If the ceria can easily reduce, then under a bias (i.e. realistic operating cadition
the Cé&* is more stable thus inhibiting the incorporation of an adsorbed oxygen into the
vacancy site. This idea is supported by the worBwfuki et al where they demonstrated

a relationship between grain size and enthalpy of formasa@hown irfFigure47[79]. The
important idea from that plot is that undoped ceria shows a marked change in oxygen
vacancy formation energy with smaller grain size. In this case, grain size is beiragused

a proxy for film thickness in order to correlate to this work. However, the doped ceria does
not show the same change in enthalpy of formation. This corroboratgeeahieus
rationale that relative change in polarizatiesistanceinder bias can corae toenthalpy

of formation of oxygen ion vacancies. In other words, the thinnest ceria film shows the
poorer performance relative to the thicker ceria films because tHeh@ealready been
reduced to C¥ at a larger thermodynamically stable levelu$hthere is a larger driving

force required to incorporate an oxygen in the vacantfeitéhinner films of undoped
ceriaThi s concept i s reinforced by work donce

different cathode materials into a YSZ backbone and then coated the composite cathodes
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with ceria, strontium oxide and alum[B8]. They found that within several cycles of the

ALD of ceria, the polarization resistance increased. The thicknesses of the ceria are on the
order of nanometers and are an order ofmitade thinner than the films tested in this
work. They suggested the ceria deposited via ALD couldpbedominantlyin the +3
oxidation state although they did not provide any surface characterization to justify that
assertion since the deposited filmsthe porous cathode did not provide a large enough

signal for XPS or other surface characterization.
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Figure 47. The enthalpy of formation for an oxygen vacancy in
undoped ceria and20GDC [79]

It is important to note that the preceding discussiorfd@assed on explaining why the
80 nm thin film showed poor performance. The obvious question remaining is to explain
why the 160 nm and 320 nm undoped films showed better performance than reference
LSCF. It would be expected that thicker films of undopedacwould serve to block the

ORR.However, the porositpresent in the deposited films allows for a reaction path for
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the reduction of oxygen. Again, increasing the film thickness does not intuitively result in
higher activity.Looking just at surface ekange coefficients, LSCF should perform better
than the undoped ceria judging by experimental results on bulk powderder to further
investigate, it would be necessary to have a better idea for how performance changes with
thickness to identify at wbh point the ORR performance would decrease. Chueh et al
demonstrated an interesting property of ceria films in anode enviroj@®@rthe authors

found that burying the nickel or platinum current collector under an SDC film showed the
same polarization resistance as when the metal contact was on top of the SDC. In other
words, the boundary between the gas phase and the ceria phabe maye important

than the traditional triple phase boundary argumentnfiroving performance on the
anode.The stabilization of oxygen ion vacancies was attributed to a negative entropic
contribution to the chemical potential of surface oxygen that shess of a dependence

on temperature and partial pressure of oxygfeés.noteworthy that the SDC films used in

that experiment were on the order of 1 um, which suggests perhaps thicker undoped ceria
films have an opportunity to further increase perfaroeaHowever, further work is
needed to confidently answer any questions about improving performance with increasing

thickness of undoped ceria. That works is beyond the scope of the current work.
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CHAPTER 5. SURFACE MO DIFICATION WITH

PRASEODYMIUM DOPED CERIA

Modifying the surface of a cathode has beerestigated but previous literature has
not been able to define thmelative importance of vacancgoncentratiorand electronic
conductivity in terms of the ORR catalytic activity. Many studies will modifysingace
with a new material, but often both the ionic and electronic conductivity are varied.
Additionally, new materials with different crystal structures and different morphologies
can also impact the performance beyond the intrinsic ionic and elect@mgictivity.
Thus it is important to be able to vary the ionic and electronic conductivity of a given single

material and correlate those properties to ORR activity.

The goal of this chapter is to investigate the importance of ionic and electronic
condudivity using the praseodymium doped ceria system. The scientific and technical

objectives are as follows:

1. Identify the doping concentration that minimizes polarization resistance of an
infiltrated solution on an LSCF backbone.

2. ldentify key characteristicef the optimal solid solution by using techniques
that mimic the realistic operating conditions of a fuel cell

3. Use XPS to characterize the praseodymium and cerium in the surface

modification
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5.1 Fabrication

Ceria has been a widely studied material for mdegades in many different areas of
catalysis. It is also commonly used in a fuel cell operating environment, yuelues a
vast foundation of previous I|literature to
and operating conditions have been proamd can help support future studidgany of
those studies haweseda variety of dopants that vary the electronic and ionic conductivity.
Praseodymia isingledopantthat manipulates both electronic and ionic conductivity and

thus is valuable to use in studying surface modification

Recently, the increase in performance for stditthe-art surface modification has been
ascribed to nano islands of Pr@xat can pregitate out of praseodymiwimased thin
films[81]. Since Ce and Pr are located adjacent to each other in the lanthanide series, they
share similar size and electronic structure. Previous attempts at doping Pr into Ce have
claimed a limited solid solubility. Others have shown complete solid sityuihe current
work has demonstratesblid solubility. However similar in size, there are still significant

changes in material properties that occur throughout the solid solution.

The first electrochemical work on praseodymium doped ceria traces btk wmrk
of Takasu and Mat $80]drhe authors folme solabdlity linyt of Z® 8 0 6 s
mol% praseodymium in ceria and performed conductivity and transference number
measurements displayed kigure 49. The total conductivity ineased with increasing
praseodymium content. The main contribution was from the electrical conductivity as seen
by the decreasing ionic transference number with increasing praseodymium content.

Several groups have followed up that work with XRD and comdtyctneasurements, but
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the data was inconsistent in magnitude of ¢baductivity, phase stability artdend in

lattice parameter foincreasingpraseodymium concentratioMNauer et al observed
secondary phases with 40 mol% doping, but mentioned tha&RiHW@r** ratio may be
dependent on cooling rg83]. Shuk and Greenblatt found evidence of secondary phases
as low as 30 mol%niXRD from powders made by a hydrothermal mef8dH They also
mentioned the importance of thermal tbry. If a sample was quenched to room
temperature, the lattice constant would increase with increasing Pr concentration.
However, if the sample was heated to 850°C and slowly cool, the lattice constant would
decreaseStefanik studied the electrical prapes of praseodymium doped ceria from 0O to

20 mol %485]. In his fabrication of dense pellets for conductivity measurements, he found
it difficult to fabricate without the presence of cracking onghgace. To minimize the
cracking, he sintered the samples under vacuumsrbatl amount otracking was still
preseni86]. The literature on the preparation of dense pellets of praseodymium doped ceria

shows the difficulties in preparation for conductivity measurements.

Several different compositions of praseodymium doped ceria powders were fabricated
in this workvia a citic acid combustion metho&ach of the powders was phase pure up
until the 70 mol% doping, after whighowder decomposed into two phagthe doped
ceria and the pure praseodymium oxide). Several different methodsattemgtedto
attain dense pellets faronductivity and transference number measureméits.each
method, the pellet was pressed in a 13 mm die assemblyaiosSapproximately335
MPa). The first method was simply to fire in air up to 1300dor 5 hoursHowever, even
after that relatively high sintering temperature and long dwell time, the density was not

sufficient for conductivity measurements, as showifrigure 48a). Some of the pellets
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were still intact after this firing schedule, while other samples showed cracking on the
surface and through the bulk of the pellet. The cracking could be attributed ltsghe
expansion that occurs with praseodymiaamtainingoxides.Stefanik mentioned in his
dissertation that the PDC samples were fired in a vacuum to 14608@id the large
volumetric changes at higher temperatures by effectively expanding the material at lower
temperatures. With that in mind two additiomakthods were attempted: sintering in
vacuum and sintering in a reducing atmosphere. Using a vacuum tube furnace, the samples
were pumped down to a rough vacuum and then heated up in a continuous vacuum to
1400°C. Unfortunately, the pure alumina tubes caudd handle the temperature and
pressure combination. The th&ould deform and open cracks letting air rush in at the
highest temperature dwell stagehe pellets from that firing also exhibited the same
cracking morphologies. Theecondnethod was to fe the pellets in a reducing condition.

For this, the same vacuum tube furnace was used with a new alumina tube. After removing
the oxygen with the rough pump, the pump was disconnected from the system and 10%
hydrogen in argon was backfilled into the tul#dter a slight positive pressure was
attained, the reducing gamlve was openedndthe outlet gagpassed through an oll
bubbler. This allowed constant flow of the reducing gas throughout the sintéfier

firing to 1400°C for 5hours, the praseodymn pellets did appear dense but were
completely greenas shown irFigure 48 b). The green color comes from the*Pstate

which coincides with the greerrystals ofcommercially availablgraseodymium (l11)
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nitrate. The reduced pellets were then allowed to slowly oxidize at room temperature over

a few days, but unfortunately also cracked into unusable pieces.

Figure 48. Images of a) 30PDC fired to 1500°C for 5 hours taken in SEM and b
praseodymium oxide fired under reducing conditions to 1400°C.

With these fabrication challenges, it was decided to relliterature values for the
total conductivity and ionic transference number measuremehtsh were taken from
Takasu and Matsuda arde shown inFigure 49[82]. The previous literature provides
conductivity data in the composition and temgtere range studied in the current work.
Because the data the paper was only represented in graphical format, it was necessary to
use a program that translate the image into tabular data that can be used in the current
analysis. To accomplish that datallection, the web program WebPlotDigitizer was
used87]. WebPlotDigitizer is a web app built in HTML5 that can be run from a browser

without anysoftware download. The process is as follows:
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Figure 49. The a) conductivity as a function of doping concentration and
temperature and b) the ionic transference number as a function of dopant
concentration andtemperature[82].

1. Upload an image of the figure with any accepted file fo(@REG, PNG, BMP,
GIF). | generated a .PNG file by taking a screen shot of the plot.

2. Calibrate the aas via the straightforward instructions on the website. All that
is required is two known points on theaXis and two known points on the Y
axis. After choosing the points, the values were entered in the dialog box. For
the conductivity plot, | selectetie log gtionfor the yaxisin the conductivity
plot. | checked the accuracy of the axes by moving the cursor around the map
and making sure the cursor values matched the expected values.

3. Choose nAAut ocantdastli ecc t Mo fid@ssdneoconductivityines.

You are able to vary the width of the pen with a bar in the top of the page. |
used different widths depending on how close the lines weredected black

as the AForeground Coloro because it w
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4. Thenlusedie A Averaging Windowo algorithm

| found a desirable fit to the data.
5. The data was then copied into Excel and used for the comparison of

performance to conductivity and ionic transference numbers.

5.2 X-ray Diffraction of Ceria and Doped Ceria

Powders of ceria with varying dopant levels of praseodymium were synthesized
using the citric acid metho&toichoimetric amounts of @seodymium nitrate hexahydrate
and cerium|(l) nitrate hexahydratevere dissolved in deionized water tielg the desired
molarity solution. Citric acidvas used a chelating agent with a 1:1 molar ratio of citric
acid to methcations. Ammonium nitrate/as used to maintain a 1:1 fuel to oxidizer ratio
for ideal combustioj88]. The solution was heated on a hot plate until the water boiled off
and the solution turned into a foam. The foam woudth#imoulderand leave behind fine,

homogenous powders that were then calcined at 800°C for two hours.

X-ray diffraction was used to identify the phase formation of the doped and
undoped ceria. Ceria and praseodymia take on a fluorite crystal strudtard.4%
difference in ionic radiuand as such shoulthve high solid solubilityacross the doping
concentrations. The spectra for the doped and undoped powders are sltaguras0.

The peaks for pure praseodymia match to PDF ca@4@d.121 for P§O11 and the peaks
for pure ceria match to PDF card-004-0593 for CeQ@. Solid solubility of praseodymium
in ceria is demonstrated up to 70 mol% praseodymium. This Estent with previous
XRD characterization of the e systerf82]. Above M mol%, a secondary peak

associated with praseodymium oxide is present as séagure50Db). The slight shift
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Figure 50. XRD patterns of praseodymium doped ceria a) over the wholegzange
and b) zoomed in on the first two major peaks.































































































































































