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ABSTRACT

In this dissertation, there are three topics including nanoscale engineering effects on
cathodes for intermediate-temperature solid oxide fuel cells, effects of mechanical and electrical
application on atomic force microscopy, and ionic diffusivity and mobility study of oxygen
reduction/evolution reaction by nanoscale in situ characterization via atomic force microscopy.
Their abstracts are listed below.

Topic I: The impact of various infiltrates on the kinetics and rate-limiting step of oxygen reduction
reaction (ORR) is examined with LaNioesFe04035 (LNF) as the cathode backbone of solid oxide
fuel cells (SOFC). Multiple materials were infiltrated on the backbone. The dependencies of
electrode polarization resistance on the precursor concentration, temperature, and oxygen partial
pressure are presented, and related discussions are made to interpret the differences in ORR kinetics
and the rate-determining step for ORR.

Topic Il: Conductive atomic force microscopy (CAFM) has been widely employed to study the
localized electrical properties of a wide range of substrates in non-vacuum conditions by the use of
noble metal-coated tips. In this topic, the impact of mechanical and electrical stimuli on the apex
geometry of gold-coated tips and electrical conduction properties at the tip-substrate contact is
discussed by choosing gold and highly-ordered pyrolytic graphite as the representative tip and
substrate materials, respectively.

Topic IlI: The ionic transport in solid oxides after becoming thermally activated is understood as
hopping to point defects (i.e. oxygen vacancies), and the kinetics behind it are highly dependent
upon the bonding state of the ionic species with their surrounding lattice environment. In this study
we report the findings of our recent efforts to directly observe ionic transport in SrTiO3 (STO) and
Y20s-stabilized ZrO; (YSZ)-the most widely used cathode material in intermediate temperature
SOFC-Dby use of Kelvin probe force microscopy (KPFM) and conductive atomic force microscopy
(CAFM).
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Chapter 1

Introduction

Our current economy is based on fossil fuels such as crude oil, coal, natural gas,
and heavy oils. The intense use of these energy sources resulted in a significant global
warming for the last century, causing threats of resource depletion, natural disasters and
diseases. Currently, more than 88% of all energy consumed is via the combustion process
of fossil fuel. The process generates billions of tons of harmful pollutants and particulates,
such as carbon-dioxide and sulfur and nitrogen oxides, into the atmosphere every year.'?
This pollution contaminates the air, water, and soil, and causes disease and illness, killing
an estimated half a million people every year.® Moreover, the emission of carbon-dioxide
and methane into the atmosphere directly contributes to an increases in average global
temperature. According to a report on climate change published by the United Nations in
2007,3 the presence of carbon-dioxide in the atmosphere has increased dramatically since
the Industrial Revolution, and the concentration of greenhouse gas is the highest in 500,000
years.® The long-term effects of continued emission of carbon-dioxide and other
greenhouse gasses such as methane and nitrous oxide into the atmosphere are not
completely known. However, there is a good possibility that these emissions could
eventually result in a dramatic shift in the global climate. A significant global temperature
increase could cause the polar ice caps to melt, leading to a sea level increase by which the
hundreds of millions of homes in coastal regions would be submerged. In addition, global
temperature increase can manifest itself in the form of extreme weather conditions such as
detrimental tornadoes and hurricanes.® Furthermore, severe drought would lead to a
considerable lack of food.

In response to these current and foreseeable challenges, mankind has sought after
clean and sustainable energy sources. Renewable energies such as wind and solar
photovoltaic energy have found ways of wide commercial successes due to continued
research, development and mass production for the last decade. In many countries, these
renewable energies recently achieved cost competitiveness against conventional fossil
fuel-based energies. However, due to the intermittency of these renewable energies, a
massive scale energy storage medium is indispensable. The pumped hydro energy storage
has the highest cumulative energy capacity among all electrical energy storage schemes.
However, their total energy capacity worldwide is less than 0.01% of total annual
electricity demand. While pumped hydro systems can serve GW-range energy conversion
and storage per plant, their expandability is highly limited due to multi-faceted
geographical requirements and environmental concerns. Recently, ionic battery-based
energy storage has garnered considerable attention thanks to recent advances in their mega-
scale commercialization. However, due to the large amount of raw material (such as nickel,
cobalt, and lithium) required per unit energy and poor scalability of batteries into the GWh



range, their economical use is mostly limited to rather small-scale applications such as
mobile devices, sedan-sized vehicles, and household energy storage.

Hydrogen is capable of overcoming the shortcomings of other energy storage
schemes and emerges as the most promising form of energy carrier to form a clean energy
ecosystem. Hydrogen can be utilized for both transportation and stationary applications in
the form of electricity and heat without any damage to the environment.’® As with
conventional fuels, hydrogen can be combusted, and the chemical reaction that takes place
during the combustion process emits only water as a byproduct, making hydrogen a “zero-
emission fuel”. Moreover, the hydrogen fuel cell is a technology that efficiently
recombines hydrogen and oxygen and captures the electrical and thermal energy that is
produced by this chemical reaction. There is no air pollution when hydrogen is used as
fuel, which meets a major requirement as a clean energy medium.

Hydrogen is virtually a renewable resource unlike fossil fuels. Hydrogen is the most
common element in the universe and can be extracted from water and methane gas on earth.
Hydrogen has been widely used for various industrial processes and ammonia production,
already reaching a market size of ~ $120 billion in 2010. While the majority of hydrogen
is being produced through a COz-emitting steam reforming method, an intense effort is
being made to achieve a cost competitiveness for water electrolysis, during which electrical
energy is used to split water molecules into hydrogen and oxygen. On the other hand, a
fuel cell operates in the reverse order of the water electrolysis process; inside of a fuel cell,
hydrogen and oxygen spontaneously recombine to produce an electrical current, a little
amount of thermal energy, and H20 as a by-product. A fuel cell is intrinsically more
efficient than internal combustion engines because a fuel cell converts the chemical energy
in hydrogen into the electrical energy without other intermediate energy steps. If pure
hydrogen is used, a fuel cell can provide clean electricity for both stationary and non-
stationary applications, making the round-trip made of an electrolyzer and a fuel cell fully
carbon emission-free.

Many organizations across the globe are already working to develop fuel cell
technology, such as the Fuel Cell and Hydrogen Energy Association in the US, and the
European Hydrogen Association and Fuel Cells and Hydrogen Joint Undertaking in
Europe.® With further development of hydrogen fuel cells, this technology could initially
supplement, and eventually replace the combustion of fossil fuels. While the renewable
energy ecosystem aided by hydrogen is highly pursued by many countries, there are major
hurdles to overcome. First, the production of clean hydrogen should achieve cost
competitiveness. The US government recently announced the “Hydrogen Shot” initiative,
aiming to produce green hydrogen at the cost of $1 per 1 kg of hydrogen by 2030. Second,
both electrolyzers and fuel cells need to achieve a commercially viable durability that can
warrant a stable and economical means of using hydrogen in the energy sector.

This dissertation focuses on advancing the performance and understanding of
electrochemical processes at the surface and interface of solid oxide-based components in
solid oxide electrolyzer and fuel cells (SOEC/SOFCs), an electrochemical energy
conversion cell operating at a high temperature of 500 — 1000 °C.

Chapter 2 discusses the fundamentals of SOFC (the operational principles and
electrode materials), fabrication processes (atomic layer deposition, solution
impregnation), macro-scale and nanoscale electrochemical characterization methods



(impedance spectroscopy, atomic force microscopy variants), and physical characterization
methods (electron microscopy).

Chapter 3 presents a study on how a nanoscale surface engineering by infiltration method
affects the electrochemical performance of an electrode of negligible ionic conductivity for
intermediate-temperature SOFCs .

Chapter 4 discusses how a combined mechanical and electrical stimuli affect charge
transport behavior at a nanoscale interface in a scanning probe microscopy setup, as a
baseline study for the subsequent chapters.

Chapter 5 presents spatially resolved observations of oxygen exchange and ionic
transport in the vicinity of solid oxide surface, which is directly relevant to the
electrochemical performance of air electrodes, with a significantly customized scanning
probe setup at different temperatures and gas environments.

Chapter 6 presents an overall summary of research work and future work.



Chapter 2
Background
2.1 SOFC overview

SOFC has been refocused attention for being a potential source of fuel-versatile
electric power. It offers many potential advantages over polymer electrolyte membrane
fuel cells (PEMFCs) under the high operating temperature, including high tolerance to
typical catalyst poisons, reversible electrode reactions, low internal resistance, production
of high-quality waste heat for reformation of hydrocarbon fuels, and the possibility of
burning hydrocarbon fuel directly.®

2.1.1 Operation

SOFCs are highly efficient energy conversion devices which convert potential
energy stored in chemical fuels directly into electrical power, which can subsequently be
used for work. Unlike conventional combustion engines, which derive mechanical energy
from heat generated in the combustion of chemical fuels, SOFCs derive electrical energy
directly from chemical fuels, allowing them to be much more efficient and environmentally
friendly than combustion engines.

An SOFC consists of three major components: anode, cathode, and electrolyte
(shown in Figure 2.1). These components are connected in series, with the solid ceramic
electrolyte sandwiched between the two electrodes. The electrodes are connected using a
wire or current collector. Air enters the porous cathode, where oxygen molecules from the
air are adsorbed onto the surface of the catalytic cathode material. The O2 molecules are
further dissociated into oxygen atoms, and the oxygen atoms are reduced to an Oz state by
electrons from the current collector attached to the anode.
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Figure 2.1: A schematic drawing of a SOFC.°



The cathode reaction is shown as:
%02 +2e” > 072 (Equation 2.1)

The oxygen ions diffuse through the solid ceramic electrolyte, which becomes a
conductor for oxygen ions at high temperatures. Chemical fuel enters at the anode side (for
this discussion, hydrogen gas will be assumed as the chemical fuel), and is catalyzed by
the anode. Molecular hydrogen is adsorbed onto the surface of the catalyst, transports to
the anode-electrolyte interface, where it combines with Ozions to form H20 and heat, given
by the reaction shown as:

H, + 072 > H,0 + 2e~ (Equation 2.2)
Combining the two half reactions gives the complete reaction for an SOFC as shown:
H, + %02 - H,0 (Equation 2.3)

The difference in chemical potential between the hydrogen and oxygen ions drives
the SOFC reaction, and the resulting flow of electrons from anode to cathode can be
exploited to do work. The current collector connecting anode to cathode acts as an external
circuit, and a load can be attached to the circuit to power an electronic device. In addition
to generating free electrons and H20, heat is a byproduct of the reaction and is also
generated in the SOFC by ohmic losses and electrode overpotentials. In other words, the
movement of electrons and ions generates additional heat in the SOFC.° Therefore, a good
thermal management system is necessary to achieve maximum efficiency in an SOFC, such
as using recycled heat to maintain the high operating temperature that is needed.
Alternatively, the exhaust heat can be used to power a turbine, provide heat for residential
or automotive applications, produce hot water, or any number of applications. A proper
thermal management system can increase SOFC efficiency by up to 40%, allowing for
efficiencies as high as 85-90%.!

2.1.2 SOFC components
2.1.2-1 Electrolyte

SOFCs utilize a solid ceramic oxide-ion conductor as an electrolyte, which is
sandwiched between the two electrodes. The primary purpose of the electrolyte is to
transport Ozions from cathode to anode as well as provide mechanical support for the cell.
A material must meet several requirements to be used as an effective SOFC electrolyte.
Firstly, the material must exhibit high ionic conductivity, but negligible electronic
conductivity. SOFC performance is generally limited by the ohmic resistance
corresponding with the flow of ions through the electrolyte.!* Therefore, a suitable
electrolyte material should be as ionically conductive as possible, and it should exhibit
sufficient stability to retain its conductivity after prolonged use. Additionally, any electrons
shorting through the electrolyte will cause a voltage loss in the cell; therefore, a good SOFC



electrolyte is as electronically insulative as possible. Layer thickness is also an important
factor for SOFC electrolytes as the resistance, and therefore ionic flow, is sensitive to
electrolyte thickness. The resistance of the electrolyte material is given by:

R = (Equation 2.4)

t
oA

Where t is the electrolyte thickness, o; is the ionic conductivity, and 4 is the cross-
sectional area. This equation shows that the ohmic resistance of the electrolyte scales
linearly with layer thickness; therefore, a thin electrolyte layer minimizing resistance is
essential for optimal performance. However, an SOFC electrolyte that is too thin will allow
electrons to short through the electrolyte. Thus, studies have shown that an optimal
electrolyte thickness of around 15 um will minimize ohmic resistance while preventing
voltage losses due to electron shorting.'? In addition to optimal layer thickness, an SOFC
electrolyte should be as dense as possible; as a porous electrolyte results in the fuel mixing
with the oxidant, which drastically decreases the voltage capacity of the cell.

Chemical and mechanical stability is another requirement for SOFC electrolyte
materials. The electrolyte must be able to withstand the high-temperature reducing
environment of the anode, as well as the high-temperature oxidation environment of the
cathode, without experiencing any physical or chemical instability. The electrolyte should
also be chemically inert, so that reactions between the electrolyte and electrodes do not
occur. Reactions occurring between the electrolyte and either electrode could lead to a
highly resistive phase forming, which dramatically hinders cell performance.*®
Additionally, the electrolyte will experience mechanical stress due to a mismatch in
thermal expansion between electrolyte and electrodes. Therefore, electrolyte materials
must have sufficient mechanical strength to withstand this stress, particularly for
electrolyte-supported cells (cells which rely on a relatively thick electrolyte layer for
mechanical stability). Finally, material and fabrication cost is an important barrier to mass
commercialization of SOFC technology. Therefore, SOFC electrolytes should be relatively
inexpensive to manufacture.

Yttrium-stabilized zirconia (YSZ) is the most widely used SOFC electrolyte
material,? and is the primary electrolyte used for this study. YSZ is fabricated by doping
a zirconia host (ZrO2) with yttria molecules (Y20s3), resulting in a fluorite crystal structure.
During the doping process, yttrium cations (Y *®) diffuse into the zirconia host material and
replace zirconium cations (Zr**) in the crystal lattice. Because of the charge difference
between the cations, one oxygen vacancy (O?) is created each time two yttrium cations
replace two zirconium cations in the lattice, so that charge balance is maintained. In Figure
2.2: Figure 2.2(a) shows the un-doped zirconia host, while Figure 2.2(b) shows an empty
O-2site created by replacing two Zr*4 cations with two Y*3 cations. These oxygen vacancies
are what give YSZ its ionic conductivity; as oxygen ions created at the cathode hop from
one empty O-2site to the next, until they reach the anode. Increasing the amount of yttria
doping increases the number of empty O-2sites in the lattice, therefore increasing the ionic
conductivity. However, there exists an upper limit to doping concentration, beyond which
O sites begin to interact with one another, and ionic conductivity decreases. Studies have
shown that a doping concentration of 8 mol% Y203 is optimal for the ionic conductivity of
YSZ, as shown in Figure 2.3(a).*
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Figure 2.2: Oxygen vacancies created by doping zirconia with yttria: (a) the un-doped
zirconia host and (b) an empty O2site created by replacing two Zr* cations with two Y*3
cations.!

Although YSZ is the primary electrolyte material used in this study, gadolinium-
doped ceria (GDC) also plays an important role, and will be briefly introduced here. At
temperatures above about 800°C, YSZ reacts with LaNio.sFeo.sO3-s(LNF), which is the
primary cathode material used in this study, to form an ionically insulating phase which
dramatically impedes cell performance. A thickness of Sum of GDC layer can be placed
between the YSZ electrolyte and LNF cathode to prevent insulating phase formation from
occurring during electrode sintering.** Like YSZ, GDC exhibits a fluorite crystal structure,
and shares the same ion-hopping mechanism to facilitate ionic conductivity in the
electrolyte. However, because the gadolinium dopant ions are similar in size to the host
cerium ions, ceria can be doped with a higher concentration of dopant of up to 10-20%
compared to the 8 mol% for YSZ. Therefore, GDC generally shows a higher ionic
conductivity than YSZ, as seen in Figure 2.3(b), which shows the ionic conductivity as a
function of temperature for these materials. However, GDC has several disadvantages
compared to YSZ, which is why YSZ is the primary electrolyte used in this study. Firstly,
GDC exhibits significant electronic conductivity in the high-temperature reducing
environment of the anode, which leads to a dramatic decrease in available open circuit
operating voltage (and thus a decreased overall power density). Sm (Samarium) and Gd
(Gadolinium) are typical dopants for ceria that can be used as an SOFC electrolyte or as
the interlayer between a cathode and an electrolyte or a composite active layer on the
cathode or anode side. Although Sm- or Gd-doped ceria exhibits electrical conductivity in
an anode atmosphere where the oxygen partial pressure (P,) is around 10 — 18atm, they
are poor electrical conductors in the cathode atmosphere.>1617 Additionally, GDC shows
significant chemical expansion when exposed to a reducing environment, causing
mechanical failure in the electrolyte.!* Therefore, while YSZ is the primary electrolyte
material used in this study, a thin layer of GDC is inserted to separate the YSZ electrolyte
from the cathode to prevent ionically insulating phases from forming between the YSZ
electrolyte and the cathode.
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Figure 2.3: (a) lonic conductivity vs yttria doping concentration for YSZ; (b) ionic
conductivity vs temperature for YSZ and GDC.!!

2.1.2-2 Cathode

The SOFC cathode has two main functions. It is responsible for reducing oxygen
into Ozions and transporting these ions to the electrolyte. Secondly, it transports electrons
from the external circuit to the triple phase boundary site where the oxygen reduction
reaction occurs. Therefore, a suitable SOFC cathode will exhibit excellent catalytic activity
and high electronic conductivity. In addition, the cathode material should exhibit
reasonable ionic conductivity, so that the electrode reaction sites, or triple phase boundary
(TPB) area, is maximized. The TPB (Figure 2.4) is the area at which the three important
SOFC elements coincide: gas as an oxygen source, the electronic conductor, and the ionic
conductor (or electrolyte). These are the sites at which essentially all electrode reactions
occur; thus, maximizing this area is crucial to optimizing SOFC performance.

Three Phase Boundary (TPB)
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Figure 2.4: Phenomenological roles of the electronically conducting (electronic) phase (a),
gas phase (PB), and ionically conducting (ionic) phase (y) in accomplishing oxygen
reduction.'8



Transition-metal oxides were originally investigated as SOFC cathodes due to their
good electrical conductivity (most oxides are insulators) and as a relatively low-cost
alternative to Pt, which prior to about 1965 was the only SOFC cathode material being
considered extensively. One of the first such materials studied was La1-xSrxCo0O3-s (LSC),
reported by Button and Archer in 1966.1° This was followed quickly thereafter by a number
of other materials having perovskite crystal structure, including Lai-xSrxMnQz-s (LSM),
which as of ~1973 became the favored material for SOFC cathodes. Figure 2.5 illustrates
the general perovskite crystal structure ABOs-s as it relates to the electronic and ionic
transport properties of some transition-metal oxides. In this case, the B-site cation is a
reducible transition metal such as Co or Fe (or mixture thereof) and the A-site cation is a
mixture of rare and alkaline earth such as La and Sr. The octahedral symmetry around the
transition metal often promotes a metallic or semiconducting band structure at high
temperature, leading to high electronic conduction. This structure is also quite stable
relative to other crystalline phases, and thus with a judicious choice of A and B-site cations,
it can stably support a large number of oxygen ion vacancies(d) at SOFC operating
conditions, thus facilitating significant bulk ionic oxygen transport. Later years, LSM was
found that it is not suitable for IT (intermediate temperature) -SOFC due to its low activity
below 800 °C and the Cr-poisoning problem. One strategy for trying to improve
performance has been to replace LSM with a single-phase mixed conductor (material
which conducts both oxygen ions and electrons), such as LaixSrxCoiyFeyOs-s
(LSCF)_20,21,22
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Figure 2.5: Atomic structure and oxygen transport in mixed conducting perovskites
ABOs-5. (a) Basic structural element, consisting of a corner-sharing BOs octahedron
surrounded by charge-compensating A-site cations. (b) Bulk oxygen transport mechanism,
involving random hopping of oxygen ion vacancies on the oxygen sub-lattice.*®



For a standard cathode with negligible ionic conductivity, the TPB area is confined
to the interface between the cathode and electrolyte, as shown in Figure 2.6(a). However,
choosing a cathode material with a high ionic conductivity will extend the TPB area
dramatically, allowing cathode reactions to occur at virtually any location on the cathode
surface. This is illustrated in Figure 2.6(b), where the oxygen is reduced at any point on
the surface of the cathode and the oxygen ions can then travel through the cathode to the
electrolyte. Furthermore, fabricating a composite cathode using a mixture of electrolytic
and cathodic materials can also dramatically increase performance by further increasing
ionic conductivity.

Standard Electrode: Only MIEC Electrode: Entire
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Figure 2.6: Schematic diagram showing triple phase boundary area for (a) a standard
electrode; and (b) a mixed ionic-conducting electrode.!!

In contrast to the electrolyte, the cathode should be sufficiently porous to allow
oxygen gas to permeate the electrode, maximizing reaction sites. In addition, the cathode
material needs to have sufficient mechanical and chemical stability to withstand the high
temperature oxidation environment of the cathode. The thermal expansion of the cathode
must match relatively well with the electrolyte to prevent electrode delamination, and the
material should have the mechanical stability to withstand repeated heating/cooling cycles.
The cathode should also be chemically compatible (nonreactive) with the electrolyte
material and the interconnecting materials, and as with the electrolyte, should be relatively
inexpensive to fabricate.

2.1.2-3 Anode

The focus of this study is primarily cathode optimization, with some focus on
electrolytic materials as well. However, the final component of SOFCs is the anode, a
detailed investigation of which is outside the context of this study. Many of the
requirements of the SOFC anode are similar to those of the cathode. The anode material
must exhibit high catalytic activity for the hydrogen oxidation reaction, should have
excellent electronic conductivity for electron transport from TPB sites to the external
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circuit, and should show at least marginal ionic conductivity to maximize the TPB site
density. The anode material should have sufficient chemical and mechanical stability to
withstand the high temperature oxidation environment of the anode and the repeated
reduction/oxidation (redox) cycles required for regular operation. The material should be
chemically compatible with other SOFC components such as the electrolyte and the circuit
interconnect materials, and should have a thermal expansion coefficient that matches
relatively well with other SOFC components. The anode should be sufficiently porous (>
30 vol%) to allow permeability of gaseous fuel, and should be sufficiently stable to
maintain performance after extended operation (> 90,000 hours).!?

The most extensively used SOFC anode material is a Ni-YSZ composite cermet
material (material that is comprised of both a ceramic and a metal component). In Ni-YSZ
anodes, nickel provides the high catalytic activity and electronic conductivity, and the YSZ
provides the ionic conductivity, structural support, aids in the matching of thermal
expansion between the anode and electrolyte, and suppresses agglomeration of nickel
particles during operation (a common problem for pure Ni anodes). Ni-YSZ anodes are
extremely stable in high temperature oxidation environments, and they essentially satisfy
all of the requirements for an SOFC anode. As with the cathode, a multi-layer approach is
often used to improve performance and maximize thermal expansion compatibility.!!

2.2 Fabrication approaches for nanoscale
2.2.1 Solid Oxide Fuel Cells

The basics of SOFCs are provided in Section 2.1 . In this chapter, we will extend
the discussion on SOFCs by reviewing previous publications. The structures and materials
of SOFCs will be mentioned roughly, including electrolyte, cathode and anode sides.
SOFCs are much closer to commercial real life than they were 30 years ago, due to
technological advances in electrode material composition, microstructure control, thin-film
ceramic fabrication, and stack and system design. These improvements have led to plenty
of active SOFC development programs in both stationary and mobile power, and
contributed to commercialization or development in a lot of related technologies. For
examples, gas sensors,? solid-state electrolysis devices,?* and ion-transport membranes for
gas separation and partial oxidation.?®> There are a lot of reviews available which
summarize the technological advances made in SOFCs over the last 25 — 45 year readers
who are primarily interested in knowing the state-of-the art in materials, design, and
fabrication (including the electrolytes and electrodes) are encouraged to consult these
reviews.19.26-34

For the purposes of review, Figure 2.7 illustrates the basic function of SOFCs.
Whether acting alone or as part of a stack of cells, each cell consisted of a free-standing or
supported membrane of an oxygen-ion-conducting electrolyte, often yttria-stabilized
zirconia (YSZ). It is what we used in this study as well. Usual as the air, oxygen, which is
fed to one side of the membrane, is reduced by the cathode to oxygen ions via the overall
half-cell reaction like Equation 2.1.
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Figure 2.7: Schematic showing the roles of anode, cathode, and electrolyte in a SOFC.%8

Oxygen ions thus migrate selectively through the membrane to the anode, where
they undergo a similar half-cell reaction with a gaseous fuel either Hz, syngas, or a
hydrocarbon to produce H20 and CO2. The flow of electrons is liberated and consumed at
the anode and cathode sides, respectively, delivering some portion of the reversible work
of the reaction to the external circuit. The percentage of reversible work converted to
electrical work depends on the internal losses in the cell, including the ohmic resistance of
the electrolyte, and the overpotential losses at the anode and cathode. While ohmic losses
in oxide electrolytes are mostly understood today, the physics governing the electrode
overpotential losses at the anode and cathode remain a gigantic focus of research, with
significant progress being made only in the last 25-30 years. This change in emphasis from
the electrolyte to the anode and cathode (electrodes) has been driven by an ability to make
progressively thinner, less resistive, electrolyte films and also a drive toward lower
operating temperatures where the electrodes are a higher percentage of the voltage loss due
to higher activation energy. There is a lot of this work that has focused on the cathodes,
most likely because oxygen reduction is generally thought to be the more difficult reaction
to activate on SOFCs operating at commercially relevant temperatures. People have tried
to not only understand electrode mechanisms, but also explore new electrode materials and
micro-structures, explain structure-property-performance relationships, and comprehend
how and why electrode performance changes with time, temperature, thermal cycling,
operating conditions, impurities, or other factors that may be pertinent in the design of
multi-cell stacks and systems.8

SOFCs generally consist of three layers: a porous cathode material, an ion
conducting electrolyte, and an anode material. We are going to talk about the electrolyte
part first. YSZ, scandia-stabilized zirconia (ScSZ) and SDC are the most common materials
of electrolyte in recent years.®® A sufficient quantity would migrate through the porous
structure of the cathode and reach the cathode/electrolyte interface. The normal process at
the cathode/electrolyte interface is the Oz reduction reaction (ORR). In most cases, the
materials for electrolyte usually have high ionic conductivities. the ionic conductivity of
GDC is of the order of magnitude of 5x 1072 S cm™ at SOFC operating temperatures
(600-800 °C).%637:38 This is higher than the typical corresponding ionic conductivity of
YSZ.2° The difference is more pronounced at lower temperatures. For example, at 700 °C
the conductivity of GDC is 5.8 x 1073 S cm™ as compared to 1.4 x 10™* S cm™ for YSZ.
We discussed YSZ more in Section 2.1.2-1 already, the reason we chose YSZ as our main
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electrolyte is its low electronic conductivity. Although GDC has higher ionic conductivity
than YSZ, its electronic conductivity is relatively high as a electrolyte material, which
makes other particles go through the electrolyte not only ions.*° We do choose GDC as our
interlayer to prevent growing insulating layer like ZrOz, also by its high ionic conductivity
to help the electrolyte have better performance.

We will go into more detail on the cathode part in the next paragraph. The anode
material must exhibit high catalytic activity for the hydrogen oxidation reaction, it should
have excellent electronic conductivity for electron transport from TPB sites to the external
circuit, and should show at least insignificant ionic conductivity to maximize the density
of TPB. The anode material should have sufficient chemical and mechanical stability to
endure the high temperature oxidation environment of the anode and the repeated
reduction/oxidation (redox) cycles required for regular operation. We do not spend too
much time on the anode sides because this study mainly focuses on the cathode sides.
Eventually it has to be a full fuel cell, so it is necessary to know well about anode sides.
YSZ and Pt are pretty common materials for the anode of SOFC. YSZ is coated by atomic
layer deposition (ALD) and Pt is by sputtering, the thickness usually is about 500 nm and
200 nm, respectively.*142

2.2.1-1 SOFC Cathodes

In recent years, potential cathode candidates have normally been based on mixed
oxygen ionic and electronic conducting oxides (MIEC material), which have both high
ionic and electronic conductivity, and have attracted a lot of attention in terms of their
applications for fuel cell electrodes, oxygen separator membranes and membrane reactors
for the partial oxidation of methane to syngas.*3#44> The mixed conductivity extends the
active oxygen reduction sites from the typical electrolyte-electrode-gas triple phase
boundary to the entire cathode surface, therefore greatly reducing the cathode polarization
at low operating temperatures.®

Lately, La(Ni,Fe)Os perovskite (lattice structure ABOs.s) material has been
developed as one of the most favorable cathode materials in IT-SOFC operated at 600-800
°C. Of particular interest is LaNiosFeo4Os (LNF) which exhibits high electronic
conductivity, a thermal expansion coefficient close to that of the zirconia electrolyte, high
electrochemical activity for the oxygen reduction reaction, resistance to cathode poisoning
by chromia vapor from the metal separators,*”-% and has been shown to outperform
conventional cathode materials such as lanthanum strontium manganite or LSM. Kharton
et al.5* showed that the oxygen permeation through LaNiixFexO3s (x = 0.0 — 1.0)
membranes tended to increase with nickel content due to an increase of oxygen vacancy
concentration and bulk ionic conductivity. The polarization resistance of the LNF cathode
increased with time without a significant change in the ohmic resistance. According to
Ref.,>! the increase of polarization resistance with time could be explained by re-oxidation
of sintered LNF material and consequent decrease of oxygen vacancy concentration. It is
noted that the LNF cathodes tend to lose oxygen on heating, turning out oxygen vacancy
formation.5? LNF is a mixed ionic-electronic conductor (MIEC); in other words, in addition
to being electronically conductive at intermediate temperatures, it also displays reasonably
high ionic conductivity of 1.6x10° S cm™ at 700 °C,%® whereas LSM shows ionic
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conductivity of 10" S cm™* at 900 °C.>* Thus, LNF has a higher TPB area (more reaction
sites) compared with LSM. LSM has a similar electronic conductivity as LNF(200 — 300
S cmat 900 °C) but has much lower ionic conductivity, reportedly 4x108S cm™! at 800
°C. LaNiixFexOs-s (x = 0.0 — 1.0) perovskites have received considerable interest for
industrial applications such as cathodes for SOFCs®2%5% and catalyst for hydrogen
production from biomass gasification,®” steam reforming,® and partial oxidation of
methane (POM).%® Chiba et al.%® was the first group to investigate LNF (x = 0.0 — 1.0) and
LaNi1-xMxOs-5 (M = Al, Cr, Mn, Fe, Co, and Ga) as cathode materials for IT-SOFC.
LaNio.sFeo0.4O3-5 (LNF64) exhibits the greatest electronic conductivity over three times
greater than the conventional cathode material of Lao.sSro.2MnOs. Moreover, the thermal
expansion coefficient (TEC) of this composition is close to that of the doped zirconia
electrolyte.®

However, the electrochemical catalytic performance of LNF cathode operated
below 800°C was not adventageous.8%52 In order to improve the cell performance, LNF-
SDC (Sm1-xCexO3-5) composite electrode was fabricated by Bevilacqua et. al.%® and the
ASR values for LNF-SDC were remarkably smaller with respect to pure LNF. Micro-
structure optimization of LNF thus has also been intensively performed and the
functionally gradient LNF cathode disclosed much better electrochemical performance
compared to that of mechanically mixed composite cathode,% or by infiltration. Active
layer of PreO11 or Pr-doped CeO:2 was utilized in LNF cathodes and the interfacial
resistance was reduced to 1/30 that of LNF-GDC (Gd1-xCexOs-5) composite cathode at 800
°C.%5 SDC and GDC are widely officially approved as excellent oxygen ionic conductors
with high concentration of oxygen vacancy. Sm (samarium) and Gd (gadolinium) are
typical dopants for ceria that can be utilized as an SOFC electrolyte or as the interlayer
between a cathode and an electrolyte or a composite active layer on the cathode or anode
side.®8 Although Sm- or Gd-doped ceria manifests good electrical conductivity in an anode
side, where the oxygen partial pressure (Pp,) is around 10 — 18 atm. They behave poorly

as electrical conductors in the cathode side.5?

The combination methods of LNF64 perovskite have been investigated and
reported by several research groups.®”.525.68 Diverse combination methods of LNF (x = 0.0
— 1.0) have been investigated in both conventional solid state techniques®°7° and wet
chemical procedure by way of citrate using ethanol,>? nitric acid,’® or water %! as a
solvent. From the foregoing works, the altered citrate procedure for the combination of
LaFeOs-based perovskites, which involves the compound formation of metal ions with
citric acid and NHs and the unselfconscious combustion have been used in these works.
The benefit of the altered citrate procedure over the indigenous citrate procedure is an
accomplishment of high quality, homogeneous, and single phase powder.”2"® Almost
identical to the manner, Bontempi et al.”* combined LNF37 by an altered citrate way using
metal acetates rather than metal nitrates as beginning materials and decomposing the
organic substances in mild condition at 400 °C. Basu et al.”® synthesized LNF64 by citrate
and urea methods, the metal nitrates were dissolved and mixed with citric acid or urea,
respectively. They found that the powder synthesized by citrate method has smaller particle
size than from the urea method averagely. Quite the contrary, the electronic conductivity
of membrane prepared by urea method is greater.®® Among three different approaches;
citrate method using ethanol as a solvent, glycine-nitrate method, and co-precipitate

14



method have been investigated by Bevilacqua et al.>?> The citrate and co-precipitate
methods conduct to homogeneous powder while the powder prepared by the co-precipitate
method was sintered easily. Nevertheless, the amount of base tetramethylammonium
hydroxide used has to be four times the stoichiometry value to insure full precipitation for
this co-precipitation method.

Sukpirom et al.”® combined LNF64 by the citrate route using different methods.
They used four different solvents to prepare samples; nitric acid as a solvent (NC), water
as a solvent (WC), and two modified methods for both (MNC and MWC). The NC
procedure was using stoichiometric amounts of La*3, Ni*?, and Fe*? nitrates that were
dissolved in nitric acid with the volume of 10 ml. Then citric acid was added to a citric :
cationic mole ratio of 2:1. The citrate solution was stirred at room temperature for 3 hours,
and evaporated on a hot plate at 200 °C until the mixture auto-ignites. A mortar and pestle
were used to ground the solid, and followed by calcination at 700 — 1200 °C for 5 hours.
The WC procedure was carried out following the NC method but using water as a solvent
rather than nitric acid. The MNC procedure was carried out homogeneously to the NC
method. Before the step of evaporation, NH3 was added until the pH of the solution was 9
as reported in previous works.”?>7® The homogeneous solution was stirred for 3-5 hours
before it evaporated. The MWC procedure was carried out following the MNC method but
using water as a solvent rather than nitric acid. Figure 2.8 shows that their samples have
been investigated by X-ray diffraction (XRD); all LNF64 powders synthesized from every
method contain a single phase of rhombohedral structure similar to LaNiO3s’’" after
calcination at 1000 °C for 5 hours. Although they have the same structure, the morphology
is different for each synthesis method. From Figure 2.9, SEM micrographs show that all of
the powders besides the one from the WC method show a uniform shape with a narrow
size distribution. Additionally, the powders synthesized by both modified citrate methods
have smaller particle size than that of the unmodified ones. Estimates from SEM
micrographs were obtained from the powder prepared by MNC, WMC, and NC, the mean
particle sizes of ~ 0.2, ~ 0.3, and ~ 0.4 pum, respectively.,
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Figure 2.8: XRD patterns of LNF64 (Tcalcination = 1000 °C for 5 hours) synthesized by
four methods: (a) WC, (b) MWC, (c) NC, and (d) MNC."¢
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To examine the effect of the synthesis methods on the internal resistance of the
cells, Figure 2.10 shows the comparison of the Nyquist plots of LNF64 prepared by four
methods at 700 °C. The size of the semi-circle corresponds to the specific interfacial
resistance between the cathode and electrolyte (we will discuss this more in Section 2.3.1),
indicating its bigger values of LNF64 prepared by unmodified citrate methods than those
prepared from modified citrate methods. The modified citrate methods provide smaller
particle size powder which cause better particle packing and a higher degree of sintering.
This may cause greater/more area of the triple phase boundary which is one reason for
smaller resistances. The deliberation should include more studies and work to avoid
technical dissension with at least two other aspects, for instance the triple phase boundary
length and packing patterns.

Figure 2.9: SEM micrographs of LNF64 (T.
four methods: (a) WC, (b) MWC, (c) NC, and (d) MNC.®
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Figure 2.10: Nyquist plots of LNF64 cathodes prepared using four methods at 700 °C."®
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2.2.1-2 SOFC Anodes

The reaction of the anode side of SOFC is Equation 2.2. Hydrogen molecules obtain
oxygen ions and release electrons and byproduct water. We are not going to discuss the
anode sides too much in this Section because most of our anode sides are made by ALD.
Materials include YDC and YSZ. In Section 2.2.3, there is more discussion about ALD
and its applications.

2.2.2 Infiltration
2.2.2-1 Overview

The performance of SOFCs is often limited by the stagnant oxygen reduction
reaction (ORR) process at the cathode side. It is also broadly believed that the surface
exchange kinetics and surface area of cathodes play an important role in determining the
overall cathodic performance. For this reason, various efforts have been made to improve
these metrics through nanoscale materials engineering, most notably by the solvent
infiltration method. Infiltration is the way that we use nitrate salt solutions, usually
materials of MIEC (mixed ionic and electronic conductor), which have good ionic
conductivity and electronic conductivity, syringe these solutions on porous cathode
backbones. Then the samples were placed in the furnace for a few hours to grow nano-
scale particles on or merge in the cathode backbones. Figure 2.11 demonstrates that matrix
material (nitrate solution) is infiltrated into fibrous preforms (cathode backbones) by the
use of reactive gasses at elevated temperature to form fiber-reinforced composites. There
are two main reasons why we chose this method. First, Boosting the oxygen reduction
reaction mechanism by catalytic functionalization. Enlarging the length of three phase
boundary (TPB) and it might grain on or diffuse into backbones. Second, it potentially
helps improve the stability and durability of backbone in cathodes of SOFCs (Figure
2_12)_8,78—80

Fibres O Residual Pores

Initial Fibre Array Initial matrix infiltration Final matrix infiltration

Figure 2.11: Infiltration growth mechanism.



This method, however, poses an intrinsic disadvantage of poor durability during
high temperature operations. This is because the resulting perovskite infiltrates after a
sintering process are known to be of true nanometer-scale (1-5 nm in diameter); they are
very susceptible to thermal agglomeration. An atomic layer deposition (ALD) treatment on
these infiltrates is hypothesized to be effective in suppressing the thermal degradation.
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Figure 2.12: Cole-Cole plots for the cells with LNF-YSZ, LSNF-YSZ, and LSF-YSZ
cathodes calcined to 1100 °C. The measurements were performed at open circuit holding
the cathodes in air at 700 °C.%’

2.2.2-1 Materials

Many materials have been used to infiltrate SOFC cathode backbones for the two
main purposes previously mentioned: boosting the oxygen reduction reaction mechanism
by catalytic functionalization (enlarge the length of three phase boundary (TPB) and it
might grain on or diffused into backbones) and improving the stability and durability of
backbone in cathodes of SOFCs. Most of these materials are MIEC (mixed ionic and
electronic conductor) and they also are widely used for SOFC cathode backbones. In this
chapter, 1 will mention a few publications about infiltration or composite for SOFC
cathodes and then classify all information as a comparison table.

LSCo/LSF/LBF/LCF/LSCF/LSM infiltrated on YSZ

“High-Performance SOFC Cathodes Prepared by Infiltration” by John M. Vohs and
Raymond J Gorte focuses® more closely on a relatively new method for cathode
development, the fabrication of cathodes by infiltration. Back to 2009, this method had
been acquiring more and more attention in the past few years. Still, the number of
references in a recent review of the sphere was still a little small.8! Preparatory work in
their laboratory used this method to prepare Ni-free anodes in SOFCs that were able to
oxidize hydrocarbon fuels without catalyzing the configuration of carbon fibers.82-8°
Nonetheless, infiltration method can also be used to prepare or alter high-performance
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cathodes.

While LSM has good electronic conductivity of 200 S cm™ at 800 °C and
atmospheric conditions (oxygen supplied), its ionic conductivity has been revealed to be
less than 4 x 1078 S cm™.15 On the other hand, YSZ has an ionic conductivity of 0.043 S
cm ! and insignificant electronic conductivity at 800 °C.8 Matching of ionic and electronic
conductivities where LSM and YSZ come together implies that the electrode reaction can
take place only at the three-phase boundary (TPB) line, the line of connection for the LSM,
the YSZ, and the gas phase.®” This is shown graphically in Figure 2.13(a). As anticipated,
measurements have shown that electrode performance scales linearly with TPB length in
LSM-YSZ electrodes.®® Theoretically, the TPB line can have a finite width when one of
the electrode elements has mixed electronic and ionic conductivity (MEIC); even so, the
width of the TPB is probably of atomic dimensions at LSM-YSZ connect lines. LSM
electrodes with the best electrochemical performance at lower temperatures are compounds
of LSM and YSZ. As well as the reality that interfaces between electrodes and electrolytes
have better mechanical characteristics with composite electrodes, electrodes that are
mixtures of LSM and YSZ can have much more extended TPB lines, for reasons shown
graphically in Figure 2.13(b). This figure indicates that the YSZ within the composite can
supply pathways for oxygen ions to diffuse into the electrode. The distance from the
electrolyte interface for which the YSZ pathways are powerful in making better electrode
performance, relies on the composition of the composite and structure of the YSZ within
the composite. Theoretical and experimental concerns advocate that the electrochemically
active region in most cases extends 10 to 20 pum from the electrolyte into the
electrode.®7,89,%
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Figure 2.13: Schematic diagrams showing (a) the location of the three-phase boundary
(TPB), i.e., the boundary between the YSZ electrolyte, LSM electro-catalyst and current
conductor, and the gas phase, and (b) idealized structure of a cathode.®
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The traditional method for fabricating electrodes, such as LSM-YSZ compounds
on electrolyte- or anode-supported fuel cells, includes depositing a mixture of LSM and
Y SZ powders onto a dense YSZ electrolyte, then sintering that mixture onto the electrolyte.
Deposition can be achieved by diverse methods. For example, spin coating and screen
printing are common techniques for implementing an even coating of the mixture of LSM
and YSZ particles.! The choice of sintering temperature for the cathode composite is more
complicated.® There is a minimum sintering temperature for making ‘‘connection’
between the YSZ in the electrode and the YSZ in the electrolyte, to build the YSZ channels
that are shown graphically in Figure 2.13(b). Low-temperature processing would result in
grain-boundary resistances that would avoid the free flow of oxygen anions from the
electrolyte. For YSZ, this minimum temperature is roughly 1000 °C. The maximum
sintering temperature for composite electrodes is usually chosen so as to avoid solid-state
reactions between the components of the cathode mixture. Particularly, one of the main
reasons for using LSM instead of other conducting perovskites is that LSM-Y SZ mixtures
can be heated to as high as 1250 °C for reasonable times without forming insulating phases.
For example, La2Zr207.92% Most other conducting perovskites cannot be prepared in the
relatively narrow temperature window that is required.

Combination of composite electrodes by infiltration was at first developed in order
to separate the calcination temperature of the YSZ from the sintering temperatures of the
other electrode components.®6-%8 However, other benefits have been noticed for electrodes
prepared in this way.8%% With fabrication by infiltration, the composite is formed by first
making a porous layer of the electrolyte material together with the electrolyte. The porous
layer is used as a backbone for the electrode and the electronically conductive components
are deposited into this layer in the following steps. The general strategy is shown
graphically in Figure 2.14,100.101
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Figure 2.14: Diagram showing the steps used to fabricate an SOFC in which the

electrodes are produced by infiltration of active components into a porous Y SZ scaffold.
100,101
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The most-untimely work with LSM composites used infiltration of aqueous
solutions of La*3, Mn*3, and Sr*? nitrate salts.®®1%? Capillarity drives the salt-containing
water into the porous layer; despite that, must be pay attention on the drying operation to
avoid having the salts return to the external surface of the electrode.'®® The mixed oxides
that form after decomposition of the nitrate ions can be calcined to form the perovskite
inside the pores. Because La(NOs)s and Mn(NOs)s melt at relatively low temperatures, it
is also possible to simply infiltrate a mixture of the liquefied salts.'% From some previous
works, suspensions of nanoparticles of the perovskite have been added straightly.105-108
This has the profit of avoiding a separate calcination step to form the perovskite. In the
case of LSM in YSZ, the electrodes formed by these three processes were shown to be
essentially identical 204

Electrode fabrication by infiltration is relatively new and there are many problems
that need to be solved. For instance, the amount of material that can be added in a single
step using salt solutions is identical to the ion concentration in the infiltrating solution.
Since 1 cm? of a solution that is one molar in both La*® and Mn* salts will provide only
0.035 cm? of solid LaMnQg, a single infiltration into a backbone that is 65 % porous will
supply a composite that is only about 2.3 vol.% of the perovskite. Thus numerous steps are
usually required in order to reach the necessary loading of the perovskite to make the
electrode conductive. Although La(NOs)s and Mn(NOs)s have low melting temperatures,
making it possible to infiltrate a mixture of the melted salts immediately,'%* the bulkiness
of the nitrate anions still does not allow adequate amounts of the cations to be added in a
single step. Besides, for some perovskites, like Sr-doped LaFeOs (LSF), extra bulky
molecules, such as citric acid, must be added to the solution in order for the perovskite
phase to form at lower temperatures.®® There are reports that infiltration of nanoparticle
solutions of LSM allows preparation of the composite electrodes in a single step.l%
Unquestionably, the use of nanoparticle solutions avoids the need for synthesizing the
perovskite within the pores. Nevertheless, it is not easy to get concentrated solutions of
particles small enough to fit into the pore structure of the backbone. Based on the
information given by the authors for the preparation of their nanoparticles,°” John M. Vohs
and Raymond J Gorte estimated that the nanoparticle solutions used in that work were 15
wt.% (~ 3 vol.%) LSM, implying that the amount of LSM added in each step is much the
same to that which would be added using 1.0 M solutions of the salts. The primary
performance of electrodes prepared using a single infiltration of nanoparticles was notably
better than that which could be achieved using a single infiltration step with the salt
solutions.

Cathodes based on Sr-doped LaCoOs (LSCo) are known to be capable of high-
quality cathode performance due to their high electronic and ionic conductivities.*10113
The Kinetics for the surface-exchange reaction, a measure of the catalytic activity of the
cathode material, are also reported to be very excellent.*'2 The reason LSCo is not broadly
applied is that it reacts quickly with YSZ at 1000 °C, the minimum sintering temperature
for YSZ, to form insulating La2Zr.07 and SrZrOs phases.!*214 There has been some
successful results in stabilizing LSCo cathodes by subsuming layers of doped ceria
between LSCo and YSZ in order to avoid these reactions;'*>116 but this method has not
been completely triumphant.'!” Because the LSCo perovskite phase can be created simply
at low temperatures, (for example, by heating the mixed nitrate salts to 700 °C!0%118) it is
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feasible to prepare LSCo-YSZ electrodes with YSZ electrolytes by infiltration of the salts,
without there being notable interfacial reaction between the YSZ and the LSCo. The
infiltrated electrodes have the further benefit that the coefficient of thermal expansion
(CTE) mismatch is less of a problem. Two groups have shown that the beginning
electrochemical properties of these electrodes can be extraordinarily excellent. For
instance, Armstrong and Rich demonstrated that a cell with a cathode constituted of 30
vol.% LSCo in a YSZ backbone, established by infiltration of the nitrate salts, showed a
peak power density of 2.1 W cm2 at 800 °C when operating in air and humidified H2.1*®

In a study from John M. Vohs and Raymond J Gorte’s laboratory, the impedance
of an LSCo-YSZ electrode at 700 °C was calculated to be 0.03 Q cm? with a composite
electronic conductivity of 30 S cm™. This level of performance is high enough so that
cathode losses can be considered unimportant compared to other losses in the cell.
Unsurprisingly, the electrode impedance was detected to powerfully depend on the pore
structure of the YSZ backbone.'® The average pore size of the YSZ was increased from
between 1 and 2 mm to roughly 20 um, that increased the cathode impedance at 700 °C to
0.13 Q cm?. This increase is easily explained by the loss of TPB as suggested by Figure
2.13(b). Unluckily, fuel cells made with LSCo-Y SZ electrodes were found to be unsteady,
even at 700 °C.19%11° The loss in cell performance was related with an increase in the ohmic
losses in the cell, constant with the formation of insulating phases within the electrode.
Admittedly, evidence has been granted for the reaction of LaCoOs with YSZ at 700 °C.*?°
The instability of LSCo on YSZ electrolytes, even at low operating temperatures, most
likely eliminates any possibility of using electrodes in which there is connect between
LSCo and zirconia.

In their study, they have found that LSF-YSZ cathodes offer the best agreement
between performance and stability for electrodes created by infiltration.1*®1?1 Before
considering the results for infiltrated LSF-YSZ compounds, it is profitable to consider
briefly the properties of LSF and the electrode materials that have been prepared by
ordinary methods. The electronic conductivity of LSF is lower than that of LSM but still
above 50 S cm™* at usual SOFC operating conditions.'?2-124 Because conductivity is lost in
forming a composite with a nonconductor, LSF may not be satisfactory for the conduction
layer of the electrode but its conductivity would materialize to be enough high for use in
the functional layer of SOFC cathodes. The lack of electronic conductivity should be more
than counterbalanced by the high ionic conductivity of LSF, reported to be 5 x 1073 S cm-
1 at 800 °C and atmospheric pressures for Lao.sSro.2Fe0s.12* Even higher conductivities are
possible with increased Sr-doping.®! These values are ten times of magnitude lower than
that of YSZ but many orders of magnitude higher than that of LSM.

LSF is often combined with LSCo as being reactive with YSZ; Nevertheless,
inspection of the available evidence indicates that it has a lower activity with zirconia-
based electrolytes. A lot of groups have tried to find solid-state reactions between LSF and
YSZ but have not found proof for new phases below 1200 °C,'?11%512%6 with some
recommending phase steadiness at temperatures as high as 1400 °C. Co-firing a mixture of
LSF and YSZ to 1200 °C has been reported to cause an enlargement of the perovskite
lattice, a finding which has been explained as being due to Zr-doping of the perovskite
phase at the higher temperatures.'?® Still, 1200 °C is a comparatively high temperature,
similar to the temperature at that solid-state reactions are observed with LSM and YSZ.
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Moreover, Lao.sSro.2Feo.9Zro.103 has electronic conductivity and has been shown to provide
reasonable performance as a cathode material when introduced to porous YSZ by
infiltration.*?* These studies would advocate LSF-Y SZ composites should be outstanding
SOFC cathodes.

Infiltration strategies perform optimally in low-temperature fabrications of LSF-
YSZ composites. In the study of John M. Vohs and Raymond J Gorte, electrodes were
prepared by impregnating a 65% porous YSZ layer with the nitrate salts in the desired
stoichiometry, to form the correct phase (the Pechini method) by using citric acid.!?!1%7
The citric acid forms a compound with the cations so that the La*3, Sr*2, and Fe*® ions are
well mixed in the oxide that is formed by heating to get rid of the nitrate salts. The
perovskite phase was formed by additional heating to 850 °C. The composite electronic
conductivity increased with the loading of LSF but it was necessary to have 40 wt.% LSF
(~ 23 vol.%) as a mean to achieve a conductivity greater than 1 S cm1.*2” The SOFC
cathode impedance of the LSF-YSZ electrode with 40 wt.% LSF was estimated to be 0.1
Q cm? and independent of current density at 700 °C in air.

The most important problem around these electrodes worries their stability. In
symmetric-cell tests at 700 °C in air, it was found that the open circuit voltage (OCV) of
the infiltrated LSF-YSZ electrode, initially calcined at 850 °C, increased from 0.1 Q c¢m?
to 0.6 Q cm? after 2500 hours.*?! Besides, the impedance of the deactivated electrode was
found to be a strong function of current density and the average impedance of the
deactivated electrode at a current density of 0.6 A cm? was found to be 0.15 Q cm?, as
shown in Figure 2.15. Noticeably, in the presence of an applied current, a “symmetric” cell
IS no longer symmetric, since one electrode must be polarized anodically and the other
cathodically. Consequently, the lowered impedance must apply to the LSF-YSZ electrode
under both anodic and cathodic polarization. Ultimately, the characteristics of the
inactivated LSF-YSZ electrode, including the increased open-circuit impedance and the
strong current dependence, were identical in the initial performance of LSF-YSZ electrodes
calcined at 1100 °C.
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Figure 2.15: Cole-Cole plots of impedance spectra collected at 700 °C for a symmetric cell
with two LSF-YSZ electrodes fabricated by infiltration as a function of the current density

applied to the cell: (¢) OCV, () 100 mA cm?, (2) 200 mA cm?, (¢) 400 mA cm™ (+) 600

mA cm?, and (*) OCV immediately after applying 600 mA cm2. Prior to measuring the
impedance spectra the electrodes were aged by annealing in air at 700 °C for 2500 hours.'?
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An alternate picture for understanding deactivation of the LSF-YSZ electrodes is
shown schematically in Figure 2.16. Based on the SEM results, the LSF deposits calcined
at 850 °C exist as small particles on the YSZ backbone, separated by gaps that allow gas
phase oxygen to diffuse to the LSF-YSZ interface. This is depicted in Figure 2.16(a), which
is similar to the diagram in Figure 2.13(b). When these particles sinter, either over time at
operating conditions or following high-temperature calcination, the LSF forms a dense,
polycrystalline layer over the YSZ backbone, as presented in Figure 2.16(b). Because the
ionic conductivity of LSF is much lower than that of YSZ (8 x 10™* S cm™* for LSF and
1.89 x 1072 S cm* for YSZ at 700 °C 128124), the transport of oxygen ions through the LSF
could be restricted. The coupling of oxygen-ion transport up the YSZ “fingers” and through
the LSF film would then be responsible for the current-dependent impedances.

b)

Figure 2.16: Schematic diagram of infiltrated LSF-YSZ cathode (a) after calcining in air
at 850 °C and (b) after calcining at higher temperatures (>1000 °C) or long term aging.®

Data for cathode performance with infiltrated Ca- and Ba-doped LaFeOs (LCF and
LBF) deliver auxiliary support for the picture in Figure 2.16.12* LCF and LBF have nearly
identical electronic conductivities as that of LSF, but their ionic conductivities are
remarkably lower. Especially LCF has an ionic conductivity that is 50 times lower than
that of LSF at 700 °C. Following calcination at 850 °C, the initial performance of LCF-YSZ
and LBF-YSZ electrodes was difficult to tell apart from that observed with LSF-YSZ
electrodes. Assuming the morphology of the electrodes is similar to that shown in Figure
2.16(a), itis rational that the ionic conductivity would not be crucial in this case. Following
calcination at 1100 °C, SEM showed that LSF, LCF, and LBF each most likely tended to
form a dense film over the YSZ, similar to that pictured schematically in Figure 2.16(b).
Cathode performance for each of the three composite cathodes also decreased
considerably.

Figure 2.17 shows impedance data at open circuit and at 100 mA cm2 for three
cells made with duplicate anodes and electrolytes, but with infiltrated cathodes based on
LSF, LBF, or LCF.*>* The impedance at open circuit was much larger for the electrodes
based on LCF and LBF, as would be anticipated for the model in Figure 2.16, given the
remarkably lower ionic conductivities of the LCF and LBF. Similar to the findings with
LSF, the impedance of LCF-YSZ and LBF-YSZ cathodes showed a strong current
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dependence. With LCF-YSZ, the cathode impedance decreased from greater than 3 Q ¢cm?
to less than 0.5 Q cm? upon application of a cathodic potential.

Sr-doped LaFeo.sC00.203 (LSCF) can be considered a subcategory of LSF. LSCF
has better electronic conductivity than LSF and a similar ionic conductivity.2>3! It shows
very excellent initial performance as an SOFC cathode when a doped-ceria layer is used to
separate it from the YSZ.132133 |t is also used in the current collecting layer of some fuel-
cell designs.’3* Work has performed in which an LSCF cathode was fabricated by
infiltration into porous YSZ backbones.'® Chen et al.'* have indicated that an infiltrated
LSCF-YSZ electrode had an impedance as low as 0.047 Q cm? at 800 °C, approximate to
the performance of infiltrated LSCo-YSZ and LSF-Y SZ electrodes.1%%” Given the lack of
stability of LSF-YSZ and LSCo-YSZ electrodes, it seems most likely that there would be
stability problems with LSCF as well. The major problem is whether or not the Co in the
LSCF would remain in the perovskite phase, so that La2Zr.0z formation would be
prevented. A study of Lao.sSro.2Mno.sC00.203 (LSCM) infiltration into porous YSZ showed
sensible initial performance; however, the LSCM-YSZ electrodes were found to exhibit
stability much the same to that of LSCo-YSZ electrodes. Performance declined
remarkably, even at 700 °C.1*°
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Figure 2.17: Impedance spectra obtained from fuel cells with infiltrated electrodes as a
function of the active component, LSF (w), LBF (*), and LCF (4), used in the cathode. The
composite cathodes in each of, these cells were calcined at 1100 °C. The filled symbols
show data measured at open circuit while the open symbols were obtained at a current
density of 100 mA cm2. Reproduced with permission from reference.'?

Some of the main characteristics of LSM have already been discussed earlier in this
Section and have been reviewed substantially elsewhere.’® Under typical cathode
conditions, LSM has an electronic conductivity greater than 200 S cm at 800 °C but has
minor ionic conductivity (4x108/107 S cm™! at 800/900 °C). It experiences a solid-state
reaction with YSZ to La2Zr207 (insulating layer) above 1250 °C, but LSM-Y SZ mixtures
are stable at lower temperatures. Since LSM-Y SZ composites are the standard material for

25



cells with YSZ electrolytes, there is a very large amount of work examining the
performance of these electrodes.® The performance of electrodes fabricated by infiltration
of LSM is very good and approximate to that of regular LSM-YSZ composites. For
instance, Armstrong and Virkar prepared infiltrated LSM electrodes using nitrate-salt
solutions and achieved power densities as high as 1.2 W cm2 for a cell operating in
hydrogen at 800 °C.1%? The performance characteristics of the infiltrated LSM-YSZ
electrodes also changed remarkably with increasing calcination temperature.**¢ In spite of
symmetric-cell data is not a really reliable measurement of the performance acquired in
actual full fuel cells with LSM electrodes due to activation by polarization,'¥’ the
impedance determined from symmetric cells at 700 °C increased from 0.45 Q cm? to nearly
3 Q cm? when the calcination temperature was changed from 850 °C to 1050 °C. Huang et
al.1% have also studied infiltrated LSM-Y SZ electrodes that were fabricated by using three
different methods: (1) infiltration of aqueous nitrate salt solutions; (2) infiltration using a
molten mixture of La and Mn nitrate salts, with dissolved Sr(NOs)2; and (3) infiltration of
LSM nanoparticles. The performance of electrodes prepared by each of these methods was
very similar when the same calcination conditions (temperature and time) were used. 04136
However, the properties of the infiltrated composites were found to depend powerfully on
the temperature of calcination.

Moreover, composite electrodes above 1050 °C of calcination temperature showed
strong hysteretic behavior, while the 850 °C electrode did not. Since 1050 °C is a little
below the temperature (1200 °C) at which one might expect LSM to undertake solid-state
reactions with YSZ, it is believed the hysteretic behavior provides clues about what is likely
happening in the electrode. Figure 2.18 shows an example of this behavior for a cell with
an LSM-YSZ electrode prepared by conventional methods.'3” The figure shows two-
electrode impedance spectra, measured at open circuit, with the ohmic contribution
removed. The spectra were obtained following the application of the listed current densities
for ten minutes. Under 700 °C, the initial impedance spectrum shows a large, 3 Q cm? non-
ohmic contribution, of which roughly 0.5 Q cm? is believed to be related with the Cu-ceria
anode.’®® After applying the various currents, the open-circuit electrode impedances
decreased remarkably. After ten minutes at 850 mA cm-?, the total impedance decreased to
0.8 Q cm?, with 0.3 Q cm? coming from the cathode. When the cell was held at an open
circuit overnight, the electrode impedance returned to its initial high value 3 Q cm?.

The following are some of the clarifications that have been given for LSM electrode
activation: (1) partial reduction of Mn*® and generation of oxygen vacancies that extend
the three phase boundary (TPB) by providing sites for Oz reduction;'® (2) reduction of
LSM at the LSM/Y SZ interface provides a driving force to reduce any La2Zr.0O7 that could
have formed at the LSM/YSZ interface;4%14! (3) reducing conditions at the TPB remove
other species that might passivate the interface;'42143 (4) cathodic polarization results in
the formation of nano-pores and causes other micro-structural changes that improve
diffusion of oxygen species;**%14* (5) cathodic polarization results in a thin La203 oxide
film at the LSM/YSZ interface which decreases polarization for unspecified reasons.'#
The reduction potential at TPB sites is lowered from atmospheric conditions by the cathode
overpotential at most. From the data in Figure 2.18, changes in the open-circuit impedance
are measured for polarization resistance less than 0.2 V and at a comparatively mild
temperature of 700 °C, conditions for which bulk thermodynamic studies of LSM indicate
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the perovskite should be stable and have an oxygen stoichiometry near 3. Take
Lao.sSro2MnOss for example, 6 is zero. Indeed, based on the thermodynamic data of
Mizusaki et al.'*¢ in Figure 2.19 and using a Nernst-like expression to relate P(O2) to
potential, 3-8 is actually greater than 3 for low overpotentials.4®

Figure 2.18: Impedance spectra for a SOFC with an LSM-YSZ cathode and Cu-CeO2-
YSZ anode at 700 °C in humidified Hz2 (3% H20). The cathode in this cell was fabricated
by co-sintering LSM and YSZ powders. All of the spectra were measured at open circuit
immediately after applying a current for 10 min. The current densities were applied in the
following order: (<) after heating at OCV, () 60 mA cm2, () 150 mA cm2, (o) 850 mA
cm-? (short circuit). The constant ohmic resistance of the cell has been subtracted from each
spectrum. 3’
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Figure 2.19: Equilibrium composition of Lao.sSro.2MnOs+q as a function of P(0z).14¢
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Based on work in John M. Vohs and Raymond J Gorte’s laboratory with LSM-YSZ
electrodes fabricated by infiltration, they have argued that the primary mechanism for
impedance reduction upon electrode polarization is introduction of micro-porosity within
the LSM.104136 According to this model, the LSM tends to create a dense layer over the
YSZ, with diffusion of ions through this layer restraining performance (because LSM has
poor ionic conductivity). Cathodic polarization causes partial reduction of the LSM layer,
introducing micro-pores that allow oxygen to reach the YSZ interface. The evidence for
this model is as follows: (1) LSM-YSZ composites fabricated by infiltration and calcined
to only 850 °C were highly porous and not activated by polarization, while in composites
calcined at 1050 °C the LSM created a dense layer over the YSZ backbone and were
activated by polarization. (2) Brief reduction of an LSM-YSZ composite in humidified Hz
at 700 °C, a treatment that had minimal effect on the LSM phase as measured by XRD,
produced a decrease in electrode impedance much the same to that obtained by electrode
polarization. BET measurements also indicated that reduction introduced micro-porosity,
as proved by a large increase in the surface area of the composite. (3) The impedance curves
that disappeared with activation have a low characteristic frequency and are much the same
to the classical Warburg shape that is typical of diffusional limitations. This change cannot
be due to gas-phase diffusion limitations since polarization does not change the all pore
structure in the electrode and therefore suggests a decrease in the barrier for diffusion of
oxygen through the LSM cathode to the YSZ electrolyte.

John M. Vohs and Raymond J Gorte have focused on adding all of the electrode
components except the electrolyte backbone by infiltration. Because the necessity for
conductivity requires relatively high loadings of the electronically conductive phase, it is
imperative to add noteworthy amounts of material to the electrode. Nevertheless, it is
possible to modify the characteristics of a conventional LSM-YSZ composite by
infiltrating components for enhanced catalytic properties or ionic conduction. This method
has been getting an increasing amount of attention a short time ago due to some very
encouraging observations and examinations.

Composite of LNF and PresO11, PDC, or GDC

H. Taguchi et al.®® fabricated electrolyte supported single cells with three types of
cathodes that consisted of a Ce0.1Gdo.1O1.95 (GDC) buffer layer, a LaNio.sFeo4Os (LNF)
cathode and an active layer. Single cells with cathodes consisting of a LNF current
collection layer with thickness of 40 mm and an active layer with thickness of 3 mm on a
1.0 mm thick 0.89Zr02-0.10Sc203-0.01AI203 or scandia alumina stabilized zirconia
(SASZ) electrolyte sheet. The buffer layer-GDC was screen printed on the SASZ
electrolyte and sintered at 1150 °C in air, then the active layer was screen printed and dried
at 100 °C, and an current collection layer-LNF was screen printed on it and sintered at 1000
°C. The mean diameters of the LNF, GDC, and Ce1xPr«O2-s (x = 0.1, 0.3, 1.0) powders
were roughly 1.3, 0.1, and 0.3 um, respectively (Ce1-xPr«O2-5 (X = 1.0) is PreO11). They also
printed a Pt anode on the other side of the electrolyte and a Pt reference electrode covering
the entire peripheral part of the electrolyte disk. Lastly, the samples were fired at 1000 °C.
The effective area of the anode and cathode was 0.785 cm?.
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The only dissimilarity between the three cathodes is that each was screen-printed a
divergent active layer. Figure 2.20 shows backscattered electron images of cross sections
of three types of cells acquired around the active layer. These cells have cathodes with a
GDC-LNF composite active layer, a Ce1-xPrxO2-s (x = 0.1, 0.3, 1.0)-LNF composite active
layer, and a PrsO11 active layer. Figure 2.20(a) shows a cathode whose active layer is a
GDC (50wt.%) and LNF (50 wt.%) composite.*4” Figure 2.19(b) shows a cathode whose
active layer is a composite of Ce1-xPrxO2-5 (x = 0.1, 0.3, 1.0) (50 wt.%) and LNF (50 wt.%).
The cathode shown in Figure 2.20(c) has a PreO11 (Ce1-xPr«O2-s (x = 1.0)) active layer
(without LNF particles in the active layer). GDC was used to be a buffer layer to prevent
any reaction between the SASZ electrolyte and LNF or PreO11. PreO11 and Ce1-xPrxO2-s
particles are incorporated in the active layer like an insulating layer. These particles might
react with the LNF or GDC. In other words, if the GDC buffer layer does not operate
appropriately, PrsO11 and Ce1-xPrxO2-s might react with the SASZ zirconia electrolyte.

In Figure 2.21, it shows the EIS measurement of these samples. The interface
resistance (R;,¢) and overvoltage () of the cathodes were investigated and analyzed. At
800 °C, the R;,sof the cathode with the PreOu11 active layer was decreasing to 1/30 that of
the cathode with the GDC-LNF composite active layer. The R;,  at 800 °C for the cathode
with the PrsO11-LNF composite active layer was decreasing to 1/8 that of the cathode with
the GDC-LNF composite active layer. The R;,,; values of the cathode with an active layer
between 650 and 750 °C were also much better than those of the cathode with the GDC-
LNF composite active layer. By using the cathode with the PrsO11 active layer, the
operating temperature can be made smaller to 700 °C while maintaining the same
performance (same overvoltage at 254 mA/cm?) as a cathode with a GDC-LNF composite
active layer at 800 °C.

Bo Huang and their group® investigated the electrochemical properties of three
different configurations of LaNio.sFeo4Os (LNF)-based cathodes for SOFC (Shown in
Figure 2.22). The LNF material is a chemically stable cathode material for ScSZ
electrolyte-based SOFC when the calcined temperature was below 1100 °C.%*® Therefore,
the LNF-GDC composite is also a chemically stable cathode material for ScSZ electrolyte-
based SOFC when the calcined temperature is below 1100 °C. and the compositions of
three cathode samples are summarized in Table 2.1. For the preparation of the functionally
gradient LNF cathode, the first layer attached on the ScSZ electrolyte is composed of 60
wt.% LNF + 40 wt.% GDC, the second one is composed of 70 wt.% LNF + 30 wt.% GDC,
and the top layer consists of 100 wt.% LNF. For the preparation of the GDC-impregnated
LNF, stoichiometric amounts of gadolinium nitrate (Gd(NO3)s « 6H20) and cerium nitrate
(Ce(NOg3)s « 6H20) were dis- solved in distilled water with constant stirring. Then, a
stoichiometric amount of citric acid (CeHsO7 » H20), which is a chelating agent and fuel,
was also dissolved in this solution. The stoichiometric ratio of citric acid to nitrates was
calculated according to S. C. Jain et al.1*?

Figure 2.23 shows the XRD patterns of 50 wt.% LNF + 50 wt.% GDC calcined at
1100 °C for 5 hours. Pure LNF contains a perovskite structure, while GDC contains a cubic
fluorite-type structure. The results disclose that no apparent reaction between interface of
the electrode and electrolyte appeared for LNF + GDC composites when heated up to 1100
°C for 5 hours and concur with those of Chiba.*® Usually, a composite cathode material
sintered at high temperature with a larger grain size causes to a decrease in the number of
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the cathode-electrolyte-gas interface (triple phase boundary, TPB) sites, which results in
high polarization resistance.'®151 Meantime, due to the high sintering temperature, the
cathode materials cohere firmly to the electrolyte surface, resulting in better contact with
the electrolyte and better current collection. This represents a compromising relationship
with regard to the sintering temperature to obtain cathode materials with fine
microstructure and sturdy adherence to the electrolyte. Figure 2.24 shows the micro-
structure of composite LNF-based cathode (70LNF-30GDC) with weight ratio of
LNF:GDC being 70:30, which disclosed the uniform grains size of LNF are in the range
of 0.4 — 1.0 um. At the same time, the agglomeration situation of GDC particles was
detected, the particle size distribution was in the range of 0.1 — 0.3 um. After the ion
impregnation with Gdo.2Ceo.s(NO3)x solution, nano-size GDC particles were introduced to
the LNF backbone as shown in Figure 2.24(b). The GDC particles were comparatively
uniform and the grain size was in the range of 40-50 nm, as estimated from the SEM
pictures (Figure 2.24(b)). Obviously, the impregnated GDC particles are much smaller than
that of LNF particles.

(c)
LNF LNF
L GbC I b
LNF composite 3¢ G“)EL;
Zirconia 3326 19KU (Zsi:(s);i)a
(SASZ) PrO,,

8 LNF

ned Pri;Ce, -0, (in this image)
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¢ GDC

3314 1KY~ %5,800  1vg Zirconia(SASZ)
Pr Ce, O, s-LNF
Figure 2.20: Cross-section of three types of cathode near the electrolyte. (a) Cathode with
GDC-LNF composite active layer, (b) cathode with PrxCe1-xO2-s (x = 0.1, 0.3, 1.0)-LNF
composite active layer, and (c) cathode with PreO11 active layer.®
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Figure 2.22: Schematic diagram of one side of the symmetric cell structure for cathode A,
cathode.*

Summary of three configuration cathode samples.

Sample Compositions

Layer 1 Layer 2 Layer 3

Cathode A 70 wt.% LNF/30 wt.% GDC 70 wt.% LNF/30 100 wt.% LNF
Cathode B 60 wt.% LNF/40 wt.% GDC wt.% GDC
Cathode C GDC-impregnated LNF

Table 2.1: The compositions of three cathode samples.®*

31



()

[

(a)

U W Y| P
el bl A o
e OF 3 b5 oy
L

2L

10 20 30 40 50 60 70 80
2 Theta/degree

Figure 2.23: X-ray diffraction pattern of the powder of (a) LNF, (b) GDC, (c) 50 wt.%
LNF + 50 wt.% GDC at room temperature and (d) 50 wt.% LNF + 50 wt.% GDC calcined
at 1100 °C for 5 hours.54

Figure 2.24: SEM images of (a) composit LNF-based cathode (70 wt.% LNF:30 wt.%
GDC) and (b) GDC-impregnated LNF.%*

Figure 2.25(a)-(e) show the general impedance spectroscopies for the LNF-based
cathodes are investigated based on a symmetrical cell sintered at 1050 °C for 2 hours and
cataloged under open-circuit conditions in the temperature range of 650-850 °C in air.
Figure 2.25(f) uses an equivalent circuit to explain the impedance curves of symmetrical
cells. This will be introduced with more details in Section 2.3.1. Figure 2.25(g) shows an
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impedance sketch map on the compound plane. In the circuit, CPE and R denote constant
phase element and cathode resistance, respectively. Fitting parameters for ORR on the
LNF-based cathodes were listed in Table 2.2. It is clear to find that cathode A disclosed
the largest R, among the three cathode samples. In particular, cathode B performed an
roughly 10 — 30% improvement in R,,, compared with cathode A. R,, of cathode C reduced
approximately 70 — 80% compared with cathode A. Furthermore, as shown in Table 2.3,
the value of the gas phase diffusion resistance (R,) is always significantly larger than that
of the charge transfer resistance (R,). This indicates that R2 dominates the total specific
cathode polarization resistance (R,,) at temperatures within the range of 650 — 850 °C. On
the other hand, resistances (R, or R,) gradually reduced from cathode A to cathode C.
Evidently, with an increase in the number of cathode layers, there was a significant
decrease in the total specific cathode polarization, implying a decrease in the impedance of
ORR on the ScSZ electrolyte, i.e., the enhancement of electrochemical activity for the
kinetics of ORR. Compared with composite LNF-based cathode (70 wt.% LNF-30 wt.%
GDC), the functionally gradient LNF cathode with gradual changes in composite between
ScSZ electrolyte and LNF cathode exhibited better adhesion resulting in the reduction in
charge transfer resistance (R,). In addition, the decrease in gas phase diffusion resistance
(R,) may be related to the area of triple phase boundaries (TPBs). The decrease in Ry for
cathode B is mainly due to the gradual change rather than abrupt change in composition
between ScSZ electrolyte and LNF cathode with dissimilar material structure. For the
functionally gradient LNF cathode configuration, the composition changes gradually from
one material to the other.

Specimens 650 °C 700 °C 750 °C 800 °C 850 °C

Re (Qcm?) Rp(Qcm?) Rp(Qcm?) Rp(Qcm?) Rp(Qcm?)
Cathode A  3.405 1.363 0.581 0.242 0.101
Cathode B 2.489 1.009 0.452 0.202 0.091
Cathode C  0.702 0.285 0.115 0.054 0.028

Table 2.2: Fitting parameters for ORR on the LNF-based cathodes.®*

Specimens 650 °C 700 °C 750°C 800°C 850 °C

Ri(Qem?) R (Qem?) R (Qem?)  R@Qem?)  R(Qam?) R(Qm?) R (Qem?) R(@Qm?) R (@Qm?) R (Qcm?)

Cathode A 0.987 2418 0.368 0.995 0.145 0436 0.061 0.181 0.026 0075
Cathode B 0.742 1.747 0.283 0.726 0.122 0330 0.046 0.156 0.016 0.075
Cathode C 0.227 0.475 0.073 0.212 0.035 0.080 0011 0.043 0.004 0.024

Table 2.3: The value of the gas phase diffusion resistance (R,).5*
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Figure 2.25: Electrochemical impedance spectra of LNF-based cathodes measured at
different temperatures in air: (a) 650 °C, (b) 700 °C, (c) 750 °C, (d) 800 °C and (e) 850 °C.
EIS was measured at open circuit. (f) The equivalent circuit for data fitting. (g) Impedance

sketch map on the complex plane.5
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Figure 2.26 shows the activation energies of the specific cathode polarization
resistance for three LNF-based cathode configurations. It was found that specific cathode
polarization resistance (R,) decrease remarkably with increasing temperature for three
cathode samples. The activation energies of the specific cathode polarization resistance for
LNF-based cathodes were in the range of 138.83 — 151.59 kJ/mol. These values are
comparable to that of the Lao.sSro.2Coo.sFeo203 (LSCF) (~130 kJ/mol) cathode deposited
on CeosSmo2019 electrolyte reported in Ref.?52 This suggests that LNF-based cathodes
exhibit compatible activation energies of the specific cathode polarization resistance with
that of LSCF cathode. The activation energies of the specific cathode polarization
resistance for cathode A, cathode B and cathode C were 151.59, 142.58 and 138.83 kJ/mol,
respectively. Noticeably, the activation energy values for functionally gradient and GDC-
impregnated LNF cathodes (cathode B and cathode C) both are lower than that of
composite LNF-based cathode (cathode A). This implied that the two approaches would
effectively improve the cathode performance. Especially for the GDC-impregnated LNF
cathode (cathode C), its configurations with a continuous and three-dimensional networks
could greatly accelerates the oxygen dissociation and diffusion processes, substantially
enhance the triple phase boundaries for the ORR, thereby reducing in the activation
energies of the specific cathode polarization resistance.
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Figure 2.26: Arrhenius plots of the specific polarization resistance (R,) for three
different configurations of LNF-based cathodes.5*

BLE/BSCFE/SDC/LNF/PrsO11 infiltrated on LNF

Xifeng Ding and the research group’® report the application of novel infiltration
method to enhance the oxygen reduction reaction of LaNiosFeo4Os-s (LNF) cathode
fabricated with different nano-catalysts, they are: BaosSrosCo0o.sFe0.203-5 (BSCF),
BaoglLao1FeOss (BLF), Smo2Ceo0sOs3-s (SDC), and PreO11. Electrolyte-supported
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symmetric cells for impedance measurement were prepared by screen printing. The
cathode slurry of LNF powder mixed with ethyl cellulose and terpineol was printed onto
both sides of SDC disks, followed by calcinations at 1000 °C, 1100 °C, 1200 °C for 3 hours
in air, respectively. The weight ratio of cathode powder, ethyl cellulose and terpineol is
1:0.05:3. The surface fabrication of the LNF electrode was managed by ionic infiltration
of nitrate solutions of BSCF, BLF, SDC and PresO11, respectively. Stoichiometric amounts
of each ingredient of nitrate solutions for the impregnation process were dissolved in de-
ionized water. The impregnated samples were calcined at 750 °C, 800 °C and 850 °C for 2
hours, respectively. The infiltration and calcination processes were replicated until the
necessary amount of nano-catalysts was achieved. Both of the two LNF electrodes were
infiltrated concurrently. The infiltration loading was calculated by the mass of LNF
electrodes before and after infiltration, and the mass of LNF electrodes were firstly
calculated by SDC pellets with and without coated LNF electrodes. Ag paste was printed
on electrode surfaces as the current collector layer and sintered at 700 °C for 30 minutes.

Figure 2.27 illustrated the XRD patterns of LNF and SDC calcined at 1000 °C and
1200 °C. There were no secondary phases detected in the SDC powders. And a small peak
appeared at 20 = 32° in the LNF diffraction pattern which was recognized as La2NiOa
perovskite-related phase. Blank LNF electrode was first probed on SDC electrolyte using
asymmetrical cell sintered at 1000-1200 °C to obtain well bonded and stable electrode film.
The polarization resistances of blank LNF electrode got from electrochemical impedance
spectra (EIS) measurement are shown in Figure 2.28.

—
= ¢+ LNF
A v SDC
v 0 La,NiO,
—
I =) ~
[e] o~ -~
o —
\ b s SDC .
—_ | ~ % N )
= ‘ v \ VA F
o I ] | | — =
2 I\ v v
m I WP S —— - e ! N Ty —
c L
(6] -
- (V]
S o
S < ___g o LNF
—_ —_ o -
- | - QT o = < N
| S« & S 3 3
' g s e . 8 g
o W e A A ]
Ll I 1 T Ll I I Ll 1

26(°)

Figure 2.27: XRD of LNF powders synthesized by glycine nitrate process and calcined
at 1000 °C and SDC powders prepared by solid state reaction calcined at 1200 °C. The

index of crystallographic plane was marked.®
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Figure 2.28: Polarization resistance (Rp) of blank LNF cathode sintered at 1000 °C, 1100
°C and 1200 °C for 2 hours in air."®

R, of LNF sintered at 1000 °C is much higher than that fired at 1100 and 1200 °C,
which may be ascribed to poor contact of the LNF electrode particles. The ohmic resistance
(Ry) of blank LNF cathode sintered at 1000, 1100 and 1200 °C for 2 hours in air is shown
in Table 2.4. And the R, the value of SDC electrolyte supported cell calcined at 1000 °C is
higher than that of the others, specifying the interfacial resistance is high for the former.
They also mentioned that the adhesion between the LNF film and SDC substrate is awful
and easily peeled off for the sample fired at 1000 °C. The R, value is 1.49 Q cm? at 750 °C
for the cell fired at 1100 °C, that is close to a recent reported 1.33 Q cm? for BaFeOs.
s/SDC/BaFeQOs-s symmetric cell in the earlier publication of Feifei Dong and their research
group.'>® While for LNF sintered at 1100 °C and 1200 °C, the R,, values are very similar
and show a clear reduction compared to that fired at 1000 °C, typically at lower operating
temperature, designating an improvement of electrochemical performance for oxygen
reduction reaction. In addition, the interface reaction between LNF and PrsO11 was even
worse when the firing temperature was higher than 1200 °C.%°

Temperature (°C) R (Qcm?)

1000°C 1100°C 1200°C
650 4.62 3.65 3.98
700 2.73 2.22 2.42
750 1.74 1.49 1.58
800 1.16 1.04 1.03

Table 2.4: The ohmic resistance (R,) of blank LNF cathode sintered at 1000, 1100 and
1200 °C for 2 hours in air.”
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Table 2.5 shows the raw impedance spectroscopy data with ohmic resistance R,
polarization resistance R,, of blank LNF and LNF infiltrated with BLF, BSCF, SDC, PrsO11
and LNF nano-catalysts measured at 750 °C, 700 °C and 650 °C. The thickness of the
electrolyte was quite dissimilar for each sample, which causes different R, values in a little
difference interval. Thereby, as a means to straightly compare the polarization resistance
R, of electrodes with and without infiltration.

Sample 750°C 700°C 650°C
R. (£2cm?) Ry(2cm?) Ry({2cm?) Ry(£2cm?) R(£2cm?) Rp(£2em?)

Blank LNF 158 0.62 2.42 1.89 3.98 5.22

BLF infiltrated 1.21 0.35 1.84 0.81 3.03 238

SDC infiltrated 092 019 135 0.45 225 1.47

BSCF infiltrated 0.95 012 146 0.26 241 0.75

Prg0y, infiltrated 1.05 0.09 153 0.23 231 0.62

LNF infiltrated 125 0.82 197 1.98 3.90 5.37

Table 2.5: Ohmic resistance R, and polarization resistance R, of SOFC cathode
materials.”

In Figure 2.29, the electrolyte ohmic resistance (R,) has been removed. R,, values
could be approximately procured from the intervals of impedance spectra at Real[ Z] axis.
R, is 0.62 Q cm? for blank LNF electrode at 750 °C, which is close to reported LNF
electrode with the same composition by Manuela Bevilacqua and their research group.%?
After infiltrated with MIEC or ionic conducting catalysts, the electrochemical catalytic
activity for oxygen reduction reaction of LNF electrodes was improved apparently. R,, is
0.09 Q cm?, 0.12 Q cm?, 0.19 Q cm? and 0.35 Q cm? at 750 °C for PrsO11, BSCF, SDC and
BLF decorated LNF electrode, respectively. Moreover, it increased to 0.23 Q cm?, 0.26 Q
cm?, 0.45 Q cm?, 0.81 Q cm? at 700 °C and to 0.62 Q cm?, 0.75 Q cm?, 1.47 Q cm?, 2.38
Q cm? at 650 °C for PreO11, BSCF, SDC and BLF decorated LNF electrode, respectively.
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Figure 2.29: Electrochemical impedance spectra of blank LNF and BLF infiltrated with
BLF, BSCF, SDC and PrsO11 nano-catalysts measured at 750 °C."®
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Additionally, for separating the effect of microstructure and ionic conductivity, the
LNF electrodes were infiltrated with LNF particles itself because LNF is very close to pure
electronic conductor (EC: 200-300 Scm™ at 900 °C and IC: 1.6x10% Scm™* at 700°C), and
the polarization resistance of LNF-infiltrated-LNF in Table 2.5 is even slightly higher than
that of blank LNF electrode, because of the concentration polarization stirred up from
decreased porosity after infiltration, and the improved electrochemical catalytic activity of
LNF infiltrated by former four catalysts was attributed to the enhanced oxygen ionic
conductivity.

The micro-structures of the electrodes with different infiltration materials are
shown in Figure 2.30. The electrodes fabricated(infiltrated) with BSCF and BLF were
calcined at 800 °C and those infiltrated with PrsO11 and SDC were fired at 750 °C at which
firing temperature the electrode performed the best electrochemical catalytic activity. The
micro-structures of the electrodes with different infiltration materials look dissimilar. For
the electrodes decorated with BSCF in Figure 2.30(a) and BLF in Figure 2.30(b), BSCF
(about 20 nm) and BLF (about 60 nm) nano-particles were infiltrated on the boundary of
LNF grains. For the electrodes infiltrated with PrsO11 in Figure 2.30(c) and SDC in Figure
2.30(d), nano PrsO11 bars (about 30 nm in diameter) and SDC (60 nm in diameter) were
infiltrated in the pores of LNF backbone. The large surface area-to-volume ratio of nano-
bar or nano-fiber allowed greater surface adsorption of oxygen and provided continuous
pathways for charge transport throughout the cathode, thus hold excellent potential for
intermediate-temperature SOFCs.*>*

Figure 2.30: SEM of LNF electrode infiltrated different promoting agents (a) BSCF
infiltrated cathode calcined at 800 °C, (b) BLF infiltrated cathode calcined at 800 °C, (c)
PreOu1 infiltrated cathode calcined at 750 °C and (d) SDC infiltrated cathode calcined at
750 °C.™8
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2.2.3 ALD Method
2.2.3-1 Overview

Atomic layer deposition (ALD) is a relatively new vapor deposition technique for
depositing a large variety of ultra-thin films with extreme precision. It has become an
important tool in many research-oriented and industrial applications, such as
semiconductor manufacturing, photovoltaics, lithium-ion batteries, heterogeneous
catalysts, and solid oxide fuel cells.*>> Because of the sequential, self-limiting nature of the
reaction process, ALD allows for the deposition of highly uniform layers of carefully
controlled thickness, down to the angstrom (A) level. A typical ALD process is shown in
Figure 2.31. The substrate is first placed in an evacuated chamber, generally between 200-
350°C."% The surface of the substrate may be naturally functionalized, or may have to be
treated for functionalization to facilitate reactions with the precursor functional groups.
The first precursor (Precursor A) fills the chamber, and the precursor functional groups
attach to reaction sites on the functionalized surface of the substrate.

The ligands attached to the precursor molecules can only react with reaction sites
on the substrate; they cannot react with each other. Therefore, assuming that the dwell time
(amount of time that precursor molecules are allowed to remain in the chamber) is
sufficiently long, all reaction sites on the substrate surface will be occupied by one single
layer of precursor molecules. It is this characteristic of the atomic layer deposition process
that allows for uniform, highly conformal deposition of the most complex high-aspect ratio
and nano-porous structures.

After Precursor A has been given sufficient time to react with the surface of the
substrate, an inert gas such as nitrogen or argon flows through the chamber to purge any
remaining byproducts or precursors that did not react with the surface, as shown in Figure
2.31(c). After the purging of Precursor A is complete, Precursor B is pulsed through the
chamber, shown in Figure 2.31(d). As before, Precursor B contains functional groups that
react selectively and exclusively with the functional groups attached to Precursor A. Thus,
a monolayer of Precursor B is deposited on top of Precursor A, such that all reaction sites
become occupied and no accumulation occurs on top of the monolayer. The remaining
byproducts and Precursor B molecules are purged from the chamber with inert gas, as
shown in Figure 2.31(e). For a binary system, the purging of Precursor B would mark the
end of one single cycle. For ALD processes, the number of cycles controls layer thickness,
so cycles can be repeated until the desired thickness is reached. Typical ALD deposition
rates are generally less than one angstrom (A) per cycle, and depending on the specific
process, can vary between 100-300nm every hour.157158

To further illustrate a common ALD process for SOFC application is the deposition
of YSZ thin films electrolytes. This can be achieved by alternating deposition of precursors
yttria (Y203) and zirconia (ZrO2). As mentioned in Section 2.1.2-1, the optimal
composition or YSZ contains 8 mol% yttria. This composition can be accurately achieved
with ALD by pulsing the precursors in specific ratios.*>® This observation leads to another
important advantage of ALD: composition control. The nature of the ALD process allows
for the deposition of thin films with highly tunable compositions, allowing for deposition
of many different types of metal and metal-oxide materials.
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Figure 2.31: Typical atomic layer deposition cycle: (a) Bare functionalized substrate; (b)
precursor A attaches to substrate; (c) Inert gas purges chamber and evacuates remaining
precursor A; (d) precursor B fills chamber and attaches to precursor A; (e) remaining
precursor B is purged from chamber with inert gas; (f) cycle is repeated until desired
thickness is reached.’

2.2.3-2 Applications

Atomic layer deposition (ALD) is a thin-film deposition approach build on the
sequential use of a gas phase chemical procedure. ALD is believed a sub-class of chemical
vapor deposition. The most of ALD reactions use two chemicals, in most cases
called precursors. These precursors react with the surface of a material one at a time in a
continuous, self-limiting method. Through the replicated subjection to detach precursors,
a thin film is deposited at a slow pace. ALD is a key procedure in the fabrication of
semiconductor devices, and part of the set of tools obtainable for the synthesis of nano-
materials. The basic working function we already discussed in Section 2.2.3-1, so here we
focus on some literature review and applications.

In the review by Richard W. Johnson et al.”, they mentioned that ALD could be
used in diverse directions with multiple purposes. For example, Cu(In,Ga)Se2 solar cell
devices, high-k transistors, and solid oxide fuel cells. The range of materials that ALD can
deposit-from metal oxides such as Zni-xSnxOy, ZrOz2, Y203, to noble metals like plutonium.
The main benefits of ALD are all derived from the chronological, self-saturating, gas-
surface reaction control of the deposition process. First of all, the conformity of ALD-
deposited films is often the critical factor in choosing ALD over competing deposition
techniques such as chemical vapor deposition (CVD) or sputtering. Conformity of high
aspect ratio and three dimensionally-structured materials is made possible by its self-
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limiting characteristic that restricts the reaction at the surface to no more than one layer of
precursor. With adequate precursor pulse times, the precursor can be distributed into deep
narrow ditches, permitting for an entire reaction with the whole surface. Following cycles
give permission for uniform growth on high aspect ratio structures, whereas CVD and
physical vapor deposition (PVD) may have trouble with non-homogeneity due to rapid
surface reactions or shadowing effects. Figure 2.32(a) and (b) for SnSx films on Au
nanoparticles and Gez2Sh2Tes films over SiOz2 trenches; the ability of the process to equally
coat the substrate morphology is visible. The second palpable value of ALD is the thickness
control of the deposited thin films. Another well-known benefit of ALD is composition
control. Composition control has been demonstrated with materials such as zinc tin oxide
(ZTO)'¥ and SrTiO3,'%1 among many others.*62-164 These films could be deposited and
compositionally managed by tailoring ALD “super cycles”, which are composed of
numerous ALD operations. For instance, in ZTO deposition, altering the super cycle ratios
for SnOx and ZnO can tailor different conduction behavior and optical characteristics of
the film.%% In depositing SrTiOs, ALD procedures for TiO2 and SrCOs are given turns to
in a super cycle at a 1:1 proportion, constructing a stoichiometric SrTiOs film after
annealing. In spite of that, it should be noticed that a nonlinear association between the
cycle ratio and the film’s atomic ratio is ordinary for the ternary oxide procedures,'3164
causing it to be less simple to deposit a film with a certain required composition. By way
of illustration, more and more studies on SrTiOs, ALD have specified that a 1:1 Sr:Ti
atomic ratio in films is also feasible for ALD cycle ratios between 0.67 and 0.82.162

The materials enclose metals, insulators and semiconductors in both crystalline and
amorphous phases. Furthermore, ALD provides a massive option of elements to choose
from to create the material of choice, as listed in Table 2.6.165-11 This table displays that
the most conventional types of ALD-grown materials so far are oxides, nitrides, sulfides
and pure elements. In spite of the fact that the selection of materials listed in Table 2.6 is
magnificent, obviously it also discloses that it is not yet practicable to grow every material
by ALD. The major restraint of the availability of a material by ALD is the finite selection
of effective reaction pathways. The selection is further restrained by the availability of
reactants that can make the suitable reaction pathway.

Ikwhang Chang et al.*! bespoke that an attempt to avoid thermal agglomeration of
metal electrodes, an extremely thin yttria-stabilized zirconia (YSZ) is coated on the porous
metal (Pt) cathode by the atomic layer deposition, a scalable, and potentially high-
throughput deposition technique. A very thin YSZ coating is found to maintain the
morphology of its underlying nano-porous Pt during high temperature performances (over
500 °C); figure 2.33 displays some SEM images to illustrate this. More appealingly, the
YSZ coating is also found to improve oxygen reduction reaction (ORR) activity by about
2.5 times better. This improvement is ascribed to an increased triple phase area, principally
in the surrounding area of the Pt-electrolyte interface. Cross-sectional electron microscopy
images in Figure 2.34 specify that the initially uniform extremely thin YSZ layer becomes
a not entirely agglomerated coating, an advantageous structure for a maximized reaction
area and free-flowing oxygen access to the Pt-electrolyte interface.
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Figure 2.32: Examples of ALD strengths. (a) TEM image of conformal SnSx ALD film on
Au nanoparticles. Scale bar is 100 nm. (b) SEM cross-sectional image of conformal
Ge2Sh2Tes ALD film in trenches.'® (c) SrTiOs stoichiometry as a function of SrCOs and
TiO2 ALD super cycle ratio.!6!
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List of materials grown by ALD

Elemental

Oxides Nitrides Sulfides Other compounds

C, Al, Si, Ti, Fe, Co,
Ni, Cu, Zn, Ga, Ge,

Mo, Ru, Rh, Pd, Ag,
Ta, W, Os, Ir, Pt

Li, Be, B, Mg, Al, Si, B, Al, Si, Ti, Cu, Ga, Ca, Ti, Mn, Cu, Zn, Li, B, Mg, Al, Si, P,
P, Ca, Sc, Ti, V, Cr, Zr, Nb, Mo, In, Hf, Sr, Y, Cd, In, Sn, Sh, Ca, Ti, Cr, Mn, Co,

Mn, Fe, Co, Ni, Cu, Ta, W Ba, La, W Cu, Zn, Ga, Ge, As,
Zn, Ga, Ge, Sr, Y, Zr, Sr, Y, Cd, In, Sb, Te,
Nb, Ru, Rh, Pd, In, Ba, La, Pr, Nd, Lu,
Sn, Sbh, Ba, La, Ce, Hf, Ta, W, Bi

Pr, Nd, Sm, Eu, Gd,
Thb, Dy, Ho, Er, Tm,
Yb, Lu, Hf, W, Ir, Pt,
Pb, Bi

Table 2.6: The most conventional types of ALD-grown materials $65-171
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coating before (left) and after an annealing process (right) at 500 °C for 20 hours. Upper
schematic diagrams depict conceptual microstructures of each sample. For this
characterization, the Pt film was deposited on a Si substrate.*

Figure 2.34: Cross-sectional TEM images of a YSZ-coated Pt film (a) before and (b) after
an annealing at 600 °C for 10 hours. A thermally induced agglomeration of YSZ coating
is observed. (c) An EDS line mapping scanned through the dotted vertical line in the TEM
image on the left side.*
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2.3 Characterization Methods

There are a lot of methods for characterizing the performance of solid oxide fuel
cells, including but not limited to: electrochemical impedance spectroscopy (EIS), current-
voltage (i-V) characterization, open circuit voltage (OCV) measurements, and scanning
electron microscopy (SEM) for characterizing electrode microstructure. In the present
study, only cathode performance is studied, and all experiments are conducted using
symmetric cells (a symmetric cell has two cathode electrodes, whereas a full cell has one
cathode and one anode). Current-voltage characterization and open circuit voltage
measurements are generally only used for full cell characterization. Thus, electrochemical
impedance spectroscopy and scanning electron microscopy are the primary
characterization methods used in this study.

2.3.1 Electrochemical Impedance Spectroscopy

The electrochemical reactions in a single solid oxide fuel cell can theoretically
generate up to 1.23 V of electric potential.*® In practice, however, an SOFC suffers
performance losses due to anode and cathode activation losses (caused by electrochemical
reaction kinetics) and electrolyte/electrode ohmic losses (caused by electronic and ionic
conduction). EIS is a popular characterization method that allows the user to accurately
differentiate between the major sources of loss in the cell. Impedance is the ability of a
system to impede the flow of electrical or ionic current. Impedance is an extension of
resistance, in that it also deals with time-dependent phenomena. The impedance Z of a
system is defined as the ratio of voltage to current as is shown as:

_ Yo

) (Equation 2.5)

As mentioned, the voltage and current need not be steady state values; they are time
(frequency) dependent functions. To measure the impedance of a system, the system is
subjected to a small sinusoidal voltage perturbation, and the resulting current is measured.
In general, the current response may lag behind the voltage input, which introduces the
phase shift ¢. The impedance of a system can then be described in terms of magnitude Z,
and phase angle ¢, or alternatively as a real component Z, cos ¢ and imaginary component
Zyj sing. Purely resistive circuitry elements such as resistors have only real components
of impedance, whereas time-dependent elements such as capacitors have both real and
imaginary components of impedance.

To perform electrochemical impedance spectroscopy, the impedance of the system
is measured over several orders of magnitude of AC voltage frequencies (for this present
study, the range is 50 mHz — 7 MHz). The resulting data is plotted in terms of the real and
imaginary components of the impedance values, with the real components (Z,..,;) plotted
on the x-axis and the negative imaginary components (-Z;,q4.) plotted on the y-axis. The
useful imaginary components generally have negative values, and therefore it makes more
sense graphically to plot these values on the positive axis. This graphical representation of
impedance data is known as a Nyquist plot (Figure 2.39), and it summarizes the impedance
behavior of a system over a wide range of frequencies.
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Figure 2.35: Nyquist plot showing sample SOFC electrochemical impedance spectroscopy
data for illustration; Z, is the cell ohmic resistance, Z4is the anodic polarization resistance,

and Z; is the cathodic polarization resistance.!

To understand the shape of the Nyquist plot for an SOFC, some fuel cell modeling
principles must be described first. An SOFC can be represented by an equivalent circuit,
the elements of which describe the actual physical processes occurring during fuel cell
operation (Figure 2.36). Each electrode can be represented by a parallel resistor-capacitor
(RC) circuit. The resistor represents resistance to the electrochemical reactions occurring
at the electrode. In other words, the resistance value is directly related to the electrode
Kinetics, or the speed of the electrochemical reactions.

Canode Ceathode
. ] |
11 ” r ]
N Relectroiyte N

Ruicde Reathode

Figure 2.36: simplified equivalent circuit for an SOFC.

At the electrode-electrolyte interface, a buildup of ions in the electrolyte causes a
buildup of electrons in the electrode to balance the charge, in much the same way that the
accumulation of charge in one capacitor electrode causes a buildup of charge in the
opposing electrode. Thus, SOFC electrodes exhibit electronic behavior that is similar to a
parallel RC circuit. The two electrodes are connected serially, with the electrolyte in
between them, which can be modeled as a simple resistor.
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Now that the basic concepts of SOFC equivalent circuitry have been explained, the
shape and significance of the Nyquist plot of Figure 2.35 can be described. As mentioned,
the Nyquist plot is generated by measuring the impedance of the SOFC over many orders
of magnitude of input voltage frequencies. The resistive elements of the SOFC have purely
real components of impedance, and the capacitive elements have purely imaginary
components. At very low frequencies (data shown on the right side of the Nyquist plot),
the capacitive elements act as open circuits, and all current flows through the resistive
component of the electrode. Thus, the impedance values have no imaginary components
and lie on the Z,,.,; axis (x-axis), representing the effective impedance of the resistor.
Conversely, at very high frequencies (furthest to the left side of the Nyquist plot), the
capacitive elements act as short circuits, with all current flowing through the capacitive
element of the electrode. Thus, the effective impedance of the electrode is zero.!

As Figure 2.35 illustrates, a standard Nyquist plot for an SOFC shows two semi-
circular arcs, one larger than the other. The SOFC Nyquist plot provides many pieces of
useful information regarding cell performance, a few of which will be described here. The
cathodic activation resistance (resistance related to electrochemical reaction speed) is given
by the difference in the two Z,..,; intercepts of the large arc; in other words, the distance
between the two intercepts gives a direct measurement of the electrochemical reaction
speed taking place at the cathode. Similarly, the anodic activation resistance is given by
the distance between the two Z,..,; intercepts of the smaller arc. It should be noted that the
semicircle corresponding to cathodic activation loss is much larger than the semicircle
corresponding with the anodic activation loss. This is because the oxygen reduction
reaction taking place at the cathode is much more sluggish than the hydrogen oxidation
reaction taking place at the anode. Thus, the cathodic activation resistance is generally the
limiting factor in SOFC performance, and therefore much SOFC research is dedicated to
decreasing cathodic activation resistance to improve overall cell performance. One
additional piece of information that can be gleaned from an SOFC Nyquist plot is the ohmic
resistance, or resistance to the flow of ions and electrons, of the cell. As was mentioned, at
very high frequencies, the activation impedance of the electrodes is effectively zero, and
the resulting intercept on the Z,..,; axis (x-axis) represents the ohmic resistance of the cell.
In general, electronic resistance is negligible, and the ohmic resistance represents resistance
to the flow of oxygen ions. Furthermore, much of the ohmic resistance in an SOFC
generally comes from the electrolyte. In summary, EIS provides a method for quantifying
the major sources of loss in a fuel cell. It is an extremely useful tool for experimental SOFC
work, as it allows the user to quantitatively compare the effects of different SOFC
fabrication processes and compositions, and it is the primary characterization technique
used in this study. It should be noted that since all cells in this study were symmetric
(having a cathode on either side of the electrolyte) the Nyquist plot shows only a single
arc, from which cathode activation resistance and ohmic resistance can be obtained.

2.3.2 Electrode Performance
Of greater significance for the present discussion is the fact that SOFCs and SOEs

can convert between chemical and electrical energy with very high efficiency.*’? In an ideal
SOFC or SOE, the potential difference between the electrons consumed at the cathode and
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those produced at the anode is given by the Nernst equation:

PH2 0,anode

1
R 2
Enernst = E® + % xIn In (P”Z’“”"”(POZ'C““"“) ) (Equation 2.6)

where F is Faraday’s constant (96400 C/mol), R is a universal gas constant (8.314 J/K
mol), T is absolute temperature in K, and E° is the equilibrium potential for reactants at
the standard state. This equation is simply an expression for the reversible work associated
with a charged particle moving from the P(O3) at the cathode to the P(O2) at the anode. The
anode P(O2) in the Nernst equation, Equation 1, is a fugacity, rather than a true oxygen
partial pressure, and is determined from the equilibrium expression for the H2 oxidation
reaction.

In real devices, some of the potential energy is lost in the electrodes and in the
electrolyte. For understanding these losses, the electrolyte can usually be treated as a simple
resistor, with a resistance R,, so that the lost potential energy is proportional to the current
and equal to iR,. Minimizing the electrolyte losses is accomplished by making the ceramic
membrane very thin and by choosing a material with a high ionic conductivity. Most
research in SOFCs continues to focus on yttria-stabilized zirconia (YSZ) as the electrolyte.
While there are materials that have higher ionic conductivities,?®47172 most of these either
exhibit electronic conductivity under reducing conditions or are reactive with commonly
used electrode materials. Because the electrodes should be good electric conductors, the
lost potential energy, or overpotential, in an electrode results from the fact that the effective
P(O2) at the electrode-electrolyte interface differs from the P(O2) within the electrode
compartment.t’* Atan SOFC cathode for example, this difference in P(O2) has two primary
origins. First, gas-phase diffusion of oxygen through the porous electrode causes the P(O2)
to be lower near the electrolyte interface. This electrode loss, referred to as concentration
polarization, is weakly dependent on temperature and is only important at high current
densities on electrodes with low porosities.'”® Second, finite oxidation rates for the electro-
catalyst in the cathode, coupled with diffusion of oxygen anions to sites where the cathode
and electrolyte are in contact, prevent the electrolyte interface from being in equilibrium
with the gas phase. These processes are expected to show a strong Arrhenius temperature
dependence and depend on the choice of materials used in the electrode.

The classical picture for understanding electrode overpotential indicates that there
should be an exponential decrease in cell voltage with current density near an open circuit.
This decrease is expected because of shifts in the reaction coordinate in the presence of
large potential gradients at the electrode/electrolyte interface. In essence, potential
gradients are viewed as playing a similar role in the electrochemical reaction as that of
temperature in thermal reactions, helping reactants overcome the reaction activation
barrier. Therefore, the electrode losses are often modeled using Butler-Volmer kinetics
(equation 2.29), a simple exponential expression relating electrode potential and current
density.176

J=JoX {exp [W] —exp [— M]} (Equation 2.6)

RT
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In this equation, j is electrode current density (defined as j = i/A, [AIm?]), j, is
exchange current density, n is the number of electrons involved in the electrode reaction,
Agnode aNd A.qinoge are so-called anodic and cathodic charge transfer coefficients
(dimensionless), and 7 is activation overpotential (unit is V, defined as n = E — E,,, the
difference between electrode potential and equilibrium potential).

However, in solid-oxide devices, the relationship between cell potential and current
density is often linear over a very wide range of currents, as shown by the example in
Figure 2.42(a). This example shows that the i-V relationship has a similar slope under both
fuel-cell and electrolysis conditions. The change in slope at high electrolysis currents is
likely due to diffusion limitations, since the water concentration sent to the cell was low.
This example, along with many others from the literature,*’”-1"® does not even show an
offset or change in slope when going from fuel-cell to electrolysis modes, a result that is
difficult to rationalize in terms of the Butler-Volmer picture. Note: the data in Figure 2.42
were obtained on a cell with an LSF-Y SZ cathode.
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Figure 2.37: (a) i-V polarization curve and (b) Cole-Cole impedance spectrum for a
SOFC/SOE operating at 700 °C on a fuel consisting of 90% H2 and 10% H20. The cell
composition was as follows: 40 wt.% LSF in YSZ/YSZ (65 mm)/0.5 wt.% Pd, 5 wt.%
Ceo0.48Zr0.48Y0.0402, and 45 wt.% LSCM in YSZ. More details on the cell fabrication can be

found in reference.t’”
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If the voltage-current relationship is linear, it is convenient to describe the anode
and cathode losses using the zero-frequency electrode impedances, R, and R, with the
anode and cathode overpotentials given by iR, and iR.. With these assumptions, the cell
voltage, V, is given by Equation 2.7.

E = Eynernst — I(Re + Ry + R,) (Equation 2.7)

When normalized to the active area of the fuel cell, the electrode impedances are
sometimes referred to as area specific resistances (ASR). An example where impedance
spectroscopy has been used to determine electrode and electrolyte losses is shown in Figure
2.42(b). This is a Cole-Cole plot of the impedance spectrum, taken at open circuit,
corresponding to the V- i curve in Figure 2.42(a). The high-frequency intercept with the
real axis at 0.36 Qcm? is equal to the ohmic losses in the cell and is close to the value except
for R, based on the electrolyte thickness and the known conductivity of YSZ.1?8 The length
of the arc separating the zero-frequency and high-frequency intercepts on the real axis is
equal to R, + R,, approximately 0.2 Qcm? in this example. Separating R, from R, is more
difficult. In principle, one can determine the individual cathode and anode impedances
using reference electrodes; however, improper placement of reference electrodes can cause
the measurements to be inaccurate.3>180-183 |t has been suggested that a significant portion
of the published data obtained using reference electrodes is unreliable.8* Alternatively,
one can easily measure the sum of R, and R, and determine R, (or R,) by measurements
on a cell for which R, (or R,) is already known. For example, there are cathode materials
that exhibit negligible losses,'® at least for short times, so that the total electrode losses
would be equal to R,,.

The electrode impedance is a useful way to describe performance. If V decreases
linearly with i, the maximum power density of the cell in W cm-2 is given by Equation 2.8.
with the impedances in units of VV cm?. If one targets a power density of 1 W cm2, each of
the individual impedances need to be less than approximately 0.1 V cm?. For electrolytes,
where resistivity is a materials property that is strongly dependent on temperature, it is
relatively easy to use the maximum- impedance target to calculate the allowable electrolyte
thickness as a function of temperature.'’2

_ _Enernst)? )
= 4(Ro+R,+Ry) (Equation 2.8)

2.3.3 Rate-determining step

Rate-determining step (RDS), also known as rate-limiting step. It is a common
method to apply to SOFC research. In Equation 2.6, j, is the exchange current density.
From previous publications'®-1% we know that it is as a function of P,, and temperature
shows that oxygen for the charge-transfer process is supplied through adsorbed adatoms
on the Pt electrode surface, obeying the Langmuir isotherm. At high P,,, the n-I curves
obey the Bulter-Volmer equation, with transfer coefficients of unity, both for anodic and
cathodic polarizations. This result implies a charge-transfer (or activation) mechanism. In
addition, at low P,_, limiting current behavior is obtained for the cathodic polarization. We
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can derive from I, « (Poz)m to Equation 2.9:
R, (POZ)_m (Equation 2.9)

When m =0 — 0.25 means Langumuir’s type oxygen atom adsorption. The
fraction of adsorption sites, 6, is very low; high temperature and/or low P,, (From a
reaction Ag,s + S = Agqs, Langumuir equation: 6, = Z—: = 1&;;
an empty adsorption site and A, is an absorbed complex, 8, is the fractional occupancy
of adsorption sites, 1}, is the volume of monolayer, K;}, is an associated equilibrium
constant of complex A, and P, is the adsorbate’s partial pressure). When m = 0 means
electrode resistance is not the function of P,,, the value of electrode resistance is a constant,
we could assume that this process is dominated by the reaction between electrode and
electrolyte (0Ziccrroqe = Oiectrolyte: When m = 0.125 means Ogys + e~ + V= 05”
and m = 0.5 means Oyys grs + 2~ + V,» = 0,yx). When m = 0.375 means oxide ion
diffusivity (Ogqs = Og4s)- When m = 0.5 means dissociation ability of oxygen molecules
(02,045 = 204q45). When m = 1, the adsorption ability of oxygen molecules (0,4 =
03,qas)- ERS means electrochemical reaction site, where V,» and O, x indicate an oxide ion
vacancy and an oxide ion in normal lattice sites (Kroger-Vink notation). By analyzing the
value of this reaction order m, we are able to know which reaction dominates the work
process. Once we know it we can focus on it and make some improvement.

, Where S represents

2.4 Microstructure characterization
2.4.1 Scanning Electron Microscopy

In addition to characterizing fuel cell performance using electrochemical
characterization methods, it is also important to examine the microstructure of SOFC
electrodes, in order to explore the relationships between electrochemical performance and
the physical structure of the electrode. Some microstructural characteristics that effect
electrode performance include particle size and interconnectivity, electrode porosity and
tortuosity, electrode layer thickness and uniformity, and electrode/electrolyte adhesion.
High magnification (> 10,000x) and excellent image resolution is required to properly
observe these features. The scanning electron microscope (SEM) allows for detailed
observation of features on a micrometer or even a nanometer scale. Although a detailed
description of SEM operation is beyond the scope of this thesis, a brief overview will be
given.

In the SEM, a finely focused beam of electrons is scanned across the surface of the
sample to be examined. Several types of interactions occur between the electrons and the
sample, including (but not limited to) backscattered electron interactions and secondary
electron interactions, which provide information about sample composition and surface
topography, respectively.’®® Backscattered electrons come directly from the focused
electron beam, are detected by the molecules or atoms making up the sample, and are
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collected by a backscattered electron detector. The number of backscattered electrons that
are detected depends upon the atomic number of the elements making up the sample;
heavier elements detect more electrons. Therefore, backscattered electron signals give
information about the sample composition; darker spots on the formed image represent the
heavier elements in the sample, and lighter spots represent lighter elements. In contrast,
secondary electron interactions do not come directly from the focused electron beam.
Secondary electrons are outer shell electrons belonging to the atoms making up the
specimen. Electrons with sufficient energy coming from the electron beam can knock these
outer electrons out of orbit, allowing them to pass through the specimen and to be collected
by the secondary electron detector. Secondary electron collection is highly directional; that
is, most of the electrons that are collected are ones that exit the specimen facing the
detector. Because of this, secondary electron signals provide information about the surface
topography of the specimen; surfaces facing the detector appear to be illuminated, while
surfaces facing away from the detector appear to be shaded. Additionally, because of the
relatively low energy of the outer shell electrons, only secondary electrons emitted near the
surface of the specimen are collected. Because of the small sampling depth, secondary
electron signals provide very detailed, high resolution images of the surface of the
specimen. Using a combination of backscattered electron and secondary electron signals,
the SEM can generate highly detailed images of the specimen to be studied, allowing for
extensive study of microstructural characteristics of the material. In this study, SEM is used
extensively in conjunction with EIS to investigate correlations between electrode
microstructure and electrochemical performance.

2.4.2 X-Ray Diffraction

X-ray diffraction (XRD, also known as X-ray crystallography) is a technique used
for determining the atomic and molecular structure of a crystal, in which the
crystalline atoms cause a beam of incident X-rays to diffract into many specific directions.
By measuring the angles and intensities of these diffracted beams, a crystallographer can
produce a three-dimensional picture of the density of electrons within the crystal. From
this electron density, the mean positions of the atoms in the crystal can be determined, as
well as their chemical bonds, their disorder, and various other information.*®%-1%2 |n other
words, we used XRD analyze to make sure what we have in our samples.

Crystals are regular arrays of atoms, and X-rays can be considered waves of
electromagnetic radiation. Atoms scatter X-ray waves, primarily through the atoms'
electrons. Just as an ocean wave striking a lighthouse produces secondary circular waves
emanating from the lighthouse, so an X-ray striking an electron produces secondary
spherical waves emanating from the electron. This phenomenon is known as elastic
scattering, and the electron (or lighthouse) is known as the scatterer. A regular array of
scatterers produces a regular array of spherical waves. Although these waves cancel one
another out in most directions through destructive interference, they add constructively in
a few specific directions, determined by Bragg's law:

2d sinsin 8 =ni (Equation 2.10)
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Here d is the spacing between diffracting planes, @ is the incident angle, n is any integer,
and A is the wavelength of the beam (Figure 2.38). These specific directions appear as spots
on the diffraction pattern called reflections. Thus, X-ray diffraction results from an
electromagnetic wave (the X-ray) impinging on a regular array of scatterers (the repeating
arrangement of atoms within the crystal). As shown in Figure 2.38, the incoming beam
(coming from upper left) causes each scatterer to re-radiate a small portion of its intensity
as a spherical wave. If scatterers are arranged symmetrically with a separation d, these
spherical waves will be in sync (add constructively) only in directions where their path-
length difference 2d sin sin 8 equals an integer multiple of the wavelength A. In that case,
part of the incoming beam is deflected by an angle 28, producing a reflection spot in the
diffraction pattern.
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Figure 2.38: A regular array of scatterers (atoms’ electrons) produces a regular array of

spherical waves when X-ray waves come from some specific angle.

2.4.3 Atomic Force Microscopy

Atomic force microscopy (AFM) or scanning force Microscopy (SFM) is a very-
high-resolution type of scanning probe microscopy (SPM), with demonstrated resolution
on the order of fractions of a nanometer, more than 1000 times better than the optical
diffraction limit. The information is gathered by "feeling™ or "touching" the surface with a
mechanical probe. Piezoelectric elements that facilitate tiny but accurate and precise
movements on (electronic) command enable precise scanning.

The AFM has three major abilities: force measurement, imaging, and manipulation.
In force measurement, AFMs can be used to measure the forces between the probe and the
sample as a function of their mutual separation. This could be applied to perform force
spectroscopy, to measure the mechanical properties of the sample, such as the
sample's Young’s modulus, a measure of stiffness. For imaging, the reaction of the probe
to the forces that the sample imposes on it could be used to form an image of the three-
dimensional shape (topography) of a sample surface at a high resolution. This is achieved
by raster scanning the position of the sample with respect to the tip and recording the height
of the probe that corresponds to a constant probe-sample interaction (see section
topographic imaging in AFM for more details). The surface topography is frequently
displayed as a pseudo-color plot. In manipulation, the forces between tip and sample can
also be used to change the properties of the sample in a controlled way. Examples of this

54



include atomic manipulation, scanning probe lithography and local stimulation of cells.
Simultaneous with the acquisition of topographical images, other properties of the sample
can be measured locally and displayed as an image, often with similarly high resolution.
Examples of such properties are mechanical properties like stiffness or adhesion strength
and electrical properties such as conductivity or surface potential. In fact, the majority
of SPM techniques are extensions of AFM that use this modality.3

Figure 2.39 shows an AFM, which typically consists of the following features.
Numbers in parentheses correspond to numbered features in Figure 2.39. Coordinate
directions are defined by the coordinate system (0). The small spring-like cantilever (1) is
carried by the support (2). Optionally, a piezoelectric element (typically made of a ceramic
material) (3) oscillates the cantilever (1). The sharp tip (4) is fixed to the free end of the
cantilever (1). The detector (5) records the deflection and motion of the cantilever (1). The
sample (6) is mounted on the sample stage (8). An xyz drive (7) permits the displacement
of the sample (6) and the sample stage (8) in X, y, and z directions with respect to the tip
apex (4). Although it shows the drive attached to the sample, the drive can also be attached
to the tip, or independent drives can be attached to both, since it is the relative displacement
of the sample and tip that needs to be controlled. Controllers and plotters are not shown in
Figure 2.39.

Figure 2.39: Typical configuration of an AFM. (1): Cantilever, (2): Support for
cantilever, (3): Piezoelectric element(to oscillate cantilever at its eigen frequency.), (4):
Tip (Fixed to open end of a cantilever, acts as the probe), (5): Detector of deflection and
motion of the cantilever, (6): Sample to be measured by AFM, (7): xyz drive, (moves
sample (6) and stage (8) in X, y, and z directions with respect to a tip apex (4)), and (8):
Stage.

According to the disposition described above, the interaction between tip and
sample, which can be an atomic scale phenomenon, is transduced into changes of the
motion of the cantilever which is a macro scale phenomenon. Several different aspects of
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the cantilever motion can be used to quantify the interaction between the tip and sample,
most commonly the value of the deflection, the amplitude of an imposed oscillation of the
cantilever, or the shift in resonance frequency of the cantilever. The detector (5) of AFM
measures the deflection (displacement with respect to the equilibrium position) of the
cantilever and converts it into an electrical signal. The intensity of this signal will be
proportional to the displacement of the cantilever. Various methods of detection can be
used, e.g. interferometry, optical levers, the piezo-resistive method, the piezoelectric
method, and STM-based detectors.

The cantilever is typically silicon or silicon nitride with a tip radius of curvature on
the order of nanometers. When the tip is brought into proximity of a sample surface, forces
between the tip and the sample lead to a deflection of the cantilever according to Hooke's
law.1%4 Depending on the situation, forces that are measured in AFM include mechanical
contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic
forces, magnetic forces (see magnetic force microscope, MFM), Casimir forces, solvation
forces, etc. Along with force, additional quantities may simultaneously be measured
through the use of specialized types of probes. The AFM can be operated in a number of
modes, depending on the application. Generally, possible imaging modes are divided into
static (also called contact) modes and a variety of dynamic (non-contact or "tapping")
modes where the cantilever is vibrated or oscillated at a given frequency.'®

The disparity of contact area with load between adhesive elastic spheres (tip
apexes) depends upon the effective range of attractive surface forces. Comparatively
simple formations to illustrate limiting cases occur, but the general intermediate case
involves a more complicated analysis and investigation. Robert W. Carpick et al.1% present
a more straightforward general equation that approximates Maugis’ solution exceedingly
closely. The general equation is susceptible to traditional curve fitting software routines
and offers an instantaneous way of calculating the value of the “transition parameter”
which delineates the range of surface forces. Continuum models which anticipate the
contact area for diverse geometries have been worked out beginning with the initiating
work of Hertz.1° Experimental techniques that quantify contact area for elastic single
severities; in other words, the surface forces apparatus (SFA).1%"1% The atomic force
microscope (AFM), can be reported by the geometry of contacting spheres (approximated
as paraboloids). In the case of the AFM, one sphere appears for the sample, with an infinite
radius of curvature, while the other sphere appears for the tip, which in many cases matches
to a paraboloid shape.'®® In the nonattendance of adhesion, the Hertz model has been shown
to accurately relate the contact area between elastic spheres.??° Nevertheless, at small scales
the surface-to-bulk ratio becomes remarkable. Consequently, adhesion emerging from
attractive surface forces is usually not insignificant and must be concerned in any
illustration of the contact area.

The spatial range over which surface forces act depends upon the chemistry of the
materials in contact, as well as may or may not be long range compared to the scale of
elastic deformations due to these forces,?! they are shown in Figure 2.40. Two limiting
cases are obvious. When the surface forces are short range in comparison to the elastic
deformations they cause (for examples, compliant materials, strong adhesion forces, large
tip apex radii), the contact area is described by the Johnson-Kendall-Roberts (JKR)
model.?%2 The opposite limit like stiff materials, weak adhesion forces, small tip apex radii
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is concerned to as the Derjaguin-Mdiller-Toporov (DMT) pattern®®® and the configuration
of the contact area is submitted in the work of Maugis®®* It is appropriate to harness a non-
dimensional physical parameter to calculate these limits and cases in between. Often
referred to as Tabor’s parameter u , this transition parameter is defined as Equation 2.11.2%

0= (16R”2) (Equation 2.11)

9K273

where z, is the equilibrium separation of the surfaces, R is the tip curvature radius, y is the
interfacial energy per unit area (work of adhesion), and K is the combined elastic modulus
of tip and sample, given by:

K=2 (M + M)_1 (Equation 2.12)

3\ E E,

where E; and E, are the tip and sample Young’s moduli, and v, and v, are the tip and
sample Poisson ratios, respectively. The quantity u is in fact equal to the ratio of the elastic
deformation just before the surfaces separate to the equilibrium separation z,. To approach
an actual interaction potential like that depicted in Figure 2.40, Maugis?®* reflects on a
“Dugdale” (square well) potential to describe attractive forces between contacting spheres
(Figure 2.41), where a constant adhesive stress o, acts over a range 6;.

force
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Figure 2.40: Interaction forces (per unit area) for the Hertz, JKR, and DMT models,
compared to a realistic interaction. There is no attractive force in the Hertz model, only
hard wall repulsion at contact. The JKR model includes short range adhesion which is
essentially a delta function with strength y and thus acts only within the contact zone. The
DMT curve shown represents a long-range surface force. A volume-integrated force, like
the van der Waal’s force, can also lead to a DMT dependence, where the contact profile
remains Hertzian and the attractive forces act like an additional external load. For an actual

interaction force, the integral of the force—distance attractive well corresponds to the work
of adhesion, y.1%

Thus, the work of adhesion is y = g, X §;. Maugis defines a parameter, A, which is similar
to u, given by:
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A= 200( R )5 (Equation 2.13)

By choosing o, to coordinate with the minimum adhesive stress of a Lennard-Jones
potential (with equilibrium separation z,), it obeys that §,=0.97z,, and so 4 =1.1570 u .
Thereby, 4 and p are approximately identical. For convenience they (so do we) referred to
A in their study as the “transition parameter”. If A > 0.1, the DMT model applies, and if
A > 5, the JKR model applies. Values between 0.1 and 5 would be assigned to the
“transition regime” between JKR and DMT. A review of various conventions used for
defining this “transition parameter” is reported by Greenwood.?% The Hertz model applies
when there are no attractive surface forces (y = 0).
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Figure 2.41: The force-distance relation for the Dugdale model used by Maugis. A
constant adhesive stress (force per unit area) o, acts between the surfaces over a range ;.
At greater distances, the attractive force is zero. The work of adhesion is thus y =
oy X 6,.1%

The dissimilarity of contact area with load for various values of 4, and for the Hertz
model, is graphed in Figure 2.42. In the non-zero adhesion cases, there is a well-defined
“pull-off force” or negative “critical load” at which the surfaces separate when being pulled
apart. This applies for the case of “fixed loads” where one of the spheres is attached to an
acquiescent spring (the cantilever of AFM would be in the case). Robert W. Carpick et al.
referred to this negative critical load as L.,and for the two limiting cases it is given by:

Legkry = —%nyR (Equation 2.14a)
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The models also predict particular values for the contact radius at zero load a,, given by:

1

.
Ao(JKR) = (MZR )3 (Equation 2.15a)
) 1
QAo(pmT) = (ZEIZR )3 (Equation 2.15b)
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Figure 2.42: The Hertz area-load curve, and the JKR-DMT transition, plotted in Maugis’
units (Equation 2.20). Area-load curves for the JKR limit, the DMT limit, and an
intermediate case are shown. These approach the Hertz curve in the limit y - 0 (no
adhesion). Adhesion increases the contact area from the Hertz case for a given load by an
amount dependent upon the range of attractive forces.®

The difference of contact radius a with load L for the JKR and DMT cases are each
described by relatively simple equations:

2
3
a CUKR) _
= k ) (Equation 2.16a)

Qo(JKR) 2
1

- =(1— L )3 (Equation 2.16b)

Qo(DMT) Leoomr)
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Since the tip is axially symmetric, the contact area A is simply given by:
A = ma? (Equation 2.17)

It is obvious that Equations 2.16a and 2.16b could be generalized to form an equation which
describes the contact radius for both cases,

2
3
/a+ 1—LL \
a C(o) _
Aoy k 1+a ) (Equation 2.18)

where a = 1 exactly correlates with the JKR case, and a = 0 exactly agrees with the DMT
case. Included in Equation 2.18 is the fact that L. and a, depend on as well. They referred
to Equation 2.18 as the generalized transition equation. They showed that for intermediate
cases (0 < a < 1), the generalized transition equation is in agreement with very closely to
solutions for the transition regime (0.1 < A < 5) sophisticatedly worked out by Maugis
using the Dugdale model.?** Using the Dugdale model is a fair-minded way for
approximating the value of the contact radius (and other quantities) as a function of load.
The solution is referred to as the “MD” solution (Maugis-Dugdale). Two equations are
needed to relate a and L:

L [VmZ=1+m?-2)(3) |+ wi [Vmz=1(%) -m+1]=1  (Equation 2.19a)
L= -2a*[VmZ=1+m?(2) ] (Equation 2.19b)

1
m

where L and @ are simple parameterizations of L and a,

~ L .

L= R (Equation 2.20a)
1

Ps K .

d=a (HVR2)3 (Equation 2.20b)

and the parameter m represents the ratio between the contact radius a and an outer radius
¢ at which the gap between the surfaces reaches &, (i.e., where the adhesive stress no longer
acts). Maugis’ equations satisfactorily predict the JKR and DMT limits.

The struggle in utilizing the MD equations lies in the lack of a single expression
relating only a and L. To plot the MD solution or fit it to the data, one needs to
simultaneously solve Equations 2.19a and 2.19b by making m change properly between
limits which depend upon A. Moreover, the connection for the pull-off force must be
calculated through repetition?® if the value of A is not known as a primary factor (the usual
case with experimental measurements). In application, this is rather unmanageable if not
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impossible to carry out with common software programs that utilize automated statistical
fitting procedures. Table 2.7 displays the optimized values of « for various values of 1. An
experiential formula was fit to this table of values to provide a conversion equation from
a to 4, itis also shown in Figure 2.43, which is given by:

A=-09241Inin (1- 1.02a) (Equation 2.20)
« A Lan) do(A)
DMT: 0 0 -2 J2 = 1260 -
0.074 0.1 —1.951 1.336
0.158 02 —1.881 1.394
0.256 04 -1816 1.442
0433 0.5 -1.718 1.517
0.609 0.8 ~1.634 1.598
0.692 1.0 ~1.601 1.636
0.817 15 ~1.556 1.700
0.886 20 ~1.535 1738
0.922 25 -1.523 1.760
0.944 30 -1.517 1.775
0.958 35 -1.513 1.785
0.967 40 -1.510 1.792
0.979 50 —1.506 1.800

JKR: 1 * -3/2 J6 = 1817---

Table 2.7: The optimized values of « for various values of 1.1%°

A 3 Equation 2.20
|—\4. .l |UJ

0 02 04 06 08 1
a

Figure 2.43: Plot of a vs A from Table I (filled circles) and the empirical conversion
equation, Equation 2.20 (solid line), fit to the data.'®
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2.4.4 Conductive atomic force microscopy

Conductive atomic force microscopy (CAFM) has been extensively applied to
study the localized electrical properties of a vast range of substrates in non-vacuum
conditions by the use of noble metal-coated tips such as platinum and gold. In this Section,
I will review some reports about the discussion of mechanical change while AFM is
working and electrical behavior of CAFM by metallic tips. We try to find the relation
between mechanism and conductive fluctuation of the working conductive AFM tip.

So far we know how to calculate the contact area of AFM while it is working. We
are going to cover conductance fluctuation and degeneracy in nano-contact between a
conductive AFM tip. Bietsch et al.?% investigated the nano-contacts between a Pt-coated
AFM tip and gold film and found that the conductance is stable only under large contact
force (about 500 — 600 nN) and large contact width (about 20 nm) conditions, but unsteady
under small-load situation (less than 100 nN). Houzé et al.?%" reported that the contact
resistances are highly scattered (from 102 to 1010 V) by scanning a W-coated CAFM tip
on the sample of W film. However, they explained the resistance variation only from the
different oxidation states of the surface grains, instead of the inherent instabilities of this
type of nano-contact. Actually, the unpredictability of resistance; in the other words,
conductance fluctuation, in nano-contacts in scanning tunneling microscopy (STM),?% in
mechanically controllable break junctions (MCBJ)?% and in metal nano-bridges,?%2!* have
already been observed. In the publication of Deng-Zhu Guo et al.?'? they experimentally
investigated the electrical properties of the nano-contact between a W2C-coated CAFM tip
and grainy gold film under small-load (about 5 nN) at ambient air conditions. They found
that under a constant bias voltage (10 V), the electrical current passing through the tip-
sample junction at a fixed location of the sample surface significantly fluctuated and
degenerated. By quantitatively calculating the mechanical and electrical facets of the nano-
contact, they explained the observed phenomena as mechanical instabilities, electron
tunneling transport and atomic rearrangements at the contact junction. They think that the
results are important for the realistic application of CAFM in nano-electronic
measurement. They also found that under the ambient air conditions, the iteration of I-V
measurement for most kinds of samples is really bad. Figure 2.44 shows three typical 1-V
curves obtained at the same surface location of the sample of gold film with W2C-coated
CAFM tip under about 5 nN load condition. The curves A, B and C are pretty various from
each other: in curve A, there is no detectable current within all the £10 V voltage range; in
curve B, current appears only above positive voltage +8 V; and in curve C, except for a
dead bias region (-2.5 to +6.5 V), current appears asymmetrically at both positive and
negative bias end. In addition, it is strange to note the negative resistance peaks (current
decreases with voltage increasing) in curves B and C. Clearly, these I-V curves are not
usable in judging the sample electrical properties, but imply that the tip-sample contact
system might be electrically unreliable.

In order to investigate the reliability of the tip-sample electrical contact, they
applied 10 V bias voltage between the tip and sample (sample negative) at a fixed surface
location and recorded the current-time curves. They found that the current is not steady
under the constant bias voltage and, alternatively, behaves like random pulses, as shown in
Figure 2.45. During the first few minutes, the pulse density increases gradually and then it
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begins to decrease. The typical pulse behavior after biased 1 minute, 15 minutes, 30
minutes and 40 minutes are respectively exhibited in Figure 2.50(a)-(d), indicating that the
current pulses have the tendency to change from dense to sparse with time and their
amplitude also gradually decreases. The apparent contact resistance, estimated by V/I, is
changed between 400 MQ and 10 GQ for most time. After 45 min, the current attenuated
to an undetectable value and no current recovered afterwards. The whole procedure is
shown in Figure 2.46. which displays that the average current, obtained by arithmetically
averaging the current data within every minute, degenerates in oscillation with time.

Current (nA)
(=]

Bias Voltage (V)

Figure 2.44: Non-repeatability of -V curves measured in the same location of the
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Figure 2.45: Current fluctuation and degeneracy behaviors in the nano-contact under
constant ~ 5 nN contact load and 10 V bias voltage. The |-t curves after biased 1 min (a),
15 min (b), 30 min (c) and 40 min(d) are shown, respectively.?*?
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Average Current (nA)

Time (min)

Figure 2.46: The degenerative behavior of the average current, noting it becomes
completely undetectable after biased 45 min.?2

They consider the electron transport modes in the tip—sample contact. If a real
electrical contact is established between the AFM tip and particle surface, for example, no
insulating layer exists between the two conductors, the electrons transport through the
contact junction very likely by scattering and/or ballistic modes. The size-dependent
contact resistance of each contact point comes from the constriction resistance R, which
is the solution of a Laplace equation with appropriate boundary conditions:??

R = Hp1tp)d | pi+ps [ e—% sin(mx)
¢ o2 2nr Y0

dx (Equation 2.21)

X

where p, and p, are the specific resistivities of the materials in contact, respectively, 4 is
the average electron free path, i.e., 1 =(4, + 1,) and r is the contact radius. if r <A, R is
dominated by Sharvin’s ballistic mechanism?** and the equation reduces to:

R = Xestes) (Equation 2.22)

2mr?

if 1 <r, the scattering mode is dominant and the contact resistance is reduced to the
Maxwell formula:?

Ry =21tP2 (Equation 2.23)

4r
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Ryan O’Hayre et al.?%® indicated that a methodology is suggested that empowers
the withdrawal of quantitative information from the AFM impedance technique. This
methodology applies results from nano-indentation experiments and contact mechanics
theory to characterize AFM probe contacts. Using these results, contact forces between
probe and sample (which can be accurately measured in the AFM) may be converted into
probe-sample contact area approximations. These contact area approximations, when
included in the model of the probe-sample contact, enable the withdrawal of quantitative
data. This methodology is applied to the recently developed AFM impedance measurement
technique, enabling a quantitative study of the oxygen reduction reaction (ORR) at
nanometer length scales. Using the AFM impedance system, kinetic data for the (ORR) at
nanoscale Platinum-Nafion contacts is withdrawn.

A general schematic graph of the AFM-impedance concept is shown in Figure 2.47.
The system is built from a commercially obtainable AFM coupled to an electrochemical
measurement instrument. The AFM unit is equipped with a conductive tip that provides
the probe electrode for the desired electrical(electrochemical) measurements. The signal
measured by the system depends essentially on the nature of the contact of tip and sample.
For an identical sample, the spreading resistance equated with a small volume of material
near the contact point between tip and sample, usually dominates the total impedance
response of the system. Figure 2.48 proposes a simple equivalent circuit model of the
contact between tip and sample. The contact is modeled as a parallel RC element with
additional series resistors included to account for the tip and sample spreading resistances.
The resistance of the tip (Rtip) is usually remarkable given the small sizes of AFM probes.

a) b)

Impedance AFM
Meas. System
System

H,IN  H,0UT

Figure 2.47: AFM impedance measurement. (a) General concept. Impedance is measured
between a local probe (the AFM tip) and a bulk electrode. A significant spreading
resistance contribution at the AFM tip/sample contact point ensures local characterization.
(Shown schematically by the hemi- spherical lines.) (b) Detail of the Pt/Nafion impedance
experiment. ORR Kkinetics at the interface between a Pt-coated AFM tip and a Nafion
electrolyte membrane are measured using AFM impedance. Electrochemical bias is applied
relative to the bulk bottom electrode (a reversible hydrogen electrode) which is
hermetically sealed and supplied with hydrogen gas.?%6
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Tip

Figure 2.48: Simple equivalent circuit model of the tip/sample contact. R,;,, represents the
resistance contribution from the tip, R, accounts for the tip/sample interfacial resistance,
which may include Schottky or Faradaic effects if the contact is non-ohmic. C represents
the tip/sample capacitance. Rsp accounts for the spreading resistance associated with a
small volume of material just beyond the tip/sample contact.?

2.4.5 Kelvin probe force microscopy

Kelvin probe force microscopy (KPFM) is a tool that enables the user to measure
the local contact potential difference between a CAFM tip and the sample, thereby mapping
the work function or surface potential of the sample with high spatial resolution. There are
three stages of electronic energy levels of the AFM probe and sample: (shown in Figure
2.49) (a)before contacting: AFM probe and sample area separated in distance z with no
electrical contact, (b)during contacting: AFM probe and sample are in electrical contact,
and (c)bias applied: external bias (Vp) is applied between AFM probe and sample to
nullify the contact potential difference (Vpp). (Figure 2.49)We provided AC with specific
frequencies and DC bias (Equation 2.24) as well to nullify the contact potential difference.
Then expanded the electrostatic force equation (Equation 2.25a) and put that AV equals the
difference between the bias we provided to the probe and contact potential difference. We
used the third part of this equation to measure the contact potential difference. By doing
this, we are able to measure the sample’s surface potential. We used the third part of
Equation 2.25b to measure the contact potential difference.

Vorove = Vac sin sin (wt) + Vpc (Equation 2.24)

Fos = —2AV2 22 (Equation 2.25a)
2 1dc L
probe — VCPD) -3 d(ZZ) [(Vpe = Vepp) + Vyc sin sin (wt) ]2
2 1 dC(z) dC(Z)
( pc = Vepp)? — Vic?[1 + cosQwt)]— Vo = Verp)Vac
sin sin (wt) (Equation 2.25b)

_1 dC(z)
RTaY

1 dC(z)
2 dz
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Figure 2.49: Three stages of electronic energy levels of the AFM probe and sample: (a)
before contacting the AFM probe with a sample area separated by distance z with no

electrical contact; (b) while in contact the AFM probe and samples also conduct electricity;
and (c) the external bias (V) is applied between AFM probe and sample to nullify the

contact potential difference (V¢pp). E,, is the vacuum energy level, Ex is the Fermi energy
level of sample, and Ef, is the Fermi energy level of the AFM probe.)

W. Melitz et al. / Surface Science Reports 66 (2011) 1-27
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Figure 2.50 Schematic graph of KPFM system with AM and FM modes. The lower side

of the graph is an FM mode AFM system for topography imaging and the upper side is a
KPFM system for contact potential difference (Vpp). 27
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Figure 2.50 shows the schematic graph of a KPFM experimental apparatus. The
lower side of the graph shows the frequency modulation (FM) mode AFM system for
topography measurement, and the upper side of the graph shows the components for
contact potential difference (V.pp) mapping, including the KPFM controller and lock-in
amplifier. The dashed line and bold straight line in the graph show the amplitude
modulation (AM) mode KPFM set-up. V, is applied to the tip from the lock-in amplifier
reference signal voltage output (OSC out). In FM mode, the frequency shift signal(f) is
split into: (1) one goes to the z regulator for topographical imaging, and (2) the other is
sent to the lock-in amplifier. The lock-in amplifier splits the signal with the same frequency
as V4. and sends the signal into the KPFM controller. The KPFM controller keeps feedback
to nullify the lock-in output signal, by applying V. to the tip. In AM mode, V. with the
same frequency as the secondary resonant peak of tip, oscillation is applied to the AFM tip
to motivate the tip with electrical force. The amplitude of tip oscillation has two parts: (1)
low frequency (the first resonance peak) tuned by mechanical oscillation and (2) high
frequency (the secondary resonance peak) tuned by V,.. A band-pass filter filters the low
and high frequency signals. The low frequency signal is used for topographical data
regulation. The high frequency signal is sent directly to the lock-in amplifier. The KPFM
controller measures contact potential difference (V.pp) using the secondary resonance
frequency component. 7
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Chapter 3

Topic I: Nanoscale engineering-effects on cathodes for intermediate-temperature
SOFCs

3.1 Introduction

The performance of solid oxide fuel cells (SOFCs) is often limited by the sluggish
oxygen reduction reaction (ORR) process at the cathode. It is also widely accepted that the
surface exchange kinetics and surface area of cathodes play a crucial role in determining
the overall cathodic performance. For this reason, various efforts have been made to
improve these metrics through nanoscale materials engineering, most notably by the
solvent infiltration method. This method, however, poses an intrinsic disadvantage of poor
durability during high temperature operations. This is because the resulting perovskite
infiltrates after a sintering process are known to be of true nanometer-scale (1 — 5 nm in
diameter), they are very susceptible to thermal agglomeration. An atomic layer deposition
(ALD) treatment on this infiltrates is hypothesized to be effective in suppressing the
thermal degradation.

In this topic, we mainly focuses on improving performance of LaNio.sFe0.403-5
(LNF)-based SOFC cathodes by initially infiltrating various kinds of solvents including
praseodymium oxide (PrsO11). In the last several months, I investigated the effects of using
not only PreOa11, but also LaNio.sFeo.4Os-5 (LSCF) and LNF nitrate solvents to infiltrate on
LNF-based function layers, and showed that an unprecedented improvement of cathodic
performance by a factor of ~100 at 700 °C by a single-step infiltration. It is hypothesized
that the improvement originates from larger surface area and higher surface exchange rate
by the infiltrates. In the coming months, | will expand the choice of infiltrate materials into
LSM (La1-xSrxMnOs3-5), GDC (Gd1-xCexO2-5), SDC (Sm1-xCexOs-s5), and PDC (Pr1-xCexOs-
5) nitrate solvents. For example, LSM is a conductor for electrons but an insulator against
ions while GDC exhibits the opposite trend. PDC is expected to show higher
electrochemical kinetics over the others. In addition to the dependency on material, the
dependencies of cathodic performance on overpotential, temperature and oxygen partial
pressure will help to reveal the critical factors of performance. An optimization for
performance will be also performed in parallel by controlling e.g. the solvent concentration,
number of infiltration processes and sintering temperature.

Further electrochemical measurement and structure analyses like electrochemical
impedance spectroscopy (EIS), x-ray diffraction (XRD), and scanning electron microscope
(SEM) will be also presented in the later part of this topic. Oxygen partial pressure
dependency (P(Oz2)) will be measured and the result of it will be analyzed, too. We provide
some reasons and hypotheses to explain the performance of every different infiltrated
sample we have observed in the end as well.
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3.2 Experimental
3.2.1 Cell preparation

Cells consist of YSZ electrolyte, GDC interlayer, LNF with different infiltration
material functional layers, and LNF current collecting layer (Figure 3.1) with the reaction
area 0.35 cm?. Each layer was sintered from slurry and screen-printed on the YSZ
electrolyte layer by layer. For making GDC slurry, GDC nanopowder (surface area: 30 —
40 m?/g; dso particle size: 0.1 — 0.4 um; FuelCellMaterials) and ethyl cellulose were added
and mixed at room temperature overnight. Final slurry was composed of 40 wt.% terpineol,
10 wt.% hypermer KD-1, 2 wt.% ethyl cellulose, and 48 wt.% GDC nanopowder. GDC
slurry was screen-printed onto both sides of 8 mol% YSZ electrolyte substrate (270 um
thickness, FuelCellMaterials), dried at 80 °C for 1 hour and sintered at 1150 °C for 5 hours.
For sintering, the sample was heated to 500 °C in 2 °C/min, and held at 500 °C for 30 min
to facilitate binder burn-off. Sample continued heating at 3 °C/minto sintering temperature,
and cooled at 3 °C/min after sintering.

I LNF ~20 um
T LNF ~20 ym
Collecting layers—=
Infiltrated LNF ~20 um
GDC 5-10 um
Function layers — { YSZ | 270 um
GDC 5-10 um
Infiltrated LNF ~20 um
- I LNF ~20 pm
L LNF ~20 um

Figure 3.1: The configuration of a symmetric cathode fuel cell.

For making LNF slurries, we have to make LNF powder first. Materials for LNF
powder are lanthanum (111) nitrate hexahydrate, nickel (I1) nitrate hexahydrate, iron (I11)
nitrate nonahydrate, glycine, and deionized water. First, measure out the nitrate precursors
in the following weight ratio: 1 : 0.403 : 0.373 (La : Ni : Fe). Dissolve the precursors in a
minimal amount of deionized water while stirring on a hot plate. Then measure out glycine,
for a metal ion : glycine mole ratio of 1:1, the weight ratio would be 1 : 0.877 (mass of all
precursors used : mass of glycine). Add glycine slowly into the solution while stirring, and
the color of the solution turns dark red. Once everything has dissolved, set the temperature
to 100 — 150 °C to evaporate all the water, and once all the water has dissolved, remove
the stir bar. At this step, the content will get more and more viscous, and a good indication
that all the water has dissolved is when the stirrer would not stir properly anymore. Once
the mixture is gel-like, set the temperature to 300 — 350 °C. The combustion should happen
when the gel reaches ~ 250 °C, during this process there should be a lot of bubbling, and
there will be a lot of gas released when the reaction happens. When the reaction seems to
have settled down, use a spatula to stir around until all the content in the beaker seems to
have reacted. Turn off the heat and wait for the contents to cool down. After crushing the
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large pellets and transferring all the contents into a ceramic container, and calcining the
powders at 850 °C for 3 hours. The color of the powder should be dark brown, and the final
product should be pure black. After finishing preparing LNF powders, measure out
hypermer, terpineol, ethyl cellulose, and LNF powders in the following weight ratio: 5 :
35 : 3 :57. Hypermer is dissolved in terpineol using a magnetic mixer at 50 °C overnight.
Then ethyl cellulose and LNF powders are then added into the mixture, and ball milled
with a planetary ball mill for a total of 3 hours. LNF slurry was screen-printed onto both
sides of GDC layers we made earlier, dried at 80 °C for 1 hour and sintered at 850 °C for
5 hours.

3.2.2 Infiltration solvent preparation

For making infiltration solutions, LNF, PreO11, LSCF, LSM, GDC, PDC nitrate
solvents were made by either La*3, Ni*?, Fe*3, or Pr*3, or La*3, Sr*2, Co*?, Fe*3, or La*3,
Srt2, Mn*2, Gd*3, Ce*3, or Pr*3, Ce*® nitrate colloid. Then, make different concentrations of
these infiltration solvents. Syringe these infiltration solvents on LNF cathode backbones
(function layers) and put them in the vacuum desiccator (Bel-art "space saver"
polycarbonate vacuum desiccator) for at least one hour then dried at 450 °C for 30 minutes
in the furnace. Finally, two LNF layers were screen printed on top of the infiltrated LNF
functional layer, and dried at 80 °C for 1 hour. Completed symmetric cells were sintered at
850 °C for 2 hours, with the same heating profile as described. Samples were loaded into a
SOFC test station after sintering. A mesh was used as a current collector (250 um nominal
aperture, Goodfellow.com), and a 5 kg weight was placed on top to ensure good contact
between the electrode and mesh. Dry O2was fed to both electrodes at 100 sccm. Samples
were heated to operating temperature at 3 °C/min, and held for at least 50 min before
testing. EIS was performed with 20 mV ac perturbation from 3 MHz to 1 mHz (Bio-Logic
SP-240). A Zeiss Gemini 500 FEG-SEM was used for microstructural characterization at
~ 0.64 kV operating voltage.

3.2.3 Equivalent circuit

Figure 3.2 shows the equivalent circuit we used for fitting our data. Because we
fabricated a symmetric cathode fuel cell (half-cell). We used the equivalent circuit that is
composed of two parallel capacitors (constant phase element) and resistor sets and series
with a resistor. The single resistor (R,) that series connect with the sets is ohmic resistor
and represents the equivalent ohmic resistance from the electrolyte. Ry, and R, represent
equivalent high resistance and low resistance from the cathodes. CPE, and CPE, are
equivalent high and low constant phase elements from the cathodes (Equation 3.1), where
Q is non-ideal capacitor and the associated a parameter indicates the Q’s similarity to a
true capacitor (CPE) (a =1 corresponds to an ideal capacitor). The values of polarization

(Rg+R()

resistance (R,) are calculated from Ry and R, (R, = T).
R -
C = ( %) (Equation 3.1)
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Figure 3.2: The equivalent circuit for a symmetric cathode fuel cell (half-cell).

3.3 Results and discussion

3.3.1 Electrochemical and microstructure characterization
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Figure 3.3: The EIS performance and SEM images: (a) shows the graph of all LNF-
infiltration LNF-based cathodes with different concentrations. The graph on the upper right
shows the LNF-infiltration LNF-based cathodes, compared to the blank LNF-based
cathodes. (b) shows the SEM image of blank LNF backbones of LNF-base cathodes. (c)
and (d) show the SEM images of LNF-infiltration LNF-base cathodes with concentrations
of 0.2 M and 0.6 M, respectively. The scale bar indicates 200 nm.
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LNF-infiltrated LNF-based cathodes show that LNF does improve the performance
of not only polarization resistance but also ohmic resistance compared to blank (without
infiltration) LNF-based cathodes. Figure 3.2(a) shows the best performance happened
when concentration is 0.8 M (~ 43.7 wt.%) and the polarization resistance values are 0.0852
Qcm? at 750 °C, 0.1522 Qcm?at 700 °C, 0.3317 Qcm? at 650 °C, and 0.781 Qcm? at 600
°C. The polarization resistance is only 1/11 of blank LNF-based at 750 °C, 1/17 at 700 °C,
1/24 at 650 °C, and 1/37 at 600 °C. ohmic resistance for this sample is 0.8509 Qcm?at 750
°C, 1.2859 Qcm? at 700 °C, 2.0794 Qcm? at 650 °C, and 3.717 Qcm? at 600 °C,
respectively. Figure 3.2(c) and (d) show SEM images of LNF-based cathodes without and
with different concentrations of LNF infiltration solvents.

LSCF-infiltrated LNF-based cathodes show that LSCF also can improve the
performance not only polarization resistance but also ohmic resistance compared to blank
LNF-based cathodes, and even better than LNF-infiltrated LNF-based cathodes. Figure
3.3(a) shows the best performance happened when concentration is 1.0 M (~ 51.2 wt. %)
and the polarization resistance values are 0.056 Qcm?at 750 °C, 0.1009 Qcm? at 700 °C,
0.1926 Qcm? at 650 °C, and 0.4472 Qcm? at 600 °C. The polarization resistance is only
1/17 of blank LNF-based at 750 °C, 1/25 at 700 °C, 1/42 at 650 °C, and 1/65 at 600 °C.
ohmic resistance for this sample is 0.84 Qcm? at 750 °C, 1.2338 Qcm?at 700 °C, 2.001
Qcm? at 650 °C, and 3.535 Qcm? at 600 °C, respectively. Figure 3.3(c) and (d) show SEM
images of LNF-based cathodes without and with different concentrations of LSCF
infiltration solvents.
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Figure 3.4: The EIS performance and SEM images: (a) shows the graph of all LSCF-
infiltration LNF-based cathodes with different concentrations. The graph on the upper right
shows the overall of LSCF-infiltration LNF-based cathodes, compared to the blank LNF-
based cathodes. (b) shows the SEM image of blank LNF backbones of LNF-base cathodes.
(c) and (d) show the SEM images of LSCF-infiltration LNF-base cathodes with
concentrations of 0.2 M and 0.8 M, respectively. The scale bar indicates 200 nm.
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PreO11 (PrOx)-infiltrated LNF-based cathodes show that LSCF also can improve the
performance not only polarization resistance but also ohmic resistance compared to blank
LNF-based cathodes, and even better than LNF-infiltrated and LSCF-infiltrated LNF-
based cathodes. Figure 3.4(a) and (b) show the best performance happened when
concentration is 1.0 M (~ 51.2 wt.%) and the polarization resistance values are 0.0326
Qcm? at 750 °C, 0.0552 Qcm?at 700 °C, 0.1088 Qcm? at 650 °C, and 0.3294 Qcm? at 600
°C. The polarization resistance is only 1/17 of blank LNF-based at 750 °C, 1/25 at 700 °C,
1/42 at 650 °C, and 1/65 at 600 °C. ohmic resistance for this sample is 0.8631 Qcm? at 750
°C, 1.2576 Qcm? at 700 °C, 1.9929 Qcm? at 650 °C, and 3.303 Qcm? at 600 °C,
respectively. Figure 3.4(c)-(e) show SEM images of LNF-based cathodes without and with
different concentrations of PresO11 infiltration solvents.
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Figure 3.5: The EIS performance and SEM images: (a) shows the graph of all
PrsO11(PrOx)-infiltration LNF-based cathodes with different concentrations. The graph on
the upper right shows the overall of PrsO11(PrOx)-infiltration LNF-based cathodes,
compared to the blank LNF-based cathodes. (b) shows the SEM image of blank LNF
backbones of LNF-base cathodes. (c) and (d) show the SEM images of PrsO11(PrOx)-
infiltration LNF-base cathodes with concentrations of 0.8 M and 1.5 M, respectively. The
scale bar indicates 200 nm.

LSM (La1-xSrxMnOs-s)-infiltrated LNF-based cathodes show that LSM also can
improve the performance of polarization resistance compared to blank LNF-based
cathodes. However, it makes a worse improvement compared to other infiltrated LNF
cathode samples. Especially in higher temperatures (~ 750 °C) From Figure 3.5(c) and (d).
We can see there are some agglomeration materials grown during this infiltration process.
The best performance happened when concentration is 0.8 M (~ 36.19 wt.%) and the
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polarization resistance values are 0.2315 Qcm?at 750 °C, 0.5279 Qcm? at 700 °C, 1.5288
Qcm? at 650 °C, and 4.5497 Qcm? at 600 °C. The polarization resistance is only about 1/4
of blank LNF-based at 750 °C, 1/5 at 700 °C, 1/6 at 650 °C, and 1/6 at 600 °C. ohmic
resistance for this sample is 1.0563 Qcm? at 750 °C, 1.5288 Qcm? at 700 °C, 2.5095 Qcm?
at 650 °C, and 4.473 Qcm? at 600 °C, respectively. Figure 3.5(b)-(c) show SEM images of
LNF-based cathodes without and with different concentrations of LSM infiltration
solvents.
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Figure 3.6: The EIS performance and SEM images: (a) shows the graph of all LSM-
infiltration LNF-based cathodes with different concentrations. The graph on upper right
shows the overall of LSM-infiltration LNF-based cathodes, compared to the blank LNF-
based cathodes. (b) shows the SEM image of blank LNF backbones of LNF-base cathodes.
(c) and (d) show the SEM images of LSM-infiltration LNF-base cathodes with
concentrations of 0.2 M and 0.8 M, respectively. The scale bar indicates 200 nm.

GDC (Gdi-xCexOz-s)-infiltrated LNF-based cathodes show that GDC also can
improve the performance not only polarization resistance but also ohmic resistance
compared to blank LNF-based cathodes, and even better than LNF-infiltrated, LSCF-
infiltrated, and LSM-infiltrated LNF-based cathodes. A little worse than PDC-infiltrated
and PreO11(PrOx)-infiltrated LNF-based cathodes. Moreover, from Figure 3.6(c) and (d).
We can see there are some small grains grown during this infiltration process. The best
performance happened when concentration is 1.0 M (~ 35.0 wt.%) and the polarization
resistance values are 0.0513 Qcm?at 750 °C, 0.0993 Qcm?at 700 °C, 0.2056 Qcm? at 650
°C, and 0.4189 Qcm? at 600 °C. The polarization resistance is only about 1/20 of blank
LNF-based at 750 °C, 1/25 at 700 °C, 1/40 at 650 °C, and 1/66 at 600 °C. ohmic resistance
for this sample is 0.9814 Qcm?at 750 °C, 1.4280 Qcm? at 700 °C, 2.2729 Qcm? at 650 °C,
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and 4.0145 Qcm? at 600 °C, respectively. Figure 3.6(b)-(c) show SEM images of LNF-
based cathodes without and with different concentrations of GDC infiltration solvents.
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infiltration LNF-based cathodes with different concentrations. The graph on the upper right
shows the overall of GDC-infiltration LNF-based cathodes, compared to the blank LNF-
based cathodes. (b) shows the SEM image of blank LNF backbones of LNF-base cathodes.
(c) and (d) show the SEM images of GDC-infiltration LNF-base cathodes with
concentrations of 0.4 M and 1.5 M, respectively. The scale bar indicates 200 nm.

PDC(Pr1-xCexOs-s)-infiltrated LNF-based cathodes show that PDC also can
improve the performance not only polarization resistance but also ohmic resistance
compared to blank LNF-based cathodes, and even better than LNF-infiltrated, LSCF-
infiltrated, and LSM-infiltrated LNF-based cathodes. Same as GDC-infiltrated and
PreO11(PrOx)-infiltrated LNF-based cathodes, they all have lower polarization resistance
more than an order of magnitude. Moreover, from Figure 3.7(c) and (d). We can see there
are some small grains grown during this infiltration process. The best performance
happened when concentration is 1.5 M (~ 49.3 wt.%) and the polarization resistance values
are 0.0368 Qcm? at 750 °C, 0.0597 Qcm? at 700 °C, 0.1203 Qcm? at 650 °C, and 0.3433
Qcm? at 600 °C. The polarization resistance is only about 1/84 of blank LNF-based at 750
°C, 1/40 at 700 °C, 1/67 at 650 °C, and 1/65 at 600 °C. ohmic resistance for this sample is
1.1659 Qcm?at 750 °C, 1.6807 Qcm?at 700 °C, 2.6971 Qcm?at 650 °C, and 4.893 Qcm?
at 600 °C, respectively. Figure 3.7(b)-(c) show SEM images of LNF-based cathodes
without and with different concentrations of PDC infiltration solvents.
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Figure 3.8: The EIS performance and SEM images: (a) shows the graph of all PDC (Pr1-
xCexOs-s)-infiltration LNF-based cathodes with different concentrations. The graph on the
upper right shows the overall PDC-infiltration LNF-based cathodes, compared to the blank
LNF-based cathodes. (b) shows the SEM image of blank LNF backbones of LNF-base
cathodes. (c) and (d) show the SEM images of PDC-infiltration LNF-base cathodes with
concentrations of 0.2 M and 1.0 M, respectively. The scale bar indicates 200 nm.

Figure 3.8(a) and (b) show the polarization resistance of Ry and R, of infiltrated
LNF-based cathode samples. Where the X axis is concentration (M) and Y axis is
polarization resistance Ry, and R, (Qcm?). Table 3.1 shows the values of ohmic and
polarization resistance at different temperatures. It is easy to tell that PreO11 (PrOx ,with a
concentration of 1.0 M) made the best effort to improve the performance of LNF-based
cathodes. PDC (Pr1xCexOzs-s) also decreases the polarization resistance a lot. Meanwhile,
we can notice that all ohmic resistance values are pretty similar at the same temperature
for all samples with different infiltration materials and different concentration. We think
this point makes this whole experiment more reliable.
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Figure 3.9: (a) The equivalent circuit we used for fitting our data, and (b) and (c) show the
polarization resistance of the infiltrated LNF cathode.

sample 600°C 650°C 700°C 750°C
Ropmie (R €M3?) Ry (Qcm?) Ry (Qem?) Ry (Qem?) Ry (Qem?) Ry, (Qcm?) Ry (Qem?) Ry, (Q cm?)
Blank (no infiltration) 3.9165 28.9322 2.2071 8.1029 1.3713 2.6028 0.9223 0.9683
PrO, (0.2 M ~5.02 wt.%) 3.8535 0.93 1.9719 0.4964 1.3031 0.2158 0.8911 0.1179
PrO, (0.4 M ~9.7 wt.%) 3.591 0.5156 1.9646 0.2342 1.2975 0.1037 0.8848 0.0574
PrO, (0.6 M ~14 wt.%) 3.507 0.4548 1.9411 0.2379 1.2947 0.0859 0.8813 0.0488
PrO, (0.8 M ~18 wt.%) 3.8395 0.2857 2.1042 0.1617 1.357 0.0642 0.9366 0.0346
PrO, (1.0 M ~21.8 wt.%) 3.303 0.3294 1.8932 0.1610 1.2467 0.0606 0.8631 0.0326
Pro, (1.5 M ~30.1 wt.%) 3.3152 0.3037 1.918 0.121 1.1641 0.0857 0.8047 0.0494
LNF (0.2 M ~14.1 wt.%) 3.843 2.1547 2.1287 1.0625 1.3101 0.5238 0.8915 0.2534
LNF (0.4 M ~25.7 wt.%) 3.0373 1.5962 1.9523 0.6701 1.2541 0.3208 0.8505 0.1654
LNF (0.6 M ~35.4 wt.%) 3.927 1.4095 2.2253 0.6941 1.39335 0.3429 0.9653 0.1652
LNF (0.8 M ~43.7 wt.%) 3.717 0.781 2.0794 0.3317 1.2859 0.1522 0.8509 0.0852
LNF (1.0 M ~50.8 wt.%) 4.046 1.333 2.2516 0.64 1.3832 0.3157 0.937 0.1527
LNF (1.5 M ~64.8 wt.%) 3.7275 0.7494 2.1935 0.3681 1.407 0.1873 0.9751 0.0966
LSCF (0.2 M ~14.4 wt.%) 42315 2.8807 2.3062 1.1858 1.4098 0.5015 0.9758 0.2121
LSCF (0.4 M ~26.1 wt.%) 3.78 2.0395 2.1497 0.7936 1.329 0.341 0.8824 0.1654
LSCF (0.6 M ~35.8 wt.%) 4,165 1.5478 2.3506 0.6206 1.5194 0.2503 1.0518 0.1162
LSCF (0.8 M ~44.1 wt.%) 3.878 1.3647 21735 0.5392 1.3783 0.2216 0.9286 0.0962
LSCF (1.0 M ~51.2 wt.%) 3.394 0.5136 1.9523 0.2154 1.2408 0.0983 0.8397 0.0561
LSCF (1.5 M ~65 wt.%) 3.6225 1.0759 2.1326 0.4235 1.386 0.1837 0.9737 0.0976
LSM (0.2 M ~10.7 wt.%) 3.9235 5.7873 2.2225 2.8075 1.4039 1.345 0.9394 0.6304
LSM (0.4 M ~20.14 wt.%) 4711 8.323 2.5785 3.2953 1.7217 1.4172 1.281 0.6377
LSM (0.6 M ~28.61 wt.%) 3.7345 5.3930 2.1361 1.8722 1.3505 0.7228 0.9457 03013
LSM (0.8 M ~36.19 wt.%) 4.473 45497 2.5095 1.5001 1.5288 0.5279 1.0563 0.2315
LSM (1.0 M ~42.95.8 wt.%) 41515 5.6296 2.3254 1.8457 1.4536 0.6898 1.0028 0.2846
LSM (1.5 M ~58.61 wt.%) 4.872 3.4557 3.0608 1.4221 1.9009 0.6734 1.2212 0.3287
GDC (0.2 M ~8.25 wt.%) 5.229 18.8578 2.9565 6.7321 1.8806 2.465 1.3556 0.7349
GDC (0.4 M ~15.7 wt.%) 48.23 5.726 24.2375 2.3824 15.3685 1.1784 9,772 0.5735
GDC (0.6 M ~23.03 wt.%) 12.1135 1.5449 6.181 0.7172 3.3663 0.3231 2.3517 0.1578
GDC (0.8 M ~28.92 wt.%) 4.8335 0.9926 2.8011 0.4478 1.8746 0.239 1.3955 0.1347
GDC (1.0 M ~35.0 wt.%)* 40145 0.4189 2.2729 0.2056 1.428 0.0993 0.9814 0.0513
GDC (1.5 M ~49.82 wt.%) 7.168 0.6376 3.9655 0.3102 2.3349 0.1564 1.6583 0.0682
PDC (0.2 M ~8.2 wt.%) 5.446 4347 2.9684 1.7875 1.8064 0.7513 1.2001 0.3184
PDC (0.4 M ~15.79 wt.%) 15.897 1.011 8.855 0.5043 4375 0.2292 2.7626 0.1097
PDC (0.6 M ~22.53 wt.%) 5.8205 0.6372 3.7695 0.2945 2.4647 0.1313 1.7766 0.0629
PDC (0.8 M ~28.9 wt.%) 8.5015 0.7148 5.117 0.4492 2.4282 0.1663 1.7444 0.0893
PDC (1.0 M ~34.75 wt.%) 5.418 0.4376 3.1024 0.1839 2.0832 0.0962 1.5442 0.0522
PDC (1.5 M ~49.3 wt.%) 4,893 0.3433 2.6971 0.1203 1.6807 0.0597 1.1659 0.0368
PDC (2.0 M ~61.3 wt.%) 5.4215 0.3094 3.4808 0.1427 1.9565 0.0697 1.4553 0.0473

Table 3.1: Different infiltration solvents with different concentration LNF-based cathodes.
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XRD and TEM

Multiple infiltration materials all provide some extent of improvement with LNF-based
cathodes. Next we used PANalytical XRD (X’Pert PRO MP4) to try to prove that these
materials really grained or diffused into backbones. Figure 3.10 shows spectra of bare and
infiltrated LNF cathode. Ahigher-resolution morphology of electrodes was observed by
transmission electron microscopy (TEM) using the FEI F20 Tecnai system at 200 kV. TEM
samples were prepared by drop-casting an ethanol-based suspension of electrode powders.
which were prepared by pestle grinding, upon a 3 mm Lacey carbon 400 mesh grid (Ted
Pella) followed by an ambient drying. Figure 3.11 shows TEM images of bare LNF
backbone, PreOii-infiltrated and GDC-infiltrated LNF cathodes. While the PreOui-
infiltrated electrode does not show a distinct nanoparticle-like morphology (Figure
3.11(b)), it seems that the surface is still roughened, and thus the effective surface area
becomes enlarged by infiltrated species.
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Figure 3.10: XRD spectra of bare and infiltrated LNF cathode.
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Figure 3.11: TEM images of (a) bare LNF backbone, (b) PreOu1-infiltrated and (c) GDC-
infiltrated LNF cathodes. All the scale bars correspond to 20 nm.
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Activation Enerqgy

Figure 3.12 illustrates specific activation energy corresponding to specific
concentration of different infiltration solvents. The value of activation energy from ~ 1.82
eV (Ry of bare LNF-based cathode) and ~ 1.09 eV (R, of bare LNF-based cathode) has
improved to ~ 1.01 eV (R, of PDC-infiltrated cathode) and ~ 1.02 eV (R, of the PrOx-
infiltrated cathode) from multiple infiltration LNF-based cathodes. This result indicates
that the performance of SOFC cathode was improved by infiltration treatment.
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Figure 3.12: Arrhenius plots of Ry, and R; deduced from the EIS measurements of bare
and infiltrated LNF cells.

R, [Q em?] Ry [Q em?] ay Qp [Fs'] Cy [Fem™2] Ry [© cm?] ar QL [Fs'] CL [Fem™2)
Blank 1.37 4.49 0.77 24 x 1074 1.5 x 107 0.72 0.75 1.3 x 107* 2.7 % 1070
LNF 1.30 0.25 0.68 1.1 x 1073 1.2 % 1077 0.05 0.57 3.5 x 107! 1.3 % 1072
LSCF 1.24 0.18 0.62 3.4 % 1077 2.6 x 1077 0.02 1.0 224 7.8 x 107!
LSM 1.53 0.77 0.89 2.0 x 107 2.9 % 1077 0.38 0.57 3 x 1073 1.4 x 1072
GDC 1.43 0.18 0.63 22 %1073 1.4 % 107° 0.02 0.87 275 7.0 x 107!
PrsOy 1.25 0.11 0.54 28 x 1072 1Ix 107 0.01 0.92 3.67 1.07

Table 3.2: ohmic resistance (R,), polarization resistances from high frequency (Ry) and
low frequency (R,) arcs, and CPE parameters (Q and «) of bare and infiltrated samples
obtained at 700 °C (open circuit condition). The equivalent circuit shown in Figure 3.2
was used to fit the data. The capacitance values (Cy) and C;) were calculated based upon
Q and a.

Oxyagen partial pressure dependency

To obtain a better understanding of the RDS of ORR in each sample, the
dependency of ORR Kkinetics on the oxygen activity was also examined at the oxygen
partial pressures (Py,) of 0.04 — 1.0 atm. Reaction order (m) defined in the relation R,, «

(POZ)_m, has been widely used to reveal the RDS of ORR processes.*%218-222 Figure 3.13
shows the P,, dependence of polarization resistances (R, and R;) and characteristic
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frequencies (f;.) of electrode processes in each cell. In the bare LNF cell, Ry is dominantly
larger than R;, (especially at pO2 > 0.1 atm), and the high-frequency process exhibits a very
high E, ; of 1.82 eV. This can be readily ascribed to the aforementioned extremely low
concentration of oxygen vacancies in the LNF lattice under high Py, , which would make
the activation barrier of dissociative adsorption or oxygen exchange extremely high.
Bevilacqua et al. also asserted that the rate of ORR in their bare LNF cathode-based cell is
limited by dissociative adsorption of Oz with electron transfer (they called it “activation of
02”) and transport of O2-ions, mainly based upon the high E, of the cathodic process (133
kJ mol~1).53 Murray et al.’s report further supports this. They reported that E, = 1.61 eV
and m = 1/6 for a porous LSM, similar values to those of our bare LNF, and concluded that
the ORR is rate-limited by oxygen dissociation and adsorption.?*® The analogy between
LSM and LNF is justified by their similar characteristics including extremely low oxygen
vacancy concentration under a high oxygen activity (e.g. Py, > 1073 atm),?24225 high
activation energy for Oz dissociation,®322% and high electronic conductivity with negligible
ionic conductivity.53226 Based upon these, it is concluded that the ORR kinetics of our bare
LNF cell is rate-limited by dissociative adsorption of O2 with electron transfer for partial
reduction of oxygen. In addition, the small high-frequency capacitance (Cy = 1.5 x 10~°
F cm™?) indicates that the ORR of our LNF cell follows a “surface process” rather than a
“bulk process”.® Here, the surface process refers to an ORR process where oxygen
intermediates transport along the surface of electrode until reaching the
electrode/electrolyte interface, whereas the bulk process involves oxygen transport through
the bulk of electrode. Budiman et al. reported that a bulk process through a dense LNF film
entails a much larger capacitance of ~ 1072 F cm™* at 973 K and 1 bar of Py,;#"ina
highly dense electrode, a bulk process is unavoidable because there is little route of surface
transport of oxygen (except the very outer edge of the electrode). After an LNF infiltration
onto the LNF backbone, the amplitude of R became much smaller (from 2.60 cm? to 0.15
cm? at 700 °C) but the corresponding m, stayed the same value of 0.13. This can be
interpreted that the effective reaction site was enlarged significantly by the infiltration, but
the overall ORR Kinetics is still limited by the surface process. However, the significant
difference in the activation energy of high-frequency processes shown in Figure 3.10 (E, y
=1.82 eV for bare LNF; E, ; = 1.15 eV for LNF-infiltrated) suggests that surface specific
chemical properties affecting the dissociative adsorption and surface electron transfer
process are likely different between the two samples. The aforementioned XRD (Figure
3.10) analysis showing slightly different secondary phases and crystallinity between the
bare and LNF-infiltrated cells may be partially related to the difference in the
electrochemical behavior. Alternatively (or additionally), it may be because of a possible
difference in the wvacancy concentration caused by the difference in the
fabrication/synthesis process between the backbone and infiltrated LNF.

Regarding the LSM-infiltrated cell, the high-frequency process is also ascribed to
the dissociative adsorption with electron transfer. The reaction order (my = 0.16) and
capacitance (Cy = 2.9 x 10™% F cm™?) are similar to the values from LNF-infiltrated cell
(my =0.13, C; = 1.2 x 1075 F cm™?), but the resistance (R = 0.77 Qcm?) and its
activation energy (E, ; = 1.49 eV) are somewhat larger than those of LNF-infiltrated cell
(Ry = 0.25 Qcm?; E, y = 1.15 eV). This is in agreement with Bevilacqua et al.’s report
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Figure 3.13: Nyquist plots of (a) bare LNF and (b)-(f) infiltrated LNF obtained under the
open circuit condition at 700 °C. The nitrate concentration was optimized for lowest
polarization resistances; for LNF and LSM, 0.8 M and for others, 1.0 M. The insets show
the (P,,) dependency of Ry and R, and the corresponding reaction order (m) values.
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showing that the activation energy of dissociative adsorption measured in LSM (165 kJ
mol ™) is larger than the value obtained from LNF (133 kJ mol~1).%3 Both of our LSCF-
and GDC-infiltrated cells exhibit similar electrochemical behavior as the LNF-infiltrated
cell in terms of R (LSCF: 0.18, GDC: 0.18, LNF: 0.25 cm? at Pp, =1 atm, 700 °C), my
(LSCF: 0.14, GDC: 0.07, LNF: 0.16) and C, values (LSCF: 2.6 x 10~°, GDC:
1.4 x 1075, LNF: 1.2 x 1075 F cm™?), indicating that they are also likely rate-limited by
dissociative adsorption with electron transfer. In the case of the GDC-infiltrated cell, R,
becomes comparable to Ry, at low Py, (<~ 0.1 atm); i.e., the low-frequency process affects
the overall ORR rate significantly at low P,,. The very high C, value (0.7 F cm™? at
700 °C) indicates that the low-frequency process is likely to involve diffusion of
electroactive oxygen species (e.g. O or O") along the electrode surface. As discussed above,
the ORR of bare LNF is a “surface process”, as opposed to a “bulk process”. Since the
infiltrations made in this study are expected to incur only surface modifications of the LNF
backbone without forming a separate bulk network (due to the small amount of infiltrates),
the ORR of all the infiltrated electrodes also should follow a surface process. For a bulk
process, a high capacitance can be ascribed to a so-called “chemical capacitance”, which
is known to be related to the change of oxygen non-stoichiometry in the electrode.8227

The PresOui-infiltrated sample exhibits a distinct electrochemical behavior. Since
my = 0.44 and m; = 0.65 (both close to 0.5), both high- and low-frequency processes are
likely a non-electrochemical process. This is further supported by the high capacitance
value of €, = 1.07 F cm™2. The high-frequency capacitance (Cy = 1.1 x 10™* Fcm™?) also
is higher than the other infiltrated cells by an order of magnitude, supporting that the RDS
in this sample is different from the others. The polarization resistances are the smallest
among the studied samples atall P,,, and a charge transfer process-related arc is not visible.
This is probably due to the excellent electrochemical property of PrsO11 and PraNiOs
formed by the infiltration process. Pr is multivalent between Pr3* and Pr** rendering active
redox property of Pr-including oxides.” From the fact that the £, ; is several Hz only; the
low-frequency arc likely originated from the diffusion of electroactive oxygen species. The
high frequency arc with f, ; = ~ 103 Hz, on the other hand, can be ascribed to the oxygen
dissociation process.

3.3.2 Durability

It is worthwhile to examine if an infiltration of Cr poisoning resistant materials on
a LNF backbone preserves the chemical stability against Cr poisoning of the backbone.
Here, a short-term durability test (~ 100 hours) is presented for three infiltrated electrodes:
LSCF, GDC and LNF-infiltrated electrodes. A much longer-term test is necessary to
evaluate true durability of a SOFC electrode, but this short-term study is still meaningful
considering most degradation of infiltrated electrodes occurs during the first 100 — 200
hours of operation.?®22 |n Figure 3.14(a), the LSCF-infiltrated sample shows an
additional low-frequency arc that is increasingly more pronounced with time under a Cr-
containing environment at 700 °C. For the other two samples, there is not a discernible
additional low-frequency arc (Figures 3.14(b) and (c)). This can be interpreted that the
surface of the LSCF-infiltrated electrode is gradually blocked by Cr-containing phase (e.g.
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SrCr04),%° limiting the O2 access to the electrode surface while the other two samples do
not develop a surface passivation. However, the time evolution of R, (values (Figure
3.14(d)) reveals that the LSCF-infiltrated sample exhibits substantially better stability than
the LNF-infiltrated one. This is surprising in the context of Cr poisoning effect because
LNF is known to be significantly more resistant to Cr poisoning than LSCF.?3! LNF has
been consistently repor?'®ted to be stable against Cr poisoning unless it is polarized
significantly.%232 Since the measurements here were performed at the open circuit
condition, the LNF-infiltrated electrode is not expected to have Cr deposition.
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Figure 3.14: (a)-(c) Nyquist plots of LNF, LSCF and GDC-infiltrated symmetric cells
obtained at the open circuit condition as a function of time in Cr-containing environment
at 700 °C. 100 sccm of dry O2 was fed to both electrodes of each cell for the measurement.
(d) Evolution of area specific electrode polarization resistances from LNF, LSCF and
GDC-infiltrated samples. The durability test of the LNF-infiltrated cell was stopped at 65

h due to a power outage.
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The presented R, evolution becomes understandable by considering other

degradation mechanisms: change of electrode morphology by sintering. In the case of LNF-
infiltrated sample, the dramatic degradation (R,, from 0.15 to 0.28 Qcm? in 66 hours) is
ascribed to an excessive sintering of an infiltrated electrode during high-temperature
operation. As shown in the SEM images (Figures 3.15(a) and (b)), the interparticle necks
grew significantly after 66 hours (see the arrows in Figures 3.15(b)), resulting in a
decreased active surface area for ORR. Since the backbone and infiltrated materials are
both LNF, the infiltrated overcoat could not deter the kinetics of backbone agglomeration.
Given the temperature for the test was only 700 °C, the degree of sintering (e.g. neck
widening) is surprisingly high. The accelerated sintering may be due to the high surface
energy of the initially tiny particles that were infiltrated. In addition, an overcoat of LSCF
by infiltration preserved the overall backbone microstructure without decreasing the active
surface area (Figures 3.15(c) and (d)). Analogous effect has been reported in many recent
reports where an ultrathin coating of an oxide is found to provide an excellent resistance
against thermal agglomeration of high-surface-area backbones.?18233.234

On the other hand, a considerable increase in R, from 0.10 to 0.16 Qcm? was
observed from the GDC-infiltrated electrode after 100 hours of operation. The degradation
is also ascribed to a geometric effect. The GDC-infiltrated sample shows distinct
nanoparticles of infiltrated phase on the surface of backbone (Figures 3.15(e) and (f))
unlike the other two electrodes, and the particles grew from several nanometers to tens of
nanometers in size during the operation.?® In summary, it is tentatively concluded that the
mechanism of ORR performance degradation are different for each sample. The LNF-
infiltrated cell decreased rapidly by a substantial sintering of the backbone structure itself
while the GDC-infiltrated cell was degraded by the sintering of the infiltrated
nanoparticles. The degradation of LSCF-infiltrated cells is ascribed mostly to the Cr
poisoning.

Ak ' .
GDC, Initial ~§ GDG, Aged

Figure 3.15: SEM images of LNF backbones infiltrated with (a, b) 0.8 M LNF, (c, d) 1.0
M LSCF and (e, f) 1.0 M GDC, before and after exposing the cell under a Cr-containing
gas environment at 700 °C (65 h for LNF, 100 h for LSCF and GDC). The red arrow in
(b) indicates highly sintered inter-particle necks. The scale bars correspond to 200 nm.
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3.4 Conclusions

In this study, we demonstrated a dramatic impact of surface-specific treatment by
a one-step infiltration on the overall kinetics and RDS of ORR for LNF-based cells. In
addition, thermal stability of three infiltrated cells of choice was studied in a Cr-containing
environment. Regardless of the infiltrated material, a lower electrode polarization
resistance was achieved with a higher concentration of precursor solution up to ~ 1.0 M.
The XRD results showed that the precursor infiltration followed by a 850 °C sintering
process successfully crystallized the infiltrates for all the materials of choice. In particular,
LSM, GDC and PreOui-infiltated samples include Ruddlesden-Popper phases such as
La2NiO4 and Pr2NiOas, which are favorable for high electronic and ionic transport. The
ORR kinetics of bare LNF are limited by surface process, most likely dissociative
adsorption and partial reduction of oxygen, due to the extremely low concentration of
oxygen vacancy. A significant reduction in electrode polarization resistance by a single
step infiltration is ascribed to a facilitation of the surface process. The surface morphology
(and surface area) is another major factor of ORR activity, which is supported by the fact
that an infiltration of LNF (the same material as the backbone) decreased the polarization
resistance by 17 times at 700 °C. Among the samples of study, PreOui-infiltrated cell
showed the lowest polarization resistance of R, = 0.06 Q cm? at 700 °C in open circuit
condition, much smaller than the value from the bare LNF cell (R, =2.60 Q cm?). This is
ascribed to the excellent ORR performance of PreO11 and Pr2NiOa4, the two main phases of
the PreOai-infiltrate. Unlike other infiltrated cells, the ORR kinetics of PrsOui-infiltrated
one seems limited by non-electrochemical processes only such as the diffusion of oxygen
intermediates and dissociative adsorption. All others, including the bare LNF cell, exhibit
an electron transfer-limited process in addition to dissociative adsorption.

Finally, the thermal durability of three infiltrated cells (LNF, LSCF and GDC-
infiltrated cells) were studied in a Cr-containing gas environment. While the LSCF-
infiltrated cell suffers from Cr poisoning, the overall microstructure of the nanoporous
electrode was well preserved by the infiltration. On the other hand, the LNF-infiltrated
electrode showed a significant sintering of the backbone, whereas the GDC infiltrated
electrode exhibited an agglomeration of infiltrated particles during operation. Both of the
morphological changes are believed to have degraded the overall ORR performance by
decreasing active surface area. This study provides a useful guideline for a rational choice
of infiltrating phase to achieve high performance and durability of nanostructured cathodes.
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Chapter 4

Topic Il: Effects of mechanical and electrical applications on AFM

4.1 Introduction

Conductive atomic force microscopy (CAFM) has been widely employed to study
the localized electrical properties of a wide range of substrates in non-vacuum conditions
by the use of noble metal-coated tips. This is the second topic of this study, I am going to
briefly talk about what I have done in the first year and talk more about what I am planning
to do in the future. Based on CAFM, it is important to understand the relationship between
its mechanism and conductivity. In addition to this work, | also contributed to another
AFM-based study on resistive switching memory. Both AFM and memory devices were
luckily familiar to me from my prior exposure to those. An innovative mechanism study
was performed by leveraging the unique capability of AFM, the quantification of nano-
Newton-level adhesion force, leading to a publication in Scientific Reports early this year.
| contributed as the third author.2® In this first part of the next Section, we will talk more
about how we connect mechanism and conductivity. It was a fundamental study on the
evolution of interfacial properties under coupled mechanical and electrical stresses. In the
work, we revealed that a nano-thin oxide formed on the surface of gold-coated tip during
a cleaning process limits a fluent electronic transport, and its evolution in electrical
properties during CAFM was analyzed with the aid of high resolution transmission electron
microscopy (TEM) and modeling for tunneling current. A manuscript on this work is
currently under review by the Journal of Applied Physics with favorable initial reviews.?’
| contributed to this work as a leading author (a co-first author). In the second part of the
next Section, we will cover another project that was supposed to be one of my studies. |
work on a nanoscale fuel cell study by AFM in collaboration with Dr. Chee Seng Ng, a
visiting scholar from Nanyang Technological University in Singapore. A new advanced
setup with a micro-scale heating stage enabled in-situ high temperature electrochemical
measurements.

4.2 Experimental

This Section will be separated into two main experiments. The first one is based on
what | have done in my first year, it is also published on Journal of Applied Physics.?*” The
setup and sample preparation of this experiment would be presented in the whole Section
of 4.2.1 and the measurement, analyses, discussion and conclusion would be presented in
the first parts of Section 4.2.3, 4.3, and 4.4, respectively. The second experiment is based
on what I am doing right now. It is still in progress and there are still some problems needed
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to fix. The fabrication of Pt-Ir AFM tips will be in Section 4.2.2 and some of its
microstructure characterization will be presented in the last part of Section 4.2.3. Also
some discussion and conclusion will be in the last parts of Sections 4.3 and 4.4.

4.2.1 Preliminary Steps

i. Au-coated tip cleaning

Plasma cleaning of tips was performed in dry air on a cleaning system from Harrick
Plasma (PDC-002). The chamber was pumped down to < 200 m Torr and fed with dry air
for 60 seconds. Then, the tip was cleaned with a plasma power of 30W for 60 seconds.
Ultraviolet ozone (UVO) cleaning was performed for 30 min in a commercial UVO
cleaning system (model no. 42, Jelight Company) with 253.7 nm wavelength at the Hg
lamp intensity of 30 mW/cm?. The tips were carefully placed on a glass petri dish. Ethanol
etching was done by submerging the AFM tips in ethyl alcohol (200 proof, anhydrous,
99.5%, Sigma-Aldrich) for 20 min at 65 °C.

ii. Force and resistance measurement

The nanoscale Au-HOPG interface was implemented by bringing a gold-coated
AFM tip in contact with the surface of a high crystal quality HOPG (highly oriented
pyrolytic graphite, ZYA quality; Mosaic spread of ~ 0.4°) in a commercial AFM setup
(5500 AFM, Agilent Technologies). In an AFM setup, the exerted force is approximated
to be proportional to the cantilever deflection, which is detected by a laser beam-assisted
amplification scheme. The amount of cantilever deflection (and thus the force exerted on
the tip apex) is controlled to match a set value through a feedback control scheme. For this
work, a commercially available gold-coated tip (HQ: NSC36/Cr-Au, Mikromasch) with a
flexible cantilever (~ 0.6 N/m) was used. The tip was fabricated by depositing a 20 nm
thick adhesion layer (Cr) followed by a 30 nm thick gold film on a conventional silicon-
based framework. Few layers of HOPG were peeled off using a sticky tape to expose the
new graphite surface before each measurement. The basal planes of the HOPG routinely
showed a surface roughness of < 0.2 nm by contact mode AFM imaging (with a usual scan
area of 500 x 500 nm?), which is expected to ensure a consistent contact area with a given
tip and normal load. The tip-sample system was put in either ambient condition or under a
continuous dry N2 flowing environment at 0.4 Ipm. An electrical measurement system,
either a semiconductor analyzer or an impedance spectroscopy, was integrated with the
AFM system in a two-probe setup. The reference electrode tied with the counter electrode
was connected to the tip while the working electrode was attached to the HOPG. A Faraday
cage enclosing the AFM setup was connected to the reference electrode to minimize
ambient radio frequency electromagnetic noise.

4.2.2 Fabrication of Pt-Ir AFM tips

The fabrication of Pt-Ir AFM tip/probe was our plan for the purpose of CAFM. |
was planning to use CAFM to do an electrical characterization scheme for the material of
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fuel cells while leveraging my skillset on AFM. To measure electrical characteristics of
YSZ (an usual material for electrolytes of fuel cells), the AFM should have high
conductivity to measure the finest data. This is the main reason why we chose Pt-Ir as our
AFM tips to measure electrical characterization scheme for YSZ. Unfortunately, for some
realistic reasons like the tips/probes we made could not be clipped on the AFM probe nose
well and it had some angle issues. However, | have spent so much time working on this
and | was able to fabricate really decent size Pt-Ir AFM tips/probes so | want to keep it in
this section.

First, a part of Pt-Ir was cut from a Pt-1r wire with diameter of 0.25 mm (Ptoslro.2,
Platinum STM Tip wire, nanoscience instruments). Then pressed under smooth metal block
(thickness < 100 pm), the flat part is cantilever and it would be installed on the AFM tip
holder when the fabrication is done. After washing by acetone it would be immersed 1.15
mm to 1.2 mm into electrolyte solution (CaClz, 1.5 M) and start the step of “rough etching”.
The AC current of 35 V for 90 seconds, 30 V for 45 seconds, and 28 V until done, the
shape of tip should be like the top right photo of Figure 4.1(b). There is a “thin neck”
(shown in the middle photo of Figure 4.1(b)) with diameter ~ 37 nm would be formed
during rough etching. Next, AC pulse (x5 V) with frequency of 1 Hz (20 ms) would be
provided for “fine etching”. This step will stop when the thin neck breaks. Then this tip is
going to the next step, “post fine etching”. There are three steps in post fine etching. The
first one is flame annealing, the tip is burnt by Busan flame until red. This is for the purpose
of reducing dislocation and increasing the size of microcrystal. Then using 15V, 4 Hz (16
us) DC current to micro-polish the tip via dilute H2SOa4 (1.0 M) as the electrolyte. The last
step is electrochemical reduction, by using the current with -1.1 V for 1 to 2 minutes (Bio-
Logic SP-240) to reduce the oxide film on the tip that was formed from the last step. From
the publication of L. Libioulle et al.,?® it is easy to tell the difference after the tip has been
through the step of post fine etching. Those steps above are most referred from previous
publications?®23° and re-designed by Dr. Chee Seng Ng, including all chemical solution
preparation, AC current programing and circuit modeling. Setup apparatuses for
electrochemical etching are: power supply, linear micro-manipulator, microscope, switch,
clip (tip holder), solution vial, counter electrode for rough etching; rough etching setup
with Arduino microcontroller controlling switch for fine etching; pulsing circuit, DC power
supply for micro-polishing, and Potentiostat-Biologic(EC-lab) for reduction. Figure 4.1(a)
illustrates the fabrication process of Pt-Ir AFM. Figure 4.1(b) from left to right are
continuous steps before, after rough etching and after fine etching. It is obvious to see there
is a “thin neck” showing up after rough etching in the middle photo. Then we break the
thin neck by doing fine etching. Figure 4.1(c)-(e) show the SEM images of Pt-Ir AFM tips
we fabricated by different time and voltage on rough etching and rough etching. Figure
4.1(c) happens when the higher voltage is applied on rough etching, the thin neck is too
narrow and tends to be a pillar shape. In this case, it is difficult to break the thin neck by
fine etching. The radius of this tip is < ~ 26 nm and angle is < ~ 64°. However, this tip
shape is easy to break and damage when the pressing force is applied during the
experiment. Figure 4.1(d) happens when it takes too long on fine etching (after the decent
thin neck fabricated by rough etching), From zoom-in SEM images we can see the tip
surface is pretty rough, which means it is over-etching. The radius of this tip is < ~ 62 nm
and angle is <~ 40°, which is much larger than the tip in Figure 4.1(d). The best fabrication
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Pt-Ir AFM tip we have so far shows in Figure 4.1(e), from the SEM image we can see the
tip surface is smooth and its radius is < ~ 35.5 nm and angle is < ~ 20°.

0.25 mm
@ . . (b) — e —
0.5 mm
| Pt-Ir wire '
thin neck ﬂ k ‘ - ‘
Before After . After )
CaCl, rough etching fine etching

Figure 4.1: (a)This illustrates the fabrication process of Pt-Ir AFM. (b) From left to right
are continuous steps before, after rough etching and after fine etching and (c)-(e) show the
SEM images of Pt-Ir AFM tips fabricated by different time and voltage on rough etching
and rough etching.

Figure 4.2 shows different deformed situations of the AFM tips, if the tip is under
the flame annealing for too long. It is highly possible that the tip would be damaged (Figure
4.2(a)). The device we used for flame annealing was the Butane light torch, which can get
the highest temperature ~ 1970 °C. Also, under the step of micro-polishing. Low-voltage
pulse (3.5 -5 V) would make the film layer crack (Figure 4.2(b)), and intermedia-voltage
pulse (~ 7 V) can clean the film layer from Pt-Ir AFM tip uniformly (Figure 4.2(c)). High
voltage pulse (~ 12 V) can help remove the film layer from the Pt-Ir AFM tip as well, but
it may reduce the radius of the tip.

Figure 4.2: SEM images of Pt-Ir AFM tips made from different procedures: (a) flame
annealing for too long, (b) after low-voltage pulse micro-polishing, (c) after intermediate-
voltage pulse micro-polishing, and (d) after high-voltage pulse micro-polishing.
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4.2.3 Conductive AFM measurement and Microstructure Characterization

For a well-defined quantification of parameters at the tip-sample interface, first, it
IS necessary to avoid the tip deformation during tip-sample engagements and subsequent
measurements under a finite mechanical force between the tip and substrate surface. A tip-
substrate pressing force (f,) of 100 nN or larger resulted in a significant tip deformation as
shown in Figure 4.3(a)-(c), and the deformation became more severe as f, increases as
expected. When the load was kept below ~ 50 nN, the spherical tip apex shape is preserved
while a < 15% increase in the tip radius can be seen in Figure 4.3(d) and (e). However,
even this minimized change in the tip size was possible only when the tip made its initial
contact with the substrate at a slow approach speed of 0.2 um/s. When the approach speed
was high (i.e., 2 um/s), even a small targeted f, < 10 nN resulted in significant tip
deformation as shown in Figure 4.3(f) and (g). This is ascribed to an unintended application
of excessive force during the initial tip-substrate engagement due to the force-feedback
response of AFM, likely too slow to properly respond to the instantaneous pressing force.

: , . ‘ j
Remaining tip

Removed area

Figure 4.3: (a)-(c) SEM images of mechanically-degraded, Au-coated tips superimposed
on another image of an as-cleaned tip. The images were taken after being exposed to a
pressing force of 100 nN (a), 150 nN (b), and 440 nN (c) on an HOPG surface. Scale bar:
500 nm. (d)-(g) SEM images of tips after compressed on an HOPG surface with different
pressing forces (f,) at the approaching speed of (d) and (e) 0.2 um/s and (f) and (g) 2 um/s.
Scale bar: 100 nm. Even with a small intended fp of < 10 nN, the tips were deformed
significantly when engaged at 2 pm/s. Note that the as-purchased tip apex diameter
quantified from SEM images is 43 nm on average with a standard deviation of ~ 2 nm; the
dimension from TEM images is somewhat different and the reason is yet to be clarified.?%”
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Therefore, the tips were subjected to an f, of <50 nN and an approach speed of 0.2
KUm/s to avoid a significant tip deformation for the subsequent study. As the geometry and
mechanical properties of conventional metal-coated AFM probes are similar to each other,
the aforementioned observation should be applicable to the majority of metal-coated tips.
The metal-coated tips are usually covered by a bi-layered metal (a noble metal deposited
on an adhesive layer) of 50 — 70 nm with the resulting apex radii of 20 — 30 nm, and noble
metals have similar maximum elastic limits of 200 — 300 MPa.

Force spectroscopy (acquisition of force—distance curves)?*? has been a widely used
approach to study changes in interfacial nature under different conditions.?*-243 Figure
4.4(a) shows typical force—distance curves (both approaching and retracting) with a
plasma-cleaned Au-coated tip, from which the adhesion force between the tip and substrate
was measured. During the retraction process after making a mechanical tip—sample contact,
the tip will not be detached from the substrate at the same point where the tip was initially
engaged with the surface due to a finite amount of tip substrate adhesion. A negative
(tensile) force is needed before the so-called snap-off, i.e., the abrupt detachment from the
substrate. The amplitude of the tensile force needed to free the tip from the substrate surface
corresponds to the adhesion force. Figure 4.4(c) and (d) present the adhesion force (f,)
measured with this approach after an as purchased and an as-cleaned (i.e., plasma-treated)
Au coated tips make a contact with an HOPG surface with various f,,. The as-purchased
tip showed a wide variation in f,, whereas the as-cleaned tip showed a consistent fa in the
vicinity of ~ 20 nN. This justifies the critical necessity of a tip cleaning process for a
reliable characterization of a contact. It is also noted that fa is independent of f,, suggesting
that there was not a mechanical pressure-induced bonding formation or chemical reaction.
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Figure 4.4: (a) Force-distance graph of the Au-HOPG interface, showing little hysteresis
between approaching and retreating processes, and little difference in their trajectories with
repeated cycles. (b) and (c) Adhesion forces measured after applying a range of pressing
forces using an as-purchased (b) and an as plasma- cleaned tip (c). For all the
measurements, the Au-coated tip was pressed on and detached from an HOPG surface.?%’
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Figure 4.5(a) shows the change of R with f,. Before performing these sweeps, the
nano-cell, in which a new plasma cleaned tip is in contact with an HOPG surface, reached
an LRS by a continuous 5 mV bias application. Then, the tip was retracted from and re-
attached to the HOPG surface repeatedly, and R was quantified during the retracting
processes by impedance measurements. As shown in Figure 4.5(a), during the initial two
retracting processes (sweeps 1 and 2), R did not show a clear dependency on fp. However,
R became inversely proportional to f, with a much higher amplitude in the subsequent
sweeps (3 and 4). These behaviors, which were routinely observed, can be interpreted as
follows. First, the little dependency of R on f,, shown in Sweeps 1 and 2 can be understood
if the formation of a few-nm-sized conducting filaments (CFs) was responsible for the
LRS. As electronic conduction is mostly governed by the tiny CFs, the interfacial force
(fp) and the resulting increase in the tip-substrate contact area has little impact on the
measured R. The so-called filamentary resistive switching behavior is universally observed
in metal/insulator/metal cells, in which the insulator can be virtually any metal oxide
including Si02,%** Ti02,%*° and TaOx.2*¢ A continuous positive bias on the oxide would
extract oxygen from the oxide layer and thus make the oxide layer (Au203) partially
reduced to Au20 decreasing the electronic band gap significantly.?*” The reduction of the
gold oxide layer may form CF(s), and the size of CFs is often reported to be few-several
nm only.?44248-250 Ag the thickness of gold oxide in our system is just few nm, the size of
CFs is likely smaller than the reported values. The assertion of CF mediated electronic
transport behavior is also in line with our recent observation in another metal/oxide/metal
(Pt/ TiO2/Pt) system,?% in which the electronic transport behavior is found highly coupled
with the chemical bonding status of the metal/oxide interface. As shown in Figure 4.4(a),
the LRS in the first two sweeps (curves 1 and 2) is maintained until a tensile force of ~ 10
nN is reached during retraction, whereas curves 3 and 4 exhibit very high noise-level
resistances even before reaching a tensile regime (negative f,). In an LRS contact, it is
conjectured that there is a chemical bonding formed between a CF and Au surface, making
the contact more adhesive. We will discuss sweeps 3 and 4 more in Section 4.4 and provide
an explanation for this phenomenon.
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Figure 4.5: (a) The change of measured resistance with pressing force. The sweeps were
quantified by impedance measurement with 2 mV of ac bias. [(b) and (c)] TEM images of
a new plasma-cleaned tip (b) and another plasma-cleaned tip that experienced an LRS
(c).2
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4.3 Results and Discussion

When the tip is detached from the HOPG surface and an end of CF is exposed to
an oxygen-containing environment, the CF may be readily disconnected due to the unstable
nature of the reduced gold oxide (Au20).247%5! As the direct channels for fluent electronic
transport are not available anymore, R is now hypothetically dictated by tunneling the
current flowing through the insulating Au20s layer. To check if the f,-R curves (Sweeps 3
and 4) are aligned with the hypothesis, Equation 4.1 for field-assisted tunneling (Fowler-
Nordheim current) is introduced:?>?

2

. q> mg 1 B2 _ 8w am’q s E) .
P=ya_—— () gos? exp( e v(E) ﬁvqbz (Equation 4.1)
where i is the current, s is the thickness of the oxide (s, is the zero-load oxide thickness),
q is the electron charge, h is the Planck’s constant, m is the free-space electron mass, and

m* is the effective mass of the electron in the oxide (my/m* = 0.45). v(E) and t(E)
account for image charge lowering of the barrier (v(E) ~ 2.2 X 107%; t(E) ~ 1073). v(E)

was quantified by v(E) = A¢g /¢ where Ay = 2 /%.253 Here, E is the electric field
0¢€s

(when s =5 nm), and & is the relative permittivity of golden oxide film. It is calculated
that Agp ~1.16 X 107> V, and thus v(E) ~ 2.2 X 107, The quantified v(E) was
considered a constant for the fitting. On the other hand, t(E), a parameter for image charge
at the breakdown fields of interest, was considered as a variable. The t(E) value from the
fitting shown in Figure 4.6 is 9.88 x 10~*. The fitted value is reasonable because the
breakdown field strength of oxide is about 1 k\VV/mm, about 3 orders of magnitude smaller
than that of SiO2;2%* t(E) for SiOz is about 1.013.2%2 g is a field enhancement factor (8 =
1 representing parallel plane plates), V' is the applied voltage (5 mV), ¢ is the barrier height
at the emitting interface (5.24 eV),?% and y is a parameter to reflect the change in the tip-
surface interfacial area for electronic emission with the change of f,. Assuming that the tip
is spherical and elastically deformed on contact, y is expressed as Equation 4.2:

a = (Equation 4.2)

2 2
- [ro(fp+16fa)e]§ — [ro(fp+16fa) f_p]§
E E AE

where f,, is the pressing force (spanning from -5 to 15 nN), fa is the force required to
separate the AFM tip from the substrate surface (adhesive force), E is the Young’s modulus
of the oxide, € is the strain of the oxide formed by the applied pressure, and A is the
emissive interface area. In accordance with TEM observations, the zero-load oxide
thickness (sy) of 5 nm and the AFM tip radius (ry) of 25 nm were used for the fitting.
Changes in s were quantified as a function of f,, via a two-dimensional continuum analysis.
If the Au203 layer is approximated as a cylinder between Au and HOPG, the change in
oxide thickness by pressing force can be modeled in 2D. The relationship, E (Young’s
modulus) = stress/strain = (F X sy) )/A(s — s,), was used to calculate the change in oxide
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thickness. Here, s is thickness, s, is the original thickness of Au20s, and F is the pulling
force. E was chosen to be ~ 250 GPa for Au20s as those for metal oxides roughly ranges
from 200 — 300 GPa.?®®> The interface area for electronic emission (4 = ma?) was
quantified by using the generalized equation (Equation 4.3) for contact radius (a) proposed
by Carpick et al.1%

wN

f fp
at+ [1-—
Lo L (Equation 4.3)

where ¢ is a parameter to gauge a relative amplitude of surface force with respect to elastic
deformation (see the supplementary material). Among all the parameters, the i and f,, are
given variables obtained from Sweep 3, and s and t(E) are the parameters fitted to
Equation 4.1. All other parameters including ¢, 8, f., So, and v(E’) are constants obtained
from relevant references or experimental observations as shown above. Based upon these
constants, v(E), A, s, and ¢ were calculated using the equations provided. Within the given
range of f,, the corresponding A and s values were quantified. During the retraction from
f» =15 nN, A decreases from 103.5 nm? to 83.4 nm? while s increases from 5.0 nm to 5.3
nm as shown in Figure 4.6(a). With these parameters, the fitted line is well matched with
the experimental f,-R relationship (where R =V/i), supporting the field-assisted
tunneling process (Figure 4.6(b)).
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Figure 4.6: (a) The change of calculated area and distance with pressing force. (b) A fitting
of an f,-R curve [Sweep 3 shown in Figure 4.5(a)] to an equation of field-assisted
tunneling.%’
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4.4 Conclusions

Experimental work was focused on the Au-HOPG interface formed with Au-coated
tips and HOPG substrates. A tip surface cleaning process to remove the organic
contaminant is indispensable for a consistent contact but forms a thin oxide layer screening
a metallic surface. The impact of pressing force and approaching speed on the tip
deformation was studied after a proper tip cleaning process was chosen. To conserve the
overall tip geometry within an elastic regime, the pressing force and approaching speed
needed to be limited to 50 nN and 0.2 um/s. A prolonged electrical biasing with 5 mV
decreased electrical resistance significantly and doubled the adhesion force of the interface.
It is suggested that a low resistance state was realized by forming a narrow conducting
channel by local electrochemical reduction of gold oxide. The reduced gold oxide is
conjectured to propagate from the tip-substrate interface through the oxide film. The LRS
is readily lost when the tip is detached from the HOPG surface, which is ascribed to a
disconnection of the CF due to the unstable nature of the reduced gold oxide (Au20). When
the LRS is lost, the electronic transport at the tip-substrate interface is likely governed by
a tunneling behavior through the insulating oxide nano-film.

The fine etching step produces a low angle tip with diameter less than 1 um,
suspended mass for Pt neck determines the breakage radius of tip. Short AC voltage pulse
(3.5V, 20 ms) does not produce even etching after neck breaking, but it improves the radius
of Pt-Ir AFM tips. In the step of micro-polishing, low micro-polishing voltage causes
cracking of Pt-Ir layer. Higher micro-polishing voltage produces better surface finish for
the tips. Voltage of 7 V, 16 ps (890 Hz) for 10 seconds produces the best tip radius (~ 9.5
nm) among other parameters. There are still a lot of uncertain factors we need to find out,
it is necessary to understand how to make the good quality tips for the purpose of a new
advanced setup with micro-scale heating stage enabled in-situ high temperature
electrochemical measurements.
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Chapter 5

lonic Transport and Electrochemical Reaction on Air Electrodes of Solid Oxide
Fuel Cell Study via AFM

5.1 Introduction

lonic transport in solid oxides lays out the foundation of solid-state electrochemical
energy and sensor devices. It is widely known that oxygen vacancy transport in solid oxide
fuel cells (SOFCs) is temperature-dependent. At high temperatures of ~ 400 °C or higher,
oxygen vacancies are activated and start to move fast through the oxide surface and
interface(bulk). Although studies of heterogeneous ionic transport in polycrystalline
oxides, a complete understanding of have been investigated over the past several decades,
we are not yet able to fully understand the full picture and reasoning behind it.
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Figure 5.1: The cubic unit cell and schematic diagrams depicting the oxygen vacancy
configurations (isolated state) of (a) SrTiO3z-s and (b) Y20s-stabilized ZrO:o.

We chose SrTiOs(STO) and Y20s-stabilized ZrO2 (YSZ) as our samples because
they are both common materials for intermediate temperature SOFCs and frequently used
in devices such as oxygen-ion-conducting solid electrodes, solid oxide fuel cells (SOFC),
electro-chemical oxygen pumps (EOP), and catalytic membrane reactors—including partial
oxidation of methane (POM) to syngas.?®6-%67 STO has a Perovskite structure (Figure
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5.1(a)) and has a better mixed ionic and electronic conductivity (MIEC) compared to YSZ.
YSZ is a face-centered cubic structured ceramic (Figure 5.1(b)), and is and commonly used
as a solid oxide electrolyte, meaning it is an excellent ionic conductor.?%826° Since they
both have different characteristics and structures, we are interested in doing more research
to better understand how ionic (oxygen vacancy) transports on both of them respectively.
This topic is always interesting and a lot of research groups have been done before.?’027
However, it is a novel method to observe and measure diffusivity and electrical
characteristics of oxygen vacancy by AFM. In our study, we used CAFM and KPFM on
AFM and tried to obtain an understanding of oxygen vacancy’s mechanical and electrical
characterization.

5.2 Experimental
5.2.1 Experiment setup and sample preparation

In our study, we applied a positive bias (+10 V) to the AFM probe when it was in
contact with the samples for 5 to 10 seconds at room temperature (25 °C). We then
increased the temperature to 100 °C and 200 °C through ceramic heating (Shown in Figure
5.2(b)) after detaching the AFM probe. Afterwards, we used KPFM to measure the surface
potential for every specific time period. The experiment setup is shown in Figure 5.2(a).
Here we chose STO (SrTiOs3) and YSZ (8 mol% Y20s stabilized ZrOz) crystal substrates
as our samples (Crystal orientation <100> by MSE Supplies™). The entire experiment was
conducted under nitrogen inflow to prohibit water in the air from influencing the generation
and derogation of oxygen vacancy.

(a) Vv (b) Ag Electrode
Prol Voc —l-poc YsZ

Electrode

CAFM
/l Sample

Cross-section

Thermal Camera Images Ag Electrode Ceramic bond
ample 0.5mm
d Heating Stage 1.0mm
4 e i YSZ | 0.2mm

Figure 5.2: (a) Experiment setup with conductive atomic force microscopy method
(CAFM, path in red) and Kelvin probe force microscopy (KCFM) on the AFM device, (b)
AFM sample heating stage setup, and (c) thermal imaging of the heating stage using
different voltages.
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5.2.2 Oxygen vacancy generation

Positive bias was applied to the tip with respect to the electrode on the side of the
sample, making electron injection into the sample surface and forming local oxygen
vacancies via an oxygen evolution reaction (Shown in Figure 5.3(a) to Figure 5.3(b)).
Stopping the application of positive bias after a short period of time may have caused the
accumulation of oxygen vacancies to rearrange and diffuse. There are two paths of
diffusion of oxygen vacancies as shown in Figure 5.3(c); Path I, surface diffusion; and Path
I, diffusion into the bulk.

(a) + AFM Probe ©
Vo
229 % Suriegad g @ chalpee
- ¢ .ng?:le o ﬁ o

Figure 5.3: The continuous steps of oxygen vacancy generation: (a) provide a positive bias
on the AFM probe; (b) vicinity oxygen ions have an oxidation reaction to generate oxygen
vacancies and release oxygen; and (c) those oxygen vacancies move through the surface
and bulk.

We needed to find a method of observing and measuring the ion/oxygen vacancy
transport among surfaces and interfaces of STO and YSZ. In our study, the method we
found was to use Kelvin probe force microscopy (KPFM) and conductive atomic force
microscopy (CAFM) by atomic force microscope (AFM) after oxygen vacancies were
generated by providing a positive bias to the probe-sample contact under CAFM mode.
CAFM is a common method which has been widely used by AFM set-up on different
measurement purposes, such as resistive random access memory.2’22%¢ KPFM is a method
that can be used to measure the local contact potential difference (CPD) between the probe
and the sample.?”

5.2.3 Removal implementation

One group previously studying U. Celano et al.?* built a 3D interpolation
conductive filament image by over imposition of the collected 2D CAFM slices. They used
the diamond probe as a scalpel to remove material from the sample surface by the precise
force-control of AFM in order to collect data based on a slice-and view approach. In our
study, we chose a similar method of collecting surface potential of the sample by KPFM
as every slice was removed by a diamond-coated probe. The process and result are shown
in Figure 5.4(a). We used a diamond-coated probe (DCP) (HQ:DMD-XSC11, Force
constant: 10 — 30 N/m by MikroMasch SPM Probes&Test Structures) to remove the sample
surface layer by layer by scanning AFM’s contact mode (shown in Figure 5.4(b)). Similar
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to what we did on the sample’s surface, we measured the potential by KPFM after removing
each layer. In order to accurately calculate the oxygen vacancy distribution on each layer
we must first understand how deep the oxygen vacancy goes beneath the surface under
different temperatures. The probes were cleaned thoroughly before the experiment to best
eliminate contamination and mechanism issues.?3’

(a)

(b) g

Electrode

Figure 5.4: (a)The demonstration of the process of sample surface removal by diamond
coated probe on the AFM. (b) Topography AFM images of before and after sample surface
removal work. In the after image there is an about 3umx3um size of squared removal area.
The lower graph is the 3D topography image on AFM.

5.2.4 Data analysis

In order to calculate diffusivity (/) and activation energy (£.), we needed to
formulate a mathematical expression. First, Poisson’s equation (Equation 5.1) was applied
to convert surface potential to charge density (p) from the resulting KPFM maps of the
sample. Then, we utilized the solution of Fick’s second law, which can be expressed as a
Gaussian distribution (Equation 5.2) to fit the charge density distribution at different time
frames.

4 4 p(x.y) ;
(ﬁ + a—yz) V(x, y) = — — (Equatlon 51)
__0 _x? ;
c(x,t) = ﬁexp( 4Dt) (Equation 5.2)

To quantify the distribution and diffusion of oxygen vacancy, the ionic diffusivity
and its activation energy were calculated for both surface and bulk diffusion at various
temperatures. To do so, we first calculated the conductivity coefficient o and compared it
to previous publications.?”>276 Because the dimensions of AFM probes are much smaller
than that of typical scenarios, we chose the spreading resistance to calculate.?’” The
spreading resistance (Equation 5.3) is associated with a small area of material around the
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contact point of the tip and sample. To find #, a circular radius of point of contact, for
calculating spreading resistance we need to know the contact area (A = 4nr?, and p is
resistivity of the sample, which g = =1 ). From previous publications of Carpick RW et
al.1® (in section 2.4.3) help us calculate it.

Rgp = 2 (Equation 5.3)

Moreover, there are different amounts of induced charge on the sample’s surface and
subsurface (bulk) after charging. According to the definition of current and ohmic law, we
are able to quantify the amount of induced charge at specific times from the surface
potential and distance data we got from KPFM measurements (Equation 5.4-1 and
Equation 5.4-2,). Here, we assume the resistance is a constant during the CAFM charging
process. Figure 5.5(a) demonstrates the amount of induced charge on the surface and in the
bulk of the sample after charging. To analyze the experiment data, we used the Dirac
distribution to fit raw KPFM data. Then, we used the 2D Poisson equation (Equation 5.1)

to obtain the charge density distribution (£). The value of permittivity (=) here we used
values from publications.278-280

1 rtp 1(d n i
[dQ =3[ Vdt =2 (%) 17 V() dx (Equation 5.4-1)
Q, = 4ro; (ﬁ) _x;n Vdx (Equation 5.4-2)
(a) - (b) v |

on Surface =

. Sample

Figure 5.5: (a) A drawing demonstrating induced charge on the surface and in the bulk
after charging ; and (b) the method quantifying the amount of induced charge by integral.

: 1 .
-xn 0 +xn

To calculate the diffusivity of the sample’s bulk, we used solutions from Fick’s first
and second laws (Equation 5.5).281-28 Calculating with Gaussian integral and error
function, we got Equation 5.6, where Q, is the amount of induced charge at the depth of 4,
and time of z,. From Equation 5.6, we have to quantify the value of induced charge to
continue calculating.

de(x,t)

=D dc (Equation 5.5)
at d%x 9 '
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Qn = Q(dn; tn) = an_l erfc (M) (Equation 56)

2 D(tn—l_tn)

To quantify diffusivity of oxygen vacancy from our KPFM data, we used Gaussian
distribution (Equation 5.2) for the surface and the solution from Fick’s first and second
laws (Equation 5.5) for bulk. First, we used the Dirac distribution equation to fit data we
got from KPFM (Shown in Figure 5.6(a) and (b)). There are a few assumptions in place to
calculate the diffusivity on the sample surface: (1) After ending bias application, the
vacancy profile is a Dirac function at the center of the tip-sample contact area; (2) The
amount of the induced charge, Q, is quantified by the methods mentioned in Figure 5.5;
and (3) before bias application, the sample is neutral and the effective charge density is

zero. Using all values of the induced charge (C), we put those in Equation 5.2 and Equation
5.6. We are able to derive the diffusivity of the sample surface and bulk at different
temperatures by Arrhenius equation.8”

When analyzing the data on MATLAB, we did some mathematical method on Gaussian
distribution and the solution from Fick’s first and second laws. By power series expansion
for exponentials (Equation 5.7), Gaussian distribution will be converted to Equation 5.8.

e* = Z,‘;":O% (Equation 5.7)

c(x, t) = \/% [(1)9{0 — (ﬁ) x? + (ﬁ) x* — (ﬁ) x® + (61441D4t4) x*+ ] (Equation 58)
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Figure 5.6: (a) The raw KPFM data of YSZ surface after charging 10 V for 10 seconds,
then measuring the surface potential by time; and (b) the fine data fitted from the raw
data by the Dirac distribution equation.

At the same time, the solution from Fick’s first and second laws (Equation 5.9, M is
total amount of diffusing substance) can be rewritten as Equation 5.10 by Consider the
diffusing substance in an element of width §¢ to be a line source of strength c,8&, Shown
in Figure 5.7. After integrating and converting by Gaussian integral and complementary
error function.?8! To calculate diffusivity in sample’s bulk, Equation 5.10 can be
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understood as Equation 5.6. For the same purpose of calculating on MATLAB, we did
power series expansion for exponential again in a complementary error function. We got
Equation 5.11 eventually. Where Az =|z,_;,—2z,| and At=t,_,—t, (z is
thickness/depth and t is time).

c(x,t) =

e e 4Dt (Equation 5.9)

c(x,t) = %erfc (ﬁm) (Equation 5.10)

Qn = %{% (%) B i(\/%)g + 31% (JADZT)S B 53176 (\/%)7 + } (Equation 5.11)
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Figure 5.7: Extended initial distribution. 28!

During the time periods of increase to the high temperature we needed and decrease of
the room temperature, we needed to quantify and calculate the relative time period under
different temperature environments. For example, when we consider the situation of a 200
°C environment for oxygen vacancy diffusivity, the time is relatively faster under the
temperature of 25 °C. To achieve this purpose, we used a sort of mathematical induction
method and set time is inversely proportional to exponential to the power of negative
activation energy: t ! o« exp (—E,/kT); more details are shown in the supplementary file.
We assume the different activation energy first, then compare the result of activation
energy value from this assumed activation energy value if they are close to each other. We
started by analyzing the temperature increase and decrease speed of the ceramic heating
plate while STO and YSZ were attached to it. Figure 5.8(a) and (b) show the temperature
increase and decrease speed of STO/Y SZ on the heating plates, respectively. Figure 5.9(a)-
(h) shows the different ratios between temperature and time from different activation
energy assumptions for STO/YSZ surface and bulk at temperatures of 100 °C and 200 °C.
For example, the blue line in Figure 5.9(a) is from the assumption activation energy of 0.5
eVv.
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Figure 5.8: The temperature increase and decrease speed of (a) STO and (b) YSZ on the
heating plates from room temperature (25 °C) to the temperatures we need (100 °C and 200
°C).
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Figure 5.9: The different ratios between temperature and time from different activation
energy assumption for (a) STO surface at 100 °C, (b) STO surface at 200 °C, (c) YSZ
surface at 100 °C, (d) YSZ surface at 200 °C, (e) STO bulk at 100 °C,(f) STO bulk at 200
°C,(g) YSZ bulk at 100 °C, and (h) YSZ bulk at 200 °C.

Figure 5.10 to Figure 5.17 show the timeline for the oxygen vacancy diffusivity
experiment for STO/YSZ surface/bulk, samples were on the heating plate from 25 °C to
100 °C/200 °C and dropped back to 25 °C. From these timeline data profiles we were
able to quantify the relative time by mathematical induction method and calculate the
most accurate activation energy of samples as well.
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Figure 5.10: The timeline for the oxygen vacancy diffusivity experiment for STO surface.
STO was on the heating plate from 25 °C to 100 °C and dropped back to 25 °C.
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Figure 5.11: The timeline for the oxygen vacancy diffusivity experiment for the STO
surface. STO was on the heating plate from 25 °C to 200 °C and dropped back to 25 °C.
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Figure 5.12: The timeline for the oxygen vacancy diffusivity experiment for STO bulk.
STO was on the heating plate from 25 °C to 100 °C and dropped back down to 25 °C.
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Figure 5.13: The timeline for the oxygen vacancy diffusivity experiment for STO bulk.
STO was on the heating plate from 25 °C to 200 °C and dropped back down to 25 °C.

106



¥SZ surface (100 °C)

120 ChargeIIOVatOSfcrlle | | .

100 i CAFM (10 V for 10 5) i i i

i Heating (9.5 V for 15 5) : : |

80 5 KPFM (duration 120 s) 1

&
- 60
=

40

20 | 1 ; 3 1

| ] | ] |

O i I | 1 1 [ 1 | L I i

(IJ I 500 I 1000 1500 2000 I 2500 3000 I

[ \ time / gec A |

1 Y I I Y I Y 1

(1505) (10 5)160 - 170 5: 25 °C || (135 5)850- 985 5: 25°C | | (705)1655 - 1725 5: 25 °C | | (25 5)2385 - 2400 5: 25 °C f

10-1605:25°C |(10s)170-180s: 25-70°C - 25-70%C : | (108)1725-17355:25-70°C : | (10)2400 5-70°C -

(55)180 - 1855s: 70- 100 °C | (5s) 1 §:70-100 °( | (55)1735 - 174C 70-100°C | (55)2410 - 241 1C C |

: | (105)185 - 195 5: 100 - 80°C (105)1000-10105:100-80°C | © | (105)1740-17505:100-80°C | | (105)2415 - 2425 5:100-80°C |-

| || (555)195-2505:80-50°C || | (555)1010-10655: 80 - 50 °C || (555)1750-18055:80-50°C || | (555)2425 - 24805:80-50°C ||

| (1305)250 - 380 s: 50- 30°C (1305)1065 - 11955:50-30°C | | (1305)1805-19355:50-30°C | | (1305)2480- 26105: 50 -30°C |

I | (s005)380- 850 5: 30- 25 °C {460 5)1195 - 1655 5: 30 -25°C | | | (4505)1935- 2385 5:30-25°C || | (4605)2610- 3070 5: 30 - 25 °C |

Charge 10V
at0sfor10s

|(Ea=0.2)t = 31.385
‘(Ea=0.4)t = 6.56s

| (Ea=0.2)t = 224.18s
 (Ea=0.4)t = 70.095

| (Ea=0.2)t = 434.77s
i (Ea=0.4)t = 137.33s

l(Ea=0.2)t = 629.67s
{(Ea=0.4)t = 201.295

(Eak0.2)t = 815.155
(Ea=0.4)t = 263.285

Figure 5.14: The timeline for oxygen vacancy diffusivity experiment for YSZ surface,
YSZ was on the heating plate from 25 °C to 100 °C and dropped back down to 25 °C.
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Figure 5.15: The timeline for the oxygen vacancy diffusivity experiment for the YSZ
surface. YSZ was on the heating plate from 25 °C to 200 °C and dropped back down to

25 °C.
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Figure 5.16: The timeline for the oxygen vacancy diffusivity experiment for YSZ bulk,
YSZ was on the heating plate from 25 °C to 100 °C and dropped back down to 25 °C.
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5.3 Results and Discussion
5.3.1 Induced charge on STO/YSZ

The amount of induced charge by charging varies as a dependence of the sample’s
conductivity (resistance), which is different from temperature as well. Figure 5.18(a),
shows the percentage of induced charge (unit is in coulomb, Q) on STO and YSZ under
temperatures of 25 °C, 100 °C, and 200 °C. The table in Figure 5.18(a) shows the ideal
induced charge values charged on STO and YSZ. Here we used the definition of current
(g =i x t)and Ohm’s law (i = V/R) to calculate those values. R is spreading resistance
(Equation 5.3), V is 10 V and t is 10 seconds since we applied a bias of positive 10 V for
10 seconds. Around 50 — 60% of the total charge stays on the surface at 25 °C according to
the calculation from Equation 5.4-2. The rest of the charge is either diffused to the bulk or
otherwise dissipated. Therefore, less induced charge remains on the surface as the
temperature increases. The same calculation was done for oxygen environments.
Compared to STO, oxygen vacancy on the surface of YSZ has higher oxidation sensitivity
because of less induced charge remaining on the surface (Shown in Figure 5.18(b)).
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Figure 5.18: (a) Graph plotting percentage of induced charge according to temperature;
and (b) The percentage of induced charge on STO and Y SZ at the temperature of 25 °C in
an environment of pure oxygen.

5.3.2 Oxygen vacancy mobility on STO/YSZ surface

Figure 5.19(a)-(c) and Figure 5.20(a)-(c) map the sequential surface potential after a
positive bias application (+10 V) under temperatures of 25 °C, 100 °C, and 200 °C. They
show features remaining for different time periods on the STO and Y SZ surfaces. We found
that oxygen vacancy moves quickly even under room temperature. For STO, the oxygen
vacancy was nearly entirely dissipated after 4 hours. Oxygen vacancy diffuses even faster
on a YSZ surface, dissipating completely in less than two hours. Figure 5.21 indicates that
under pure-oxygen environments, oxygen vacancy on STO surfaces have a similar mobility
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to under pure-nitrogen environments at 25 °C. Oxygen vacancy on Y SZ surfaces has faster
mobility in pure-oxygen environments. As previously mentioned, YSZ has a higher
sensitivity to oxygen when oxygen vacancies on its surface.
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Figure 5.19: KPFM images of an STO surface at 25°C, 100°C, and 200°C after charging
with 10 V for 10 seconds each time. This was conducted and measured under a pure
nitrogen environment.
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Figure 5.20: KPFM images of a YSZ surface at 25°C, 100°C, and 200°C after charging
with 10 V for 10 seconds each time. This was conducted and measured under a pure
nitrogen environment.
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Figure 5.21: KPFM images of STO and Y SZ surfaces at 25°C after charging with 10 V
for 10 seconds each time. This was conducted and measured under a pure oxygen
environment.

5.3.3 Oxygen vacancy mobility in the bulk of STO/YSZ

Figure 5.22(a) and Figure 5.23(a) show AFM topology maps before and after removing
STO and Y SZ surfaces 30 times (the setpoint of AFM was set at 0.8 V). They show removal
depths of approximately 0.15 nm and 0.10 nm per scan on STO and YSZ, respectively.
Which is reasonable since Mohs hardness of YSZ is higher than STO (8 and 6). Figure
5.22(b) and Figure 5.23(b) show KPFM maps of the stages of surface removal performed
on STO and YSZ under temperatures of 25 °C, 100 °C, and 200 °C after +10 V bias was
applied for 10 seconds. Oxygen vacancies diffused slightly deeper at 200 °C compared to
25 °C and 100 °C in bulk STO. However, it shows that oxygen vacancy diffusivity has no
specific difference between 100 °C and 200 °C in bulk YSZ. The diffusion depth of oxygen
vacancy IS less than 2.0 nm on STO and less than 1.5 nm on YSZ from our study.
Obviously, temperature of 200 °C is not high enough to stimulate fast mobility of oxygen
vacancy because STO and YSZ are materials of low-temperature SOFCs which operate <
650 °C.%84-286 When we analyzed KPFM data from this oxygen vacancy diffusivity study
by removal application, we chose the layer after the first removal (slice 1) to analyze. To
make sure what we were analyzing was the z-direction movement of oxygen vacancy and
not the movement in the sample surface.
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Figure 5.22: (a) AFM topography images detailing the before and after of removal work
(30 times) on an STO surface; and (b) KPFM images of each slice that was removed layer
by layer at 25°C, 100°C, and 200°C after charging with 10V for 10 seconds on an etched
STO bulk surface. This was conducted and measured under a pure nitrogen environment.
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Figure 5.23: (a) AFM topography images detailing the before and after of removal work
(30 times) on a YSZ surface; and (b) KPFM images of each slice that was removed layer
by layer at 25°C, 100°C, and 200°C after charging with 10V for 10 seconds on an etched
YSZ bulk surface. This was conducted and measured under a pure nitrogen environment.

5.3.4 Diffusivity

Table 5.1 shows the diffusivity values of STO and Y SZ surfaces and bulk that we
calculated at different temperatures of 25 °C, 100 °C, and 200 °C. The diffusivity of
STO?%7 STO bulk?® and YSZ?® from references is listed in the table as well. Take note
that the values of STO bulk from our calculation and reference are really close to each

other (besides the one from 100 °C), making our mathematical induction method more
reasonable.
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Diffusivity (cm?/s) 25°C 100 °C 200 °C
STO surface 3.16x10715 2.81x1071* 4.85x10712
STO bulk 7.66x107%7 2.12x10720 7.60x1071°
STO Reference?®’ 4.78x107%5 1.42x1072%1 4.25%10718
STO bulk Reference?s® 8.77x107%7 1.93x10°22 5.75%10719
YSZ surface 9.43x10712 7.29x10711 1.78x1078
YSZ bulk 3.80x10°17 8.80x1071# 6.87x10712
YSZ Reference?®? 1.27x107 8.45x10713 6.22x10711

Table 5.1 : The diffusivity values of STO and Y SZ surfaces and bulk that we calculated at
different temperatures of 25 °C, 100 °C, and 200 °C.

5.3.5 Activation energy

By analyzing the slope from diffusivity of different temperatures we got and
Arrhenius equation, we were able to get the activation energy. Figure 5.24 shows the
diffusivity of STO surface and bulk (blue hollow and filled circles), and YSZ surface and
bulk (orange hollow and filled triangles), compared to the reference value we obtained
through interpolation calculation from R. Krishnamurthy et al.,?® Lucia Iglesias et al.?®
and Christoph Slouka’s research groups.?® As we can see by looking at the green, purple
(Figure 2.24(a)) and red (Figure 2.24(b))solid lines on the graph, the diffusivity of the
surface is higher than the references for both STO and YSZ. Contrary to what happens on
the surface, the diffusivity of the bulk is lower than the references. Besides STO bulk at
100 °C, it is higher than reference likely due to measurement errors. Using this data
obtained, we can further calculate that the activation energy of STO surfaces is
approximately 0.40 eV, and is similar to the activation energy of YSZ surfaces, which is
0.43 eV. For STO and YSZ bulk, activation energy values are 1.33 eV and 1.10 eV,
respectively. The activation energy of STO bulk is much higher than YSZ bulk. The values
of activation energy for the surface and bulk of STO/YSZ are reasonable because the
activation energy values from references are 1.12 eV and 0.60 eV. The fact that our
resulting data points land between the values we took from references further supports our
certainty in the values we obtained.

Moreover, Figure 5.24(a) displays the diffusivity values of STO bulk from the
reference.?® Surprisingly, diffusivity values for temperatures of 25 °C and 200 °C are
almost overlapping the diffusivity values from our calculation (in Table. 1, 8.77 x 10~27
and 7.66 X 10727 at 200 °C, and 5.75 x 10712 and 7.60 x 10~1? at 25 °C). We think for
some reason, the heating plate was not able to be heated uniformly, and the temperature
around the charged position is higher than we expected. It caused oxygen vacancies to
move faster than they should in 100 °C. Figure 5.25(a) shows the diffusivity of STO and
YSZ surfaces under pure nitrogen and oxygen environments at 25 °C, respectively. The
bar graph indicates that the diffusivity of STO surfaces does not change much when under
pure-oxygen environments. However, the YSZ surface diffusivity increases slightly under
pure-oxygen environments. Y SZ surfaces are therefore more sensitive to oxygen compared
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to STO. From Figure 5.7, Figure 5.8, Figure 5.10 and Figure 5.11. In Figure 5.25(b), we
can see oxygen vacancy diffusion is limited under pure oxygen environments from KPFM
maps. We assumed that when applying the same amount of induced charge on the surface
and bulk (removed surface) of STO and YSZ, oxygen vacancies in STO tend to diffuse
into the sub-layer (bulk) by showing a much smaller bright area compared to YSZ. This
behavior can be readily understood with mechanistic interpretations of perovskite
structure, providing a better way for oxygen vacancy’s diffusion.
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Figure 5.24: Plot of diffusivity (D) vs temperature, with activation energy of (a) STO and
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Figure 5.25: (a) The graph shows diffusivity values of STO and YSZ surface at the
temperature of 25 °C and in the environment of pure oxygen (in orange) and pure nitrogen

(blue) and (b) KPFM images.
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5.4 Conclusions

Movement of oxygen vacancies was observed through KPFM in this study. The
following lists a brief summary of the observations made in this study: (1) The conclusion
of the mobility within sample surfaces of oxide material being much greater than that of
the bulk can be safely drawn. However, 200 °C is still too low of a temperature to initiate
the mobility of the oxygen vacancy below the surface level. Below the surface, we barely
saw any definitive mobility and diffusivity of oxygen vacancy when increasing the
temperature from room temperature to 200 °C. (2) Overall, there are less restrictions for
oxygen vacancy on the surface when compared to being in the bulk. Observations and
calculations of the diffusivity on the surface were not affected. On the surface, oxygen
vacancy on YSZ has a slightly higher diffusivity than it has on STO. The mobility of
oxygen vacancy in the bulk area is much lower due to more restrictions. (3) Compared to
STO, YSZ is more sensitive to oxygen. It is therefore easier to charge and generate oxygen
vacancies on the surface of YSZ. (4) Oxygen vacancies in STO tend to diffuse into the sub-
layer (z-direction) more compared to YSZ. This characteristic is supported by the findings
of our experiments under pure-nitrogen and pure-oxygen environments. STO has a lattice
structure of cubic perovskite and a good Goldschmidt tolerance factor of 0.9-1.0, making
the oxygen vacancy move slightly easier than in bulk YSZ. We utilized KPFM and CAFM
on AFM to help us better understand the mobility and diffusivity of oxygen vacancy on
two different kinds of sample surfaces and bulk. It is challenging to accurately calculate
the diffusivity of oxygen vacancy under different temperatures by AFM. Although more
supporting research would help expand the use of and apply this knowledge, these findings
still provide us with a better understanding of how ion/oxygen vacancy transport works.
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Chapter 6

Summary

In Chapter 1, the need for clean and sustainable energy was described and the basics
of SOFCs as a promising alternative to the fossil fuel-based devices was provided. In
Chapter 2, an overview of SOFC operation and components (Section 2.1), an introduction
to nanoscale treatments of SOFCs (Section 2.2) and the characterization methods used in
this study (Section 2.3) were outlined. An overview of AFM, the instrument of choice used
for high resolution in situ ORR study, was also provided in the chapter. In the subsequent
chapters, three research topics | have worked on — nanoscale engineering of cathode
surfaces by infiltration (Chapter 3), scanning probe-based instrumentation and preliminary
CAFM study (Chapter 4), and ionic diffusivity and mobility study of oxygen
reduction/evolution reaction by nanoscale in situ characterization via AFM (Chapter 5) —
were detailed.

In Chapter 3, topic I, through the nanoscale engineering of cathodes by so-called
infiltration (i.e. solvent impregnation) process, | found that: (1) The nanoparticle-like
infiltrates boost the overall ORR activity by a significant margin (up to two orders of
magnitudes) and that (2) the degree of performance enhancement and the shift in rate-
limiting step of ORR varies depending upon the nature of infiltrates in terms of
ionic/electronic conductivity, catalytic activity and other parameters. | analyzed the factors
of performance and rate-determining step through additional electrochemical
characterization (e.g. dependency of performance on partial pressure, temperature and
overpotential), XRD, SEM, and TEM analyses by focusing on any change in
microstructure (e.g. porosity, particle size), lattice constant and phase and possible inter
diffusion of atomic/ionic species by the infiltrates.

In Chapter 4, topic Il, a scanning probe-based instrumentation and preliminary
CAFM studies were presented with the eventual goal of in situ nanoscale ORR study on
SOFC electrolytes. In this topic we found that: (1) Thin oxide film/layer is formed on the
metallic probe(tip). (2) Low resistance state (LRS) was realized by forming a narrow
conducting channel by local electrochemical reduction of gold oxide, (3) and in high
resistance state (HRS), the electron transport at the probe-sample interface is likely
governed by a tunneling behavior through the insulating oxide nano-film.

In Chapter 5, topic Ill, we generated oxygen ions (or oxygen vacancy) on the
samples by CAFM, and did removal implementations on sample surfaces to build 3-D
surface potential maps via AFM diamond coated probes (DCP) and KPFM. In addition, we
got the diffusivity and activation energy of the samples by nanoscale in situ
characterization via AFM. In conclusion of this topic, we found that: (1) The
surface(subsurface), we barely saw any definitive mobility and diffusivity of oxygen
vacancy when increasing the temperature from 100 °C to 200 °C. (2) there are less
restrictions for oxygen vacancy on the surface when compared to being in the bulk. Lastly,
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(3) oxygen vacancies in STO tend to diffuse into the sub-layer (z-direction) more compared
to YSZ. This characteristic is supported by lattice structure differences.

As an overall summary of my dissertation composed with these three topics. From
topic I, we improved the performance of SOFCs by using ALD and infiltration.
Establishing basic knowledge of ORR/OER was key. Establishing a fundamental
understanding of the mechanisms of AFM was also paramount to using AFM to study
ORR/OER from topic Il. Finally, measuring surface potential of oxygen vacancy in the
samples using CAFM and KPFM allowed us to better understand ORR/OER in topic IllI.
In summary, operating electrical measurements/experiments by manipulating CAFM and
KPFM is challenging due to unexpected contaminations and oxide films forming from
humidity, yet achievable.
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