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ABSTRACT

Title: NANOSCALE FUNCTIONALIZATION OF SOFC CATHODE
SURFACE AND INTERFACES

Author: Alireza Karimaghaloo

Degree: Doctor of Philosophy

University of California, Merced

Committee in charge:
Dr. Min Hwan Lee, Chair
Dr. Abel Chuang

Dr. James Palko

In SOFCs, we observe that the porous electrodes tend to agglomerate and thus
decrease the cell performance over time. The agglomeration (or sintering) of a porous
oxide can be understood as the diffusion of the oxide atoms along the surface of a material
to minimize the surface energy of the structure. Therefore, even an ultrathin overcoat is
expected to deter the sintering process and thus maintain the porous geometry for longer
period of time. In this thesis, the actual role of YSZ overcoat in the ORR process is
presented through a series of electrochemical analyses. Without an overcoat, a nanoporous
Pt is significantly agglomerated during a high-temperature operation, and ORR Kinetics
becomes limited by the availability of TPB. An ultrathin YSZ overcoat significantly
suppressed the sintering kinetics and preserved the morphology of its underlying Pt layer.
More importantly, the overcoat acts as an excellent facilitator of the atomic oxygen species-
mediated chemical process(es), which used to be rate-limiting in the ORR of a non-coated
Pt/YSZ system.

In the next step, to understand the impact of spincoated layer on the interface of
cathode/electrolyte, EIS data obtained at different temperatures and oxygen partial
pressures. Beside SEM imaging and XRD, to support the hypothesis of ORR Kkinetics,
infiltration and ALD coating also performed on different samples. We found out that

spincoated layer has smaller nanoparticle sizes and 3~4 times smaller nanocrystalinity that

Vi



increase the active cites for dissosiative adsorption on the cathode side, comparing to the
available cites on bare LNF. EIS data along with ALD coating also strongly support the
hypothesis that ion conducting pass through the LNFGDC FL playes an important role in
decreasing the polarization resistance comparing the bare LNF cathode as well. It helps the
available cites not limited to the vicinity of GDC interlayer but be available in entire FL

and the ion transport to the GDC interlayer through GDC nanoparticles paths.

To sum up, a combination of nanoscale treatments including cathode infiltration,
metal oxide ALD coating, and cathode-electrolyte interface spin-coating pursued to
achieve a significantly enhanced performance and durability by addressing the issues. In
addition, | also performed a systematic studies on the change in electrochemical kinetics
and a possible shift of bottleneck process by the treatments to better understand the effect

of each of this nano-functionalization on oxygen reduction catalysis process in SOFCs.
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Chapter 1 Introduction

1-1 Fuel cells

According to the energy information administration (EIA), in 2018, an American
household consumes an average of 10,972 kilowatt-hours (kWh) of electricity per year.
Thus, an advantageous approach to energy sustainability is to provide engines that
transform the chemical form of energy into the electrical form. One of the best solutions
for an electrochemical engine is fuel cells. They directly do the energy transformation
without having any intermediate steps. One advantage of the electrochemical engine is that
it can use different types of fuels; hydrogen, alcohol or natural gas, and it does not rely on
just one type of fuel. The electrochemical engine creates flexibility in terms of finding a
source of energy. Another advantage of using electrochemical devices is that they are eco-
friendly since they do not burn the fuels and directly convert chemical to the electrical form
of energy, so it not only limits the emission of greenhouse gases but also increases the
efficiency by reducing the heat waste that happens during the burning process.[1]

The theoretical concept of fuel cell offered by Davy[2] was carried forward by
Grove[3] to make it a reality in earlier decades of the 19th century. In Grove’s cells, the
reaction of Hz and O> leads to the formation of water. It was just towards the end of the
19th century in which a solid material was used as an electrolyte by Nernst[4] in his device
‘glower’. This concept leads to the demonstration of the SOFC by Baur and Preis[5] during
the first half of the 20th century. The need for efficient energy conversion has increasingly
driven research in fuel cells. In the 1960s, the use of fuel cells was limited to spacecraft
and submarines. During the 1980s, we had huge improvement in material technology and

characterizations led to renewed research interests on fuel cells.

A fuel cell consists of three components. An electrolyte layer through which only ions

can pass through and two porous electrodes on both sides of it. The electrode where air or



oxygen is provided is the cathode where oxygen reduction reaction (ORR) occurs, and the
electrode on the fuel side is the anode where hydrogen oxidation reaction (HOR) occurs.
Most of the time, fuel cells are classified by their type of electrolyte[6] The following lists
some of the representative fuel cells:

o Polymer electrolyte fuel cell (PEFC); also known as proton exchange membrane
(PEM) fuel cell

e Phosphoric acid fuel cell (PAFC)

e Molten carbonate fuel cell (MCFC)

« Solid oxide fuel cell (SOFC)

1-2 Solid oxide fuel cells

One of the most representative types of fuel cells is SOFCs. Compared to other fuel
cells, SOFCs are advantageous in energy conversion efficiency, fuel flexibilities, and the
possibility of recovering high-quality exhaust heat for cogenerating power.[4]

SOFCs can be categorized by the shape of a solid oxide material as the electrolyte:
circular and planar. Fig. 1-1 shows a schematic diagram of a typical planar SOFC with
main functional elements. The SOFC is comprised of two porous electrodes separated by
a dense and gas-tight electrolyte. The electrodes must conduct electrons and preferably also

oxygen ions, whereas the electrolyte should allow the conduction of oxygen ions only.

Oxygen gas supplied at the cathode is reduced to oxygen ions. They migrate
through the electrolyte to the anode, where the fuel, e.g., H2 or hydrocarbons, is
electrochemically oxidized. This reaction releases electrons, which will travel to the
cathode through an external circle.

High-temperature SOFCs (HT-SOFC) require high operative temperatures (up to
1200 °C) to permit efficient oxygen ion (O%) transport. There is a recent shift to use
intermediate temperature (IT; 600 — 800 °C) or low temperature (LT; < 600 °C) SOFCs



instead but, there are essential challenges in the kinetics of oxygen ion-conductivity in the

electrolyte and electrochemical reactions, in particular of ORR, at lower temperatures.
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Fig. 1-1 Scheme of a planar SOFC operated with hydrogen and air [1]

Since SOFCs are operated at higher temperatures compared to other types of fuel
cells, there are several advantages and disadvantages associated with it including reduced
poisoning effect from CO, the use of non-precious metals (thus cheaper materials) as their
electrodes, faster cell kinetics, and fuel flexibility. However, there are some disadvantages
that the most important one is the limitation of SOFC applications to a few choices such as

stationary power plant units, due to the high operative temperature of HT-SOFCs [2].

State-of-the-art SOFCs are used for stationary applications in high power range and
operation at temperatures from 800 °C to 1000 °C. The widespread commercialization of
SOFCs has remained a challenge, mainly due to the cost and reliability of these devices.
The development of IT-SOFCs, operating at 600-800 °C, has been one of the main goals
in recent studies. Cost competitiveness can be realized by the use of inexpensive metal

supports. Moreover, the lifespan of the cell is expected to increase as the thermal



degradation problems are lessened. LT-SOFCs operating below 500 °C and down to as low
as 350 °C are promising power sources for portable electronic devices with power
requirements between 1 to 20 W[10], [11]. However, the challenge is in advanced
packaging that fulfills complex thermal requirements.[11]

1-2-1 SOFC components

The main parts in each SOFC cell are electrolyte, anode, cathode. Zirconia doped
with 8-10 mole % yttria (YSZ) is the most effective electrolyte for HT-SOFCs. Although
several other materials have been investigated including Bi2Os, CeO., and Ta,Os[12],
zirconia is highly stable in both reducing and oxidizing environments. O? conduction
occurs through the fluorite crystal structure of zirconia in which some of the Zr** ions are
replaced by Y?3* ions. When doped with trivalent cation, oxygen sites become vacant to
maintain the charge neutrality. Oxide ion transport occurs between vacancies located at
tetrahedral sites in the perovskite lattice [13], [14].

Among the SOFC components, the porous anode provides electrochemical reaction
sites for the oxidation of the fuel. This porous structure allows fuel and byproducts to be
delivered and removed from the anode surface boundaries. It also provides a path for
electrons to be transported from the electrolyte/anode reaction sites to the interconnector
structure in SOFC stack. Porous Ni/YSZ cement is currently the most common anode
material because of acceptable thermodynamic stability and desirable electrochemical

properties [15].

Catalytic activity for oxygen reduction and compatibility with the electrolyte are
important properties of SOFC cathodes. Chemical stability is one of the important
parameters to choose SOFC meterials since SOFCs traditionally operate at high
temperetures.Thus, lanthanum manganite-based ceramics, which are one of the best
pervskite materials to address the chemical stability are a good choice for SOFCs that
operate above 1000 °C. For lower cell operation temperatures, composite cathodes made
from LSM/YSZ are used [16]. Moreover, Sr/Co-doped lanthanum ferrites have been
widely investigated [17].



Interconnector’s main function is to perform as a current-collector and deliver the
electrical connection between the different single cells in the stack of fuel cells. Thus,
interconnectors need to be highly electron conductive and thermally stable in both anode
and cathode cides since the temperature of gases at their operation condition in traditional
SOFCs are between 650 —1000 °C, and the thermal expansion coefficient (CTE) similar to
that of the ceramic components in anode and cathode sides. Ceramic materials based on
La-chromite have shown to possess the property combination required for interconnectors.
Recently, there is more attention given on metals as a promising replacements for the La-
chromite, particularly for SOFC design, where the interconnect must additionally supply
the mechanical support for the thin ceramic parts, and it also should be a gas-proof
separation between fuel gas and oxidant. The main reason for this replacement is because
they have several advantages over ceramic materials. Metals are easier and cheaper to
manufacture than ceramics. They are less fragile, machinable, and can be weld easily while
not possible for ceramics. In addition, matals have higher electrical and thermal

conductivities than most ceramics.[18]

1-2-2 Cell configuration and stack design

A A C
E
E E
C A
C
Electrolyte-supported Cathode-supported Anode-supported
C C
E E
A A
PS I
Porous substrate-supported Interconnect-supported

Fig. 1-2 SOFC single-cell configuration [19]



The configurations in SOFC single cell can be classified into two categories: self-
supporting cells that one of the cell components, often the thickest one, acts as the cell
structural support, and external-supporting cell, which is configured as thin layers on the
interconnector a porous outer substrate [2]. Different cell components in several types of

cell configurations for SOFCs are schematically demonstrated in Fig. 1-2.

Each single cell (anode, electrolyte, cathode) is connected to the next single cell
with the interconnect plate. The group of connected cells is called the SOFC stack. At
present, two main designs of the stack have been proposed and developed: tubular and
planar design [3](Fig.1-3). In the tubular design, the cell is configured as a tube, and stacks
consisting of a pack of single-cell tubes. In the most common tubular design, the tube is
made of the cathode material (cathode-supported) and closed at one end. Electrolyte and
anode layers are formed on the outside of the tube. In the planar design, the cell is
configured as flat plates, which are connected in electrical series. All types of cell
configurations (self-supporting or external-supporting) that showed in Fig.1-2 have been
considered for the planar design [19].

Interconnect Interconnect

Anode

Electrolyte

Cathode Electrolyte
Interconnect Caltiode
Anode Air

Anode

Fig.1-3 SOFC - planar and tubular design [2]




1-2-3 Electrolyte

Electrolyte in SOFCs as it is clear from their name, is made of solid ceramic oxides.
The electrolyte sandwiched between the cathod and anode in an SOFC conducts oxygen
ions. The main role of the electrolyte layer is to transport O% ions from the cathode to
anode side of the cell. It also plays a mechanical support role in electrolyte supported
SOFCs. The electrolyte in SOFCs need to have some important characteristics. First and
most important, the material should exhibit high ionic conductivity and negligible
electronic conductivity at the same time. In electrolyte supported SOFCs, due to the
considerable thickness of the electrolyte, the majority of loss comes from the ohmic
resistance corresponding with the oxygen ions flow from cathode side to the anode side
through the electrolyte.[8] Thus, the electrolyte material should be as ionically conductive
as possible. Chemical stability is also important so the ionic conductivity does not decrease
through the cell life time. Since any electrons shorting through the electrolyte will cause a
voltage loss in the cell, an excellent SOFC electrolyte should also be insulating against
electron conductivity. lonic flow also have an strong correlation with the thickness of the
electrolyte layer. The following equation gives the ohmic resistance of the electrolyte

material:

t
R=— Eq. 1-1

Here, t is the electrolyte thickness, o is the ionic conductivity, and A is the cross-
sectional area. Eq. 1-1 shows that the ohmic resistance of the electrolyte increases linearly
with layer thickness, therefore, a thin electrolyte layer to minimizes resistance is essential
for optimal performance. However, an excessively thin electrolyte will allow electrons to
short through the electrolyte. Studies have shown that an optimal electrolyte thickness of
around 15 pum will minimize ohmic resistance while preventing voltage losses due to
electron shorting [20]. This thickness can be minimized to a few hundred nanometers by
using advanced coating techniques such as atomic layer deposition (ALD). In addition to
optimal layer thickness, a SOFC electrolyte should also be as dense as possible, as a porous



electrolyte results in the fuel mixing with the oxidant, which severely decreases the

reversible voltage of the cell.
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Fig. 1-4 Oxygen vacancies created by doping zirconia with yttria [8]

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 in the electrode-electrolyte interlayer, which dramatically
decreases the cell performance [10].

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 resist this stress, particularly for electrolyte
supported cells that rely on a relatively thick electrolyte layer for mechanical stability.
Finally, material and fabrication costs are substantial barriers to the mass
commercialization of SOFC technology. Therefore, SOFC electrolytes should be relatively

inexpensive to manufacture.



YSZ is the most widely used SOFC electrolyte material [7] and is the primary
electrolyte used for this study. YSZ is fabricated by doping a zirconia backbone (ZrO>)
with yttria molecules (Y203), 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. This is illustrated in Fig. 1-4,
which shows the undoped zirconia host, while Fig.1-4b shows an empty O?" a site created
by replacing two Zr** cations with two Y3* cations. These oxygen vacancies are what give
YSZ its ionic conductivity as oxygen ions created at the cathode “hop” from one empty 0%
site to the next until they reach the anode. Increasing the amount of yttria doping increases
the number of empty O? sites 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% Y0z is optimal for the ionic conductivity of YSZ, as
shown in Fig. 1-5a [8].

4
24 ' N ( )
—_ - ‘JH
< 23+ (a) < Svace (b)
- -~ -
- 224 T ¢ R
 —PRsg c = *. ‘.‘.
o e - S 1k . -
2.1 \ 3 - oo
- \ - . -
& 2T \ a o . " a
~— el .
—~ 19 B
J b~ -
g \ e N
L 18 © 2F
~— > [ ——
o o | " Gocoped core
o) - 3 L° Y-stablired .
X moms oo o i ST e o g o P T B (ST | S TR
. 1 ¢ . 4
6 7 B8 9 10 11 12 13 14 15 06 08 1 » 18 2.0
%Y A 1w
ol ;:o) 1000/T K

Fig. 1-5 (a) lonic conductivity vs yttria doping concentration for YSZ; (b) lonic conductivity vs
temperature for YSZ and GDC [8]

Although YSZ is the primary electrolyte material used in this study, gadolinium-
doped ceria (GDC) also plays a vital role and will be briefly introduced here. At



temperatures above about 800 °C, YSZ reacts with (Lao.6So.4)0.95C00.2F€0.803-5 or LSCF to
form SrZrOg, an ionically insulating phase which dramatically impedes cell performance.
A thin (~5 um) layer of GDC can be placed between the YSZ electrolyte LSCF cathode to
prevent insulating phase formation from occurring during electrode sintering [11].
Furthermore, 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 Fig. 1-5b, 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 displays 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.

Additionally, GDC shows significant chemical expansion when exposed to a
reducing environment, causing mechanical failure and delamination inside electrolyte.[8]
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. Also, it helps

adhesion by matching electrolyte and cathode thermal expansions.

1-2-4 Cathode

The cathode in the SOFC is the positive electrode where a reduction reaction of
air/oxygen occurs. The oxygen molecules in the oxidant gas get reduced at the cathode-
electrolyte interface in standard cathode materials by the electrons in the external circuit.
The oxygen ions so produced are transported through the bulk of the electrolyte following
the ionic conduction mechanism. To understand the cathode loss to the overall cell loss,
one must know the reaction kinetics involves in the reduction process. The exact reaction

mechanism of the entire process is complicated and involves some elementary steps. The

10



reaction mechanism also depends on the type of cathode material (electronic conducting or
mixed conducting) used or the pathway of reaction. The reaction fragments, in general, are

the surface diffusion, adsorption, dissociation, and transport of oxide ions [20],[17].

Mixed ionic electronic conducting (MIEC) cathode materials allow the bulk
transport of the intermediate oxygen species, thereby extend the reaction zones over the
entire electrode surface. In other simple cases (cathode materials having electronic
conductivity only), the reaction sites are limited to the triple-phase boundary (TPB) only.
Thus, the length of the TPBs and the extent of TPBs in MIECs are crucial in determining
cathode performance. The length of the TPBs can be enhanced by tailoring the
microstructure of the cathode. Taking into account the roles and working of the cathode in

SOFC as discussed above, a cathode material should have the following qualities [17],[21]:

e |t must be an excellent electronic as well as an adequate ionic conductor.

e It must have excellent chemical and thermal stability under reducing atmosphere at high

temperature.

e It must be compatible with the other cell components such as electrolyte and the

interconnect.

The state of the art material for SOFC cathode is Sr-doped LaMnOs [21].
Laz-xSrxMn0Oz-s (LSM) [22], [23] is used as cathodes in HT-SOFCs. The intensive research
and investigation on the cathode materials in the recent decades has produced a wide
variety of other options for the cathode. To list a few, doped LaCoO3 [24], [25], solid
solutions of doped LaMnOs with LaCoOs and LaCrOs [26], Sm1xSrxCoOz [27], [28],
Pb2Ru2065[29] and La1-xSrxCuO25.5 [30] have been experimented as some popular cathode

materials.

The most recent focus on the development of SOFC research is to reduce the
operating temperature from high to the intermediate range (500-800 °C). At intermediate

temperature, the number of choices for electrode materials increases, which favors the cell
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manufacturing cost. The formation of insulating zirconate layer due to the reactions
between the electrolyte and electrode that occurs at the higher temperature can be
restricted. However, the operating temperature reduction is associated with two key issues.
The rate of reduction reactions becomes slow. Moreover, the contact between the cathode
and the electrolyte becomes poorer as the sinterability is reduced, deteriorating the cell

performance.

MIECs such as Laj—«SrxCoyFe;-yOs-s (LSCF), SmosSrosC00s.5, and BaxSri-
xCoyFe1.yO3.5 (BSCF) have been extensively investigated as IT-SOFC cathode [27], [28],
[31], [32], [33] The use of MIECs as cathodes increases the rate of oxygen reduction at the
electrolyte-electrode interface as TPB extends over the electrode surface. Among these
materials, La;—xSrxCoyFe;—yO3-5 (LSCF) showed a matching CTE with the oxide
electrolyte material, high electrical conductivity and good ORR catalytic activity [34], [35].

The literature on Lai-xSrxFeOs-s (x=0.0-1.0) perovskites (LSF) as a cathode material
for SOFC indicated that Sr-substitution at La-site alters the oxygen stoichiometry and
consequently, the electrical and electrochemical behavior. The data on the electrical and
electrochemical behavior of LSF showed quite scattering as per the Sr-substitution level at
A-site is a concern [36], [37]. Lai-xSrxCo1.yFeyOzs perovskites with Co- compositions,
particularly LaixSrxCoosFeo.203-5 exhibits improved electrical, electrochemical behavior
[38]. However, Co-rich perovskites possess high CTE and prone to deleterious reactions
with Zr based electrolytes [39]. Fe-rich composition especially LaixSrxFeosC0o.203-5 has
showed good thermochemical stability with the SOFC electrolyte [40], [41], [42].
Nanostructured electrode powder is used to avoid the disadvantageous reaction between

the electrode and the electrolyte as they can be sintered at a low temperature.

Moreover, the application of nanostructured cathode material also increases the
effective TPBs for electrochemical reactions [43], [44]. The powder preparation method
has a significant effect on the microstructure, particle size distribution, and surface area of
the resulting particle [32], [45]. Morphology of the electrode powder also affects the
performance of the electrode.
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1-2-5 Anode

The focus of this study is primarily cathode and interface nano 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 like 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
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
interconnects materials. It should also 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 sufficiently stable to maintain

performance after the extended operation ( >90,000 h).[9]

The most widely 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 which is a widespread problem for pure Ni anodes. Ni-YSZ
anodes are incredibly stable in high-temperature oxidation environments, and they virtually
satisfy all the requirements for a SOFC anode. As with the cathode, a multi-layer approach

is often used to improve performance and maximize thermal expansion compatibility.[8]
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1-3 Atomic layer deposition

Atomic layer deposition (ALD) is a vapor phase growth technique mostly used to
deposit thin films. This method is strong due to its unique process of growth. Typically,
two or more highly reactive precursors are pulsed into a reaction chamber sequentially.
Each pulse of precursors followed by a pulse of oxidant material to make a metal oxide
layer. They react separately, irreversibly, and in a self-limiting manner at the surface
without decomposition. The thickness of the film is controlled at the angstrom level by the

number of ALD cycles applied.

ALD is a cyclic version of the chemical vapor deposition (CVD) method. Instead
of fluxing the chemicals continuously into the reaction chamber, ALD breaks down the
deposition process into two or more segments by keeping the reaction chemicals separate
during the process. In a typical ALD process, one of two chemicals is a metal precursor,
and the other is the oxidant. The substrate, or the surface on which the film needs to grow,
is exposed to these two chemicals one at a time in a cyclical manner. This way, the thin

film is deposited and grown onto the substrate in a precisely controlled fashion.

ALD was developed in the 1970s by T. Suntola and coworkers to meet the needs
of the industry for dense and pinhole-free films in thin-film electroluminescent (TFEL)
displays. ALD was used in the production already in the early 1980s, but the big
breakthrough for the ALD technology came at the beginning of the 21st century. The
continuous down-scaling of microelectronic devices was the reason for the growing interest
in ALD. The first microelectronic application was in dynamic random-access memory
(DRAM) capacitors, where ALD of Al,O3 was used as an insulating layer. One of the
largest publicities around ALD came when Intel announced that ALD of HfO, would be
used in the manufacturing of complementary metal-oxide-semiconductor (CMOS)
transistors.[47] The diagram in Fig.1-6 shows the number of ALD publications per year
from 1980 to 2016, revealing increasing interests for ALD in many areas of
nanotechnology research.[48]
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Fig. 1-6 The number of scientific publications on ALD published per year from 1980 to 2016 based on

information.[52]

The precursor used during the ALD proces is a chemical compound, which is
composed of a metal atom surrounded by ligands. The metal atom is the element to be
deposited; ligands generally serve the protective role of the “naked” atom and can only be

oxidized and removed through reacting with the substrate or the oxidant.

A variety of oxidants can be used in the ALD process. Based on the oxidation
strength required in the reaction, certain oxidants are needed to deposit a specific material.
Common oxidants are distilled water, hydrogen peroxide, air, oxygen, oxygen plasma, and
ozone. An example of the reactions occurring during one ALD cycle is illustrated in Fig.1-
7. The ALD cycle starts with the pulsing of precursor 1 (Fig.1-7a) typically a metal
reactant, followed by gas-solid reactions (chemisorption) onto the substrate (Fig.1-7b).
When the surface is saturated with the first precursor, inert gas purges (Fig.1-7d) the
redundant precursors and by-products as have shown in Fig.1-7c. The second precursor is
introduced (Fig.1-7e), which is typically a non-metal reactant, to react with the ligands of
precursor 1 (Fig.1-7f). Again, unused precursors and by-products are removed by inert gas
purging (Fig.1-7g). By repeating steps a-g, the ALD film grows in a layer-by-layer fashion

(Fig.1-7h). The thickness after one ALD cycle is ideally one monolayer, but in practice, it
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is less due to steric effects. These reactions follow an exchange-type growth mechanism.
ALD of Al203, which is an ALD model system, follows this reaction scheme.[49]
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Fig. 1-7 Hlustration of one ALD reaction cycle. (a) The pulse of precursor 1. (b) Reaction at the sample
surface. (c) The reaction is self-limiting. (d) An inert gas purges excess precursors and by-products. (g) A
pulse of precursor 2, e.g., O, or H;O. (f) The reaction at the sample surface. (g) Inert gas purging of excess
precursors and by-products. (h) By repeating steps (a)-(g), the ALD film grows layer by layer. Schematic

adapted from [46].

There are different growth modes for ALD, illustrated in Fig.1-8. Where the growth
rate is plotted as a function of deposition temperature. The ALD window is the deposition
temperature range, where the growth rate is constant. When the growth temperature is too
low, precursor condensation or low reactivity of the precursors will occur. At temperatures
above the ALD window, precursor decomposition or precursor desorption might be

observed.

N
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\ ALD window /

Incomplete
reaction

Growth rate
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Fig. 1-8 Illustration of the ALD window, where growth rate is independent of the temperature [50].
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Generally, as a result of the self-limiting characteristic, ALD films are conformal,
even on high aspect-ratio structures.[50] This is the main feature that distinguishes ALD
from other thin film deposition methods. ALD films are typically also of high quality, e.g.,
pinhole-free, due to the layer-by-layer growth mechanism. In many cases, ALD processes
have a relatively low growth temperature with a full temperature window as the reactions
do not rely on a decomposition of precursors (like in chemical vapor deposition). High
uniformity over large areas, good reproducibility, low vacuum requirements and lack of
sensitivity to excess precursors also make ALD suitable for batch production. Due to the
digital nature of film growth, i.e., thickness controlled by several ALD cycles, creating
multilayers, mixed, graded, or doped layers are also easily achievable, making ALD a
flexible deposition technique.[51], [52]

One of the most severe limitations of ALD has been the low deposition rate, which
is a problem when thick films need to be grown. However, with the downscaling of
microelectronic devices and the gradual maturity of thin-film applications in
nanotechnology research, the time taken to deposit weak layers has become quite practical.
With the recent advances in high-speed spatial ALD, even thick films are now obtainable

with reasonable processing time. [53]

Another major drawback in ALD is the limited choices of available processes for
materials (mostly oxides). In recent decades, several researchers have been developing new
precursors and processes to fill the gaps. There is now a good number of ALD processes

for metals, nitrides, and chalcogenide material systems to choose from.[54]

In this research, ALD is a suitable thin film deposition process to grow YDC, YSZ,
and other metal oxide coatings and interlayers. In the ALD process, there are several critical
parameters in determining the quality and property of the resulted thin films.

1. Reaction temperature: This is also the substrate temperature in the ALD deposition.
Thin film’s growth per cycle is a function of the reaction temperature, and only

within a specific temperature range, will adsorption-limited saturating deposition
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occur. We call this temperature range the ALD window. To precisely control the
film thickness, we need first to identify the ALD window of the deposited material.
Varied materials have different ALD windows. For a multicomponent material,
such as YDC, the reaction should be carried out within an overlapped temperature
range governed by ALD windows of the respective metal precursors.

Precursor temperature: The precursor needs to be heated above its sublimation
temperature to generate gaseous chemicals. However, this temperature cannot be
set too high to avoid vibrant vapor flow. Sometimes, precursors can decompose
under elevated temperatures, which leads to carbon contamination in the deposited
films.

Pulse time: There is also an optimal pulse time for each precursor or oxidant. Due
to the self-limiting feature of ALD, sufficient chemicals need to be provided in
order to reach full reactions. However, providing more than needed chemicals will
result in a waste of time and material.

Purge time: After each deposition, excessive chemicals (either oxidants or
precursors) and reaction products should be thoroughly purged out of the chamber.
Otherwise, they will interfere with the following deposition cycles and create
impurities in the resulting films. Thus, we need to maintain enough purge time to
clean the chamber. However, the ALD process is already a slow film growth
technique, and purging usually takes up the majority of the whole deposition time.
Therefore, we determine the minimal time needed to purge the chamber.

. Precursor/oxidant selection: At times, there is more than one candidate that can be
employed as the precursor or oxidant chemicals. The above four parameters could
be different depending on the chosen chemical. Therefore, precursor and oxidant
selection is also part of the entire process of determining the optimal deposition
conditions of ALD
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1-4 Electrochemical characterization methods

Several methods exist for characterizing the performance of SOFCs,
including, but not limited to: electrochemical impedance spectroscopy (EIS), current-
voltage (I-V) characterization, and open-circuit voltage (OCV) measurements. In the
present study, experiments are conducted using either symmetric cells (which has two
cathode electrodes) or full cell (which has one cathode and one anode) with a significant
focus on the cathodic reactions. Current-voltage characterization and open circuit voltage
measurements are generally only used for full cell characterization. Electrochemical
impedance spectroscopy is the primary characterization methods used in this study.

1-4-1 EIS characterization

There are two operating modes in EIS, called potentiostatic and galvanostatic. In
potentiostatic mode, a low-amplitude, alternating potential is applied to the electrochemical
cell, and the current response is measured. For galvanostatic mode, a current perturbation
is made to the cell while the potential is monitored [55]. By applying a small excitation
signal, the response is pseudo-linear and expressed by a magnitude and a phase shift. The
impedance Z can be calculated and plotted in a Nyquist plot, with the real part of the
impedance on the x-axis and its imaginary part on the y-axis. An example is shown in Fig.

1-9a. Each point on the complex plane plot is the impedance at one frequency .

(a) (b)
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Fig. 1-9 (a) Example of a Nyquist plot and (b) its equivalent electrical circuit.
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EIS data are commonly analyzed by fitting it to an equivalent electrical circuit
model as each physical process in the electrochemical cell, e.g., electrolyte resistance and
polarization resistance has characteristic impedance behavior and can be considered as an
electric component or a simple electrical circuit. The model can be a combination of
resistances, capacitances, and/or inductances, as well as a few specialized electrochemical
elements such as Warburg diffusion elements and constant phase elements. It produces the
same response as the electrochemical system does when the excitation signal is applied. A
resistor and capacitor described in the equivalent circuit (Fig.1-9b) is used to fit data to a

Nyquist plot in Fig. 1-9a.

In order to develop a complete test of SOFC single cells and to refine their
efficiency and long-term stability, the performance-related polarization processes have to
be identified and proven. In contrast to I-V curves, where only the overall loss of a cell can
be identified, the EIS is one of the most promising methods for unfolding complex

electrochemical processes in a cell.

The EIS method takes advantage of the fact that the polarization loss mechanisms
taking place in an electrochemical system differ in their characteristic time constant and
frequency response. The most common and standard approach to measure the dynamic
behavior (impedance) of an electrochemical system is by applying a sinusoidal current (or
voltage) to the interface and measure the phase shift and amplitude, or real and imaginary
parts, of the resulting voltage or (current). Here it should be noted that impedance is only
defined for systems that satisfy the conditions of causality, linearity, and time-invariance.
Although many systems, like SOFCs, are usually non-linear, linearity can be assumed
when the magnitude of the applied current stimulus is small enough to cause a linear

response.

A sinusoidal current of small amplitude i(t) = iosin(wt) is superposed to a defined
bias current load and the sinusoidal voltage response u(t) = uo(w)sin[(ot+d(m)] is
measured. From the ratio between the complex variables of voltage and current, the
impedance is calculated as follows (Eq. 1-2):
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Z(wZ(w) = %eiq’(“’) = |Z(w)|e*®@) = Re{Z(w)} + jIm{Z(w)} Eq.1-2

Where o=2nf [s'] represents the angular frequency and &(w) the frequency dependent

phase shift between voltage and current.

This measurement is generally performed for a discrete quantity of frequency
values in a defined frequency range, and the recorded impedance values are usually plotted
in the complex plane. The resulting curve is also known as the Nyquist plot. Fig.1-10 gives
an example for a Nyquist plot measured on a SOFC single cell. The high frequency
intercept with the real axis corresponds to the purely ohmic resistance Ro of the cell,
whereas the intercept at the lower frequency is identical to the differential resistance, which
can be obtained from the corresponding |-V characteristic at the given operating point. The
difference between the low and high frequency intercept is the so-called polarization
resistance Ry of the cell. Ry is the sum of each single polarization resistance caused by the

loss mechanisms.
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Fig. 1-10 Typical Nyquist-plot recorded on a SOFC single cell. The high frequency intercept with the real
axis corresponds to the purely ohmic resistance Ro. The difference between the low and high frequency
intercept is the so-called polarization resistance R, of the cell.
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Chapter 2 Literature review: Nanoscale treatment on

SOFC electrode and interface materials

There are several ways to improve the SOFC materials at the nanoscale.

Nanotechnology offers vast opportunities for applications in the SOFC field and the

development of electrode, electrolyte and interface materials. Advanced materials

engineering based on nanoscience have led major breakthroughs in fuel cell systems. In

this chapter, some of the applications of nano treatments are discussed. Then, three

approaches of nanoscale surface and interface treatments that were applied to my study are

introduced. Here we gathered a list of nanoscale applications that have significant impacts

on the improvement of SOFCs. The main applications for electrolyte and interlayer

nanotreatments are:[56]

1-

To increase oxide ion conductivity up to a commercially viable level (~0.1 S/cm at
operating temperature) by nanoscale treatments . In addition, ohmic resistance can
decrease using thin dense nano-coating methods.

To keep electronic transference number very low (<1073 for electrolyte by
applying nanocoatings to prevent pinholes, in thin electrolytes. This has not been
readily achievable without the help of nanoscale coating techniques.

To enhance thermodynamic and chemical stability over a wide range of
temperatures (from room temperature to 1000 °C) at variable activities of oxygen
(1-10722 atm). Surface decoration and also controlling the ratio of materials on the
atomic scale can improve the chemical and thermodynamic stability of the material.
To provide chemical inertness for electrode materials during both processing and
service. To prevent the electrode-electrolyte interaction, a thin layer of an inert

interface can be applied between them by the use of nano deposition.

Nano treatments can also help cathode to possess the following functionalities for the
efficient operation of SOFC:[56]
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O-

Increasing electronic conductivity (> 100 S/cm in an oxidizing atmosphere) by
adding nanomaterials during the fabrication process.

Minimizing the mismatch between the coefficient of thermal expansion (CTE)
values of the cathode and other components of the cell, such as electrolyte and
interconnect materials.

Enhancing chemical compatibility with the electrolyte and interconnect materials
Grow porosity to allow fast diffusion of O? gas from cathode to cathode-electrolyte
interface.

Boosting oxide ion conductivity inside electrode materials.

Increasing stability under an oxidizing atmosphere during fabrication as well as
operation;

Enhancing the catalytic activity of electrodes during ORR by tailoring the TPB
lengths and increasing the area of active reaction sites. Also, by increasing surface
energy with thin oxide coating on electrode materials.

Making it more cost-effective in terms of fabrication by using nanomaterials that
replace or reduce used amount of precious metals.

A nanoscale surface decoration that helps precisely mix oxides or decorate the

surface by our desired materials.

10- Increase the durability of cathodes by applying a few tens of microns of metal

oxides on the electrode surface.

11- Lowering working and fabrication temperature of SOFCs.

There are different methods for nanoscale treatments. Among them, we have used three

techniques that are considered to have high impacts on SOFC performance. In the next

parts of this chapter, they are introduced, and the state-of-the-art methods on each category

have been presented. The first one is the effect of sintering aid on improving the mechanical

and electrochemical behavior of SOFC electrode and electrolytes. There are many reports

which studied the impact of different sintering aid materials (notably cobalt oxide).

Researchers have shown it helps grain growth and interconnectivity and allows lowering

the sintering temperature of SOFC materials. However, there have not been explicit studies
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about the optimization of sintering aid for LSCF and LSCF-GDC composite cathode
materials. Thus, In the first study, we focused on the effect of cobalt oxide as a sintering

aid on these cathode materials in terms of microstructure and cathodic performance.

2-1 ALD treatments

As briefly explained in the introduction part, ALD is based on successive, surface-
controlled reactions of gas phase precursors with a substrate to produce a thin coating with
excellent conformality and process controllability.[77] ALD enables to render uniform,
homogeneous, and dense thin films even on highly corrugated surfaces by building a mono-
atomic layer after another. Atomic level control ensures that atomic-scale films, even on
complex nanostructures, can be formed.[78] ALD can also be used to modify the interfaces

or dope a film at the desired level, even the level of delta-doping.[78]

The first SOFC material processed by ALD was YSZ, which was grown
from cyclopentadienyl- or chloride-type precursors together with ozone or water as the
oxygen source.[4],[5] This ALD process was based on the earlier ones developed already
in the 1990s for its constituents, viz. Y203 and ZrO..[81],[82] Besides, Shim et al.[83] have
likewise combined the individual organometallic yttria and zirconia processes to obtain
freestanding 60 nm films with Pt electrodes on both sides of the YSZ electrolyte. The
observed high-power density of 270 mWcm 2 at 350 °C was attributed to low electrolyte
resistance and active electrode kinetics. Also, the nanoporous structure of Pt electrode and
nanocrystallinity of YSZ was conjectured to be beneficial factors.[84] From these
examples, ALD has been a powerful tool to realize high performance small scale SOFCs.

ALD has been successfully used to deposit SOFC electrodes. Several sources cite the
use of ALD to deposit thin film Pt layers to be used as highly catalytic SOFC
electrodes.[95]-[97] Holme et al.[98] successfully deposited LSM cathodes using ALD
for micro LT-SOFCs. For the deposition of an MIEC cathode such as
LaxSri—xMnOs (LSM), the ALD cycle becomes complicated as the feeding of three

different precursors and an oxygen source are to be synchronized in a chamber.
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Furthermore, the oxides of La and Sr are known to readily react with
the carbonate impurities originating from the precursors and present in the
reactor.[99] Nevertheless, using Cp-type organometallic precursors together with water,
Holme et al.[100] developed a satisfactory ALD-process where LSM was crystalline as
deposited on YSZ and further annealing treatment did not change the morphology and
crystallinity of the layers significantly. These authors found that, unfortunately,
the LSM fabricated cathode was not of sufficient quality for low-temperature operation. A
low peak power density of 0.2 pWem 2 was achieved at 450 °C with LSM deposited on
YSZ with a Pt anode.

Another cathode material that was deposited by ALD is La;—xCaxMnOs. ALD can
deposit itat 200 — 330 °C, using La(thd)s, Ca(thd), and Mn(thd)s organometallic
precursors together with Os as oxygen source, as recently demonstrated by Nilsen et
al.[101] Even though the field of ALD processed SOFC cathode materials has not been
widely investigated, the aforementioned studies show the feasibility of growing
multicomponent phases with well-controlled cation stoichiometry.

Several studies have shown that surface processes such as adsorption of molecular
oxygen onto surface vacancy sites are the most probable rate-limiting step for perovskite
cathode materials such as LSCF and that these processes can be improved by using various
surface modification techniques.[102]-[106] In addition to electrolyte and electrode
deposition, ALD has also been used more recently to modify existing electrodes to improve
performance and durability. Gong et al.[107] investigated the use of ALD to improve the
durability of Lai;—xSrxCoOs (LSCo0)- LaixSrxGaiyMgyOs-osx+y) (LSGM) composite
cathodes. It was shown that the cathode exhibited excellent durability over 4000 h of
operation by depositing a thin layer of ZrO via ALD, with the polarization resistance
increasing about 18 times more slowly than the untreated sample. The authors conclude
that the addition of a ZrO, overcoat suppressed particle agglomeration and surface Sr-
segregation, both of which are significant causes of cell degradation. Although ZrO;

deposition by ALD improved performance for LSCo cathodes, Rahmanipour et al.[108]
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found that ZrO> deposition blocked active reaction sites for LSF cathodes, dramatically

hindering performance.

Yu et al.[109] evaluated the effect of CeOx deposition by ALD on the performance of
LSF, LSCo, and BSCF cathodes. It was shown that ceria particles preferentially reacted
with oxygen vacancies on the surface of the LSF cathode, impeding oxygen adsorption,
and thus significantly increasing the electrode impedance. This conclusion was confirmed
by ceria deposition on BSCF and LSCo cathodes; BSCF has a much higher concentration
of oxygen vacancies at the surface, and LSCo oxygen vacancies are comparable to that of
LSF. Consequently, BSCF was much more tolerant of ceria deposition, showing a lesser
decrease in performance, and LSCo showed a decrease in performance that was similar to
LSF.

Gong et al.[110] further investigated the ALD deposition of ZrO, onto LSCF-GDC
composite cathodes. The authors found that the ALD treatment lowered the cathode
polarization resistance by 3 times, lowered the ohmic resistance by 1.5 times, and improved
long-term durability by 4 times. They concluded that this was due to increased porosity,
increased ionic conductivity, and suppressed surface Sr-enrichment by the ZrO; overcoat.
Sholklapper et al.[111] showed that LSCF cathodes infiltrated with YDC dramatically
increased the ionic conductivity of the electrode, causing a decrease in ohmic resistance

for the infiltrated electrode as compared with a bare LSCF electrode.

2-2  Nano treatment of cathode-electrolyte interfaces

For IT/LT- SOFCs, activation polarization, especially on the cathode, are significantly
more pronounced under these conditions than normal HT-SOFCs. This is primarily
attributed to the sluggish Kkinetics associated with the decreased temperature
operation.[112] It was found that the electrocatalytic activity or electrode/electrolyte
interfacial characteristics were enhanced through the addition of the thin nano interlayers.
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This performance improvement was attributed to the introduction of a diffuse mixed
conduction region associated with these interlayers. These thin film composite interlayers
improve charge transfer reaction in the electrode/electrolyte interface for both anode and
cathode sides. The nature of these interlayers is still a matter of contention, and further
studies are required to understand their function adequately. The objective of a vast number
of efforts was to characterize the anode and cathode performance enhancement of thin film
SOFCs when anode and cathode interlayers are included between the electrode and
electrolyte interface. This interlayer surface can also be achieved by using ALD between

electrode-electrolyte.

The ohmic loss through electrolytes is a major cause of power loss, severely limiting
SOFC performance. The ohmic resistance of a SOFC is highly dependent upon electrolyte
thickness, and thus, much research has been conducted to minimize electrolyte thickness.
Several studies have shown that thin film electrolytes of YSZ and GDC deposited by ALD
significantly improve performance as compared with conventionally deposited
electrolytes.[85]-[88] Additionally, ALD has been used to modify the surface of SOFC
electrolytes to improve performance. Fan et al.[89] showed that the cathode/electrolyte
interfacial resistance could be dramatically decreased by depositing an ultra-thin layer of
YDC between the YSZ electrolyte and Pt cathode.

Ceria-based ceramic electrolytes have an ionic conductivity superior to that of
zirconia-based electrolytes.[90] There are a vast number of applications of ceria-based
electrolytes, either as a double-layered electrolyte (mostly with zirconia-based one) or as a
single layer electrolyte for LT-SOFCs. Therefore, ceria-based oxides such as GDC, being
widely used in SOFC devices, are good candidates for future technology. As the ALD
processes for depositing gadolinia and ceria are well-established,[91], [92] the only
primary engineering task for depositing doped ceria is to find a proper ratio of ALD cycles
for gadolinia and ceria and address the differences in optimum temperature of ALD.
Experiments performed by Gourba et al.[93] have focused on making GDC by using the
correct corresponding precursors' ratio. They prepared GDC with Ce(thd)s, Gd(thd)s, and
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ozone precursors on Si, LSM, and Ni-YSZ substrates. High quality and dense layers were
obtained on both planar and porous substrates. However, there was a challenge due to
unstable stoichiometry control and a low growth rate (0.4 A/cycle). Considering that
Y3 has an ionic radius similar to that of Gd** and that ALD processes for Y03 are well-
established,[80] Ballée et al.[94] processed YDC by ALD at 300 °C also using the (thd)
precursors and ozone. Conformal, dense and crystalline as-deposited YDC films were
obtained with an excellent stoichiometry control. At temperatures higher than 420 °C, the
conductivity of YDC becomes higher than that of YSZ thin films deposited under similar

conditions.
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Chapter 3 Impact of ALD on oxygen reduction

catalysis of porous platinum

In SOFCs, we observe that the porous electrodes tend to agglomerate and thus
decrease the cell performance over time. The agglomeration (or sintering) of a porous
oxide can be understood as the diffusion of the oxide atoms along the surface of a material
to minimize the surface energy of the structure. Therefore, even an ultrathin overcoat is
expected to deter the sintering process and thus maintain the porous geometry for longer
period of time. In this section, the actual role of YSZ overcoat in the ORR process is
presented through a series of electrochemical analyses. Without an overcoat, a nanoporous
Pt is significantly agglomerated during a high-temperature operation, and ORR Kinetics
becomes limited by the availability of TPB. An ultrathin YSZ overcoat significantly
suppressed the sintering kinetics and preserved the morphology of its underlying Pt layer.
More importantly, the overcoat acts as an excellent facilitator of the atomic oxygen species-
mediated chemical process(es), which used to be rate-limiting in the ORR of a non-coated
Pt/YSZ system.

3-1 Background of oxide coating on Pt electrode and our
approach

Recently, increasingly more studies have been performed on SOFCs because of its
advantages in terms of fuel flexibility, system simplicity and efficiency.[2], [113]
However, one of the major drawbacks in SOFCs is limited lifetime when operated at high
operating temperatures (above 800 °C).[10], [114], [115] While intense efforts are being
made to reduce the operating temperature down to the intermediate (600 — 800 °C) or low
(< 600 °C) temperature region. The approach, however, results in a significant loss of

kinetics in both ionic transport and electrode reaction.[116]-[120]
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At low temperatures, the main voltage loss occurs at the cathode. Porous Pt is
regarded as the most active ORR catalyst especially at low temperatures although it is
expensive and rare.[121]-[123] To achieve higher ORR Kkinetics, the surface area of the
cathode should be maximized, and thus the particle-like features forming the porous
cathode should be small. However, these small particles tend to agglomerate fast during
operation. This agglomeration will result in a significant decrease in catalytic activity
increasing the polarization resistance of the cathode. One of the best-proven techniques to
prevent agglomeration of small particles is interfacing them with an oxide[124]-[131] by
CVD and wet chemistry.[132], [133]

Among many techniques, ALD is the most ideal tool to achieve a uniform and
atomically thin oxide coating on a highly corrugated and porous electrode structure. The
self-limiting nature of ALD enables the accrate control of stoichiometry and reproducibility
of atomic scale overcoats.[134]

In our recent study, an ultrathin layer of YSZ was coated on a highly porous Pt
cathode by ALD to suppress Pt agglomeration for an LT-SOFC[135]. Even a few nm thick
coating was indeed found to suppress the morphological degradation of the nanoporous Pt
significantly, and this was confirmed by other researchers as well [136], [137]. To our
surprise, it was also found that the oxide coating significantly enhances the catalytic
activity toward ORR even if the oxide is expected to cover (and thus deactivate) part of
catalytically active Pt surface area. In this section, a mechanistic study is presented to
understand the impact of ultrathin ALD coating on catalytic kinetics, especially of ORR on
a Pt/YSZ system.

3-2 Experimental and cell fabrication

Electrolyte supported Pt/YSZ/Pt cells were fabricated for electrochemical
characterization. Pt layers of ~100 nm were deposited on both sides of a ~270 um thick
commercial electrolyte (Fuel Cell Materials, USA) with an AC magnetron sputter at 30W
with an Ar pressure of 55 mTorr. The Pt electrodes with the active area of 0.37 cm? were

patterned using a polyimide tape before the sputter deposition. Ultrathin YSZ overcoat was
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prepared in a commercial ALD system (Savannah, Cambridge NanoTech).
Tetrakis(dimethylamino)zirconium, Zr(NMez)a, Tris(methylcyclopentadienyl)yttrium and
Y(MeCp)z were used as the precursors of Zr and Y, respectively. Ar (99.999%) and
distilled water were used as the purging gas and oxidant, respectively. The ratio of cycles
between ZrO. and Y203 deposition was 4 to 1 to render 8 mol% YSZ. The canister
temperatures for ZrO; and Y203 were 85 °C and 160 °C, and the line temperatures were
180 °C, respectively. The chamber temperature was set at 250°C. The ALD supercycles
were performed on the porous cathode for 6 times to make a ~3 nm thick YSZ coating. The
microstructures of thin films were characterized by a field-emission SEM (Zeiss
GeminiSEM) at the operating voltage of 3 — 5 kV.

Electrochemical characterization was performed in a home-made SOFC test setup.
Cells with the active area of 0.37cm? were placed between two current-collecting Pt meshes
(Goodfellow Co., USA). The cell was enclosed in a furnace in which the operating
temperature is controlled at a set point through a feedback loop. Polarization curves and
EIS spectra were obtained by using a potentiostat and impedance analyzer (BioLogic SP-
240). The EIS was performed with a 20 mV perturbation and a dc bias ranging from the
open circuit potential to n =0.4 V at the frequency of 10 — 106 Hz. During the
characterization, 50sccm of dry Hz (99.999%) was fed to the anode while a various
combination of Oz and N2 (total of 50 sccm) was fed to the cathode side to control the O
partial pressure ranging from 0.04 to 1.0 atm. The resulting EIS spectra were fitted to the

equivalent circuit using commercial software (EC-Lab®, Bio-Logic Science Instruments).

3-3 Results and discussion

3-3-1 ALD effect on preventing agglomeration and increase
performance

Fig. 3-1 shows schematic diagrams of the two various kinds of cells examined in

this study. One is a Pt/'YSZ/Pt cell in which porous Pt was sputter-deposited on both sides
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of a 270 um thick YSZ substrate. The other cell is based upon the same Pt/YSZ/Pt cell, but
an ultrathin YSZ is coated on one of the two Pt layers by ALD (see Experimental Section).
We call them BP (bare Pt-based) and CP (coated Pt-based) cells, respectively.

BP Cell CP Cell
YSZ coating
N
Pt Pt
Y
Pt

FreryEyryrrrereree e
YSZ

Fig. 3-1 Conceptual drawing of cross-sectional Pt/'YSZ with (CP cell) and without (BP cell) the YSZ nano-

overcoat

Fig. 3-2 includes time-dependent power densities of the BP and CP cells and
corresponding polarization curves obtained after t = 1, 3, and 14 h at 600 °C. Before the
measurement, the cells were heated up to 600 °C at the rate of 3 °Cmin, and the aging
clock started as soon as the temperature of the furnace enclosing the cell reached 600 °C.
A continuous cell overpotential n = 0.2 V was applied throughout the aging test except for
the duration of intermittent impedance and polarization measurements. The resulting
power density with time shows a trend similar to that of our recent study, where a
significantly enhanced thermal stability was acquired by applying an ultrathin YSZ
overcoat on a Pt-based cathode.[133] The BP cell degraded very fast from the initial power
density of 1.57 Wcem™ measured at t = 1 h to 0.26 Wem™ at t = 14 h under the high-
temperature operation. On the other hand, the CP cell maintained its powering capability
with a relatively insignificant change from 8.66 Wcm™ to 7.11 Wcm™. Most of its
degradation occurred in the first few hours, and the power density at t = 14 h was 98.7%
of the value att =5 h.
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Fig. 3-2 (a) Power density evolution with time under a continuous cell overpotential of 0.2 V at 600 °C. (b,
c) Polarization curves and the resulting power density curves of bare Pt/YSZ (BP) and few nanometers YSZ-
coated Pt/YSZ (CP) cells. The relatively low power densities are ascribed to the thick YSZ electrolyte (~270
um) used for this study.

SEM images of cathodes before and after the 14 h-long operations are presented in
Fig. 3-3. As reported earlier,[133] an ultrathin ALD-based Y SZ coating preserved the nano
granular microstructure during the high-temperature operation while the non-coated Pt
suffered from a severe agglomeration. Also, the initially uniform YSZ overcoat is
conjectured to have agglomerated into nanoscale islands or networks after being exposed

to high temperatures,[133] making room for O access to the Pt surface as depicted in the
insets of Fig. 3-3.
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Fig. 3-3 SEM images of the BP and CP cell cathodes before (top) and after (bottom) the 14 h long operatio
n under a cell bias of 0.2 V at 600 °C.

3-3-2 ORR detailed process and ALD impact on R¢: components

The ORR process is comprised of its smaller steps. In a Pt/'YSZ-based system, these
steps are: 1) adsorption of molecular oxygen on the catalyst surface, 2) dissociation of
molecular oxygen into atomic species, 3) surface diffusion of atomic oxygen species to the
TPB, 4) charge transfer reaction and 5) incorporation of oxygen ions into the electrolyte.
In order to better understand the main factors affecting the discrepancy in the performance
between the two cells, we first studied ORR kinetics under different oxygen partial
pressures (pO2) ranging from 0.04 to 1.0 atm. The reaction order m, defined in the relation
Ryt oc slope of p(O2) (Rp: electrode polarization resistance), provides abundant clues about

the rate-limiting step.[136] For example, the reaction order of m =1 indicates that the rate-
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determining step is likely related to a molecular oxygen-mediated process such as O
adsorption and diffusion. A square root p(O2) dependence (m = %2) corresponds to an
atomic oxygen-related process, including dissociation into atomic oxygen species and their

surface transport, and m = % dependence can be ascribed to a process related to the charge
transfer reaction.[137]
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Fig. 3-4 Nyaquist (a, ¢) and Bode plots (b, d) of the BP cell with various p(O) att =1 and 14 h under
n=0.2 V at 600 °C. Dry H and the O./N, mixture are being fed to the anode and cathode, respectively.
pOy) is controlled by the ratio of O, and N2 flow rates.

EIS was performed on a BP, and a CP cell and the resulting spectra are presented
in Fig. 3-4 and Fig. 3-5, respectively. Each cell was continuously exposed to the operational
condition of choice (n = 0.2 V at 600 °C), and a p(O) dependency of ORR Kkinetics was
measured at t = 1 h and 14 h. Each EIS was performed only when the electrical current
measured at the cell overpotential of 0.2 V had not changed by more than ~3% for 1 min

after each p(O2) change, which usually corresponds to 2 — 7 min.
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Fig. 3-5 Nyquist (a, ¢) and Bode plots (b, d) of the CP cell with various p(O;) att=1and 14 h
under 1= 0.2 V at 600°C.

For both BP and CP cells, the shape of spectra obtained at t = 1 h suggests that at
least two R/CPE components can be fitted while it is hard to resolve multiple R/CPE
components from those measured at t = 14 h with reasonable accuracy. Therefore, for data
fitting, two different equivalent circuits (Fig. 3-5a) were used accordingly to extract each
characteristic electrode resistance. The resulting electrode resistances are presented in Fig.
3-5b (BP) and Fig. 3-5¢ (CP). R: is the ohmic resistance originated mainly from ionic
transport through the electrolyte, which approximately corresponds to the high-frequency
intercept on the real axis of the Nyquist plot. R, and Rz are assigned to the electrode

resistances at the higher and lower frequencies, respectively.

It is noted that all the resistance values presented in this report are normalized by
the cell area of 0.37 cm?. The 1 h data fitted to the Equivalent Circuit 1 shows that two

distinct electrode processes follow the relation Ry oc p(O2) slope(m). First, in the BP cell,
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the high-frequency resistance (R2) shows a trend of m = 1.107 (close to 1), which is likely
to indicate a molecular oxygen-mediated process.[138], [139] The m value of low-
frequency resistance (Rz) is 0.463 (close to 0.5) and is ascribed to an atomic oxygen-
mediated process such as dissociation of oxygen into atomic oxygen species and their
surface diffusion to the active sites at TPB.[140] Rs is significantly larger than R2
approximately by order of amplitude throughout the pO, range studied here, and the overall
ORR process at t = 1 h is thus limited by oxygen dissociation process and/or surface
transport of electroactive oxygen species. After 14 h under n = 0.2 V at 600 °C, the overall
electrode resistance increased by more than two orders of magnitude, and its pO:
dependency became m = 0.15, which implies a charge transfer-limited ORR process.[141]
Since charge transfer process is known to be much faster than chemically-driven processes
such as dissociative adsorption and atomic surface diffusion, the interpretation of m above
is well aligned with the fact that the peak frequency at t =14 h are found to be higher than

those at t =1 h approximately by an order of magnitude as can be compared in Fig. 3-5b,d.
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Fig. 3-6 (a) Equivalent circuits used to fit the EIS data. For both the BP and CP cells, equivalent circuits 1
and 2 were used for the data obtained at t = 1 and 14 h, respectively. (b, ¢) The resulting area-specific electrode
polarization resistances of the BP and CP cells as a function of p(O2). The resulting reaction order, m, was
obtained by the least-squares fitting of each dataset.
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Table 3-1 Fitted EIS parameters using the equivalent circuits shown in Fig. 6a. Two

components were fitted for the t = 1 h and t = 14 h data, respectively.

and one R/CPE

t=1h t=14h
PO 5 5
(atm) 0.04 0.1 02 05 1.0 0.04 0.1 02 05 1.0
R 75.00 5883 4086 473 2787 108.5 1074 1184 1155 1062
(Qem?)
Ra 2009 61.48 57.61 7.87 10.44 4424 2010 3828 3030 2385
(Qem?)
Rs 8745 5324 3459 2036 1814
(Qem?) i i i i i
B Q 5 -5 50.104 -5 -5 -5 5 = = =
P | (Fs)ieem?) 6.35-10 9.81-10 4.59-10 1.74-10 1.05-10 8.37-10 23610 1.02-10 1.34-10 1.90-10
Q3 -3 -3 -3 -3 5 -3
((Fs)mem?) 2.7410°  41010° 39710° 37610° 515107
n: 0452 0.601 0347 0.843 0712 0535 0479 0.535 0518 0.50
it 0.679 0.660 0.725 0.70 0.689
R 20.66 2041 19.89 1988 18.08 18.65 18.83 18.79 18.78 18.29
(Qem)
Ra 96.9 7048 847 78.65 8112 1738 151.7 1327 1101 95.08
(Qem?)
Ks 1306 69.63 28 86 18.72 8.27
(Qem?) i : i e i
C Q 5, = ] = 5 =5 = = = 4 4 3 4
P | (F9)em?) 25410 24410 4.05-10 4.52-10 5.67-10 0.01-10 02710 1.05-10 1.30-10 1.55-10
Qs 104 04 104 A0 A0
((Fs) em?) 3.23-10 2.10-10 2.16-10 24710 2.70-10
ny 0.807 0815 0.755 0.749 0.729 0.682 0.684 0.673 0.652 0.634
it 0.781 0.828 0.995 1.0 0900

This inference is corroborated by dc-bias dependent impedances compiled in Fig.

3-7. The total electrode resistance (R2 + Rz for 1 h cells and R for 14 h cells) were extracted

from impedance data obtained with different cell overpotentials ranging from 0.0 V to 0.4

V. If an ORR rate is limited by a charge transfer reaction, the electrode resistance would

follow the Tafel behavior. The ASR for ORR from an impedance measurement is then

expressed as:[142]

—anF
dn _ RT 1 _ RT 1“7,

ASR =—= =_——_ ¢ RT
ORR dj anF j anF jg

38

Eq. 3-1



where o the electron transfer coefficient, n: the number of electrons per species, F: Faraday
constant, R: gas constant, T: temperature, j: current density, jo: exchange current density
and n: the overpotential of ORR. According to this equation, the slope from the logarithmic
ASR vs. over potential graph can be used to quantify a-n. As for the BP cell at t =1 h, not
only the logarithmic ASR vs. n deviates from the linear behavior but also a.-n is calculated
to be < 0.4, indicating that there is another rate-limiting step other than the charge transfer
reaction in this cell. (Note that the usual a is in the vicinity of 0.5) Att =14 h, a-n values
become ~0.8, making it reasonable to consider the measured quantities corresponds to the

charge transfer process.
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Fig. 3-7 ASRs with cell overpotential 1 obtained from EIS measurements of the BP and CP cells under var
ious p(O2). Equivalent circuits are shown in Fig. 3-6a were used to extract the ASRs

On the other hand, the CP cell showed the overall electrode resistances and power
densities much smaller than those of the BP cell, as shown in Fig. 3-6 and 3-2, respectively.

Interestingly, this is the case from a very early stage of the operation when the nanoporous
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Pt of the BP cell is not expected to have developed significant agglomeration. This
indicates that the effect of suppressed agglomeration only cannot fully explain the oxide-
overcoat-induced enhancement of ORR Kkinetics. In Fig. 3-7c, the two electrode resistances
of the CP cell at t = 1 h exhibit different p(O) dependences as those of the BP cell did. The
processes characterized by R2/CPE>2 and Rs/CPE3 have reaction orders of m = 0.844 (close
to 1.0) and 0.034 (close to 0), respectively. Overall, the R3/CPEs process dominates
R2/CPE>, especially above 0.2 atm of oxygen.

First, the R2/CPE: process is likely to correspond to a process involving molecular
02 species such as Oz adsorption as reported in a recent ORR mechanism study for ultrathin
ZrO%*coated Pt by Liu et al.(25) On the other hand, the very small m value of the Rs/CPE3
process can be ascribed to the incorporation of oxide ions (O%) into the vacancies of
electrolyte or gaseous O diffusion on the surface of Pt.[136], [139]-[141], [143] If the
ORR rate is governed by O diffusion, Rt is not expected to show an explicit temperature
dependence. As the CP cell shows an Arrhenius behavior with the activation energy of 1.26
eV atOCV and 1.14 eV at n = 0.3 V (Fig. 3-8), it is reasonable to ascribe the process with

m = 0.034 to the charge incorporation process.

Alternatively, the following scenario is possible for the CP cell. An ultrathin layer
of YSZ partially covers pt, either in a well-connected network or in dispersed islands, the
effective electrochemically active sites where Pt, air, and O% conducting channel meet
altogether should have been enlarged significantly. The ionic species generated at these
sites may travel through the newly formed Pt/YSZ interfaces, and this may be responsible
for the activation energy of 1.14 eV. However, the ionic transport through the nano thin
YSZ overcoat itself is likely negligible because the overcoat is very thin and probably not
well-connected all of the way to the electrolyte interface. If the new Pt/YSZ interface
became a new channel of O transport, the distance through which the dissociated atomic
species needed to travel on the Pt surface should be reduced significantly by the overcoat,
making the overall ORR kinetics much facilitated. This explanation is also well-aligned

with the disappearance of the process with m=~0.5 that used to be dominant in the BP cell.
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The on value quantified even from the steepest slope of Fig. 3-7¢,d (between =0 and 0.2
V) was <0.15 for both 1 and 14 h data. Given the common o value of ~0.5, the resulting n
is too small to correspond to the charge transfer process of ORR. It is noted that Fig. 3-8 is
based upon the cell overpotential, not the activation overpotential. However, ohmic
overpotential comprises <10% of the total cell overpotential even under the cell
overpotential of 0.4 V and thus is not significant enough to affect the arguments discussed

above.
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Fig. 3-8 Arrhenius plot of the BP and CP cells measured under (a) 1 =0V (OCV condition) and (b) n = 0.
3 V. The measurements were performed at 400, 450, 500, 550, and 600 °C in the decreasing sequence after
the cells were exposed to 600 °C for 14 h.

The observations mentioned above can be summarized as follows. First, in our BP
cell, a chemical potential-driven process mediated by atomic oxygen species is the limiting
process in ORR when the Pt electrode is relatively intact (at t = 1 h). The bottleneck process
is probably dissociation of oxygen molecules into atoms and/or surface transport of oxygen
atoms. As agglomeration continues during the operation at 600 °C, the site for charge
transfer reaction (i.e., TPB) will become significantly smaller, which is further supported
by the morphology images shown in Fig. 3-2, making the overall ORR kinetics limited by
a charge transfer-related step. As for the CP cell, the ORR is initially governed by both 0%
incorporation into the electrolyte lattice and a chemical process, not being entirely
dominated by either of the two processes. While the contribution of the former is somewhat

more substantial than the other throughout the p(O.) of study, that of the latter becomes
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larger with smaller p(Oz). It is also noted the m = 0.48 trend appearing in the BP cell is not
visible in the CP cell. This suggests that the oxygen dissociation process or atomic
diffusion, which used to be the rate-limiting step in the BP cell, becomes highly facilitated
by an ultrathin YSZ overcoat and does not play as the rate-limiting step in the CP cell.

3-3-3 Conclusions

It was reported earlier that a highly uniform nanoscale YSZ overcoat on a Pt
catalyst enabled by ALD preserves the underlying Pt nanostructure and even enhanced the
ORR Kkinetics significantly.[133] While the impact of overcoat on the Pt agglomeration
seems obvious, it stayed mysterious that the CP cell showed a much higher ORR activity
than the BP cell even when the bare Pt was not agglomerated. In this section, a systematic
electrochemical analysis was presented to reveal the mechanism and suggest the following.
First, the ORR Kinetics on a current nanoporous Pt/YSZ system is mainly governed by an
O" mediated chemical process. After the Pt becomes highly agglomerated during high-
temperature operation, the rate-limiting step shifted to the charge transfer reaction due to a
much smaller TPB area. On the other hand, a nanoporous Pt catalyst with uniformly
dispersed nanoscale YSZ overcoat seems to exhibit an ORR process mainly limited by the
O?% incorporation process while a chemical process also plays a considerable rate-
determining role especially at a low pO2 regime (< 0.1 atm). With these observations, the
YSZ overcoat on Pt can be regarded as a significant facilitator of chemical processes related
to non-charged oxygen species during ORR in addition to an effective suppressor of Pt

agglomeration (Fig. 3-9).
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YSZ nanocoat: Enhancer of
O-mediated process of ORR

Fig. 3-9 Schematic of YSZ ALD impact on different components of ORR on Pt particle
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Chapter 4  Effect of spin coating on the interface of
LNF/GDC in SOFCs

4-1 Introduction

To improve solid oxide fuel cell (SOFC) technology, several steps have been made
so far. Changing the nanostructure and nanocrystallinity of materials are one of these steps
that helped improving material properties. To obtain the desired nanostructure, low-
temperature deposition techniques such as spincoating, atomic layer deposition (ALD), or
infiltration can be used. Cathode resistance has a high contribution to the total area specific
resistance (ASR) of the fuel cell. Thus, strategies to lower the cathode resistance are
needed. One of the methods to lower the cathode resistance is interfacing the
cathode/electrolyte with the thin functional layer (FL) with methodes such as spincoating .
Which allows modifying the nanostructure of this thin layer Spincoating is not only a cost-
effective coating technique, but it also has a significant impact on reducing the resistance
of the cathode.[168], [169]

To make cells more efficient, one crucial step besides lowering the cathode
resistance is to have a better understanding of the cell's oxygen reduction reaction (ORR)
mechanism. It will have a crucial impact on achieving a viable SOFC technology in the
future. In this study, the effect of spincoated layers of LaNiosFeo4O35 (LNF) and
LaNio.sFe0.403.5Gd1-xCex02.5 (LNFGDC) with a variety of thicknesses in the interface of
LNF porous cathode and GdixCexO25 (GDC) interlayer have been examined and
evaluated. The samples are prepared by a versatile and low-cost spincoating method on
yttria-stabilized zirconia (YSZ) pallets. Spincoated layers are introduced on the interface
of GDC interlayer and porous LNF cathode. X-ray diffraction (XRD) and scanning electron
microscopy (SEM) have been used to find the properties of materials. Then symmetrical
cells are tested by Electrochemical impedance spectroscopy (EIS) at different temperatures
and oxygen partial pressures to have an advanced understanding of any change in the ORR

mechanism and kinetics caused by introducing these spincoated layers.
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4-2 Background of surface treatment approaches

Fuel cells are energy conversion systems that convert the chemical energy of
hydrogen and fossil fuels directly into electrical energy. As a result of not being limited by
the Carnot cycle, they are highly efficient and environmentally sustainable.[178]-[180]
SOFCs are among the most promising types of fuel cells, which have been extensively
researched as a very efficient source of electrical energy with the technical research history
of the late 1930s when Emil Baur and H. Preis experimented materials such as zirconium,

yttrium, cerium, lanthanum, and tungsten as a solid oxide electrolyte.

SOFCs typically consist of ceramic or cermet, porous electrodes separated by a
dense ceramic membrane conductive to oxide ion, generally made of YSZ. The use of such
materials indicates high temperature operation, which was one of the characteristics of
SOFC. Traditionally high operating temperature SOFCs promote the Kkinetics of
electrochemical reactions and charge transport through the ceramic components of the cell,
which provided high power density in excess of 800 °C. However, despite certain apparent
benefits, the widespread commercialization of this development has been greatly hampered
by high costs, elevated thermal stress, lengthy startup and shutdown times and unintended
chemical reactions between components of fuel cells.[181] Lowering the working
temperature to medium temperature range (600-800 °C) is a key to avoid these issues
which enable the long-term operation and hence the feasibility of this technology.
However, reducing the operating temperature is correlated with a decrease in ion

conductivity and a reduction in the catalytic activity of both electrodes.[182], [183]

It has been stated that the limiting factor in efficiency for the state-of-the-art fuel
cells is the cathode overpotential. For cells measured at 700 °C, cathode overpotential
contribution to a total ASR of anode supported SOFC dominates its performance as pointed
out by Barfod et al.[184] As a result, the greatest improvement can be achieved by
improving the cathode material. In the last few decades, persistent attempts have done to
improve the ORR process, which is often the main source of power loss in reduced

temperature SOFCs.
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Cathode parameters such as composition, thickness, and microstructure have
proven to strongly affect the electrochemical performance of SOFC. Thus, extensive work
has been performed on the quest for novel cathode materials with favorable overall
properties at temperatures below 800 °C.[185] —[187] Besides the cathode's proper
chemical composition, it is also necessary to change the microstructure properly,

particularly at the interface between the cathode and the electrolyte.[188]-[189]

As a consequence, adding a film of at least 10 um thick cathode functional layer,
which has a finer microstructure than a conventional cathode current collector layer (CCL),
began a standard procedure. Tanner et al.[191] also showed another theoretically proven
justification for such a layer. Rieu et al.[192] used dipcoating to prepare a thin film of 2
um thick and Woolley et al.[193] recorded using screen printing to obtain a 5 um thick FL,
which reduced the polarization resistance of La2NiO4+;s cathode. Lee et al.[194] reported
that due to the enhanced oxygen ion incorporation rate at the cathode/electrolyte interface,
the interfacial ASR of SrTioesFeo.3503.5 (STF)/ GDC cathodes on a GDC electrolyte was

significantly reduced compared to that of the same cathode on a YSZ electrolyte.

Since then, much thinner functional layers between the cathode/ electrolyte have
been found to improve the performance of the fuel cells. Enhancements in the properties
of SOFC cathode components can be accomplished by modifying the nanostructure of this
thin layer utilizing various deposition techniques such as pulsed laser deposition (PLD),
spin coating, and spray pyrolysis which offers the possibility to form thin ceramic coatings
with nanocrystalline grain size at low temperatures. Hildenbrand et al.[169] reported an
increase in the mechanical stability and ionic conductivity of the cathode/electrolyte
interface for LageSro.4Coo2Fe0s0s3-5 (LSCF) and La:NiOs+s (LNO) cathodes through
utilizing a thin dense layer produced by PLD. Despite the fact that the PLD provides high
quality ceramic layers, its high level of technical sophistication and high cost make it
difficult to use in large scale production. Setevich et al.[188] studied the potential usage of
polymeric precursor spin coating to achieve dense layers. They synthesised and
characterized the impact of 700 nm thick LSCF spincoated layer between the GDC
electrolyte and the LSCF cathode.

46


https://www.sciencedirect.com/topics/chemistry/microstructure

Chrzan et al.[174] examined the effect of functional layer sintering temperature on
the cathode performance. They deposited a thin (~140 nm) spincoated perovskite layer of
LSCF between a cathode LSCF and an electrolyte GDC and the effects of this investigated.
They changed the sintering temperature to vary the micro-structure of this layer in order to
determine its impact on the electrical and electrochemical properties. It has been shown
that a mesoporous, nanocrystalline layer increases the active area for oxygen reduction and
charge transfer through the cathode/electrolyte interface, which improves performance.
Moreover, the stability of the cathode from thermal stresses is increased. In contrast, the
coarsening of the grain and the layer densification has a negative impact on the cathode

performance.

In another analysis by Chrzan et al.[195], thin functional layers made of three
different perovskites, LNF, SrTioesFeo3sO3-s (STF) and LSCF with various thicknesses
(from 30 nm to 440 nm) were deposited to boost the cathode performance. Evans et al.[196]
spincoated LSC with a thickness of 250 nm as a cathode on micro SOFCs which are
miniaturized fuel cells using sub micrometer thick ceramic electrolyte membranes. Zhao
et al.[197] deposited LNO electrodes on a solid substrate of CeosSmo 2019 electrolyte by a
spincoating technique and found out the polarization of surface oxygen exchange process

was the major contributor to the total electrode polarization.

Giuliano et al.[198] investigated the effect of electrode/electrolyte interface
structure on the performance of ProgSro2Feo7Nio303-5 (PSFN8273) as SOFC cathode.
They introduced GDC interlayer on the PSFN8273 cathode on two different symmetrical
half-cells, with dense GDC electrolyte pellet (GDC/PSFN cell) and with GDC interlayer
deposited on YSZ pellet (YSZ) (YSZ/GDC/PSFN cell). After fitting the EIS data using an
adapted equivalent circuit (EC), they found out polarization resistance (Rp) is higher for
the YSZ/GDC/PSFN cell compared to the GDC/PSFN cell. They concluded that this
increase is assigned to the difference in their interface microstructure. Besides, the long-
term stability is evaluated through an aging test applying a current density of
123 mAcm 2 for 1000 h at 700 °C in air that revealed PSFN8273 was an stable material
for SOFC cathode. These results mean that even if the GDC interlayer affects the cathode
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performance (in terms of Rp), it did not influence its stability, making PSFN8273 a suitable

material as cathode for SOFC application.

Molin et al.[199] found out the introduction of the thin FL between the cathode and
the electrolyte by spincoating has led to the lowering of the ASR of the oxygen electrode
by ~24%. They concluded that a critical contribution of the layer is improving contact
between the electrolyte and the porous cathode. On the other work, Molin et al.[200] used
a spray pyrolysis method to deposit thin cathode functional layers based on the
LaNio.sFe0.403 (LNF) material. They deposit thin layers of CegsGdo202 and LNF between
the electrolyte and the porous oxygen electrode. Testing of symmetrical fuel cells shows a
clear improvement of the electrochemical processes, resulting in lower polarization
resistances allowing for higher power fuel cells. Their cathode resistance decreased more
than 17 times, from 1.6 Q cm? to less than 0.1 Q cm? at 800 °C. They reported that the
introduction of the new thin functional layers between the electrolyte and the porous
electrode seems to be very beneficial in terms of the reported performance. However, they
did not analyze this impact to find the ORR process.

Baque et al.[201] studied a symmetrical cell composed of LSCF cathodes deposited
on a Ceo.sY0.202-5 (CYO) substrate fabricated by the spincoating technique. They reported
that electrolyte grain boundary conductivity strongly depends on cathode nature. The
detailed high-resolution transmission electron microscopy (HR-TEM) characterization of
the LSCFO/CYO interface revealed that the LSCFO cathode well adheres to the CYO
electrolyte. They reported that improved nano/microstructure of the cathodes and the
cathode/electrolyte interface yields to ASRc: values as low as 0.4 Q cm? at 550 °C and
concluded such low ASR values are a result of the optimal cathode nanostructure along
with the well-adhered cathode/electrolyte interface which facilitates the oxygen ion

transfer from cathode to the electrolyte.

Previous research centered more on cathodes with strong ion conductivity and thick
layers constructed of the same material. It is, therefore, necessary to investigate the impact
of a thin perovskite layer on the properties of the cell with primary electronically
conductive cathode material. Despite the previous works, the efforts on the electrochemical
properties of thin spincoated LNF based cathodes in relation to the thickness remains
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inadequate towards the difference of thin MIEC or electron conductor FL. As has been
stated, the electrochemical properties of a cathode operating on an electrolyte are highly
dependent on the cathode microstructure, grain size, porosity, cathode/ electrolyte triple-
phase boundary length and the adherence of the cathode to the electrolyte. The mechanism
of the increase in the cathode activity is not yet well known. Thus, the effect of the
spincoated layer on the LNF cathode has yet to be evaluated. None of the reports so far
conducted a test to carefully examine the impact of the spincoated layer with respect to its
ion conductivity and thickness; This is addressed in this paper. Namely, LNF cathodes with
two different thin perovskite of LNF and LNFGDC which have contrasting ionic
conductivity examined at variety of spincoated thickness at multiple temperatures. The
hypothesis also examined with ALD and cathode infiltration. ALD coating of CeO. and
YDC increases the available reaction cites in the cathode FL without making a ion
conducting path to the electrolyte. Infiltration increases the number of triple phase
boundaries on the porous cathode. Thus, we can examine the efect of increasing the TPBs

inside the FL in comparison with the effect of FL spin coating.
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4-3  Experimental and cell fabrication

Symmetrical cells consisted of YSZ electrolyte, GDC interlayer, spincoated
functional layer, and LNF current collecting layer with the reaction area of 0.35 cm?. The

schematic of the cell can be seen in Fig. 4-1.

LNF

YSZ

GDC

Spin-coated
layer
Fig. 4-1 Schematic of spincoated sample layers.

Each layer was sintered from slurry and screenprinted on the YSZ electrolyte layer
by layer. YSZ electrolyte that used for this test was 8 mol% YSZ (Yo.16Zr0.840>-5) pellets
(270 um, FuelCellMaterials) as electrolyte supported substrates. For creating GDC slurry,
GDC nanopowder (surface area: 30-40 m?g™l; 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, 2 wt%
ethylcellulose, and 48 wt% GDC nanopowder. First, the GDC slurry screenprinted one
time on both sides of the YSZ electrolyte. After that, GDC screenprinted samples dried at
80 °C for 1 h and then sintered at 1250 °C for 5 h. The samples were heated to 500 °C in
2 °Cmin for sintering and held for 30 min at 500 °C to promote binder burning off.
Samples continued to be heated to the sintering temperature of 1250 °C at 3 °Cmin*, and

50



after sintering, cooled down at 3 °C min! to room temperature. Such a high sintering
temperature makes the GDC layer’s surface less corrugated. Thus, the observation of the

spincoated layer surface is more straightforward.

In the next step, a thin layer of LNF or LNFGDC deposited on both sides of samples
using spincoating at 500 rpm for the 30 s followed by 1500 rpm for 20 s. After each step,
samples dried at 100 °C for 2 min followed by a fast annealing on a hot plate at 500 °C for
1 min. LNF and LNFGDC solutions for spincoating were prepared from the stoichiometric
amount of nitrate-based solutions with deionized water as a solvent. During the low rpm
step, nitrate solution fully covers the surface. The high rpm spincoating step thins the
spincoated layer. The spincoating process repeated until the desired thickness
obtained. The average thickness of each spincoated layer was around 48 nm, based on the
SEM images that are available for both LNF and LNFGDC. (Fig. 4-2 a-b)

To make LNF slurries for screenprinting, LNF powder was first synthesized with
lanthanum (I11) hexahydrate nitrate, nickel (I1) hexahydrate nitrate, iron (I111) nonahydrate
nitrate, glycine, and deionized water. A weight ratio of 1:0.403:0.373 (La: Ni: Fe) nitrate
precursors were dissolved in a minimum amount of deionized water while stirring on a hot
plate. Glycine was gradually applied to the solution when mixing (with a weight ratio of
1:0.877 between the nitrate precursors and glycine), which turns the solution color into
dark red. Once it was dissolved, the water evaporated at about 150 °C until the liquid
became like glue. Then the combustion reaction process completed at 325 °C. The reaction
product was broken into smaller clusters after cooling down and then calcined in a ceramic
container at 850 °C for 3 h. The calcination changes the powder color from dark brown to
pure black color scheme. For slurry, dispersant (Hypermer, Croda) was dissolved at 50 °C
overnight in terpineol with a magnetic mixer, and 3 h of ethylcellulose and LNF powders

were then applied to the mixture before ball-milling.

After spincoating, LNF current collecting layer screenprinted on both sides of

spincoated cell that covered with 0.35 cm? circular mask. Then the sample dried at 80 °C

51



for 1 h, and another LNF screenprinting was performed on both sides of the cell. Then the

sample calcinated at 500 °C, followed by sintering at 850 °C for 5 h.

4-4 Results and data analysis

Spincoating on the interface of GDC and porous screenprinted LNF has performed
with 2 different materials: LNF and LNFGDC. The choice of LNF and LNFGDC is
because of their significant differences in ionic conductivity, electronic conductivity, and
electrochemical performance toward ORR. Since the cathode is made on a LNF backbone,
we examine the impact of LNF and LNFGDC spincoating on the LNFcathode/GDC
interlayer interface to have a clear conclusion about the impact of the spincoated layer on
ORR performancein terms of ion conductivity and thickness. The thickness of spincoating
varies between ~50- 500 nm for both sets of spincoating materials. Fig. 4-2 shows SEM
images of LNF and LNFGDC spincoated samples. Samples with 10 layers of LNF and
LNFGDC spincoating were chosen for SEM imaging to demonstrate the differences in
thickness and porosity. The nanoparticle-like features of spincoated LNF and LNFGDC
are clearly visible in the interface of GDC interlayer and porous LNF as shown in both
Fig. 2a-b. images revealed that the average thickness of 10 layers is around 480 nm on both
LNF and LNFGDC spincoated samples. Besides, the spincoated layers are denser than the

screenprinted layers.
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Fig. 4-2. SEM images of (a) spincoated LNF and (b)spincoated LNFGDC sample. The spincoating
repeated10 times for both samples to achieve this thickness. The scale bars correspond to 500 nm.

XRD analyses were also performed to determine the phases additionally formed by
the spincoating process. While a different number of spincoated layers was performed for
electrochemical characterization presented below, ten steps of spincoating were performed
for XRD characterization purposes of acquiring reliable diffraction spectra of infiltrated
materials. The subsequent XRD spectra (Fig. 4-3) reveals that the backbone LNF was
found to comprise predominantly of rhombohedral crystals with a slight amount of the
form LaNiOs Phase. The LNF spincoated sample exhibits an intense peak that
corresponded to La2NiO4, a Ruddlesden-Popper (RP) phase. It also showed an additional
peak relating to orthorhombic LaFeOs at 26 = 61.2°, whereas all other peaks coincide with
those of backbone LNF. While in the LNF spincoated sample the intended nominal
stoichiometries of the backbone and the overcoat (the spincoated layers) are the same, the
difference in the synthesizing process of backbone and overcoat (mechanical pressing of
backbone powder; sol impregnation for overcoat) may have caused the difference in the
secondary phase. In the LNFGDC spincoated sample, additional GDC peaks observed.
However, peaks linked to the secondary phases of La;NiO4 and LaFeO3 were not detect.
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Fig. 4-3 XRD spectra of bare and spincoated LNF substrates.

The impact of the spincoating thickness of LNF and LNFGDC nitrite precursors
was then studied, increasing the amount of coating from 1 to 10 layers and 15 layers,
respectively. The equivalent circuit shown in Fig. 4-4a is used to extract the ohmic
resistance (Ro) and electrode polarization resistances (Ru, Rm, and Ry, corresponding to
high, medium and low frequency arcs, respectively). Fig. 4-4 b-d display impedance
spectra of symmetric bare and spincoated samples obtained in the open circuit condition at
700°C. Note that the presented resistance values are normalized by cell area (0.35 cm?).
For each Nyquist plot, the x-intercept of the high frequency regime corresponds to the cell's
ohmic resistance, whereas the arc-like characteristics are attributed to electrode
polarization. The ohmic resistance for both spincoated LNF and LNFGDC samples
remains unchanged. The existence of inflections (i.e., variations in curvature) in the arcs
suggests that the analysis catches several electrode processes. The Nyquist plots reveal the
total arc size decreases significantly even with 50nm thickness of spincoating for both LNF

and LNFGDC spincoated samples.
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Fig. 4-4 (a) Equivalent circuit used to model the system, Nyquist plots of (b) Bare, (c) LNF spincoated, and
(d) LNFGDC spincoated samples, obtained under the open circuit condition at 700 °C.

In Fig. 4-5, the fitted Rm values are presented based on the number of spincoated
layers of LNF and LNFGDC. Interestingly, Rm values are always higher than R for all the
samples at 700 °C. Based on this finding, Fig. 4-5 focuses on Rwm relevant to the bottleneck
mechanism in the examined samples. The optimal thickness of the spincoated layers for
electrode performance is observed to be mostly above 200 nm for both LNF and LNFGDC
interlayers, whereas the polarization arc increases by growing the thickness to about
500 nm.

It is also clearly shown that polarization resistance values shrunk significantly, after
a single-step spincoating on the interface of GDC interlayer/ porous LNF cathode,
regardless of the spincoated material, revealing the crucial impact of cathode/electrolyte

nano-functionalization by spincoating on improving air electrode efficiency. Table 4-1
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reports a description of the polarization resistances and capacitance elements (C) obtained
from each LNF and LNFGDC spincoated cells at 700 °C.

It is noticed that even the spincoating of LNF, the same substance as the backbone,
also greatly decreased the polarization resistance (Rp) by more than 7 times (from 3.6 to
0.5 Qcm?) at 700 °C. Here, Rp = (Rn + Ru + RL)/2 where each symmetric cell has a division
by 2 to account for one of the two electrodes as the only significant distinction between the
spincoated and bare LNF samples is the nanostructured spincoated LNF in the LNF/GDC
interface which has 3 - 4 times smaller LNF crystals on average than the screenprinted
LNF.

This indicates that an increase of actual cathode functional layer surface area has a
vital role in the overall ORR performance of this system. However, a possible discrepancy
in the surface-specific chemical states between the two cannot be entirely ruled out at this
stage. The XRD analysis alluded to the above showed that unlike the bare sample, the LNF
spincoated sample has a slight orthorhombic LaFeOz phase. The fact that LaFeOs is inert
towards ORR nevertheless upholds the influence of surface area on the overall ORR
kinetics of LNF.

The best ORR performance was obtained with 10 layers of LNFGDC spincoating
corresponding to ~480 nm, exhibiting R, ~0.1 Q cm? at 700 °C, a 36-fold improvement
over the non-spincoated cell. This is attributed to the outstanding ORR performance of
LNFGDC composite due to the excellent LNF electron conductivity and decent GDC
particle ion conductivity that helps to make LNFGDC an MIEC cathode in contrast to LNF.

The thickness variation also gives us important data about the impact of spincoating
on LNF (as an electron conductor cathode) and LNFGDC (as an MIEC cathode). On
spincoated LNF samples, increasing the thickness from ~50 to ~200 nm does not have a
noticeable impact on Rm. However, in spincoated LNFGDC cells, Rm continuously
decreases to more than 5 times by increasing the thickness to ~500 nm spincoating. It shows
increasing the amount of available sites for dissociative adsorption has an enormous impact

in terms of cathode resistance on LNFGDC as an MIEC cathode. However, the beneficial
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effect cannot be found in the case of LNF interlayer since the oxygen ions far from the
GDC layer cannot transfer to the electrolyte due to the poor ionic conductivity of LNF.

It is also noticeable that by increasing the thickness of spincoating to ~500 nm in
LNF and ~750 nm in LNFGDC, Rwm increases and peak frequency shifts to lower

frequencies. Both of them are considered to signify the blockage of oxygen access to the

FL surface.
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Fig. 4-5. Rm values on the left scale bar and my , peak frequencies on the right scale bar for bare, LNF, and
LNFGDC spincoated samples with thickness variation.
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Table 4-1 Ohmic resistance (Ro), polarization resistances from high frequency (Rw), medium frequency
(Rm) and low frequency (RL) arcs, and capacitance values (Cn , Cm, and C) of bare and spincoated samples
obtained at 700 °C (open circuit condition). The EIS data shown in Fig. 4b-d were used to fit the data.

Ro[Qem?] Ru[Qem?] Cu[Fem?] Ru[Qem?] Cu[Fcem™] Ri[Qem?] CL[Fem™]

Bare 2.54 0.79 5.75 x 106 2.8 1.62x 104
LNF1 1.93 0.1 6.49 x 107 0.53 1.43 x 104 0.06 0.21
LNF4 1.89 0.15 1.08 x 104 0.39 9.33 x 10+
LNF10 1.8 0.21 1.14 x 104 0.81 1.45 x 103
LNFGDC1 1.95 0.08 1.42 x 104 0.4 8.81 x 10+
LNFGDC4 1.94 0.09 1.74 x 104 0.19 8.55 x 10+
LNFGDC10 1.89 0.08 1.42 x 103 0.02 0.89
LNFGDC15 1.64 0.03 1.73 = 103 0.24 1.10 = 10-2

The temperature dependency of electrode performances was also characterized by
spincoated samples (Fig. 4-6). From the Rv and Ry values extracted from EIS
measurements at 4 different temperatures (550, 600, 650, and 700 °C), the activation
energies (Eawm, and Ea ) were quantified for each sample. Since the amplitude of Rv values
are more substantial than Rc in every sample, it is reasonable to assert that the medium-
frequency process is generally limiting the overall ORR Kkinetics. It is also noted that an
accurate extraction of R (shown in Fig. 6b) is elusive because R. is much smaller than Rm
values in most of the samples. For these reasons, the primary focus was made on Rwv values
when discussing the rate-determining step (RDS) and overall ORR kinetics. A significant

decrease in Eam was accomplished by all the studied materials of spincoating; the initial
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Eam Without a spincoating was 1.71 eV, but spincoating renders significantly smaller Eam
values of 1.16-1.5 eV. Also, the LNFGDC spincoated cells had lower Eam than LNF
spincoated cells. (10 layers of LNFGDC spincoating presented the lowest Eam of 1.16 eV
among the tested cells.) Not only this reveals the significant advantage offered by the
spincoating process for improved ORR kinetics, but it also suggests that the RDS of ORR
is likely to have shifted by the spincoating.
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Fig. 4-6 Arrhenius plots of (a) Rm and (b) Ry based upon the EIS data of bare and spincoated samples
obtained at 700 °C (open circuit condition).

After examining the spincoated cells with varying thicknesses of the LNF and
LNFGDC, we performed supporting experiments to understand the change in ORR
bottleneck by the interlayer. In the first supporting test, we prepared 10 layers spincoated
LNF (LNF10) and 10 layers spincoated LNFGDC (LNFGDC10) samples and conducted a
1 time infiltration of 1M nitrate solution of LNF and LNFGDC on top of screenprinted
LNF layer of each of those two types of samples, respectively. EIS results are presented in
Fig. 4-7a. In the LNF10 sample that was infiltrated with LNF, no significant change was
observed in EIS data at both medium and low frequency resistance range. Although this

one-time infiltration had a significant impact on polarization resistance for the LNF sample
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without the spincoated layer. The result confirms that 10 layers of spincoating are working
as a functional layer for LNF cell since LNF has low ionic conductivity, and oxygen
vacancies just near the GDC layer play an essential role in ORR kinetics. The top layer is
just working as a current collector layer in this cell. By performing one-time infiltration of
LNFGDC on the porous LNF at the LNFGDC10 sample, the polarization resistance
increases by a factor of two. The peak frequency also shifted from medium frequency
(3 x 103 Hz) to low frequency (25 Hz), as can be seen in Fig. 4-7b. These two facts
together support the interpretation that 10 layers of LNFGDC spincoating can act as a full
current collecting layer. The reasons are, first of all, the shift in a peak frequency from
medium range to low range in this case which is a strong indication of blocking the oxygen
availability on the functional layer. In addition, the infiltrated LNFGDC nanoparticles that
attach to the porous screenprinted LNF although adding more available sites for oxygen
adsorption, but the oxygen ion transform path to the GDC surface is too long. this lengthy
ion conducting path increases the resistance which makes that available sites not efficient
in the ORR process since the oxygen ions can not fast transform to the GDC interlayer.
Thus, the 500 nm LNFGDC spincoated layer alone is enough for the cathode FL.

In the next step, the result of ALD YDC and ALD CeO; which have performed on
LNF10 and LNFGDC10 samples compared with each other. ALD deposited on spincoated
layer before applying the LNF screenprinted layer. EIS results (Fig. 4-7b) revealed that
coating 1 nm and 2 nm of ALD YDC on the LNF spincoated samples makes Ry even
increased it slightly. LNFGDC10 has more than 5 times lower total resistance than LNF10
samples with ALD coating. This result supports the hypothesis that dissociative adsorption
is the bottleneck in LNF cathode since having 1-2 nm of ALD coating cannot provide an
oxygen ion conductive path to the GDC interlayer. Therefore, the ALD YDC coating could
not improve the ORR Kinetics.
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Fig. 4-7 (a) EIS plot of infiltration on spincoated samples, (b) R. and peak frequency comparison on
spincoated LNFGDC10 with and without LNFGDC infiltration, and (c) EIS plots of ALD coating on

spincoated samples.
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4-5 Conclusions

In this study, a critical impact of interfacial treatment by a spincoating process on
the overall kinetics and RDS of ORR for LNF-based cells is demonstrated. Among all
tested cells, the lowest electrode polarization resistance was achieved with LNFGDC
spincoating with a thickness of ~480 nm, which corresponds to 10 layers of spincoating in
the interface of GDC and LNF.

The XRD analysis revealed that all spincoated materials of choice were effectively
crystallized by an 850 °C sintering process. Bare LNF's ORR Kinetics are constrained by
the surface process, most possibly dissociative adsorption, and partial oxygen reduction
due to a deficient oxygen vacancy concentration.

The cathode polarization resistance substantially dropped by spincoating, which is
ascribed to the enhancement of the surface process such as oxygen dissociation and surface
diffiusion of oxygen or oxygen ions. Other important influences of ORR activity are the
surface morphology and FL surface area, which is reinforced by the fact that spincoating
of LNF (the same substance as the backbone) lowered the polarization resistance at 700 °C
by more than 5 times.

Among the samples of study, LNFGDC10 spincoated cell showed the lowest
polarization resistance of R, = 0.1 Qcm? at 700 °C in the open circuit condition, much
smaller than the value from the bare LNF cell (Rp = 3.60 Qcm?). It is attributed to the
LNFGDC nanocomposite MIEC properties, which increase the available cites for
dissociative adsorption and the GDC ion conductive path to the surface of the GDC
interlayer. Increasing the thickness proportionally increases the number of available sites
for dissociative adsorption. For the LNFGDC interlayer-based samples, the oxygen ion
generated in the higher spincoated layers far from the cathode/electrolyte interface can still
be transferred to the GDC surface due to the high ionic conductivity of LNFGDC.
However, in the samples with a LNF interlayer, the ionic transfer rarely occurs for sites far
from the GDC surface due to the poor ionic conductivity of LNF material. For this reason,
while a single layer spincoating of LNF and LNFGDC does not exhibit a significant
difference in performance, for samples with a larger number of spincoated layers,

polarization resistance of LNFGDC spincoated cell show a prominent advantage. All the
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cells including the bare LNF cell exhibits an electron transfer-limited process in addition

to dissociative adsorption-limited behavior.
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Chapter 5- Summary

SOFCs are electrochemical engines that convert chemical energy into electricity.
Compared to other types of fuel cells, SOFCs are advantageous in terms of efficiency and
fuel flexibility. However, their high temperature working condition, which is
conventionally above 1000 °C, is the cause of multiple major drawbacks including slow
startup/shut-down, material cost, durability and reliability concerns. To avoid these
undesired issues, many efforts have been made to lower the operating temperature.
However, it comes with a different set of challenges because of more sluggish catalytic
activities, lowered ionic conductivity and resulting in more inferior power density at low
temperatures. A possible solution to these challenges can be found in nanoscale
engineering of electrode and electrolyte materials. Nanotechnology offers numerous
opportunities in the SOFC field to address both performance and durability issues.

The first challenge of IT-SOFC is in the development of suitable electrode materials
with high electronic and ionic conductivity operating the lowered temperature regime. The
electronic and ionic conductivity of cathode materials is primarily affected by the sintering
process. While a high surface area is desired to compensate for a lowered electrochemical
kinetics for low-temperature operation, the average temperature for electrode sintering
would tend to agglomerate the electrodes with a high surface area. A sintering aid is
expected to improve the sintering behavior of electrode materials at lowered sintering
temperatures. Sintering aids also allow co-sintering of different layers in a cell. In the first
project, the effect of sintering aid (specifically, cobalt oxide) was studied on the
performance and microstructure of LSCF-based cathodes. By performing a systematic test,
it was found that 1) the ohmic and electrode polarization resistances are highly coupled
with the change of Cos04 content; 2) CozO4 content has significant impact on charge
transfer kinetics on the FL while having moderate impact on electron transport in CL; 3) a
selective application of sintering aid to a specific layer(s) can be considered for a better
performance and durability.
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Another common problem of SOFCs is the durability of electrode material in a
prolonged operational condition. This is more important in the cathode side since its
polarization resistance is a significant part of total resistance. Nano surface treatment of
electrodes by ALD can be used to resolve this issue. A coating of a few nanometers of
metal oxide on the cathode FL not only suppresses agglomeration of the porous cathode
but also facilitate ORR kinetics. To better understand the mechanism of the ALD catalysis
enhancement effect on Pt cathode, we conducted a series of electrochemical measurements
at different temperatures, overpotentials, and oxygen partial pressures. These experiments
revealed that the ORR kinetics on a new nanoporous Pt/YSZ system is mainly governed
by an atomic-oxygen-mediated chemical process. However, after a short time at 600 °C,
the rate-limiting step shifted to the charge transfer reaction due to a much smaller TPB
area. On the other hand, a nanoporous Pt catalyst with a well-dispersed nanoscale YSZ
overcoat seems to exhibit an ORR process mainly limited by the O?  incorporation or
O? transport through the new Pt/YSZ interfaces formed by the YSZ overcoat, whereas the
molecular O, adsorption process also plays a considerable rate-determining role especially
at a low p(O2) regime (< ~0.1 atm). These observations revealed that the YSZ overcoat on
Pt could be regarded as a significant facilitator of chemical processes related to atomic

oxygen species during ORR in addition to an effective suppressor of Pt agglomeration.

Another set of opportunities in advancing IT-SOFC technology can be found in the
cathode/electrolyte interface. A set of spincoating on different materials with different
thicknesses performed on YSZ/GDC symmetrical cell. To understand the impact of spin-
coated layer on the interface of cathode/electrolyte, EIS data obtained at different
temperetures and oxygen partial pressures. Beside SEM imaging and XRD, to support the
hypothesis of ORR Kkinetics, infiltration and ALD coating also performed on different
samples. We found out that spin-coated layer has smaller nanoparticle sizes and 3~4 times
smaller nanocrystalinity that increase the active cites for dissosiative adsorption on the
cathode side, comparing to the available cites on bare LNF. EIS data along with ALD
coating also strongly support the hypothesis that ion conducting pass through the LNFGDC

FL playes an important role in decreasing the polarization resistance comparing the bare
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LNF cathode as well. IT helps the available cites not limited to the vicinity of GDC
interlayer but be available inn entire FL and the ion transport to the GDC interlayer through

GDC nanoparticles pathes.

To sum up, a combination of nanoscale treatments including cathode infiltration,
metal oxide ALD coating, and cathode-electrolyte interface spin-coating pursued to
achieve a significantly enhanced performance and durability by addressing the
aforementioned issues. In addition, I also performed a systematic studies on the change in
electrochemical kinetics and a possible shift of bottleneck process by the treatments to
better understand the effect of each of this nano-functionalization on oxygen reduction

catalysis process in SOFCs.
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