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ABSTRACT

IMPROVEMENT OF IT-SOFC BY TAILORING THE
MICROSTRUCTURE OF LSCF CATHODE AND GDC
ELECTROLYTE

The high operating temperature of solid oxide fuel cells (SOFC) brings about
some restrictions like the high cost of fuel cell, long start-up time, thermal stress, and
decreasing lifetime. Thus, lowering the operating temperature is vital for improvement of
SOFC. However, reducing the operating temperature leads to some negative effects on
solid oxide fuel cell performance by increasing the electrolyte and electrode resistances.

This dissertation focuses on tailoring the cathode and/or electrolyte layers to
obtain improved electrochemical performances. For this purpose, some strategies are
proposed. These are (i) thin film cathode nanocomposite cathode layer formation, (ii)
infiltration of porous GDC by LSCF/LSCF+GDC, (iii) infiltration of porous GDC by
GDC solution to improve densification at lower temperature and finally (iv)

electrochemical characterization of GDC densified by infiltration.



OZET

LSCF KATOT VE GDC ELEKTROLITININ MIKROYAPISININ
MODIFIYE EDILMESIYLE OS-KOYH PERFORMANSININ
IYILESTIRILMESI

Kat1 Oksit Yakit Hiicreleri’nin (KOYH) yiiksek calisma sicakliklari; yakat
hiicresinin pahali olmasi, uzun agilis siireleri, termal stress ve Oomriin azalmasi gibi
sorunlara neden olmaktadir. Bu yiizden, KOYH’larin ¢alisma sicakliklar1 diisiiriilmesi
oldukca onem tasimaktadr. Fakat, ¢alisma sicakligini diisiirmenin elektrolit ve elektrot
rezistansini arttigindan dolayr KOYH performanst tizerinde olumsuz etkileri vardir.

Bu tezde, katot ve elektrolit katmanlarimin modifiye edilerek elektrokimyasal
performansinin iyilestirilmesine odaklanmistir. Bu amagcla bazi stratejiler 6nerilmistir.
Bunlar (i) ince film nanokompozit katot tabakasi olusturulmasi (ii) LSCF ve LSCF+GDC
solusyonlarinin bogluklu GDC tabakasina infiltre edilmesi (iii) bosluklu GDC yapisinin
GDC solusyonu infiltre edilerek diisiik sicakliklarda yogunlastirilmasi ve son olarak (iv)
infiltrasyon ile yogunlastirilmis GDC elektrolitinin elektrokimyasal 6zelliklerinin

incelenmesi.
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CHAPTER 1

INTRODUCTION

The increase in world population and the use of more advanced technology for
improved life standard lead to accelerated demand for energy which is mainly generated
through fossil fuel resources negatively affecting on global warming as a result of CO>
gas production [1]. Generation of efficient and clean electrical power is, thus, a big
challenge that must be undertaken. [1,2]. Fuel cells can potentially play an important role
in accomplishing this task. Contrary to conventional energy conversion devices, fuel cells
can convert chemical energy to electrical energy directly without combustion [3]. As a
result, fuel cells are considered as a promising, clean and reliable energy source (Figure
1.1).

As they work without combustion their efficiencies are not constrained by Carnot
cycles, which provide significant enhancement in efficiency (> 60%) [3]. Further, these
pollution-free devices operate with hydrogen providing a potential to liberate us from the
use of fossil fuel resources which can reduce environmental risks [2]. Despite high tech
aura of fuel cells, the basic principle of them was demonstrated by Sir William Groove,
father of fuel cells, in 1839. He gained an electric current by connecting an oxygen

cathode and a hydrogen anode. His experimental set-up is shown in Figure 1.2 [2,4].

co (3.4)

NOx(2.0)

EMISSION, gimile
~N

CO (*) NOx (0.00037) |
0 —
INTERNAL FUEL CELL
COMBUSTION
ENGINE

"NOT DETECTABLE

Figure 1.1. Comparison of emissions from different sources
(Source: Stamboli and Traversa, 2002)
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Figure 1.2. Sketch of William Grove's fuel cell.
(Souce: Minh and Takahashi, 1995)
Historically, the major advance in the use of fuel cells appeared in 1960s in
connection with the Apollo and Gemini space programs in NASA. Gemini 5 was the first
spacecraft that used fuel cells instead of batteries in August 1965. Having water as the

reaction product was the added benefit in space [5-6].

1.1. Types of Fuel Cells

All fuel cells consist of three components: a porous cathode, a porous anode, and
an electrolyte layer in contact. A number of fuel cells have been designed and classified
by the chemical nature of the electrolyte materials used in the cell. They are named after
the type of their electrolyte as summarized in Figure 1.3 [7]. Low-temperature fuel cells
(Proton Exchange Membrane Fuel Cells-PEMFC, Alkaline Fuel Cells-AFC) are mainly
considered for cars due to short heating time. Although, efficiencies of LT fuel cells are
low (i.e., in the range of 40-50%), but are still higher than the efficiencies of internal
combustion engines. Molten Carbonate Fuel Cells (MCFC) and Solid Oxide Fuel Cells
(SOFCs) are classified as high-temperature fuel cells [8]. They are developed for
continuous power supply; therefore, they are suitable for use in power plants.
Furthermore, efficiencies of high-temperature fuel cells are higher than low-temperature
fuel cells. Besides, fuel variety is wider in HT-fuel cells than LT-fuel cells [8]. This
dissertation is focused on SOFCs.
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Figure 1.3. Classification of fuel cells
(Source: Singhal et.al., 2015)

1.2. Advantages and Disadvantages of SOFCs

In addition to the advantages of all fuel cells (i.e., clean and reliable operation),
SOFC offer other advantages. These are;

» SOFCs have the highest efficiencies among the fuel cell types (>60%). Their
efficiency rate can be increased by using combined heat and power (CHP) applications
[1].

« Fuel flexibility that allows choice of carbon-based fuels, natural gas, biogas, etc.
[1,2,9].

» High operating temperature allows the internal reforming of gaseous
hydrocarbon fuels [1].

» SOFCs are modular, and they have almost no moving parts [4].

» SOFCs work quietly which makes their use indoors possible [10].

* A long-life expectancy as 40.000-80.000 hours [1].

Despite many advantages, SOFCs are still not fully commercialized due to
difficulties in hydrogen storage, excessive materials and fabrication costs, long heat-up
and cool-down times, and structural stresses that arise during operation due to cyclic
expansion and contraction of components. Therefore, thermal expansion/contraction

compatibility of components is crucial [1,8,11].



1.3. Operation of SOFCs

A typical SOFC system can be seen schematically in Figure 1.4. An SOFC single
cell consists of three components; the fuel electrode (a.k.a. anode), the air electrode (a.k.a.
cathode) and an electrolyte which is sandwiched in the middle. Additional components,

such as interconnectors and sealants, are required to make stacks [12].

Anode Electrolyte Cathode

Figure 1.4. Schematic drawing of a fuel cells
(Source: Bowman et. al., 2013)

Working principle of SOFC is quite similar to batteries such as two electrodes and
an electrolyte produce electricity via electrochemical reactions. However, unlike
batteries, SOFCs does not require recharging or run down [14]. SOFCs generate
electricity as long as they are fed by oxygen and hydrogen much like filling the gas tank
of a car. Hydrogen fuel is fed onto the anode component while the cathode is fed by
oxygen. Oxygen molecules are adsorbed and reduced to oxygen ions by oxygen reduction
reactions (ORR) as given in Equation 1.1. Once generated, the oxygen ions need to travel
through the cathode, electrolyte and anode to meet with hydrogen to produce electrons
and water vapor. This makes it necessary for the electrolyte to provide a fast and easy
pathway for ion conduction. So a good electrolyte is one that is ion-conducting and gas-
tight. Air and fuel electrodes, on the other hand, need to be porous to maximize surface
reactions. At the surface of the fuel electrode (anode) oxidized hydrogen ion (H*) reacts
with the oxygen ion (O%) that just came through the electrolyte to form water and
electrons (see Equations 1.2 and 1.3). The released electrons run through the outside of

the cell via an external circuit. Therefore, electrons can be fed back into the cathode to
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complete the electrical circuit [15-16]. As long as fuel and oxygen are fed to the cell, the

system will work consistently and will generate electricity.

Cathode Side (Air Electrode): 1/2 O, + 2e” — 0% (1.1)
Anode Side (Fuel Electrode): 2H,; — 4H" + 4¢° 1.2)
Net Reaction (The “redox” Reaction): 2Hz + O, — 2H,0 (1.3

1.4. Open Circuit Voltage

The electrochemical potential difference due to the difference in the oxygen
partial pressures between both electrodes is the driving force for SOFC; and it is called
as “open circuit voltage (OCV)” [12]. OCYV is calculated via Nernst equation (Equation
1.4 and 1.5). Basically, OCV is the measured voltage since current equals zero [14-15].

OCV=E0-§1n(K) (14)
where
Ke pH20
0 ot (L5)

where R is the universal gas constant (8.314 J.K*x.mol%), n is the number of electrons, T
represents the operating temperature in Kelvin, Eo is the cell voltage at standard
conditions, F is the Faraday constant (9.65x10* C.mol). OCV range of a single cell is
around 0.9-1.1 eV which frequently decreases due to polarization losses (i.e., ohmic
losses, polarization resistances, etc.). Therefore, practical OCV is lower than its ideal
potential [15]. Decreases in OCV are signals that report degradation in SOFC power
output. If less than 0.7 eV it indicates gas leakage in electrolyte [2-4].

1.5. SOFC Components and Materials

Requirements of components make the material selection for SOFC challenging.

This section deals with materials of electrolyte, anode and cathodes.



1.5.1. The Electrolyte

lonic conductivity of the electrolyte layer must be high since it is responsible for
conducting oxygen ions from the cathode side to the anode. Therefore, ionic conductivity
must be greater than 0.01 S.cm™ at the operating temperature. Also, the electrolyte layer
possesses low electronic conductivity to block electrons to diffuse inside electrolyte and
hence, electrons flow through the external circuit. Moreover, the electrolyte layer must
be dense (at least 95 relative density) to ensure gas impermeability in order to avoid
violent burn-out. Furthermore, it must be thermodynamically stable at reducing and
oxidizing conditions as it is exposed to both atmospheres. Finally, Coefficient of Thermal
Expansion (CTE) of electrolyte material must be compatible with anode and cathode. The
temperature dependences of ionic conductivities of potential materials for electrolyte [16]
are shown in Figure 1.5. Despite high ionic conductivity values of LaGaOs-based
perovskites (also referred as LSGM) [17-18] and bismuth oxide (BiO2) [19] have
drawbacks like their high electronic conductivity and instability under reducing
atmosphere. These issues lead to degradation in the maximum open circuit voltage due to
electronic leakage [20]. Additionally, their costs are much higher than other candidates.

For these reasons, yttria-stabilized zirconia (YSZ) has been most popular
electrolyte material due to its high ionic conductivity values at high-temperature range
(i.e., 0.03 S/cm and 0.01 S/cm at 800°C and 1000°C, respectively) [2]. However, YSZ
electrolyte dramatically loses its ability of good ionic conductivity when the operating
temperature is reduced to the range of 500-700°C which renders it useless. Extensive
research for a replacement electrolyte in this temperature range came up with CeO> doped
with Gd203, Sm203, etc with Ceo9Gdo.1O1.95 being the most commonly employed one
[20]. Gd** doped CeO; (GDC), for example, shows remarkable ionic conductivity of
around 0.025 S/cm at 600°C [20]. CeO2 may be doped by different cations such as Gd,
Sm, Nd, La, Sm, Y and Yb [21]. Among them, Gd3+ has the lowest ionic radius
mismatch; and this leads to enhanced transport properties [20]. Defect reactions by Gd®*

doping to CeO: is shown with Kréger-Vink notation in Equation 1.6 [12].

Ce0 |
Gdh0; — Gdeet 5 Vit Cece (1.6)



Ce0.9Gdo.101.95 (GDC) is a popular electrolyte material due to its promising ionic
conductivity and compatibility with LSCF cathodes. Therefore; this material is chosen as

the electrolyte material in this thesis.

Temperature (°C)
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Figure 1.5. Comparison of ionic conductivity of various electrolyte candidates.
(Source: Singhal et. al., 2015)

1.5.2. The Anode

An SOFC anode (fuel electrode) usually is the thickest layer and is porous to
provide high surface area for reaction of fuel with oxygen. This layer should have high
electrical conductivity and sufficient stability in reducing atmospheres. Anode,
electrolyte and interconnect layers must be compatible in their thermal expansion
characteristics [22]. Anode side is usually a porous cermet consisting of ceramic and
metallic phases. Metallic phase provides electronic conductivity and the ceramic phase
ensures sufficient ionic conductivity [22]. The relative nickel content determines the type
of conductivity that will predominate. A percolation occurs around 30% nickel addition
which is critical for the type of conductivity. Above the threshold of 30%, cermet
becomes an electronic conductor and below this threshold percentage, cermet possesses
ionic conductivity [23-24 ].

Ni/YSZ cermet is one of the most popular SOFC anode materials. Ni is an
excellent hydrogen oxidation catalyst. Also, the CTE values of Ni and YSZ are close to
each other [4].In recent years, ceria-based electrolytes replaced YSZ, and thus Ni-GDC

cermet gained attention. Moreover, the ability to suppress carbon deposition is higher in
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Ni-GDC cermet than in Ni-YSZ. This ability allows the use of hydrocarbon fuels as fuel
in SOFC. However, rapid grain growth of Ni particles brings about agglomeration and
oxidation around GDC and YSZ particles, which eventually lead to performance
degradation [24-25] upon sintering at elevated temperatures. A potential solution to this

drawback is proposed in Chapters 3 and 4.

1.5.3. The Cathode

The cathode (a.k.a air electrode) is the electrode where oxygen reduction reaction
(ORR) occurs which requires high catalytic activity. Besides, the cathode material should
be constantly supplied with electrons through an external circuit making it necessary to
have high electronic conductivity (>100 S/cm) [21,26]. Porosities between 25 and 40%
are required to allow gas transport through cathode to the interface of cathode/electrolyte
[20]. Besides, ionic conductivity value of cathode must be high to ensure transport of
oxygen ions obtained after ORR [20]. Thermal expansion coefficients (CTE) of the
cathode, electrolyte and interconnect should match. Finally, it should be chemically stable
[27].

Perovskite-type materials with general formula, ABOz are the most suitable
material for the cathode layer. A typical representation of ABO3 type is shown in Figure
1.6. The larger A-site (e.g. La, Sr, Pb, Ca, etc.) and the smaller B-site cations (e.g. Co,
Fe, Cr, Zr, Ti, etc.) make up the structure [20,28].

Strontium doped lanthanum manganate (LaixSrxMnOs.q, also known as LSM) is
one of the most common cathode materials because of their compatibility with YSZ [20].
CTELsm=12.4 x 10 Kt is match with CTEysz=10.5 x 10 K. Besides, LSM has high
electronic conductivity (120 S/cm at 800°C). However, ionic conductivity of LSM is
dramatically low as 4. 10® S/cm at 800°C [29]. Therefore, LSM is a pure electronic
conductor (ce>>ci) and ORR can only occur at triple phase boundaries (TPB) where
cathode (o), electrolyte (y) and gas phase () meet (Figure 1.7a). ORR occurs only at TPB
and porosity in LSM is critical for oxygen transportation [4]. Besides, at elevated
temperatures as 1200 °C, YSZ and LSM undergo a reaction and form undesirable phases
like La2Zr207 (LZ) [31].



n+m=6

Figure 1.6. A typical ABOs perovskite unit cell.
(Source: Boukamp, 2008)

Electronic
Conductor

Figure 1.7. Oxygen reduction reaction (ORR) steps in (a) pure electronic conductor, (b)
electronic and ionic composite conductor and (c) mixed ionic-electronic
conductor (MIEC).

(Source: Soldati et. al., 2012)

Some strategies were used to enhance the cathodic performance of LSM such as
i) increasing its porosity to improve oxygen diffusion and ii) decreasing grain size to
nanoscale for extending the cathode surface area [30]. Another attempt to improve SOFC
performance is to enlarge the TPB area by formation of composites such as LSM-YSZ or
LSM-GDC combinations. Oxygen pathway is extended by the addition of ionic conductor
phase (Figure 1.7b) [30,32-33].

LSM is a great candidate for cathodes in the range of 800-1000°C. However,
reduction of operating temperature to e.g.700 °C leads to a dramatic decrease in cathode
performance due to low ionic conductivity values. Hence, new materials are required to
be used in IT-SOFC temperature ranges [34]. Mixed lonic-Electronic Conductors (MIEC)
became state-of-the-art materials due to their ability to conduct both oxygen ions and
electrons [20]. A-site rare-earth cations influence the ionic conductivity and B-site
transition metals mostly influence the electronic conductivity. In this type of materials,

ORR occurs at entire cathode surface that meets with oxygen gas and O% ions so formed
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can travel inside the bulk (Figure 1.7c) [30,34,35]. Ergo, the requirement of TPBs are
bypassed since MIEC materials replaced pure electronic conductor materials. LSCF is
one of the most popular MIEC material. Polarization resistance of LSCF is much lower
than LSM and CTE compatibility with GDC matches well (CTE scF=12.8 x 10° K,
CTEcpc=17 x 10® K1) [34,35]. For these reasons, LSCF and mixture of LSCF-GDC are
chosen as cathode materials in this dissertation.

1.6. Research Scope

The most compelling reason that SOFCs are not fully commercialized yet is their
high operating temperature of 800-1000°C which forbids long term robust operation.
Therefore, reduction of this temperature, being one of the most hectic research topics in
fuel cells field, helps save on the necessity of using expensive materials especially in
interconnect and sealing parts. For example, LaCrOs, which is an expensive ceramic
interconnect material, can be replaced by its low-cost counterparts upon drop off of the
operating temperature [5,34]. Moreover, high operating temperature causes longer heat-
up and shut down durations to avoid thermal shock [33,34]. However, there is price paid
for reductions in temperature, such as slower ORR, sluggish diffusion of oxygen ions as
well as poor electrochemical performance. Therefore, entirely new set of materials was
necessary to compensate for the loss of performance due to reduced temperature.
Therefore new electrolyte, cathode and anode materials with satisfactory performances
emerged in literature [34]. GDC, for example, with its remarkable ionic conductivity is
the most recently used electrolyte material which is chosen in this dissertation as the
principle electrolyte material. Similarly, the new cathode layer material of choice is a
mixed oxide LSCF which shows MIC character as well. Therefore, we chose LSCF as
the cathode material in this study. The focus of attention in the thesis was optimizing the
electrochemical performances of GDC-LSCF type of cells with little emphasis on the
anode layer. Bieberle et al., [36] determined that the total resistance of the cell is
dominated by cathode and electrolyte layers. Hence, this dissertation is focused on the
improvement of cathode and electrolyte layers by tailoring the microstructures. Polymeric
precursor solution technique which is already used in anode layers [37] is adopted in this

work to control the microstructure in nanoscale. Even though LSCF and GDC are recently
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known to be the best candidates for cathode and electrolyte layers, respectively, for IT-
SOFCs, there is still room for improvement in performance.

Four different approaches are developed in this dissertation. These are briefly
explained in the following paragraphs each of which constitutes a separate Chapter in the
thesis. These Chapters 2 to 5 are all either separately published or submitted for
publication in refereed international journals. Publication of these papers is imminent.
Therefore the papers are directly copied from these articles and pasted into this
dissertation as separate chapters.

The performance of solid oxide fuel cells (SOFCs) is often limited by the slow
kinetics of the oxygen reduction reaction (ORR) and diffusion of reduced O% ion through
the cathode. One of the most effective strategies is to solve this problem by using thin
films of cathodes to reduce the diffusion distances [34,38]. Thin film based components
can be used in micro-scale SOFC, also known as u-SOFC [38]. u-SOFCs can be operated
at lower temperatures by employing thin electrolyte layers. While the thickness of a
conventional SOFC cell is around 1 mm, the thickness of a pu -SOFC cell is only 1 um
due to the deposition of thin film layers. Besides u-SOFCs are more stable than
conventional SOFCs because of their lower operating temperatures of 400-800°C [39].
As shown in Figure 1.7, LSCF cathode layers and LSCF-GDC nanocomposite cathode
layers are coated on GDC electrolyte by spin coating in Chapter 2. Thin film cathodes are
investigated microstructural and electrochemically. Also, long term stability tests are
done and discussed. This chapter is submitted in lonics [39]

Chapters 2 and 3 are related to the cathode layers which are derived from
polymeric precursor solutions of single phase LSCF and nanocomposite of LSCF-GDC
mixtures. Despite LSCF is one of the most state-of-the-art mixed ionic and electronic
conductor (MIEC), its conductivity drops sharply upon temperature reduction. Therefore,
preparation of mixture with electrolyte material, a well-known strategy for LSM-YSZ
composite cathode [36-40], is proposed for LSCF and GDC couple in these chapters. The
main idea is to enlarge the active sites by extending the electrolyte through the whole
thickness of the LSCF layer. Moreover, the activation energy (Ea) for oxygen diffusion
in LSCF is 176 kJ/mol [40] while that for GDC is 87 kJ/mol [40,41]. Thus, a composite
of LSCF and GDC coated as a thin film on dense GDC as a cathode for SOFCs is studied
in this thesis. Thus, LSCF and LSCF-GDC are compared in this study as cathode

materials to see how they would behave when coated as films on electrolytes to solve the

11



resistance problem due to lowered operating temperature. Theoretical pathways of
oxygen ions through single phase LSCF cathode and LSCF-GDC nanocomposite cathode

are shown in related chapters.

nano particle
cathode

deposition

4

Figure 1.8. LSCF and LSCF-GDC nanocomposite deposition on dense GDC electrolyte
by spin coating

electrolyte

In Chapter 3, infiltration, which is another facile technique for the formation of
the electrode is studied. A porous GDC thick film deposited by tape casting on dense
thick GDC electrolyte is infiltrated by LSCF and LSCF-GDC nanocomposite solution
(Figure 1.9). Infiltration with perovskite/ceria combination, specifically lanthanum
cobaltite-based perovskite/doped ceria combination [41] produces cathodes with
relatively lower area specific resistances (ASR). The fastest pathway for oxygen
determines the overall kinetics of the reaction. Aim of this study is to extend the
electrochemical reaction zone for fast oxygen transportation by extending the area from
cathode/electrolyte interface to the whole cathode layer and hence modifying the oxygen
transport pathway. As infiltration is a multi-step process, an optimization work needs to
be performed to find the optimal loading number. Electrochemical properties and long-
term stabilities of the infiltrated symmetrical cells are also investigated. This chapter is
published in Journal of Sol-Gel Science and Technology [43]

Chapters 4 and 5 are related with the electrolyte layers. SOFC electrolytes need to
be fully dense to prevent gas leakage. However, the conventional atmospheric sintering
temperature of GDC is relatively high above 1400°C. This much of elevated sintering
temperature brings about problems related with unstable valance state of cerium (from
Ce* to Ce3*) not to mention the associated cost of heating [2,21,42]. The most significant
drawback of high sintering temperature of GDC manifests itself co-sintered in contact
with the anode layer. The latter prematurely coarsens while the former is still porous
[2,42]. Therefore, the sintering temperature of GDC needs to be lowered, and Chapter 4
is focused on this issue. Infiltration of polymeric precursor solutions is employed in

Chapters 4-5 just as it was in Chapter 3. Precursor solution of GDC is infiltrated into the
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previously sintered GDC scaffold to fill the pores by the same material which enhances
densification during sintering (Figure 1.9). Chapter 5 presents the electrochemical
characterization of densified GDC with the assistance of infiltration. The purpose was to
check its suitability for use in potential SOFC processes. Chapter 4 and 5 are published

in Journal of the European Ceramic Society and Solid State lonics, respectively. [45,46]

solution infiltration

nanoparticle l

electrolyte

Figure 1.9. Infiltration of LSCF and LSCF-GDC nanoparticles inside of porous thick
GDC scaffold on dense GDC electrolyte symmetrically.
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2.1. Abstract

The mixed ionic-electronic conductor, Lai-xSrxCoyFe1.yO3 (LSCF), is widely used
as an oxygen reduction electrocatalyst in solid oxide fuel cell (SOFC) cathodes. A
compatible ionic conductor, usually gadolinia doped ceria (GDC), is sometimes mixed
with LSCF to introduce a faster ion conducting phase to the electrode layer and thus
improve the electrochemical activity. To further increase the electrochemical activity, the
electrocatalyst/ionic conductor interfacial area can be maximized by nanostructuring the
LSCF-GDC composite. In the present study, we fabricated both single phase LSCF and
composite LSCF-GDC thin film electrodes using a facile and cost effective polymeric
precursor technique. This method involves the molecular level mixing of cations in
solution form and results in average particle sizes of ca. 72 nm and 60 nm upon annealing
at relatively low temperatures of 700°C, respectively. For LSCF, electrochemical
impedance spectroscopy measurements indicate very low electrode polarization

resistances of ca. 0.6 Q.cm? per electrode at 600 °C. However, the addition of GDC results
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in poorer electrochemical activity but better microstructural and electrochemical stability,
all at 600 °C. Surface analysis revealed that Fe surface-segregation occurs in the single
phase LSCF, while predominantly Co segregation is observed at the LSCF-GDC

composite electrode surface.

Keywords: Solid oxide fuel cell, thin film electrodes, impedance spectroscopy, long-term

stability, surface segregation

2.2. Introduction

The limited long-term performance and stability of solid oxide fuel cells (SOFCs)
at their conventional operating temperatures of 700-800 °C hinders their viability as a
viable energy conversion technology. Thus, the goal is to reduce the operating
temperatures of these devices down to below 650 °C in order to avoid microstructural and
chemical degradation of their components, such as microstructural coarsening in the
electrodes [1,2], surface segregation in the perovskite cathode electrocatalyst [2,3] and
oxidation of the stainless steel interconnects [4,5].

Since oxygen reduction, fuel oxidation, and ionic transport processes that occur
at the cathode, anode and electrolyte materials, respectively, are all thermally activated
processes, a decrease of the operating temperatures brings about a loss in the overall cell
performance. It is now well-established that, at temperatures below 650°C, oxygen
reduction at the cathode is the main contributor to the total cell resistance [6-8]. Therefore,
efforts to lower the SOFC operating temperature has largely concentrated on the
development of cathodes that would exhibit acceptable performance at these lowered
temperatures [9-13].

The majority of the studies aiming at the development of such cathodes have been
based on enhancing the electrocatalyst/gas and electrocatalyst/ionic conductor interfacial
areas while using perovskite oxygen reduction electrocatalysts with mixed ionic
electronic conductivity (MIEC), such as LaixSrxCoyFe1.yOs (LSCF) [2,6,8,11]. For this
purpose, LSCF has been fabricated both as a porous, single phase layer and in the form
of a composite mixed with a chemically compatible ionic conductor, e.g., gadolinia doped
ceria (GDC) [8,13].
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The most straightforward approach to producing LSCF and LSCF-GDC cathodes
with high electrochemical activity at < 650 °C has been to sinter suspensions containing
fine powders of the corresponding phases at 850-1150 °C [14-19]. This powder-based
fabrication method, in general, yielded 5-60 um-thick cathode layers, characterized by
microstructures with average particle sizes in the 0.7-3 pm range [14,15]. In general,
sufficiently high electrochemical activities for low-temperature operation have been
achieved in the case of LSCF-GDC composites prepared by the powder-based method,
while relatively poor performances were observed in the case of single phase LSCF
prepared by the same route [14,15,18]. For example, Murray et al reported a polarization
resistance of 0.17 Q.cm? at 600 °C for LSCF-GDC composite cathodes, indicating a high
electrochemical activity, while obtaining 2 Q.cm? at the same temperature in single phase
LSCF cathodes [14]. Similarly, Dusastre et al. also reported a decrease in the polarization
resistance of powder derived LSCF cathodes from 4 to 0.6 Q.cm? at 590 °C upon mixing
with GDC [15].

To further enhance the LSCF/gas and LSCF/ceria interfacial area and thus
facilitate oxygen adsorption and oxide ion transfer, respectively, infiltration of liquid
solutions containing the cations of LSCF into previously formed porous ceria scaffolds
has been studied [13,20-25]. Upon heating the solution infiltrated porous ceria scaffold,
nanoparticles of LSCF form, yielding porous LSCF-ceria composites with enhanced
LSCF/air and LSCF/ceria interfacial areas [21,26,27]. Burye et al reported that LSCF-
GDC composites, prepared by LSCF infiltration into porous GDC scaffolds, had a
microstructure consisting of LSCF particles that were ca. 48 nm in diameter with a very
low a polarization resistance of 0.2 Q.cm? at 600 °C [26]. Nie et al., reversed the process,
i.e., infiltrated samaria doped ceria (SDC) into porous LSCF scaffolds, thus lowering the
polarization resistance from 1.09 Q.cm? to 0.44 Q.cm? at 600 °C [28].

The very low polarization resistances of LSCF-GDC cathodes prepared by
powder sintering and infiltration methods, obtained at < 650 °C, are only meaningful
when they are employed in an SOFC design that, as a whole, is designed to exhibit
acceptable performances at these temperatures. SOFCs consisting of thin film electrodes
and electrolytes with total thicknesses of only a few microns, i.e., micro-SOFCs, are
designs that ensure short oxide ion diffusion distances both in the electrolyte and the
electrodes, thus decreasing the ohmic resistances to a minimum [2,3,19,29-31]. However,
powder sintering and infiltration derived LSCF-GDC cathodes are not suitable for use in

micro-SOFCs, due to the high heat treatment temperatures (850-1000 °C) required in at
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least one of their processing steps [8]. Cathode layers in the form of thin films, on the
other hand, can be fabricated by pulsed laser deposition (PLD) [32], radio frequency (RF)
magnetron sputtering [33], spray pyrolysis [34,35] and electrostatic spray deposition
(ESD) methods [36-38]. Among these studies, high polarization resistances of 8 Q.cm? at
750 °C and 122 Q.cm? at 600 °C were obtained in LSCF thin film cathodes prepared by
PLD [32] and RF-magnetron sputtering [33], respectively. The main reason behind these
large polarization resistances is that PLD and RF magnetron sputtering derived LSCF thin
films are usually dense and thus more suitable for use in mechanistic studies as model
electrodes [32,33]. In addition, the high equipment costs associated with the PLD and RF
magnetron sputtering methods are undesirable for SOFC fabrication purposes [32-33,39-
40].

Spray pyrolysis and ESD, on the other hand, have yielded LSCF and LSCF-GDC
thin film cathodes with nanoporous microstructures and thus lower polarization
resistances [34-36]. Polarization resistances as low as 1 Q.cm? at 575 °C were obtained
for spray pyrolysis derived LSCF-GDC thin films [35], while the ESD process resulted
in even lower polarization resistances of 0.13 Q.cm?2 at 600 °C [36].

In this work, as an alternative to the previously discussed methods, our goal was
to fabricate single-phase LSCF and LSCF-GDC composite thin film cathodes for SOFCs
operating at < 650 °C by a facile and cost effective polymeric precursor method. Our
recent efforts showed that nanoscale Ni-YSZ composite anodes fabricated by this method
yielded very low polarization resistances (0.6 Q.cm? at 550 °C), and thus a similar
positive effect on the performance of the cathode was anticipated [30]. In this approach,
polymeric precursors deposited onto dense GDC substrates by simple spin-on deposition
undergo gelation instead of precipitation upon heat treatment, which results in good
attachment to the substrate without the need for high temperature annealing. In addition,
this approach yields nanoscale composites as a result of the molecular level mixing, low-
temperature annealing and concurrent formation of the LSCF and GDC phases in the case
of LSCF-GDC thin films.

2.3. Experimental Methods

Experimental method is explained in this section
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2.3.1. Fabrication of Electrolyte Substrates

10 mol % gadolinium-doped ceria powder (Ceo9Gdo103z (GDC), PRAXAIR
>99.9%) was used for the preparation of the dense ceramic electrolyte discs. The specific
surface area of the powder was 6.6 m?/g, while the dio, dso and dgs values were 0.4 um,
0.6 um and 0.9 pum, respectively. The powder was compacted at 180 MPa pressure by
uniaxial pressing (Carver Hydraulic Press, Wabash, IN, USA) in a cylindrical stainless
steel die, producing pellets 15 mm in diameter and 1 mm thick. The pellets were then
fired to densify in an electrically heated laboratory kiln (Nabertherm LHT 02/17,
Germany) at 1400 °C for 4 hours at a heating rate of 3 °C/min.

2.3.2. Fabrication of Electrolyte Substrates

To deposit the LSCF thin films on the GDC electrolytes, a polymeric precursor
solution that contained the stoichiometric amounts of the constituent cations was
prepared. Lanthanum (IIl) nitrate hexahydrate (ALFA-AESAR >99.99%), strontium
chloride hexahydrate (ALFA-AESAR >99%), cobalt (II) nitrate hexahydrate (ALFA-
AESAR >97.7% min), and iron (111) nitrate nonahydrate (ALFA-AESAR >99.99%) salts
were dissolved in deionized water at a molar ratio that would produce the desired
Lao.6Sr0.4C00.8Fe0.203-5 (LSCF) stoichiometry. In the second step, the salt solution was
mixed with ethylene glycol (ethylene glycol:cation molar ratio of 1:0.04) and stirred at
70 oC until all of the water had evaporated and polymerization took place. To lower the
surface tension of the polymeric LSCF precursor and ensure good wetting of the GDC
substrate upon deposition, the solution was diluted with 2-butoxyethanol (1:1 weight
ratio).

For the preparation of the LSCF-GDC composite thin films, a polymeric precursor
of GDC was prepared in a similar way, i.e., by adding ethylene glycol to an aqueous
solution of Gd(NO3)3.6H.0 (Sigma-Aldrich>99.9%) and Ce(NO3)3.6H.0 (ALFA-
AESAR >99.5%) salts and stirring at 70 °C until all of the water had evaporated and
polymerization took place. Then, the polymeric precursors of LSCF and GDC were mixed

in appropriate ratios to yield a volumetric LSCF:GDC ratio of 60:40. 2-butoxyethanol
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was again added to the resultant solution to achieve good wetting of the GDC substrate
upon deposition. Further details of the process are given elsewhere [30, 41, 42].

To produce the LSCF and LSCF-GDC thin films on the GDC electrolytes, the
polymeric LSCF and LSCF-GDC precursors were deposited onto the 1 mm thick GDC
substrates by spin coating at a rotation speed of 3000 rpm (SCS G3 Spin Coater,
Indianapolis, USA). The samples were then placed on a hot plate and gradually heated to
400 °C until the solvents had evaporated and the other organic constituents had
decomposed, producing uniform LSCF or LSCF-GDC layers. The spin
coating/decomposition cycles were repeated 30 times in order to obtain a thin film
approximately 1 um thick on the dense GDC substrates. This coating process was applied
on both sides of the GDC pellets to prepare symmetrical half-cells for electrochemical
characterization. GDC pellets successfully coated with LSCF or LSCF-GDC were then
annealed in air at 400-700 °C for various times for microstructural and structural
characterization.

Figure 2.1 shows the temperature profile used during the EIS characterization of
the thin film electrodes. This heating/cooling protocol is divided into five stages (I-V) in
order to clearly describe the thermal history of the symmetrical cells at the time of the

EIS measurements.

2.3.3. Structural and Microstructural Characterization

The ability of the polymeric precursor method to form the LSCF and LSCF-GDC
thin films with the desired crystal structures was determined by x-ray diffraction (XRD,
Panalytical X-Pert Pro). The grazing incidence mode at an angle of 6 = 1° was utilized to
obtain more signal from the thin films and less from the GDC substrate. Cu Ka radiation
was selected as the x-ray source.

The microstructure and thickness of the LSCF and LSCF-GDC thin films were
determined by Scanning Electron Microscopy (SEM, Philips XL 30S FEG) utilizing
secondary electron (SE) imaging. More detailed microstructural/morphological analysis
was carried out by Atomic Force Microscopy (AFM, Digital Instruments-MMSPM

Nanoscope 1V) using the non-contact mode.

21



800 T T ¥ T T T L] T T T T 7 /l’
| ' Atmosphere: Stagnant air |

IV.

I. Heating up
IL. Temperature dependence (up) -

TIT. Annealing at 700 °C

IV. Temperature dependence (down)
V. Long-term stability test at 600 "C

Temperature (UC)
~
g

O T T T L T T 7 F
0 100 200 300 400 500 5000
time (minutes)

Figure 2.1. Graph showing the durations for which the LSCF and LSCF-GDC
electrodes were exposed to each temperature

2.3.4. Electrochemical Performance Analysis

Symmetrical half-cells were prepared for electrochemical performance analysis.
Au paste (Electroscience, King of Prussia, PA) was applied on top of the electrodes as
the current collectors, which were contacted to Au wires connected to a Solatron ECS
Modulab electrochemical analysis instrument. The electrochemical performance of the
thin film electrodes was determined by electrochemical impedance spectroscopy
measurements performed at 400-700 °C, in stagnant air, using an AC excitation voltage

of 20 mV. ZView software was employed to perform the fitting of the impedance data.

2.3.5. Surface Analysis

To determine the elemental composition of the surface of the LSCF and LSCF-
GDC thin film electrodes, x-ray photoelectron spectroscopy (XPS) analyses were carried
out. The analysis chamber had a base pressure of 1x107° mbar and was equipped with a
conventional X-ray source (Al-Ka) and Phoibos 150 Specs charged particle analyzer. The
survey scan of all samples showed that each sample contained only La, Sr, Co, Fe, C and
O on the surface. In addition, the LSCF-GDC sample contained Ce and Gd. The
elemental ratios of La, Sr, Co and Fe were calculated after a detailed scan of the main

peak for each element. The background signal was subtracted using a six-degree
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polynomial background function, while the La 3d, Sr 3d, Co 2p and Fe 2p peaks were
fitted with a VVoight function.

2.4. Results and Discussions

Results are provided in this section.

2.4.1. Phase Analysis

In order to determine the crystal structure of the coatings, thin film X-ray
diffraction (XRD) studies were carried out. Glancing angle XRD patterns of the LSCF
and LSCF-GDC films that were annealed either at 500 °C or at 700 °C for 2 hours in air
are shown in Figure 2.2. A major disadvantage of the XRD analysis of LSCF thin films
deposited on GDC electrolytes is that the peaks belonging to the rhombohedral LSCF
(PDF:00-049-0283) and the cubic GDC (PDF:01-075-0161) overlap at
20 =33°, 48°, 58°, 69° and 78°. Only the low-intensity peaks of rhombohedral LSCF at
20 =23°, 40.7° do not overlap with those of cubic GDC. The fact that these peaks are
present in the XRD patterns of the LSCF peaks annealed at 500 and 700 °C suggests that
rhombohedral LSCF is present.

The XRD patterns obtained for the LSCF thin film annealed at 500 °C show small
amounts of residual phase peaks, identified as SrCOz and an unidentified peak at 36°. The
presence of SrCOs during the phase evolution of LSCF has also been observed by other
research groups [19, 43-46]. The peaks belonging to SrCOz are observed to disappear
upon annealing at 700 °C, eventually resulting in the development of the pattern for only
LSCF and GDC phases, but with only one unidentified peak remaining (Figure 2.2).

The challenges associated with the overlap of the LSCF and GDC peaks are seen
again and in an even more pronounced fashion in the case of LSCF-GDC composite thin
films annealed at 500 and 700 °C in air (Figure 2.2). This is because the LSCF content is
now lower, being 60 vol% within the thin film, as opposed to the single phase LSCF (100
vol% LSCF content), lowering the intensities of the 26 =23° and 40.7° peaks even
further down to below the detection limit of the XRD. Angoua et al. also prepared LSCF-

23



GDC thin films, but using spray pyrolysis of the aqueous solutions on GDC electrolytes,
and reported that distinct LSCF peaks can only be seen upon heat treatment at
temperatures above 800 °C [47]. They also reported that LSCF was detectable as a
shoulder on the GDC peaks at 26 = 47° upon annealing. The same shoulders are also
observed in the present case of the LSCF-GDC thin films annealed at 700 °C (Figure 2.2),

suggesting the presence of the rhombohedral perovskite phase.
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Figure 2.2. Thin film x-ray diffraction patterns of LSCF and LSCF-GDC, heat treated in
air 500°C or 700°C

2.4.2. Microstructural Analysis

Electrode material coated electrolyte discs were fractured down the middle to
examine the cross-sections and determine coating thickness, uniformity, porosity, the
presence of cracks, and the degree of bonding to the substrate, using Scanning Electron
Microscopy (SEM). A representative SEM image of the LSCF-GDC nanocomposite
coating, annealed at 700 °C, is shown in Figure 2.3. A uniform film, adhering well to the
dense substrate and with an approximate thickness of 2 um, is observed. Some
unexpectedly large pores, possibly related to the fast evaporation of organics, are also
evident.

In order to determine the grain size and the presence of small pores, a more
detailed microstructural study was performed using non-contact mode atomic force
microscopy (AFM). Figure 2.4a-c shows the AFM images of LSCF thin films annealed

at 500 °C for 2 hours (Stage Il in Figure 2.1), 700 °C for 2 hours (Stage Il in Figure 2.1),
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and 500 °C then 600 °C for another 100 hours (Stage V in Figure 2.1). A uniform grain
size of ca. 45 nm is observed in the LSCF thin films annealed at 500 °C for 2 hours (Figure
2.4a). Upon annealing at 700 °C for 2 hours, the grain size is seen to have increased to ca.

72 nm, with same nano-porosity of even smaller size becoming apparent (Figure 2.4b).

LSCF-GDC electrode

e
~

e

GDC electrolyte

Figure 2.3. A representative scanning electron microscopy image of cross-section of

LSCF-GDC nanocomposite thin film deposited onto GDC electrolyte,
annealed in air at 700°C for 2 hours

250 nm

Figure 2.4. Atomic force microscopy (AFM) images of single phase LSCF, annealed at
(@) 500°C (b) 700°C for 4 hours and (c) at 600°C for 80 hours following the
prior heat treatments. The bottom row shows the AFM images of LSCF-
GDC composite thin films, also annealed at (d) 500°C, (e) 700°C for 2
hours, and (f) at 600°C for 80 hours using the same heat treatments.

In order to assess the microstructural stability upon long-term operation at
intermediate operating temperatures, the thin films were annealed at 600 °C for 100 hours
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after being exposed to 700 °C for 2 hours. In this case, further grain growth to ca. 83 nm
Is observed by AFM analysis of the single phase LSCF thin films (Figure 2.4c). On the
other hand, the LSCF-GDC coated samples showed almost no change in their average
grain size, remaining at ca. 60 nm after being exposed to the same heat treatment
conditions (Figures 2.4d-f). The addition of GDC, with its high sintering temperature, to
the LSCF phase appears to impede grain growth, resulting in very promising
morphological stability. This feature, in turn, is expected to induce electrochemical

stability as well.

2.4.3. Electrochemical Analysis

Electrochemical impedance spectroscopy (EIS) analysis of the symmetrical
LSCF/GDC/LSCF and LSCF-GDC/GDC/LSCF-GDC cells was performed in air. As-
deposited thin films were exposed to the heating regime shown in Figure 2.1 and EIS
measurements were obtained at each step in Stage IV and intermittently in Stage V.

Representative EIS spectra, obtained from symmetrical cells with single phase
LSCF and nanocomposite LSCF-GDC thin film electrodes at the open circuit potential
(OCP), all at 600 °C and in stagnant air, are shown in Figure 2.5. For the fitting and
interpretation of the EIS data, a Gerischer element, connected in series with a resistor,
was used initially, but good fittings could not be achieved. Therefore, an equivalent circuit
model, consisting of a series resistance (Rs) in series with two time constants (resistor in
parallel to a constant phase element), coded as (R1Q:1) and (R2Q2), was used for the EIS
fitting. Since a symmetrical cell configuration was used here, R1+R2 corresponds to the
total polarization resistance of the two electrodes, with the area specific resistance (ASR)
of each electrode given by (R/2) x Area.

For both the LSCF and LSCF-GDC thin films, a very good fit to this equivalent
circuit was achieved (2 ~ 10, allowing the accurate determination of the ASR for each
electrode. However, because the two time constants are very similar, it was not possible
to accurately determine the R1 and R2 values separately. In previous work by Molero-
Sanchez et al., the EIS responses of the mixed conductor, Lao.3(Sr or Ca)o.7Fe0.7Cro.303-5
(LSFCr or LCFCr), have been studied in detail to elucidate the oxygen

reduction/evolution mechanisms [48-49]. In agreement with the present results, the EIS
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spectra consisted of two semi-circles, but with time constants that were further apart from
each other, which facilitated the determination of the respective resistance and
capacitance values for the LMFCr case (M = Sr, Ca) [48-49]. In their work, the high
frequency semi-circle of the EIS response was ascribed to oxide ion transfer at the mixed
conductor/ionic conductor interface, while the low frequency semi-circle was related to
oxygen adsorption/desorption, combined with electron transfer, at the mixed
conductor/air interface [48-49]. Although not clearly distinguishable in the Nyquist and
Bode plots shown in Figure 2.5, it is likely that the EIS responses of the LSCF and LSCF-
GDC thin film electrodes, prepared here by the polymeric precursor method, also consists
of these two processes.

At 600 °C, the R values (Figure 2.5) are 4.8 and 5.4 Q.cm? for the LSCF and
LSCF-GDC thin film electrodes, respectively. These values are in the range of what is
expected for a ca. 1 mm thick GDC electrolyte (the electrical conductivity of GDC is ca.
0.025 S/cm at 600 °C [50]), with the slight differences likely due to small variations in
the GDC pellet thickness. Interestingly, the single phase LSCF shows a lower ASR value
of 0.72 Q.cm? at 600 °C than that exhibited by LSCF-GDC (2.8 Q.cm?) at the same
temperature (Figure 2.5).

=25 -7
(a) (b) 16
2.0 P N —
g . S Ti 038 (© Relectrolyte szcalhode
< -1.51 N —~ N o4 !
g 2 4 Rs RI R2 |
A 0.0+ T Q 0.0 H
(@ 10% 10" 10° 10' 10° 10° $ 2 107 10" 10° 10" 10° 10° —q '“'l 1
= 1.04 o Data Frequency (Hz) < 3 o Dt Frequency (Hz) E
N Fitting f\] -2+ ——Fitting 600°C air % H
05 600°C, air 2T Oeg . e Ql 02 i
S 14 ,;”“ R
00 A - ol &
45 50 55 60 65 70 5 6 7 8 9 10 11 12

7' (Q.cm?) 7' (Q.em’)

Figure 2.5. Impedance spectra obtained from (a) LSCF/GDC/LSCF and (b) LSCF-
GDC/GDC/LSCF-GDC symmetrical half cells at 600°C in air, (c) the
equivalent circuit model used to fit the obtained impedance data

In order to determine whether this trend persists over a wider temperature range
and to obtain more information about the ORR/OER mechanism, EIS measurements were
performed at 400 - 700 °C and the ASR values for each electrode were plotted versus

1000/T (Figure 2.6). This figure (Figure 2.6) also provides a comparison with data from

the literature for thick and thin LSCF and LSCF-GDC films fabricated by other methods

[14,16,28,32-36]. The activation energies associated with the ASRelectrode OF the electrode
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materials under investigation here (Figure 2.6) were determined from the Arrhenius

Equation (Equation 2.1),
ASRelectrode = A EXP ( %) (2.1)

where A is the pre-exponential factor, Ea is the activation energy, k is the Boltzman

constant and T is the absolute temperature.
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Figure 2.6. Impedance spectra obtained from the temperature dependence of the
polarization resistance (ASRelectrode) Values obtained from the fitting of the
impedance data. The polarization resistance data, obtained other groups
have been added from comparision.

In general, the LSCF thin films prepared by the polymeric precursor technique
yield a very low ASReiectrode Value and an Ea of 1.40 eV, which is within the generally
observed range of 1.19-1.63 eV (Figure 2.6). In comparison to the single phase LSCF
electrodes, which have thicknesses varying between 20-60 um and were fabricated by
powder sintering methods, those prepared here in the form of ca. 2-um thick films using
the polymeric precursor method gave much lower ASReiectrode Values (Figure 2.6). For
example, the lowest ASRelectrode Value reported for the sintered LSCF electrodes is ca 1.5
Q.cm? at 600 °C, corresponding to ca. five times that obtained in the present work (Figure
2.6). This difference is likely due to the nanoscale electrode morphology reported here,
as opposed to the micro-scaled electrodes produced by powder sintering methods [32-
35].

The LSCF thin films fabricated by the polymeric precursor method in this work
also significantly outperform those prepared by PLD and RF-magnetron sputtered

methods, due to the lack of porosity reported in those studies [32,33], as opposed to the
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micro (Figure 2.3) and nanoscale porosity (Figure 2.4) observed here. Angoua et al [35]
and Beckel et al [34] fabricated LSCF films with thicknesses of 0.27 and 0.5 pm
respectively, both by spray pyrolysis. Similar microstructures, having grain sizes of the
order of ca. 70 nm, were obtained for the spray pyrolysis derived cathodes [34,35] and
those reported here, prepared by the polymeric precursor technique. However, the
electrode polarization resistances of the polymeric precursor derived LSCF thin films are
somewhat lower at temperatures above 500 °C.

The lowest ASRelectrode Values reported for the single phase LSCF electrodes are
those fabricated by ESD with a thickness of ca. 4 um [36, [Figure 2.6]]. These electrodes
are also the only ones that exceed the electrochemical activity of the LSCF thin films
reported here [Figure 2.6]. These promising performances were achieved as a result of
optimized microstructures (e.g., pore size distribution) and electrode thicknesses for the
given morphology. For example, an earlier report by the same group [37] indicates an
ASRelectrode OF 1.2 Q.cm? in the case of 13 um-thick LSCF before achieving the maximum
performances given in Figure 2.6. Considering this, it is suggested that there is potential
for improvement in the initial electrode performance of the LSCF thin films prepared by
the polymeric precursor technique, reported for the first time here.

The LSCF-GDC thin films, prepared by the polymeric precursor technique, yield
higher ASRelectrode Values than the single phase LSCF, prepared by the same method over
the 500-700 °C range (Figure 2.6). These ASRelectrode Values are in the range of those
reported by Beckel et al for spray pyrolysis derived LSCF-GDC thin films [34].

This decrease in performance upon the addition of the GDC phase is accompanied
by a decrease in the Ea from 1.40 to 1.10 eV (Figure 2.6). The general trend in the
literature, as seen in Figure 2.6, is a decrease in the activation energy, concomitant with
a decrease in the ASRelectrode Values. The reason for the decrease in Ea accompanied by a
decrease in Ea is explained schematically in Figure 2.7, which shows what are likely the
main steps during oxygen reduction (ORR) and vice versa (in the reverse direction) during
oxygen evolution (OER), with both processes being relevant during EIS measurements
carried out at the OCP. It is generally accepted that, during the ORR at LSCF electrodes,
oxygen is initially adsorbed on the LSCF surface (Step I), followed by its reduction to O?.
While this reduction reaction likely consists of many individual steps, these are not
generally apparent as separate time constants in EIS studies at LSCF. The O% ions are

then transported (Step Il) through the LSCF lattice due to its mixed ionic-electronic
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conducting properties (MIEC) (Step I11). Finally, the O% ions transfer from the electrode
into the electrolyte (Step 1V) (Figure 2.73).

In Figure 2.7b, the addition of GDC to LSCF is shown to provide multiple other
pathways during the ORR. Specifically, instead of the sluggish transport through the
LSCF phase, which is known to be an order of magnitude lower in its ionic conductivity
compared to the electrolyte material (GDC) [15,51], O ions likely prefer to diffuse
through the GDC phase, which offers much less resistance to diffusion and thus would
require a smaller activation energy (Figure 2.7) than does O? transport through LSCF
[14,15,51]. Hence, the overall activation energy is lowered in the case of the composite
catalyst.

(@)

I Adsorption of 0, ()

I u
2e + Oy, > O*
II. Reduction of O

111. Transport of O*
through the MIEC

1V, Transfer of O from
MIEC to GDC electrolyte

GDC electrolyte

(b) 0, (gas)
L. Adsorption of 0 (g, I n
o ads 2e O“d‘“ 0>

II. Reduction of O

III. Transport of 0%
through the GDC

IV Transfer of 0% from
GDC to GDC electrolyte

GDC electrolyte o

Figure 2.7. Schematic representation of the proposed oygen pathways for (a) single
phase LSCF and (b) LSCF-GDC nanocomposite cathode.

In this scheme, if the rate limiting step is oxygen exchange at the surface rather
than oxygen ion transport in the LSCF lattice, although the addition of GDC may induce
some reduction in Ea, it may also cause an increase in ASRelectrode due to the LSCF/gas
interfacial area lost as a result of the partial replacement of LSCF by GDC, which we
propose is the case in the case of polymeric precursor driven LSCF-GDC electrodes
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(Figure 2.7). Celikbilek et al [36] also observed a decrease in Ea without a decrease in the
ASRelectrode Value, but attributed this to a change in porosity of the electrode layer induced
by GDC addition. Here, we observe no such effect (Figure 2.4).

2.4.4. Long Term Stability Tests

The long term stability of the polymeric precursor-derived LSCF and LSCF-GDC
thin films was evaluated by intermittently collecting EIS data at 600 °C in stagnant air.
The long-term stability test corresponds to Stage V in the heating regime given in Figure
2.1. This means that, prior to these tests, the samples were heated to 400 °C (Stage 1), then
stepwise up to 700 °C (Stage Il), annealed at this temperature for 2 hours (Stage I1l), and
finally cooled down to 400 °C (Stage 1V) stepwise. A comparison of the changes in the
impedance spectra of the LSCF and LSCF-GDC thin film catalysts with time at 600 °C is
given in Figures 2.8a and 8b. The total polarization resistance increased from ca. 2 Q.cm?
to 2.7 Q.cm? in 42 hours at 600 °C in stagnant air in the case of the single phase LSCF
thin film (Figure 2.8a). On the other hand, a much smaller increase is observed in the case
of the LSCF-GDC nanocomposite thin films under the same conditions (increasing from
6.3 Q.cm?to only 6.7 Q.cm?in 91 hours in air). For a clearer comparison, the polarization
resistances of both of these electrodes were normalized to their values at the beginning of
the long-term measurement and are plotted against time in Figure 2.8c. The ASR value
of the single phase LSCF thin film increased by 54% in 42 hours in air, while the LSCF-
GDC nanocomposite thin film exhibited a much more stable electrochemical
performance, showing an increase of only 7% in the ASR value over the same time period.

An important parameter that can be detrimental in terms of the long-term
performance of thin film electrodes for SOFC applications is their microstructural
stability. As discussed earlier, the single phase LSCF thin film exhibits a noticeable
microstructural coarsening upon long-term annealing at elevated temperatures (Figure
2.4a-c), likely causing the electrochemically active surface area to diminish. On the other
hand, the LSCF-GDC composite thin films exhibit a stable microstructure upon annealing
(Figure 2.4d-f), correlated with the retention of its electrochemically active surface area,
and thus, its ASR value.
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Figure 2.8. Changes in the impedance spectra obtained from (a) symmetrical
LSCF/GDC/LSCF half-cells, (b) symmetrical LSCF-GDC/GDC/LSCF-
GDC half-cells, and (c) the normalized polarization resistances of both the
LSCF and LSCF-GDC thin film electrodes with time at 600 °C.

An important parameter that can be detrimental in terms of the long-term
performance of thin film electrodes for SOFC applications is their microstructural
stability. As discussed earlier, the single phase LSCF thin film exhibits a noticeable
microstructural coarsening upon long-term annealing at elevated temperatures (Figure
2.4a-c), likely causing the electrochemically active surface area to diminish. On the other
hand, the LSCF-GDC composite thin films exhibit a stable microstructure upon annealing
(Figure 2.4d-f), correlated with the retention of its electrochemically active surface area,
and thus, its ASR value.

Despite the clear correlation observed here between the microstructural and
electrochemical stability of the LSCF and LSCF-GDC electrodes, we cannot rule out
changes in surface chemistry and their effect on the electrochemical performance. It has
been asserted in recent reports that the segregation of various species at the surface of
oxide electrodes upon long-term operation in air could have detrimental effects on the
stability of their electrochemical performance [15,52,53].

In order to determine if there were any changes in the surface chemistry of the
LSCF and LSCF-GDC thin film electrodes upon long-term operation at 600 °C, x-ray

photoelectron spectroscopy (XPS) analyses were performed. The analyses were carried
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out before and after operation at 600 °C, i.e., at the beginning and end of Stage V of the
heating protocol shown earlier in Figure 2.1. The corresponding survey scans provided in
Figure 2.9 indicate the presence of La, Sr, Co. Fe and O, as well as some carbon at the
surface of the LSCF thin films prior to and after long-term annealing at 600 °C. In the
case of LSCF-GDC thin films, peaks corresponding to Ce are also apparent. The survey
scans also show that the signal intensities from both the LSCF and LSCF-GDC thin films
decrease after long term annealing. Therefore, the detailed analysis for each element was

performed using a low scan rate (0.1 eV steps) to increase the resolution.
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Figure 2.9. X-ray photoelectron spectroscopy survey scans of LSCF thin films a) prior
to and b) after long-term annealing at 600 °C, in stagnant air, LSCF-GDC
thin films c) prior to and d) after long-term annealing at 600 °C, in stagnant
air.

The relative amounts of the cations at the LSCF perovskite surface were
calculated from the areas of the relevant XPS peaks of the cations. Table 2.1 provides a
summary of the surface composition of the LSCF and LSCF-GDC thin film materials
before and after long-term exposure to 600 °C. The polymeric precursors used for the
preparation of the LSCF phases in both the single phase and composite thin films had a
cation ratio of La:Sr:Fe:Co = 30:20:10:40, which should equate to the cation ratios in the
bulk of the films. Before annealing in air at 600 °C (at the beginning of Stage V), Table
2.1 shows that the surface of the LSCF thin films appears to contain much more Fe and
much less Co than in the bulk. Upon annealing at 600 °C for 100 hours in air, the surface
of the LSCF becomes even richer in Fe and slightly poorer in Co, i.e., the Fe content
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increases from 28 to 44%, while the Co content decreases from 21 to 17% (Table 2.1).
In addition, prior to long-term annealing, the La content at the LSCF surface is 35%,
which is slightly higher than in the bulk. Upon long-term annealing at 600 °C, the La
content decreases to ca. 20% at the surface. On the other hand, the Sr content is close to
that expected for the bulk of the material, both before and after long-term annealing.

In the case of the LSCF-GDC nanocomposite thin films, the surface is observed
to contain 33% Sr and 27% Fe at short times, while in the bulk of the LSCF-GDC film,
the LSCF phase should consist of 20% Sr and 10% Fe (Table 2.1). This points to the
preferential segregation of these elements at the surface. Long-term annealing at 600 °C
causes a decrease in the relative amounts of La (from 26.9 to 18.6%), Sr (from 32.8 to
9.3%), and Fe (from 27.2 to 20.6 %), but an increase (from 13.1 to 51.6 %) in Co at the
LSCF/air interface, pointing to Co enrichment at the surface.

A-site segregation is commonly observed at the surface of oxide perovskites,
where Sr is the A site dopant and La is the A site host. For example, Lee et al. observed
that the surface of LaogSro2MnOz (LSM) thin films, fabricated by pulsed laser deposition
(PLD), became rich in SrO particles upon being annealed at 800 °C for 1 hour in air [54].
Very similar results were also obtained for PLD-derived LaosSro.4C00s thin films upon
annealing at 650 °C in air [55]. The reason for the segregation phenomenon is due to two
driving forces, the first being the elastic strain generated by the size mismatch between
the larger Sr (dopant) and the La (host), causing Sr to be expelled from the lattice. A
second driver is the electrostatic interactions between the negatively charged Sr;, and the
positively charged oxygen vacancies V; that are mostly concentrated at the perovskite
surface [56].

It should be noted that detailed investigations of surface segregation on oxide
perovskite surfaces has been performed on thin films fabricated by pulsed laser deposition
[54-56], while several studies have also examined perovskites prepared by liquid
precursor based methods [57-58]. In this case, contrary to what has been reported for
PLD-derived thin film perovskites, B-site surface segregation takes place at the electrode
surface, instead of A-site segregation [58]. For example, Dieterle et al. observed the
formation of CosO4 precipitates in LaosSro4CoOs thin film perovskites prepared by a
propionic acid-based precursor method upon long-term annealing in air at 700 and 800
°C [59].

B-site enrichment at the LSCF and LSCF-GDC nanocomposite thin film surfaces

observed here is similar to what has been reported for liquid precursor derived perovskite
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materials in the literature [57]. In the LSCF sample, Figure 2.9 and Table 2.1 show that
Fe enrichment is observed after long-term heat treatment. In the case of the LSCF-GDC
thin films, although the surface was rich in Sr and Fe initially, Co enrichment occurs upon
long-term annealing. It should also be noted that, at the LSCF-GDC surface, the relative
amount of Fe (20.6%) is still higher than the expected bulk value (10%) after long-term
annealing, but much less pronounced in comparison to the case of long-term annealed
LSCF. The reason for the different B-site cation (Fe or Co) segregation in the absence
and presence of the GDC phase upon long-term annealing is likely that Fe tends to
dissolve in GDC [60-61], which could have prevented its segregation to the outer surface,

allowing Co to take its place.

Table 2.1. Surface cation % of LSCF and LSCF-GDC thin films annealed at 700°C for 4
hours, before and after long term annealing at 600°C, obtained from x-ray
photoelectron spectroscopy analyses

Atomic % of each element present according
to XPS results
La Sr Fe Co
Bulk 30 20 10 40
LSCF before long-term annealing at
600 °C 35.1 16.2 27.6 21.0
LSCF after long-term annealing at
600 °C 19.6 194 43.9 171
LSCF-GDC before long-term
annealing at 600 °C 26.9 32.8 27.2 131
LSCF-GDC after long-term
annealing at 600 °C 18.6 9.3 20.6 51.6

Overall, these results show that the addition of GDC to LSCF thin film cathodes
influences the evolution of both the microstructure and the surface composition. The fact
that the stabilization of the electrochemical performance at 600 °C is concomitant with
the stabilization of the microstructural features (e.g., grain size) upon GDC addition to
LSCF points to a strong correlation between these two parameters. Our XPS analyses
suggest that the surface composition is dynamic, rather than stable, during exposure to air
at 600 °C for both the LSCF and LSCF-GDC thin films. This is because the addition of
GDC to the LSCF appears to suppress Fe segregation at the LSCF/air interface. However,
the fact that Co segregates to the air/LSCF interface makes it difficult to rule out the
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evolution of the surface chemistry as relevant to the long-term stability of the LSCF and
LSCF-GDC thin film electrodes under study here.

2.5. Summary

In this work, our goal was to fabricate single-phase LaixSrxCo1yFeyOs (LSCF)
and composite LSCF- gadolinia doped ceria (GDC) thin film electrodes for use as
cathodes in intermediate temperature solid oxide fuel cell (IT-SOFC) applications by
using a facile and cost effective polymeric precursor method to obtain nanoscale
morphology and thus low polarization resistances in air at 600 °C. The microstructure of
the LSCF thin films annealed at 700 °C consisted of particles of 72 nm average size,
which increased to 83 nm upon long-term annealing at 600 °C, thus retaining their
nanosizes. The LSCF-GDC composite electrodes exhibited microstructures with average
particle sizes of ca. 60 nm, which remained significantly more stable upon long-term
annealing at 600 °C.

The electrochemical performance of the LSCF and LSCF-GDC thin film
electrodes was evaluated by electrochemical impedance spectroscopy (EIS)
measurements carried out at the open circuit potential in air using symmetrical half-cells.
Electrode polarization resistances of 0.72 Q.cm2 and 2.75 Q.cm2 (per electrode) were
achieved in single phase LSCF and LSCF-GDC composite at 600 °C in stagnant air,
respectively. This contradicts with most of the previous results in the literature, which
have reported an increase in the electrochemical activity upon the addition of an ionic
conductor to the LSCF perovskite.

This contradiction was explained here by the fact that the Co-rich composition of
the LSCF studied in the present case exhibits high enough ionic conductivity that the
introduction of another ionically conductive (but electrocatalytically inactive) phase is
not necessary. Therefore, the partial replacement of the electrocatalytic LSCF that also
exhibits ionic conductivity results primarily in a loss of electrocatalytically active LSCF
surface area.

The longevity tests revealed that, at 600 °C, the single phase LSCF thin film
exhibited a ca. 50% increase in polarization resistance in 40 hours, whereas the LSCF-

GDC thin film remained very stable, showing only a ca. 3% increase. This difference
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between the long-term performances of the single phase and composite electrode
materials was found to be related to the differences in the evolution of their microstructure
and possibly also their surface chemistry.

X-ray photoelectron spectroscopy analyses showed that Fe and Fe/Co enrichment
occurs at the outer surface of the single phase LSCF and composite LSCF-GDC thin
films, respectively, upon prolonged exposure to 600 °C in air, which may also have some
impact on the long-term stability of these two types of electrodes. The B-site segregation
observed here, as opposed to the findings in the literature that suggested the occurrence
of Sr surface enrichment in similar materials, is likely due to differences in the thin film
fabrication techniques used.

In conclusion, the fact that the polymeric precursor derived LSCF exhibits similar
(and at certain temperatures, still lower) polarization resistances to those reported by
others for spray pyrolysis derived LSCF thin film electrodes suggests that this cost-
effective and facile technique can be adopted for thin film SOFC electrode fabrication.
However, the addition of GDC, while useful for microstructural stabilization, must be
kept to a minimum in order to ensure that not too much of the catalytically active LSCF

surface is sacrificed.
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3.1. Abstract

Infiltration of electrocatalyst precursor solutions into previously sintered porous
ionic conductor scaffolds has been used recently as an alternative method to the
conventional co-sintering route to fabricate electrocatalyst-ionic conductor composites
for solid oxide fuel cell (SOFC) cathode applications. However, the aqueous nitrate
solutions generally used to perform the infiltration process results in electrocatalyst
precipitates that are disconnected from each other, yielding poor electrode performance.
In this work, polymeric electrocatalyst (Lao.sSro.4Coo2FeosOs - LSCF) precursors that
produce interconnected thin films upon heat treatment were used to infiltrate porous ionic
conductor Ce.9Gdo.102.¢ (GDC) scaffolds to overcome these issues. In addition, for the
first time in the literature, a mixture of LSCF and GDC polymeric precursors, which
would yield LSCF+GDC nanocomposite coatings on the grains of the porous GDC
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scaffold were used as the infiltration solution. Thus, further enhancement of the
electrocatalyst/ionic conductor interfacial area and achievement of improved electrode
performance was aimed. As a result of the optimization studies, the lowest measured area
specific polarization resistance (ASRcathode) Values of 0.47 and 0.73 Q.cm2 were obtained
for polymeric LSCF+GDC and LSCF precursor infiltrations respectively at 700 °C, in
air. In addition, LSCF+GDC infiltration yielded electrodes with much improved long-

term stability in comparison to those obtained by LSCF infiltration.

Keywords: SOFC, GDC, LSCF, impedance, infiltration, electrochemical performance

3.2. Introduction

Solid oxide fuel cells (SOFC) have attracted attention due to their potential for
clean energy generation via conversion of chemical energy directly into electrical energy
without being restricted by Carnot efficiency [1-2]. SOFCs allow the use of different fuels
such as hydrocarbons, coal syngas and pure hydrogen [3]. Despite the significant progress
that has been made, the cost and durability still remains a major barrier to the
commercialization of SOFC technology [4]. High operating temperatures of traditional
SOFCs (800-1000°C) need to be lowered to reduce the cost of both materials and the
electricity production [5, 6]. For example, if the SOFCs can be operated below 700 °C
(intermediate temperatures), running costs may be reduced by allowing the use of cost-
effective steel interconnects instead of expensive ceramic ones. The diffusion controlled
chemical and microstructural degradation observed at high operating temperatures can
also be prevented this way [7]. Moreover, lowering the operating temperatures can lead
to shorter startup/shutdown time and enhanced SOFC system durability [8].

On the other hand, any reduction of the operation temperature has significant
negative effects on SOFC performance due to lowered electrocatalytic activity of the
electrodes [9] and increased ohmic losses [10]. As far as the electrolyte performance is
concerned, the use of a thin electrolyte layer and/or an electrolyte with a higher ionic
conductivity are proposed as alternatives to avoid performance loss in intermediate
temperature (IT) SOFCs [11-14]. Improvements in the electrolyte layer are helpful but

there is still room for further enhancement in performance of SOFCs for operation in the
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IT range. Studies have shown that as the operating temperature is reduced, cathode
polarization resistance becomes the dominant factor limiting the SOFC performance [15-
17]. Therefore, enhancement of the cathode performance for IT-SOFCs has been
rigorously investigated [15-19]. Especially perovskite electrocatalysts that exhibit mixed
ionic-electronic conductivity (MIEC) along with electrocatalytic activity for oxygen
reduction, for example; LaixSrxCo1yFeyO3 (LSCF), has shown promise, both as a single
phase porous electrode and in the form of a perovskite-ionic conductor composite [16-
20]. In the latter case, the main advantage of the ionic conductor addition has been to
facilitate the oxygen ion transfer from the electrocatalyst to the ionic conductor by
enhancing the interfacial area between these two phases [16,20]. In addition to the choice
of material, the process selected to fabricate the cathode layer is especially crucial to
obtain low polarization resistances at the IT range, since it determines the microstructure
of the cathode.

Conventional composite SOFC cathodes are prepared by co-firing of a mixture of
powders of different particle sizes, surface areas and melting points which lead to
different sintering temperatures and eventually uneven sintering. In addition, the
relatively high sintering temperatures (1100-1300°C) required to ensure bonding between
i) the cathode particles themselves, and ii) the cathode-electrolyte interface yield large
electrocatalyst particle sizes. This leads to diminished electrocatalyst-gas and
electrocatalyst-ionic conductor interfacial areas and hence high cathode polarization
resistances. Moreover, formation of undesired phases with high resistivity, such
La>Zr,O7, has been reported under these processing conditions [21]. As an alternative
strategy, infiltration (or wet impregnation) method has been proposed as an effective
method to prepare electrocatalyst-ionic conductor composite cathodes [19-20,22]. In
general, a liquid solution, typically composed of metal nitrates of the electrocatalyst
cations dissolved in water, is introduced into a previously sintered porous ionic conductor
scaffold layer formed on the electrolyte [23,24]. Upon heating to 300-500 °C, salts are
precipitated inside the pores and are subsequently calcined in order to form the desired
oxide. This process is repeated several times to achieve the desired electrocatalyst loading
within the pores of porous ionic conductor scaffold [23,25]. The main advantage of the
infiltration method is that it allows relatively low heat treatment temperatures (300-500
°C) which provide i) large electrocatalyst/gas and electrocatalyst/ionic conductor
interfacial areas, and ii) minimized reactions between the infiltrated and scaffold phases

and potentially high cathode performance [26].
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Many researchers have studied the infiltration of aqueous solutions containing the
nitrate salts of the cations constituting the MIEC perovskites [23-25]. It has been reported
that LSCF infiltration into porous ionic conductor scaffold (e.g. GDC) results in improved
performances over those fabricated by co-firing [20,27,28]. For example, an aqueous
nitrate LSCF solution infiltration into porous GDC scaffolds was studied by Kim et al.
who reported a polarization resistance of 1.7 Q.cm? at 600°C [29]. In the reverse case,
Chen et al. indicated that infiltration of GDC into screen printed LSCF scaffold
significantly reduced the polarization resistances down to 1.6 Q.cm? from 5.4 Q.cm? for
pure LSCF cathode at 600°C [30].

Despite these promising results reported in the literature, the potential of the
infiltration approach cannot be fulfilled when aqueous nitrate solutions are used to
infiltrate the porous scaffolds, as they yield segregated and disconnected particles, leading
to poor current collection and hence, insufficient performance. To address these issues,
the use of polymeric precursors, which can form interconnected films upon
decomposition, has been proposed as a more effective infiltration method [31, 32]. For
example, LaogSro.2MnO3-Zro.84Y0.1602 (LSM-YSZ) cathodes prepared by the infiltration
of a polymeric LSM precursor into a porous YSZ scaffold has resulted in a polarization
resistance as low as ca. 0.030 Q.cm? at 800 °C [31]. This approach has also proven
effective in the SOFC anode applications as polymeric Ni infiltration into porous YSZ

2 at the same

scaffolds also exhibited very low polarization resistance of 0.1 Q.cm
temperature [33]. Obviously, the LSM-YSZ and Ni-YSZ systems are generic examples
of composite SOFC electrode materials, both of which hosting the electrochemical
reactions exactly at their electrocatalyst-ionic conductor-gas triple phase boundaries.
Meanwhile, the formation of MIEC-ionic conductor composites using the polymeric
precursor method has the potential to yield electrodes with electrochemical performances
exceeding those of the above-mentioned generic composites prepared by the same
method. Nonetheless, this direction has not been thoroughly explored to date, i.e., only
one paper reporting polymeric LSCF precursor infiltration into porous GDC scaffolds
exists [24].

In the present work, we propose to fabricate two types of LSCF-GDC composite
cathodes by making use of the polymeric precursor method. The first type of composite
is prepared by infiltrating a polymeric LSCF precursor into a porous GDC scaffold to
obtain an interconnected LSCF film with high surface area over the scaffold particles. In

this case, due to the MIEC nature of the LSCF film, the oxygen reduction reaction is
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considered to proceed in four steps, as depicted in Figure 3.1a. These steps are: adsorption
of oxygen to the LSCF surface (Step 1), reduction of adsorbed oxygen into oxygen ion
and its insertion into the LSCF lattice (Step 1), the transport of the oxygen ion through
the LSCF lattice to the LSCF/GDC interface (Step I11) and the transfer of the oxygen ion
from the LSCF to the GDC lattice (Step 1V). Similar oxygen reduction schemes have
been proposed in the literature for MIEC cathodes, such as LSCF [34].

The second type of LSCF-GDC composite is proposed to be fabricated by
infiltrating a mixture of polymeric LSCF and GDC precursors again into a porous GDC
scaffold, for the first time in the literature. We anticipate that, upon heating, the ions
present in the polymeric precursor mixture will segregate preferentially to form the LSCF
and GDC phases. In this case, as depicted schematically in Figure 3.1b, an LSCF-GDC
nanocomposite film will be formed on the grains of the porous GDC scaffold. A
performance enhancement with respect to single phase GDC infiltration is expected due
to the enhancement of the LSCF/GDC interfacial area and the consequent facilitation of
oxygen ion transfer between the MIEC and the ionic conductor phases (Step 1V). For both
types of infiltration, the number of infiltration cycles were optimized to achieve the lowest

polarization resistance possible at 700 °C.

3.3. Experimental

Experimental method is explained in this section.

3.3.1. Fabrication of the Dense GDC Electrolytes and Porous GDC
Scaffold

10 mol% gadolinium-doped ceria powders (Ceo.9Gdo.102-5, Praxair, >99.9%, with
6.5 m?/g specific surface area were used in the manufacture of the dense ceramic
electrolyte by uniaxial pressing (Carver Hydraulic Press, Wabash, IN, USA) at 180 MPa
in a cylindrical stainless steel die with 15 mm diameter and approximately 1.5 mm height.
The pellets were fired at 1400 °C for 4 hours at a heating rate of 3°C/min in a laboratory
Kiln (Nabertherm LHTO02/17, Germany).
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Figure 3.1. Schematic representation of proposed pathways of oxygen ions at cathode
layers prepared by (a) single phase LSCF and (b) LSCF+GDC polymeric
precursor solution infiltration into porous GDC scaffolds

3.3.2. Preparation of Polymeric Precursors and the Infiltration Process

Precursor solution of LSCF was prepared by dissolving proper amounts of
lanthanum (111) nitrate hexahydrate (ALFA-AESAR >99.99%), strontium chloride
hexahydrate (ALFA-AESAR >99%), cobalt (1) nitrate hexahydrate (ALFA-AESAR
>97.7% min), iron (I11) nitrate nonahydrate (ALFA-AESAR >99.99%) salts in deionized
water at a molar ratio that would yield the of LSCF 6428 stoichiometry. The solutions
were then mixed with ethylene glycol, ensuring that the molar ratio of the total metal salts
to ethylene glycol was 0.02. Upon stirring at 70°C, all water evaporated, leaving a non-
agueous and more viscous solution which was then diluted by the addition of 2-
butoxyethanol solution in 1:1 weight ratio, aiming to enhance the wetting properties of

the precursor. A polymeric GDC precursor was also prepared from cerium nitrate
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hexahydrate (ALFA-AESAR >99.5%) and gadolinium nitrate hexahydrate (Sigma-
Aldrich>99.9%) salts following the same procedures. For LSCF+GDC infiltration, the
polymeric LSCF and GDC precursor solutions were mixed in appropriate amounts that
would yield a 60:40 volumetric LSCF to GDC ratio upon heat treatment.

Figure 3.2 summarizes the infiltration process. To form the porous GDC scaffold
layer on the dense GDC electrolyte, a slurry consisting of GDC powder dispersed in o-
terpineol and 2-butoxyethanol was prepared. The slurry was deposited on both sides of
the dense GDC electrolyte by brush-painting before being partially sintered at 10000C
for 2 hours. The polymeric precursor solution of LSCF/LSCF+GDC was infiltrated into
the previously formed porous GDC scaffold layers by brushing on both sides of the
electrolyte. Heat treatment at 400°C on hot plate drove off volatiles thus completing one
infiltration cycle. Different number of infiltration cycles (10-50) were carried out in this
study to determine optimum loadings. Samples were encoded according to the infiltration
precursor type and number of infiltration cycles. For example, LSCF 40X denotes 40
cycles of LSCF infiltration, while LSCF+GDC 30X represents 30 cycles of infiltration
using a mixture of polymeric LSCF and GDC precursors.
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Figure 3.2. Schematic representation of experimental flow chart depicting the formation
of the porous scaffold, and the infiltration of the scaffold multiple times to
deposit nano sized LSCF or LSCF+GDC
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3.3.3. Crystal Structure and Microstructure Analyses

Crystal structures of the composite cathodes were determined by x-ray diffraction
(XRD- Panalytical X’Pert Pro, CuKa radiation). However, the interpretation of the
composite cathodes, especially those prepared by LSCF+GDC infiltration into porous
GDC scaffold is quite difficult, as it cannot be decided with acceptable certainty whether
any cubic GDC peaks that are likely to appear, originate from the substrate, the porous
scaffold or from the infiltrated polymeric precursor. To avoid such complications, the
XRD analyses were performed on dried gels of LSCF and LSCF+GDC polymeric
precursors calcined at 700 °C.

The microstructures and morphologies of the LSCF and LSCF+GDC infiltrated
and non-infiltrated porous GDC scaffolds were examined by scanning electron
microscope (SEM, Philips XL 30S FEG) using secondary electron imaging and the
elemental compositions of the cathode layers were determined by energy dispersive x-ray

spectroscopy (EDX) analysis.

3.3.4. Electrochemical Performance Analysis

For the evaluation of the electrochemical performance of the fabricated cathodes,
an in-house Ag paste was brush-painted onto the cathode surfaces in order to form current
collecting layers which were connected to Ag lead wires. Autolab (Metrohm M204
PGSTAT) instrument was used to analyze the electrochemical performance of the
symmetrical half-cells by electrochemical impedance spectroscopy (EIS) at 500-700 °C,
in stagnant air with an AC amplitude of 15 mV excitation voltage amplitude. Nova 2.1

software was used to fit the collected EIS data.

3.4. Results and Discussions

To determine the phases that the infiltration solutions form within the porous GDC
scaffold, the dried gels of the LSCF and LSCF+GDC polymeric precursors were calcined

at 700 °C and were subjected to x-ray diffraction (XRD) analyses. XRD patterns of these
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powders show the presence of rhombohedral LSCF phase (PDF: 01-089-1268) in both
cases (Figure 3.3). LSCF+GDC powder, also contains cubic GDC phase (PDF: 01-075-
0161), as expected (Figure 3.3). Unidentified peaks with low intensities at 260=25.3, 35,
39 and 44° are also observed, indicating the presence of small amounts of impurity phases
(Figure 3.3). In the literature, LSCF and LSCF-GDC thin films prepared by spray
pyrolysis were also reported to have similar unidentified peaks [35-41]. For example,
unidentified peaks were observed at 20=35° by Haider et al. [41], at 26=25.5 and 44° by
Muller et al [35]. These peaks were, however, found to disappear upon thermal treatment
above 700 °C. Darbandi et al. [39] reported extra peaks at 20=25.5, 36, 44° which are
traces of SrNOz which is commonly observed by other groups during LSCF formation
[40].

As mentioned before, two different polymeric precursor solutions were used to
infiltrate the porous GDC scaffold. Different numbers of infiltration cycles have been
performed to ensure continuous coverage of the GDC particle surfaces of the porous
scaffold with interconnected films of LSCF and LSCF+GDC, as opposed to discrete
particles. Figure 3.4(a) depicts a representative cross-sectional scanning electron
microscopy (SEM) image of a selected infiltrated sample (LSCF 40X), revealing the
GDC electrolyte, porous GDC scaffold and Ag current collector layers. A good adherence
between the porous GDC scaffold and the dense GDC electrolyte can be clearly observed
with an approximate thickness of 65-75 um. The SEM image of the non-infiltrated porous
GDC scaffold layer is shown in Figure 3.4(b). Evidently, the porous GDC layer consists
of grains and pores with uniformly distributed sizes, originating from partial sintering of
the as-received GDC powder.

The microstructural characterization of the infiltrated composite cathodes were
also performed in more detail before and after long-term (i.e., 100 hours) testing at 700
°C to i) ensure that interconnected films are formed on the grains of the porous GDC
scaffold, not discrete particles and ii) observe any significant microstructural changes that
may take place upon prolonged exposure to the operating temperature (700 °C). Both the
LSCF and the LSCF+GDC infiltrated cathodes resemble the blank GDC scaffold
microstructure and appear to be free of discrete particles (Figure 3.4 ¢, d). This suggests
that the polymeric precursor infiltration results in interconnected film formation on the
scaffold grains (Figure 3.4c, d). After long term stability test, microstructures do not
appear to be significantly changed in LSCF (Figure 3.4e) and LSCF+GDC (Figure 3.4f)

samples i.e. grain size, porosity and agglomeration.
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Figure 3.4. Scanning electron microscopy (SEM) images of fractured cross sections of
(a) a representative LSCF+GDC infiltrated cathode (40x) also including the
Ag current collector and the electrolyte, (b) a previously sintered porous
GDC scaffold layer without any infiltration, (c) porous GDC scaffold
infiltrated 45 times with LSCF precursor solution after annealing at 700°C
for 2h, (d) porous GDC scaffold infiltrated 45 times by LSCF precursor
solution and heat treated at 700°C for 100 hours, (€) porous GDC scaffold
infiltrated 30 times with LSCF+GDC solution after annealing at 700°C for
2h, () porous GDC scaffold infiltrated 30 times by LSCF+GDC precursor
solution and heat treated at 700°C for 100 hours.

Energy dispersive x-ray spectroscopy (EDX) analyses over the fractured cross
section of samples were performed to track the variation of elemental concentration
within the cathode layer after different infiltration cycles (Figure 3.5). As stated above,
the infiltration solutions were prepared to yield the exact stoichiometries of
Lao.6Sro4C0o.2Fen 8035 and Ceo9Gdo102-5. Figure 3.5a shows the elemental percentage
change of LSCF infiltrated cathode with increasing number of infiltration cycles. The
relative amounts of Ce and Gd decreases while those of La, Sr, Co and Fe increases with
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increasing number of infiltration cycles, which is expected (Figure 3.5a) Increasing the
number of infiltration cycles cause a fast increase in the Fe content, and a slower increase
in the relative amounts of other elements (i.e. La, Sr, Co), as dictated by the LSCF
stoichiometry.. In the case of LSCF+GDC infiltration (Figure 3.5b), increasing the
number of infiltration cycles leads to an enrichment of the electrocatalyst elements as
expected, but this time to a lesser extent due to the GDC content of infiltrating solution.
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Figure 3.5. Relative amounts of La, Sr, Co, Fe, Ce and Gd elements determined by
energy dispersive X-ray spectroscopy (EDX) measurements performed at
the middle part of the cathode layers prepared by (a) LSCF and (b)
LSCF+GDC infiltration into porous GDC scaffolds.

The electrochemical performance of the infiltrated electrodes were determined by
electrochemical impedance spectroscopy (EIS) measurements of the symmetrical half-
cells at 500-700 °C, in stagnant air. Since the thermal history of the infiltrated electrodes
may have a significant impact on the electrochemical performance, the heat treatments
that the infiltrated cathodes had been subjected to at the time of measurement are
described in detail in Figure 3.6. Here, the heating regime consists of five stages and the
EIS measurements are collected at every 50 °C when cooling down from 700 °C (Stage
IV) and intermittently upon long-term exposure to 700 °C (Stage V).

Nyquist and Bode plots of the EIS data collected at 700°C from the cathodes
prepared by 10-50 cycles of polymeric precursor infiltration are shown in Figure 3.7. The
equivalent circuit models used to fit the EIS data are also provided as insets in the Nyquist
plots (Figure 3.7). Curve fits using the related equivalent circuits were achieved with
negligible error (x2~ 10™). The series resistances present in the equivalent circuits are
denoted as “Rs” and are obtained from the intercept of the impedance response at high

frequency. This contribution is related to the electrolyte resistance and is slightly variable
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from sample to sample due to the variations in the thickness of the electrolyte substrate.
The size of the impedance arc (R1 or the sum of R1 and R2 in one case) refers to the
polarization resistances of the two identical electrodes. Hence, the polarization resistance
value should be divided by two to find the area specific polarization resistance per each
infiltrated cathode (ASRcathode).
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Figure 3.6. Heating/cooling schedule followed during impedance spectroscopy
measurements

Measured impedance data for samples infiltrated 10 to 45 times show a similar
type of EIS response, i.e., a single semi-circle which corresponds to an equivalent circuit
consisting of electrolyte resistance (Rs) coupled in series with a polarization resistance
connected in parallel to a constant phase element unit (R1/Q1) (Figures 3.7a-f). Evidently,
the general tendency is that an increase in the number of LSCF infiltration cycles brings
about reductions in the polarization resistance (Figures 3.7a-f). For example, the
polarization resistance per electrode decreases from 9.04 Q.cm? down to 0.71 Q.cm? at
700 °C upon an increase in the number of LSCF infiltration cycles from 0 to 40 (Figures
3.7a-f). This is expected since the increased number of LSCF infiltration cycles enhances
the coverage of the GDC grain surfaces of the porous scaffold with the electrocatalytic
LSCF film providing more LSCF/gas and LSCF/GDC interfacial area. On the other hand,
no further reductions in the polarization resistance is observed when the number of
infiltration cycles is increased from 40 to 45 (Figures 3.7e, f and g). Furthermore, an
increase in the polarization resistance up to 1.57 Q.cm? concomitant with the appearance
of a low frequency semi-circle represented with another resistor/constant phase element
in the equivalent circuit diagram (R2/Q2) in the 50x LSCF electrode is evident (Figure
3.79).
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Figure 3.7. Impedance spectra obtained from cathodes prepared by a) 10x b) 20x ¢)30x
d)35x €)40x f)45x g)50x LSCF infiltration into porous GDC scaffolds.
Measurements were conducted on symmetrical half cells at 700°C, in air.
The equivalent circuit models used to fit the obtained impedance data are

provided in insets.

In the literature the low frequency semi-circle has been attributed either to
concentration polarization resulting from the insufficient porosity [42,43], or to the
chemical capacitance originating from the oxygen insertion into the MIEC lattice and the
consequent changes in the oxidation states of the transition metal cations within the
perovskite structure [42-47 ]. Since it is well known that the latter process is temperature
dependent and the former is not [42,45], the EIS measurements of the symmetrical cell
with 50x LSCF electrodes have been carried out at different temperatures to determine
the physical cause of the low-frequency arc observed in these cathodes. The EIS data
obtained at 600, 650 and 700 °C are represented in the form of a Bode plot in Figure 3.8a
to clearly show the effect of temperature on the high and low frequency processes. Here,
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the imaginary part of the impedance remains unchanged at low-frequency range (at
around 0.4 Hz) but is found to increase with decreasing temperature at high frequencies
(at around 30 Hz, Figure 3.8a). The temperature dependence of the area specific
resistances of the high and low frequency processes (denotes as R1 and R2 respectively),
their sum (total polarization resistance) determined from the equivalent circuit fitting of
the EIS response of LSCF 50x (R1 + R2) are given in Figure 3.8b. Evidently, R1 obtained
from LSCF 50x has a strong dependence on temperature, while R2 remains nearly
unchanged (Figure 3.8b). The temperature independent nature of R2 suggests that the low
frequency process is concentration polarization, likely caused by the overloading of the
porous GDC scaffold with infiltrated LSCF, thereby eliminating porosity required for the

transport of oxygen gas to the electrochemically active surfaces.
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Figure 3.8. a) Bode plots showing the impedance response of LSCF (50x) infiltrated
symmetrical half-cell measured at 600, 650 and 700°C. (b) Temperature
dependence of the cathode polarization resistance of infiltrated LSCF (50x)
sample, also showing the individual contributions of the high and low
frequency resistance components (i.e., R2 and R3) to total resistance.
Impedance spectroscopy measurements were performed on symmetrical

half-cells cells, in air.

In order to examine the performance of the LSCF infiltrated cathodes at
intermediate temperatures (500-700°C), EIS measurements were performed in the range
of 500-700°C temperature range. Temperature dependences of the total area specific
polarization resistance (ASR) values of infiltrated LSCF+GDC cathodes are plotted as
ASRcathode VS 1000/T (Figure 3.9).

The data collected from the symmetrical half-cells with blank porous scaffold

layers with only Ag current collectors is also included to serve as a reference (Figure 3.9).
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ASRCcathode CONsistently increases with decreasing measurement temperature (700 down to
500°C) and decreases with increasing the number of LSCF infiltration cycles. Similar
slopes referring to similar activation energies in the range of 0.81-1.08 eV are visible for
all samples, except for LSCF 50x, which exhibits a weaker temperature dependence due
to the presence of the temperature independent low frequency process attributed to
concentration polarization herein (Table 3.1).
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Figure 3.9. (a) Bode plots showing the impedance response of LSCF (50x) infiltrated
symmetrical half-cell measured at 600, 650 and 700°C. (b) Temperature
dependence of the cathode polarization resistance

Su et al [48] defined a promotion factor for infiltrated electrodes as & =

Rpbiank/Rpintf Where Rpoiank iS the polarization resistance of the non-infiltrated cathode and

Rpin is the polarization resistance of infiltrated cathode to examine the success of

infiltration. Tomov et al [43] systematically grouped different studies [49-51] based on

their promotion factor (€) which varies from 1.30 to 3.66 for GDC infiltration into LSCF

scaffold of different loadings. The & values measured in this study varies between 1.99

and 12.3 for the LSCF infiltrated cathodes, suggesting that the polymeric precursor

method is very effective for infiltration purposes
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Table 3.1. Cathode polarization resistance values (per electrode) and the corresponding
activation energies of LSCF infiltrated cathodes for prepared by different
number of infiltration cycles measured at 700 °C

Sample Name Ea (eV) Rp at 700° C (per electrode) (Q.cm?)
Blank GDC -Ag Collector 0.74 9.04
LSCF 10x 0.81 4.2
LSCF 20x 0.89 1.83
LSCF 30x 0.99 1.04
LSCF 35x 1.00 0.85
LSCF 40x 1.08 0.71
LSCF 45x 0.95 0.73
LSCF 50x 0.73 1.57

Evolution of the EIS response of the polymeric LSCF+GDC precursor infiltrated
composite cathodes with varying number of infiltration cycles is shown in Figure 3.10.
Only one depressed semi-circle is observed in the Nyquist plots of all samples. Thus, the
proposed equivalent circuit used for fitting the curve has two resistance components Rs
(electrolyte resistance) and R1 (polarization resistance). In the circuit, Rs represents the
ohmic resistance of the GDC electrolyte and R1/Q1 elements represent electrode
processes. Resembling the case of LSCF infiltration, increasing the number of
LSCF+GDC infiltration cycles from 10x to 30x brings about a significant reduction in
the polarization resistance values, while further increasing the number of infiltration
cycles has negative effect on the electrochemical performance at 700 °C. Polarization
resistances as low as ~0.47 Q.cm? per electrode at 700 °C are obtained in the case of 30x
LSCF+GDC infiltration (Figure 3.10c). The ¢ values varying between 3.72 and 19.23
obtained in the case of LSCF+GDC infiltrated samples reflect the superiority of these
cathodes over those prepared by LSCF infiltration. The reason for the lower value of the
lowest possible polarization resistance value obtained in the case of LSCF+GDC
infiltration in comparison to that obtained by LSCF infiltration is the enhancement of the
electrocatalyst/ionic conductor interfacial area and thus facilitated oxygen ion transfer to
the electrolyte, as proposed in Figure 3.1b. The increase in the polarization resistance
observed upon exceeding the optimum number of infiltration cycles (evidently 30X in
this case) is not accompanied by the appearance of a concentration polarization related
low-frequency semi-circle (Figure 3.10d). A possible explanation lies in the formation of
a very thick LSCF+GDC coating on the GDC grains, which increases the oxygen ion

transport distances, leading to increased resistances. After excessive loading via
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infiltration similar performance losses were also observed in other studies which
attributed the losses to the formation of clusters and thick coating that reduced the number

of active sites [52,53].
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Figure 3.10. Impedance spectra obtained from cathodes prepared by a) 10x b) 20x ¢)30x
d)40x LSCF+GDC infiltration into porous GDC scaffolds. Measurements
were conducted on symmetrical half cells at 700°C in air. The equivalent
circuit models used to fit the obtained impedance data are provided in
insets.

The variation of the area specific resistances (ASR) of LSCF+GDC infiltrated
cathode samples with temperature for different number of infiltration cycles are shown in
Figure 3.11. Ag current collector data are included for comparison. These results revealed
that increasing the LSCF+GDC infiltration cycles from 10x to 30x, the electrochemical
performances of cathodes was enhanced regardless of measurement temperature. Similar

activation energies in the range of 0.86-0.91 eV are visible for all samples (Table 3.2).
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Figure 3.11. Temperature dependence of the cathode polarization resistances obtained
from the impedance spectroscopy measurements of symmetrical half-cell
with cathodes prepared by different amounts of (from 10x to 40x)
LSCF+GDC infiltration into porous GDC scaffolds. Cathode polarization
resistance of blank porous GDC layer brushed with silver current collector

was also added for comparison.

ASRpol (Q.cm?)

H
OO
N

Table 3.2. Cathode polarization resistance values (per electrode) and the corresponding
activation energies of LSCF infiltrated cathodes for prepared by different
number of infiltration cycles measured at 700 °C

Sample Name Ea (eV) Rp at 700° C (per electrode) (€.cm?)
Blank GDC -Ag Collector 0.74 9.04
LSCF GDC 10x 0.86 1.82
LSCF GDC 20x 0.90 0.61
LSCF GDC 30x 0.91 0.47
LSCF GDC 40x 0.88 0.93

The long-term stability of the electrochemical performances of SOFC cathodes
prepared by LSCF and LSCF+GDC infiltration into porous GDC scaffolds is tested by
intermittently performing EIS measurements upon long-term exposure to 700 °C, which
corresponds to the Stage V in Figure 3.6. As shown in Figure 3.12, a significant increase
in the ASRcathode (from 0.73 Q.cm? to 2.3 Q.cm?) takes place with time for single phase
LSCF infiltrated cathode. The preliminary 60 hours of tests indicate a significantly
improved longevity in the case of LSCF+GDC infiltrated cathodes (Figure 3.12). In the
literature, it has been reported that the addition of a secondary phase has been reported to
inhibit the grain growth and hence the loss of the MIEC/gas interfacial area in the case of
conventionally prepared samples [54,55]. The addition of GDC to the LSCF coatings
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formed on the grains of the porous GDC scaffolds is considered to induce such a
microstructural stabilization in the present case as well. More detailed microstructural
analyses via transmission electron microscopy required to test this hypothesis are

currently underway.
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Figure 3.12. Long term stability test results (polarization resistance measured at 700°C)
of the symmetrical cells with LSCF 45x and LSCF+GDC 30x infiltrated as
a function of dwell time

3.5. Conclusion

Dense GDC electrolyte pellets fired to sufficiently high density were coated by
screen printing to form a porous GDC layer on both sides to provide a porous GDC
scaffold into which polymeric precursor solutions of LSCF and LSCF+GDC were
successfully infiltrated by a multistep process. SEM analysis showed that, after
infiltration, no agglomerates formed in any of the samples, suggesting that polymeric
LSCF and LSCF+GDC precursors could coat the GDC particles in a uniform and
effective manner. EIS measurements of the samples between 500 and 700°C clearly
showed that increasing the amount of infiltration cycles enhanced the electrochemical
performance up until 45x for LSCF and 30x for LSCF+GDC infiltration. Any further
LSCF infiltration cycle only degraded the ASR manifesting itself by a low frequency arc
in the Nyquist diagrams, interpreted as a result of slowed mass transport of oxygen gas
within the porous electrode. Loss of electrochemical performance after excessive
LSCF+GDC infiltration was attributed to the formation of relatively thicker LSCF+GDC

coatings on the grains of the porous GDC scaffold that brings about longer pathway for
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reduced oxygen ion transport from cathode to electrolyte. Comparison of the long-term
electrochemical testing of the LSCF and LSCF+GDC infiltrated cathodes revealed that
LSCF+GDC infiltration resulted in i) a higher electrochemical performance, attributed to
enhanced LSCF/GDC interfacial area and ii) a more stable polarization resistance at
700°C, likely originating from the inhibition of the grain growth in the LSCF phase by
the GDC particles formed within the infiltrated coating. These results proved that
precursor infiltration method is a very promising approach for the fabrication of high

performance cathodes for SOFC applications in intermediate temperatures.
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4.1. Abstract

A dense electrolyte with a relative density of over 95% is vital to prevent gas
leakage and thus the achievement of high open circuit voltage in solid oxide fuel cells
(SOFCs). The densification process of ceria based electrolyte requires high temperatures
heat treatment (i.e. 1400-1500 °C). Thus, the minimum co-sintering temperatures of the
anode-electrode bilayers are fixed at these values, resulting in coarse anode
microstructures and consequently poor performance. The main purpose of this study is to
densify gadolinia doped ceria (GDC), acommon SOFC electrolyte, at temperatures lower
than 1400°C. By this aim, an approach involving the infiltration of polymeric precursors
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into porous electrolyte scaffolds, a method commonly used for composite SOFC
electrodes, is proposed. By infiltrating polymeric precursors of GDC into porous GDC
scaffolds, a reduction in the sintering temperature by at least 200°C is achieved with no
additives that might affect the electrical properties. Energy dispersive x-ray spectroscopy
line scan analyses performed on porous GDC scaffolds infiltrated by a marker solution
(polymeric FeOx precursor in this case) reveals a homogeneous infiltrated phase

distribution, demonstrating the effectiveness of polymeric precursors.

Keywords: SOFC, GDC, electrolyte, microstructure, densification, infiltration

4.2. Introduction

Excessive use of fossil fuels and their effect on global warming requires the search
for clean alternative energy sources [1-2]. Solid oxide fuel cells (SOFCs) have been
attracting attention from researchers because of their ability to convert chemical energy
into electrical energy without combustion [3-4]. Although SOFCs are one of the cleanest
and most efficient power sources, the maximum power density achievable by these
devices must be enhanced. This way their cost per power generated can be minimized.
[5-8]

SOFCs are operated at high temperatures (600-1000 °C) by having a constant
supply of hydrogen and oxygen at the anode and cathode sides, respectively. Obviously,
the two gases should not be intermixed to i) obtain high open circuit voltage and ii) avoid
violent burn out [9-13]. This is achieved by having a dense gas tight ceramic electrolyte.
In order to be perfectly gas leak-free, a 95% relative density is the generally accepted
target. To achieve this relative density value, the most commonly used electrolytes, i.e.,
yttria stabilized zirconia (YSZ) and gadolinia doped Ceria (GDC) must be sintered at
temperatures exceeding 1400°C [14-16]. This is problematic because the manufacturing
process of SOFC requires that both electrolyte and electrode layers be sintered together
while in contact which is known as co-sintering [17].

Consequently, the sintering temperature of the anode is set at the densification

temperature of the electrolyte. The high co-sintering temperatures result in coarse anode
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microstructures, which correspond to short triple phase boundary length and thus, poor
anode performance [16-20].

Another drawback related to the sintering of gadolinium doped ceria specifically,
at high temperatures is the reduction of CeO. to Ce,Oz due to unstable valance states of
cerium from Ce™ to Ce*® which may cause the formation of micro-cracks [21-25]. Also,
sintering the SOFC electrolytes at temperatures lower than 1400°C is also beneficial due
to energy savings from lower temperature kiln heating.

The infiltration method has previously been proposed to form composite anode
and cathode layers [25-29]. Use of polymeric Lao.sSro2MnOs (LSM) [25] and Ni [26, 27]
precursors to infiltrate porous yttria stabilized zirconia (YSZ) scaffolds yielded LSM-
YSZ and Ni-YSZ composite cathodes and anodes respectively with microstructures
consisting of interconnected infiltrated films on the surfaces of YSZ particles. This, in
turn, resulted in very promising electrode polarization resistances of 0.030 Q.cm? [25]
and 0.1 Q.cm? [26, 27] at 800 °C in the cathode and anode cases respectively.

In the present study, the use of the infiltration technique is proposed for low
temperature densification of GDC electrolytes, for the first time in the literature. Here, a
three-stage process is proposed, as depicted in Figure 4.1. First, a GDC pellet is pre-
sintered at a low temperature (1000°C) to allow for the neck formation among the
particles and obtain just enough strength for handling while retaining a large amount of
porosity. The pre-sintered porous GDC ceramic will be referred to as the “porous
scaffold” from now on. In the second stage, a polymeric precursor solution carrying fixed
proportions of Ce** and Gd®* ions is infiltrated into the pores of the scaffold and heated
at 400°C to drive off the solvent and the organics. This yields interconnected films of
GDC on the particle surfaces. In the third stage, the infiltrated scaffold is subjected to a
final sintering procedure at 1000 to 1200°C to allow for solid-state diffusion to take place
and to produce the final densified ceramic.

The GDC films formed on the GDC particles of the porous scaffolds by
infiltration is considered to enhance the sintering rate for three reasons. First, they fill
some of the porosity and cause an increase in the density even before the final heat
treatment process (Figure 4.1). Second, they increase the coordination number of the
scaffold particles that, i.e., form necks between particles were otherwise not in contact
with each other (e.g., coordination of particles 2 and 3 in Figure 4.1 upon infiltration).
Finally, the amorphous nature of the films at the surface of the GDC particles provide a

fast diffusion pathway and thus allow for activated sintering. The major advantage of the
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infiltration aided sintering process is the fact that the infiltrated solution contains the same
cations as the host, i.e., no additives that may influence the electrical properties (as
reported in Refs [9,15]) is required.

In the proposed lower temperature sintering process, it is obviously crucial that
the infiltration of the GDC precursor is carried out effectively and homogenously
throughout the whole volume of the porous GDC scaffold. Only then, differential
sintering and consequent cracking may be avoided. In order to be able to track the
distribution of the infiltrated phase within the porous scaffold by chemical analyses, i.e.,
to test the effectiveness of the infiltration process, polymeric precursors that contain
cations other than Gd** and Ce** must be infiltrated into porous GDC scaffolds.
Therefore, the use of an Fe bearing polymeric precursor solution (which will be referred
to as polymeric FeOx precursor from then on) as an infiltrating liquid to serve as a marker
is also planned (Figure 4.1). The selection of Fe cation as an infiltration marker originates
from the fact that oxides of Fe is a common GDC sintering aid and thus, the results

obtained here can be compared to the reports in the literature [9, 20, 30, 31].

4.3. Experimental Methods

Experimental method is explained in this section.

4.3.1. Fabrication of Porous GDC Scaffold Electrolyte

10 mol % gadolinium-doped ceria powder (denoted as GDC, Ceo9Gdo.10s3,
PRAXAIR >99.9%) was used for preparing the porous ceramic scaffolds. Specific
surface area of this powder was 6.5 m?/g while the dio, dso and dos values were 0.4 pm,
0.5 um and 0.9 pum, respectively. The powder was pressed in a 15 mm diameter cylindrical
stainless steel die by uniaxial pressing (Carver Hydraulic Press, Wabash, IN, USA) with
180 MPa pressure. The pellets were then fired to obtain a porous scaffold in an electrically
heated laboratory kiln (Nabertherm LHT 02/17, Germany) at 1000°C with 6 hours of

soaking time at a heating/cooling rate of 3 °C/min.
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4.3.2. Polymeric Precursor Solution Preparation and Infiltration
Process

To densify porous GDC scaffolds polymeric GDC or Fe-oxide polymeric
precursor infiltration was envisioned. To prepare the polymeric GDC precursor;
Ce(NO3)3.6H20 (ALFA-AESAR>99.5%) and Gd(NO3)s3.6H20 (Sigma-Aldrich>99.9%)
salts were dissolved in deionized water at a cation molar ratio to obtain the Ceg9Gdo.101.95
(GDC) stoichiometry. In the next step, the salt solution was mixed with ethylene glycol
in different molar ratios i.e. cation/ethylene glycol molar ratios = (0.020 to 0.080) and
stirred at ~80°C until all water evaporated and polymerization took place. The
determination of these ratios have been purely empirical. To avoid excessive
infiltration/decomposition steps to achieve an acceptable amount of infiltrant loading,
efforts were made to maximize the cation molarity which could be chelated to the
polymeric chains, without increasing the viscosity to an extent that could inhibit the
penetration of the final precursor into the porous scaffold. The solution was diluted with
2-butoxyethanol in order to ensure good wetting properties of GDC scaffold and for
reducing the surface tension of the polymeric solutions.

Iron bearing polymeric precursor solution was prepared following a similar
procedure but this time an aqueous solution of iron (Il) nitrate nanohydrate (ALFA-
AESAR >99.99%) salt was used. Further details of the process are given elsewhere [32-
34].

Figure 4.1(a)-(b) shows schematically the infiltration process of porous GDC by
GDC and iron bearing precursor solutions, respectively. Porous GDC pellet that was pre-
sintered at 1000°C for 6 hours, was immersed in the infiltration solution in a beaker before
being placed in a desiccator which was evacuated by a laboratory vacuum pump
(Lanphan 2XZ-2, Zhengzhou, Henan, China). Thereby, most of the bubbles entrapped in
open pores were forced to leave the specimen and be placed by the polymeric solution.
Next, the surface of the pellets were wiped with a paper towel, placed onto a hot plate and
gradually heated to 400°C until all solvent evaporated and organics burnt out. This
procedure was repeated 25 or 35 times before the samples were subjected to a secondary
heat treatment in an electrically heated kiln at different temperatures (e.g. 1000-1100-
1200°C) for 8 hours.
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4.3.3. Density Measurement

Bulk densities of the pellets were measured by Archimedes method according to
ASTM C-20 standard [35]. After the density measurement of samples, relative density
was estimated by using the equation (4.1):

% Relative Density (%RD)= (ds/dw) x 100 4.2)

where ds is the measured bulk density of sample and dw is the theoretical density

of GDC. Theoretical density of 10 mol% gadolinium doped ceria is taken as 7.2 g/cm?

v

[36,38];

Infiltrated

GDC Particles

Infiltration

—

Heat Treatment at
1200°C

@ Heat Treatment

at 1400°C
Figure 4.1. Schematic representation of the sintering behavior of the consolidated
gadolinia doped ceria (GDC) ceramic particles with and without polymeric
GDC precursor infiltration. Here, the infiltrated GDC phase serves to i)
form connections between particles that are otherwise uncoordinated (e.qg.,
between particles 2 and 3), ii) increase the overall solids loading of the

green body and iii) provide fast diffusion routes through its amorphous
volume.
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4.3.4. Structural and Microstructural Characterization

The crystal structures of samples were studied by X-Ray Diffraction (XRD,
Panalytical X-Pert Pro). Cu Ko radiation was used as the x-ray source. Both the
microstructural and compositional analysis of the non-infiltrated GDC and infiltrated
GDC electrolyte samples were analyzed by Scanning Electron Microscopy (SEM, Philips
XL 30S FEG) utilizing secondary electron (SE) imaging and Energy Dispersive X-Ray
Spectroscopy (EDX).

4.3.5. Coding of Samples

A coding scheme was used to help the reader better follow the manuscript. For
example, the sample code 35-G-80-1200 represents a porous pellet that was infiltrated 35
times by a solution bearing 0.080 molar GDC before being sintered again at 1200°C for
8 hours. This coding scheme was explained in Table 4.1.

Table 4.1. Table showing the processing parameters and the corresponding sample code

numbers.
Infiltration Final Sintering
Code Number | Number of | Solution | Concentration Temperature
Cycles Type (M) (°C)
25-G-40-1000 25 GDC 0.040 1000
25-G-40-1200 25 GDC 0.040 1200
35-G-40-1200 35 GDC 0.040 1200
35-G-80-1200 35 GDC 0.080 1200
25-F-15-1000 25 Fe 0.015 1000
25-F-15-1200 25 Fe 0.015 1200
25-F-20-1200 25 Fe 0.020 1200
35-F-20-1200 35 Fe 0.020 1200
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4.4. Results and Discussions

4.4.1. Crystal Structure Analyses

The crystal structure of the gadolinia doped ceria (GDC) ceramics sintered
conventionally or by using an infiltration-assisted approach were analyzed by x-ray
diffraction (XRD), as shown in Figures 4.2a-c. In the conventionally sintered GDC
ceramics, all collected patterns appear to match well with the reference pattern for cubic
GDC numbered JCPDF 01-075-0161 (Figure 4.2a).

Porous GDC scaffolds infiltrated with different amounts of GDC, sintered at
either 1000°C or 1200°C consisted of the same GDC phase Ceo9Gdo.101.95 with JCPDF
number 01-075-0161, i.e., no new compound formation after infiltration and sintering is
observed, as expected (Figure 4.2b). When the porous GDC scaffolds are infiltrated by
different amounts of polymeric FeOx precursor and heat treated at 1000 or 1100 °C, the
second highest peak of the FeoO3 peak at 260=35.6° appears (PDF: 01-089-2810, Figure
4.2c). When the sintering temperature is raised to 1200 °C, peaks belonging to the
compound FesGdsO1. (PDF:00-013-0327) is also observed (Figure 4.2c). Upon the
introduction of a higher amount of FeOx into the porous GDC scaffold by infiltration, a

higher amount of FesGdszO12 phase is observed (Figure 4.2¢).

4.4.2. Weight and Density Measurements

For a clear analysis of the impact of the application of the infiltration method on
the densification rate of GDC ceramics, a set of reference data on the conventional solid-
state sintering behavior of the GDC ceramics is collected. The relative densities of the
sintered GDC pellets, calculated using Equation 4.1, are plotted as a function of sintering
temperature in Figure 4.3. As expected, the relative bulk density increases as the sintering
temperature is increased. Only a slight difference in relative densities is observed upon
sintering at the 800-1100°C temperature range. However, significant increase in the
density takes place when sintering is performed at temperatures between 1100 and

1400°C, indicating a typical solid-state sintering behavior. In this same range,
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densification rate was higher as well. Highly dense (>95% RD) GDC ceramics that are
directly applicable as SOFC electrolytes is obtained upon sintering at temperatures over
1400°C.
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Figure 4.2. X-ray diffraction patterns of a) blank, b) 15 or 20 times gadolinia doped
ceria (GDC) infiltrated and c) 15, 20 or 25 times FeOx infiltrated GDC
pellets sintered at 800-1500 °C (a) or 1000-1200 °C (b and c).
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Figure 4.3. Effect of the sintering temperature on the relative density of the gadolinia
doped ceria pellets. The sintering procedure was performed for 8 hours in
stagnant air
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Infiltration of polymeric GDC precursors into porous GDC pellets were
performed to enhance the coordination among the GDC particles and increase the solids
loading to maximize the green density and thus reduce the sintering temperature at which
at least 95% relative density is achieved. The purpose was obviously to minimize the
diffusion distances necessary for densification. The infiltration of polymeric GDC
precursors were performed into porous GDC pellets with approximately 40% porosity
(i.e., 60% density), obtained by pre-sintering at 2000°C for 6 hours.

GDC infiltration parameters, such as; the molarity of infiltration solutions, the
number of infiltration cycles and the final sintering temperature were varied to observe
their effect on the sintering behavior and finally achieve high relative final density at
lower sintering temperatures (Figure 4.4). Each experimental run was replicated three
times to weigh the error of the density measurement, which turned out to be very low
(less than 0.8%). After each polymeric GDC infiltration and decomposition at 400 °C
(i.e., one complete infiltration cycle) the weight of the porous scaffold was measured in
order to determine the amount of GDC formed inside the porous scaffold and the rate at
which the pores are being filled. Figure 4.4a depicts that all pellets consistently gained
weight as the number of infiltration cycles increased (Figure 4.4a). As expected, when
the polymeric GDC precursors with higher molarity of cations are used for infiltration,
the weight increases with a more steep slope with increasing number of infiltration cycles
(Figure 4.4a). It is also worth noting that the weight gain followed a somewhat linear
trend in all cases, suggesting that neither clogging of the pores, nor reaching the maximum
possible infiltration amount is taking place.

At the core of this study is an effort to maximize the density of GDC pellets by
sintering at temperatures lower than the convention suggests. Therefore, the effects of the
sintering temperature, number of infiltration cycles and the molarity of the infiltrating
solution on final sintered density were studied. The relative densities of the porous GDC
scaffolds infiltrated by polymeric GDC precursors with molarities ranging from 0.040 to
0.080 M for 25 or 35 cycles, subjected to a final sintering procedure at 1000 or 1200 °C
are provided in Figure 4.4b. GDC infiltrated porous GDC scaffolds reached relative
density values ranging from ca. 73% to 84%, depending on the number of GDC
infiltration cycles and the polymeric precursor solution molarity upon being subjected to
a final sintering procedure at 1000 °C for 8 hours. Increasing the amount of infiltration
cycles and the polymeric precursor molarity, in other words, increasing the infiltrated

GDC content appears to increase the obtained relative density upon final sintering at 1000
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°C. Raising the final sintering temperature to 1200 °C results in a further increase in the
final relative density in all samples, allowing the achievement of a relative density value
in excess of 95% in the case of the sample infiltrated by a polymeric GDC precursor with
a molarity of 0.080 M for 35 cycles (35-G-80). It should be noted that by conventional
solid-state sintering at 1200 °C, a relative density value of only 75% was achieved and a
95% relative density was possible only when sintering temperatures exceeding 1400 °C
were used (Figure 4.3). Therefore, significant savings in final sintering temperatures were
successfully achieved.
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Figure 4.4. a) Effect of polymeric gadolinia doped ceria (GDC) precursor infiltration
cycles on the % weight increase of the porous GDC scaffolds when 0.02
(35-G-20), 0.04 (35-G-40), 0.06 (35-G-60) and 0.08 M (35-G-80) solutions
are used, b) effect of the secondary heat treatment temperature on the final
relative density of the GDC infiltrated porous GDC scaffolds when the
infiltration was carried out for 25 or 35 cycles using polymeric precursor
solutions with 0.04, 0.06 or 0.08 M concentrations and c¢) impact of solution
molarity on the final relative density of the 25 or 35 times GDC infiltrated
porous GDC scaffolds when the final heat treatment was carried out at 1200
°C.

Figure 4.4c more clearly shows the effect of precursor solution molarity on the
final density. In the case of samples subjected to a final sintering procedure at 1200 °C
infiltrated by polymeric GDC precursors for 25 or 35 cycles, the final relative densities
increase significantly when the solution molarity is increased from 0.020 to 0.080 M. In

both cases of 25 or 35 cycles of infiltration, a plateau is almost reached at 0.080 M. Since,

on the other hand, the weight gain still continues linearly at precursor molarities of 0.080
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M even after 25 cycles of infiltration (Figure 4.4a), it can be suggested that although
further GDC infiltration can still fill the pores of the scaffold, it can no longer connect the
uncoordinated GDC particles of the porous GDC scaffold (Figure 4.4c).

The same parameters used in GDC infiltration were also investigated for FeOx
infiltration. Figure 4.5a shows that increasing the number of infiltration cycles leads to a
linear weight increase with no apparent saturation trend. Also, the use of polymeric FeOx
precursor solution with a higher molarity results in a steeper weight gain, in a similar
trend observed in GDC infiltration (Figure 4.5a).

FeOx infiltrated ceramics densified at even lower temperatures than the GDC
infiltrated samples did (Figure 4.5b). For example, densities higher than 96% could be
easily reached even after heat treating at 1100°C (Figure 4.5b). The reason for the faster
densification observed in the FeOx infiltrated GDC ceramics than those infiltrated with
GDC lies in the difference between the densification mechanisms GDC and FeOx
infiltrations have to offer. The infiltrated FeOx phase forms films on the particles of the
GDC scaffolds and functions as a sintering aid by viscous sintering [39-40]. Efforts to
load more FeOx inside the pores by employing higher concentrations or number of cycles
of solution resulted in almost no change in the relative density after sintering (Figures
4.5b and c). As reported in other studies, there is a maximum amount of iron addition that
is beneficial and any further additions are useless to enhance the sintering rates and may

even produce microcracks in specimens [36, 39-41].

4.4.3. Microstructural Analyses

Scanning electron microscopy (SEM) images of the fracture surfaces of the
conventionally sintered GDC pellets, given in Figure 4.6, clearly shows that the amount
of porosity decreases with increasing sintering temperature which is also consistent with
the measured bulk densities (see Figure 4.3). As can be seen in Figure 4.6 (g-i) almost no
open porosity remains upon sintering at temperatures above 1400 °C, agreeing well with
the measured relative densities exceeding 97.0%. As a typical trait of solid-state sintering,
densification in the present case is also accompanied by a significant grain growth (insets
in Figure 4.6). The average grain size (determined by the lineal intercept method)

increases from 164 to 765 nm when the sintering temperature is raised from 800 to 1500
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°C, consistent with conventional solid-state sintering (Table 4.2). Note that much of the
grain growth occurs between 1200 and 1400 °C.

The impact of the number of infiltration cycles, the concentration of the polymeric
GDC precursor solution and the final heat treatment temperature on the microstructure of
the GDC infiltrated porous GDC scaffolds is shown in the scanning electron microscopy
(SEM) images (Figure 4.7). Overall, similar microstructures are observed in the SEM
images taken from the upper, middle and bottom parts of the fractured pellets, suggesting
that the infiltration solution penetrated equally well to all parts of the sample (Figure 4.7).
As the heat treatment temperature of the porous GDC scaffold infiltrated by a 0.040 M
polymeric GDC precursor solution for 25 cycles is increased from 1000 (Figures 4.7a-c)
to 1200 °C (Figures 4.7d-f) a decrease in the porosity is observed. In this case, the faster
diffusion rates enabled by a higher temperature is responsible for denser microstructure.
Increasing the number of infiltration cycles contributes little to the resulting sintered
density (Figures 4.7g-i). Concentration of infiltrating solution is, however, more effective
in obtaining higher density after sintering at 1200°C (Figures 4.7j-I).
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Figure 4.5. a) Effect of polymeric FeOx precursor infiltration cycles on the % weight
increase of the porous GDC scaffolds when 0.015 or 0.020 M solutions are
used, b) effect of the secondary heat treatment temperature on the final
relative density of the FeOx infiltrated porous GDC scaffolds when the
infiltration was carried out for 25 or 35 cycles using polymeric precursor
solutions with 0.01, 0.015 or 0.020 M concentrations and c¢) impact of
solution molarity on the final relative density of the 25 or 35 times FeOx
infiltrated porous GDC scaffolds when the final heat treatment was carried
out at 1200 °C.
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Figure 4.6. Scanning electron microscopy images of the fracture surfaces of the

gadolinia doped ceria pellets a) 800 b) 900 c) 1000 d) 1100 e) 1200 f) 1300
g) 1400 h) 1450 and i) 1500 for 8 hours in air. The insets provide higher
magnification images.
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Figure 4.7. Scanning electron microscopy images of the fractured surfaces of porous

gadolia doped ceria (GDC) scaffolds infiltrated for 25 cycles using a 0.04 M
polymeric GDC precursor and heat treated at a-c¢) 1000 °C (25-G-40-1000)
and d-f) 1200 °C (25-G-40-1200) for 8 hours in air, of porous GDC
scaffolds infiltrated for 35 cycles using a g-i) 0.04 M (35-G-40-1200) and j-
1) 0.08 M (35-G-80-1200) polymeric GDC precursor solution both sintered
at 1200 °C for 8 hours in air. The images in the same row were taken from
the top, middle and bottom sections (from left to right) of the same sample
to observe the uniformity of the microstructure. The insets show higher
magnification images.
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Table 4.2. Effect of sintering temperature on gadolinia doped ceria (GDC) grain size
and relative density

Sintering Temperature (°C) Grain Size (nm) Relative Density (%)
800 164 (30) 58.2
900 163 (15) 59.0
1000 168 (14) 60.0
1100 196 (21) 63.0
1200 217 (25) 72.0
1300 348 (22) 85.5
1400 727 (50) 97.0
1450 741 (66) 98.7
1500 765 (47) 99.3

Higher magnification SEM images showing the resultant grain size are given as
insets in Figure 4.7. The measured average grain size values in the top, middle and bottom
parts of the GDC infiltrated GDC ceramics are quite similar (Table 4.3), indicating a
homogeneous distribution of the infiltrated GDC phase. An increase in the relative
density from 72.6% to 95.5% corresponds to an average grain size increase from 247 to
only 432 nm (Table 4.3). Conventionally sintered GDC pellets sintered at 1400 °C have
similar density with those GDC infiltrated GDC ceramics sintered at 1200 °C, but at
roughly twice as much grain size, thus making the latter a still more attractive process.
Some groups, reported that the grain boundaries act as barriers to oxygen ion transport
and hence, increasing grain size tends to enhance the electrical conductivity of GDC [45-
48]. On the other hand, some groups find contradicting results, suggesting an increase in
the electrical conductivity of GDC with smaller grain size [49-52]. To clarify this issue,
further investigations on the effect of microstructure on the electrical conductivity of
GDC ceramics is required.

To be able to track the distribution of the infiltrated phase within the porous GDC
scaffold, microstructural evolution of the polymeric FeOx precursor infiltrated GDC
ceramics has been investigated via SEM (Figure 4.8). Similar to GDC infiltrated samples,
SEM images were collected from top, middle and bottom parts of the fracture surfaces of
the pellets. The microstructure appears denser when the sintering temperature of the FeOx
infiltrated GDC ceramics were raised from 1000 (Figures 4.8a-c) to 1200 °C (Figures
4.8d-f). The achievement of dense GDC ceramics at low sintering temperatures (1000-

1200 °C) in the presence of FeOx has also been reported in the literature [30, 31, 42-44].
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No significant changes in the microstructure are observed when the molarity of the
infiltration solution is raised from 0.015 (Figures 4.8d-f) to 0.020 M (Figures 4.8g-i) or
when the number of infiltration cycles were increased from 25 (Figures 4.8g-i) to 35
(Figures 4.8j-1).

TOP MIDDLE BOTTOM

Figure 4.8. Scanning electron microscopy images of the fractured surfaces of porous
gadolinia doped ceria (GDC) scaffolds infiltrated with a polymeric FeOx
precursor solution with a molarity of 0.015 M for 25 cycles, sintered at a-c)
1000 °C (25-F-15-1000) and d-f) 1200 °C (25-F-15-1200), porous GDC
scaffolds infiltrated with a polymeric FeOx precursor with a molarity of
0.020 M for g-i) for 25 (25-F-20-1200) and j-I) 35 cycles (35-F-20-1200),
sintered at 1200 °C for 8 hours in air. The images in the same row were
taken from the top, middle and bottom sections (from left to right) of the
same sample to observe the uniformity of the microstructure. The insets
show higher magnification images.

Grain sizes measured via lineal intercept method suggest a significant grain
growth with increased density. The average grain size increases from 324 to 738 nm when
the samples are densified from 89.9 to 97.7% relative density (Table 4.3). The difference

in the grain growth regimes of the GDC and FeOx infiltrated samples accompanying
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densification is notable. As mentioned earlier in the text, GDC infiltration into porous
GDC scaffolds promote low temperature densification by i) filling some of the pores prior
to heat treatment, ii) increasing the coordination numbers of the particles and iii)
providing fast diffusion pathways through the amorphous infiltrated GDC film. On the
other hand, the addition of FeOx to GDC acts as a sintering aid by promoting viscous-
flow sintering [53-55].

Table 4.3. Grain size and relative densities of the gadolinia doped ceria (GDC) and the
FeOx infiltrated porous GDC scaffolds.

Sample Code Grain Size (nm) Relative
Upper Middle Bottom Ave. Density
(%)

25-G-40-1000 | 243 (27) | 249 (12) | 252 (24) | 247(21) | 726
25-G-40-1200 | 351 (58) | 343 (21) | 363 (48) | 352(43) | 86.7
35-G-40-1200 | 376 (87) | 382(73) | 367 (90) | 375 (84) | 875
35-G-80-1200 | 442 (56) | 434 (37) | 421(21) | 432(39) | 955
25-F-15-1000 | 321 (21) | 318(20) | 333(32) | 324(25) | 89.9
25-F-15-1200 | 705 (63) | 706 (101) | 704 (53) | 705(72) | 97.4
25-F-20-1200 | 729 (99) | 751 (114) | 735 (107) | 738 (106) | 97.7
35-F-20-1200 | 750 (71) | 740(69) | 735 (62) | 741(68) | 96.6

Infiltration aided-sintering at reduced temperatures may be a feasible processing
technique only if the infiltrated phase is distributed homogeneously throughout the porous
scaffold. Since GDC infiltration into porous GDC scaffolds would not allow the tracking
of the infiltrated phase distribution by chemical analysis, polymeric FeOx precursors were
used instead. The SEM-EDX line scan results shown in Figure 4.9 describes the
dependence of the atomic ratios of Ce, Fe and Gd cations on the distance from the top
surface of the specimen encoded as 25-F-20-1200. By infiltration, Fe cation almost in the
same amount of Gd has been introduced to the porous GDC scaffold (Figure 4.9). It is
evident that the Fe content remains unchanged throughout the ceramic, suggesting that
GDC infiltration using the same type of precursor likely results in a similar infiltrated

phase distribution.
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Figure 4.9. Change in the atomic ratios of Fe, Ce and Gd cations in the FeOx infiltrated
gadolinia doped ceria (GDC) ceramic which yielded a highest relative
density of 97% (sample code: 25-F-15-1100-8) with distance from the top
surface, obtained from energy disperive x-ray spectroscopy (EDX) analyses.
The regions where EDX measurements were collected are labelled as the
«T», «M» and «B» on the scanning electron microscopy image of the cross-
section of the sample and denote top, middle and bottom sections
respectively.

4.5. Summary

Gadolinia doped ceria (GDC) electrolytes need to be fully dense (>95% relative
density) in order to ensure a gas tight solid oxide fuel cell (SOFC) and thus, high open
circuit voltage. GDC is traditionally sintered above 1400 °C, setting the anode sintering
temperature at the same value for anode-supported cells. This results in coarse anode
microstructures and thus poor SOFC performance. However, in this study, we offered and
successfully demonstrated a method by which densification can be achieved at
significantly lower sintering temperatures down to 1200°C with no additives that might
influence the electrical properties. First a porous scaffold of GDC was produced by

sintering at 1000°C before infiltration was performed in order to fill these pores by a
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polymeric precursor that contains Ce and Gd cations. This way, formation of an
amorphous film on the particles of GDC and thus, i) partial filling of the pores prior to
sintering, ii) increasing the coordination number of the scaffold particles and formation
of fast diffusion routes were aimed. As far as infiltration by Ce and Gd is concerned, the
use of enriched infiltrating solution and increased number of cycles both enhanced
densification, yielding a relative density of 95.5% after sintering at 1200°C. Due to the
lowered sintering temperatures, the dense microstructure consisted of grains with an
average diameter of 432 nm — a much smaller value than observed in the conventionally
sintered GDC ceramics with a similar density (727 nm).

FeOx infiltration into porous GDC scaffolds were also performed to be able to
track the distribution of the infiltrated phase within the ceramic. FeOx, as reported in the
literature [9,36,39-41,44], acted as a sintering aid which allowed densification at
temperatures as low as 1100°C (relative density>97.7%). The scanning electron
microscopy-energy dispersive x-ray spectroscopy line scan analyses showed that the Fe
distribution within the GDC ceramic was very uniform, suggesting a similar situation in
the case of GDC infiltration.
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5.1. Abstract

Common solid oxide fuel cell (SOFC) electrolyte materials (e.g., gadolinia doped
ceria — GDC) demand temperatures exceeding 1400°C for densification by conventional
solid state sintering. It is very desirable to reduce the densification of the SOFC
electroltytes to i) avoid microstructural coarsening of the composite anode layers, which
are co-sintered with the electolyte layer in the anode supported SOFC fabrication scheme
and ii) reduce energy consumption during SOFC manufacturing. We have recently
demostrated a novel infiltration-aided sintering route to densify GDC ceramics at 1200
°C. In the present work, for the first time in the literature, we present the electrical
properties of GDC ceramics fabricated thusly. Comparison of high density (> 95%)
samples fabricated by conventional or infiltration-aided sintering reveal that at 700 °C,
similar total electrical conductivities are obtained, while at 300 °C, specific grain
boundary resistivity is smaller in the latter. Bulk (grain) conductivity is higher in porous
GDC ceramics (relative density < 90%) fabricated by infiltration-aided sintering than the
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conventionally sintered ones with similar porosities. Finally, open circuit voltage of 0.84
V at 700 °C, obtained under dilute hydrogen and stagnant air conditions suggests that
GDC ceramics densified by infiltration-aided sintering are suitable for use as SOFC

electrolytes.

Keywords: solid oxide fuel cell, electrolyte, microstructure, densification, infiltration,

conductivity, open circuit voltage

5.2. Introduction

Oxygen ion conducting ceramic electrolytes form the basis of solid oxide fuel
cells (SOFCs), which are a very promising energy conversion technology, as an
alternative to the conventional, combustion-based ones Ceramic electrolytes used in
SOFCs must be dense in order to deny the mixing of oxygen and fuel gases purged from
the cathode and anode sides respectively and thusly avoid violent burnout and short-
circuit [1-5]. An electrolyte layer with a relative density (R.D.) of ca. 95% is generally
necessary to achieve a gas-tight cell [2,6].

The extensively used SOFC electrolytes such as yttria stabilized zirconia (YSZ)
[5,7] and gadolinia doped ceria (GDC) [1,2,6,8] require heat treatments at relatively high
temperatures (T>1400°C) to achieve high density via conventional solid-state sintering.
The high sintering temperature of the electrolyte brings about major issues during the
processing of SOFCs. For example, since the conventional anode supported SOFC
fabrication method involves the co-sintering of the tape-cast anode and electrolyte layers,
high sintering temperatures yield coarse anode microstructures with short triple phase
boundary (TPB) lengths and thus, low electrochemical activity [9,10,11]. In addition,
high sintering temperatures add to the manufacturing cost of SOFCs, which render these
devices economically less attractive [11]. Hence, it is very desirable to reduce the
sintering temperatures of SOFC electrolytes down to <1200 °C.

Among the possible ways to reduce the sintering temperature, the use of nano-
scaled powders with extremely high surface areas is known to work well [8,12]. For

example Kleinlogel et al. obtained a relative density of 98% upon sintering the 20 nm
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sized-GDC powders at 1200 °C [13]. Yet, manufacturing such powders is expensive and
hard to implement [12,14].

Another route to reduce the sintering temperature of SOFC electrolyte materials
has been spark plasma sintering (SPS) or alternatively known as field assisted sintering
technique (FAST), which is based on the application of a high DC current along with
uniaxial pressure, generating sparks between the particles and thus very high local
temperatures [15]. However, this process is limited by the high costs of equipment
required to maintain the high DC current and pressure [16].

To reduce the sintering temperature of SOFC electrolyte materials, addition of
transition metal oxides (TMOs), as sintering aids has been reported in the literature. For
example, to reduce the sintering temperature of GDC, addition of CoO [17,18], CuO [18],
Fe>0O3 [19], MnO2 [3] to initiate liquid phase sintering have been reported in the literature.
Despite the achievement of RD values higher than 95% around 1100 °C [18],
enhancement of the electronic conductivity of GDC which would reduce the open circuit
potential of the SOFC is highly probable in the case of TMO sintering aids, due to the
variable oxidation states of these additives [18,20]. Consequently, when lowering the
sintering temperature of the SOFC electrolyte materials, utilization of a simple, low-cost
and additive-free method is highly preferred.

As an alternative, we have recently proposed the infiltration-aided sintering
method to densify the GDC electrolytes at reduced temperatures [21]. This process
involves the utilization of the polymeric precursor infiltration approach, previously used
to form electrocatalyst— ionic conductor composites which exhibited quite impressive
electrochemical activity [22,23]. The infiltration-aided sintering, on the other hand, is
performed by the infiltration of a polymeric GDC solution into a porous GDC scaffold
that has been formed by partially sintering a die-pressed pellet at 1000 °C. By the
infiltration process, an amorphous GDC coating on the GDC grains of the porous scaffold
is formed and thus, i) partial filling of the pores prior to sintering, ii) enhancement of the
coordination of the GDC particles within the porous scaffold and iii) generation of a fast
diffusion pathway is ensured (Figure 5.1, [21]). Upon the application of a final heat
treatment at temperatures as low as 1200 °C, GDC electrolytes with ca. 95% relative
densities are achieved [21]. As expected, the tremendous amount of surface area provided
by the nano-sized GDC infill helped boost the sintering rate early during heating. As a
result of the low sintering temperatures, the dense GDC ceramics fabricated by

infiltration-aided sintering had much smaller average grain size than those fabricated by
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conventional sintering [21]. A similar approach to the infiltration-aided sintering has also
been used by Jasinski et al [24], but to densify thin coatings of YSZ powders, which
prevented detailed demonstration of densification and usability as an SOFC electrolyte.
In this study, the electrical properties of the GDC electrolytes fabricated by
infiltration-aided sintering are investigated for the first time in the literature. More
specifically, differences in the electrical conductivity, grain/grain boundary contributions
to the total electrical conductivity of the GDC electrolytes fabricated by i) conventional
solid-state sintering and ii) infiltration-aided sintering are determined by electrochemical
impedance spectroscopy (EIS) measurements. To test the gas-tightness and thus the
usability of the GDC ceramics fabricated by infiltration-aided sintering as SOFC

electrolytes, open circuit voltage (OCV) measurements are also performed.

Decomposition at R .
After ‘n’ times Heat treatment

400°C <) Infiltaion at 1200
+ 6 3) ||*§3)J)u*u*
Polymeric GDC

Porous GDC precursor solution Infiltrated GDC Formation of infiltrated Densification ~95% Dense GDC
ffold nanoparticles
scalto. scaffold on GDC particles
Repeat ‘n’ times

Figure 5.1. Schematic representation of the infiltration-aided sintering process

5.3. Experimental Methods

Dense 10 mol % gadolinium-doped ceria GDC electrolytes were prepared by two
different techniques in the present work, namely; conventional sintering and infiltration-
aided sintering. The former method was based on the high-temperature firing of the
consolidated (die-pressed in this case) powders, while in the latter, the die pressed powder
was only partially sintered at reduced temperatures to form a porous scaffold, followed
its infiltration by polymeric GDC precursor. Then, finally, a second reduced temperature
sintering process is realized. In both types of electrolytes, GDC (Ceo.9Gdo.103, PRAXAIR
>99.9%) powders with a specific surface area of 6.5 m?/g and a particle size distribution
defined by the dio, dso and dgs values of 0.4 um, 0.5 um and 0.9 pum, respectively, was
used to prepare the ceramic disks. The as-received powder was uniaxially pressed (Carver
Hydraulic Press, Wabash, IN, USA) under 180 MPa pressure in a 15 mm diameter

cylindrical stainless steel die. Afterwards, for conventional sintering, the pellets were
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fired in an electrically heated laboratory kiln (Nabertherm LHT 02/17, Germany) at
temperatures between 1200 and 1400°C with 8 hours of soaking time. For the preparation
of porous GDC scaffolds to be infiltrated with polymeric GDC precursors, the die-pressed
samples were fired at 1000°C for 6 hours. In both cases, heating/cooling rate was fixed to
3 °C/min.

For the fabrication of dense GDC ceramics via infiltration-aided sintering, the
obtained porous scaffolds were loaded with GDC infiltration solution. A polymeric GDC
precursor solution was used to ensure that an interconnected film, rather than
disconnected precipitates on the grains of the GDC scaffold is formed.

To prepare the polymeric GDC precursor solution, Ce(NOz)3.6H.O (ALFA-
AESAR >99.5%) and Gd(NO3)3.6H20 (Sigma-Aldrich>99.9%) salts were mixed in the
Ce0.9Gdo.102-5 (GDC) stoichiometry, then, dissolved in deionized water and ethylene
glycol at different cation molar ratios (i.e., 0.040 to 0.080). This was followed by sintering
at ~80°C until all water had evaporated. The solution is diluted with 2-butoxyethanol to
ensure good wetting properties and to reduce the surface tension of polymeric solutions.
This is similar to the procedure followed in our earlier work [21].

Figure 5.1 shows schematically the infiltration process of precursor salts in porous
GDC scaffold. Partially sintered porous GDC scaffold (with approximately 40%
porosity) is immersed in the precursor solution in a beaker placed in a desiccator under
vacuum (Lanphan 2XZ-2, Zhengzhou, Henan, China) to induce the removal of air
bubbles trapped in pores and the penetration of the polymeric precursors. Afterwards, the
surfaces of the pellets were wiped with a paper towel dry and heated gradually to 400°C
until all solvents and organics decomposed. This infiltration process was repeated 25 or
35 times followed by a secondary sintering process at 1000 or 1200°C for 8 hours.

In this work, for convenience, a code number is assigned to every sample. These
codes and the corresponding processing steps along with RD values are summarized
Table 5.1. For example, the sample coded as “4” indicates that porous GDC scaffold
partially sintered at 1000°C and infiltrated 25 times by a 0.040 molar GDC solution.
Thereafter, infiltrated pellet undergoes a final sintering at 1000°C for 8 hours.

Bulk densities of the fabricated GDC ceramics pellets were measured by the
Archimedes method according to ASTM C20 standard [25]. Relative densities were
calculated by dividing the measured bulk densities by 7.2 g/cm? which is the theoretical
density of 10 mol% Gd.O3 doped CeO: [26,27].
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The microstructural analyses of the directly-sintered and infiltration-aided
sintered GDC electrolytes were performed by Scanning Electron Microscopy (SEM,
Philips XL 30S FEG) utilizing secondary electron (SE) imaging. Average grain sizes of
samples were determined from the SEM images of fractured surfaces of the pellets via
linear intercept method as described by Mendelson [28]. More specifically, the average
grain size (D) was calculated by multiplying L by 1.56 where L is the average length of
several random lines drawn in measuring the grain-boundary intercept length.

For the electrochemical impedance spectroscopy (EIS) analysis, silver paste was
brush-painted onto both sides of the electrolyte so it can behave as an electrode and
current collector layer. The Ag coated pellets were connected with Ag wires in alumina
specimen holder inside the horizontal tubular furnace (Protherm,PTF 16/50/450, Ankara,
Turkey). These cells were attached to Autolab (Metrohm) instrument to perform EIS
analyses of the electrolyte in the range 250-700°C in stagnant air with an excitation
voltage amplitude of 15 mV in the frequency range 102 -10° Hz. Nova 2.1 software was
used to fit the impedance data in Nyquist plot.

The open circuit voltage (OCV) measurements were performed at 450-700 °C
using a Gamry Referencce 3000 potentiostat/galvanostat/EIS analyzer. For these
experiments, this time, NiO and Ag pastes were used for current collection from the fuel
(a humidified mixture of 10% hydrogen — 90% argon) and air sides, respectively. The
effective electrode areas were 0.5 cm?. To ensure gas-tightness, pellets were fixed on

alumina tubes by Ceramabond ceramic adhesive and glass sealant.

5.4. Results and Discussions

Scanning electron microscopy (SEM) images of the fracture surfaces of the
gadolinia doped ceria (GDC) ceramics fabricated by conventional and infiltration-aided
sintering are shown in Figure 5.2. Notice here that the code numbers for all seven images
refer to those in Table 5.1. Figures 5.2 (1-3) depict the SEM images of GDC samples
fabricated by conventional sintering at 1200, 1300 and 1400 °C for 8 h, respectively.
Evidently, increasing the temperature brings about an enhancement in the relative density
(RD- Figure 5.2, samples 1-3), consistent with the Archimedes measurements, which

indicate an increase from 72.6% to 97% (Table 5.1). In the case of GDC ceramics
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fabricated by infiltration-aided sintering, this time, achievement of high density (RD:
95%) is possible upon heat treatment at 1200 °C (Figure 5.2, sample 7). The obtained RD
value increases as the number of infiltration cycles, the molarity of the infiltration solution
and the secondary heat treatment temperature increases (Figure 5.2, samples 4-7 and
Table 5.1).

Conventional
sintering

Infiltration-aided
sintering

Figure 5.2. The Scanning electron microscopy images of the fracture surfaces of all
seven samples obtained in the secondary electron mode.

Table 5.1. The sample code numbers and related infiltration process parameters.
Relative density and grain size values of final ceramics are also listed with
the standard deviations in paranthesis. Note that 1-3 are not infiltrated.

Infiltrati Final
nfiltration i
Sintering Relative
Densit
Code Number of | Concentration | Weight Percent | Temp. (°C) Y
%
Number | Cycles (M) Infiltrated (%) (%)
1 - - - 1200 71.8 (1.27)
2 - - - 1300 84.2 (0.95)
3 - - - 1400 97.5 (0.39)
4 25 0.040 19 1000 76.6 (2.10)
5 25 0.040 20 1200 85.6 (1.95)
6 35 0.040 27 1200 88.0 (1.80)
7 35 0.080 35 1200 95.0 (0.65)
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Although no abnormal grain growth is observed in any of the samples, the grain
growth behavior differs significantly depending on the densification route (Figure 5.3).
The increase in RD from 71.8 to 97.5% is accompanied by an increase in the average
grain size from 220 to 727 nm (Figure 5.3). In the case of GDC ceramics fabricated by
infiltration-aided sintering, on the other hand, the grain growth concomitant to
densification is much less pronounced. Upon densification from 76.6% to 95.0% the grain
size increases from 247 to only 450 nm (Figure 5.3).

To determine the total electrolyte conductivity and to separate the contributions
from bulk (grain) and grain boundaries to the oxygen ion transport resistance,
electrochemical impedance spectroscopy is preferred in this work. The impedance
spectroscopy measurement were performed on samples 1-7 at 250-700 °C, in air. For the
sake of brevity, only measurements at 300 °C are shown in the Nyquist plots, in Figure
5.4 which electrolyte and electrode polarization arcs, all normalized to the electrode
(current collector) area. Symbols and solid lines represent the measured data and the
fitting curves, respectively. The equivalent circuit model used to perform the impedance
fitting consists of one series area specific resistance (ASR1), corresponding to the non-
zero high frequency intercept at the horizontal axis and two more area specific resistances
(ASR2 and ASR3), each connected in parallel to a constant phase element (Q2 and Q3),
defining the two semi-circles observed in Figure 5.4. Fit lines represent the collected EIS
data, which is also reflected by the 2 values in the range of 10 obtained in each fitting.

The ASR and capacitance values obtained from the EIS fittings are given in Table
5.2. The capacitance and frequency values are good indicators of the electrochemical
processes the resistance values correspond to [29,30]. In the present case, the capacitance
values extracted from the Q2 element are in the range of 10° — 10° Farads/cm?,
indicative of the grain boundary impedance in oxygen ion conducting ceramics [31,32].
The capacitance values in the 107-10®° Farad/cm? range suggest an electrochemical
process at the Ag electrode/GDC electrolyte contact, such as oxygen reduction/evolution
[31-33]. For all GDC samples, at 300 °C, the summit frequency for the bulk contribution
to the ionic conduction remains higher than the maximum measurable frequency range of
10° Hz., and hence, this process is manifested as a series ASR in the impedance spectra
(Figure 5.4).
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Figure 5.3. Variation of grain size with relative density for all samples 1-7.

Table 5.2. Area specific bulk (grain) and grain boundary resistances, along with the
capacitance and summit frequency values extracted from the equivalent
circuit fitting of the EIS data collected at 300°C.

Code ASR1 ASR2 Capacitance | Summit ASR3 Capacitance | Summit
Number | (Q.cm?) | (Q.cm?) | from Q2 Frequency | (Q.cm?) | from Q3 Frequency
(nF) (kHz) (uF) (Hz2)

1 1480 | 19300 0.12 50 55500 0.60 1.6

2 1360 | 3430 0.41 63 36550 0.80 5

3 637 1110 1.35 63 13150 1.60 12

4 1140 | 6880 0.28 50 41200 0.55 3.1

5 924 3790 0.45 50 34960 0.72 6.3

6 939 2380 0.61 63 19560 0.95 7.9

7 678 973 1.04 80 11200 1.45 125
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Figure 5.4. High frequency portions impedance spectra measured at 300°C for GDC
fabricated by (a) conventional (b) infiltration-aided sintering along with
their equivalent circuit fitting lines. The equivalent circuit models used to fit
data are given as insets

For a clear understanding of the effect of microstructure on the electrical
conductivity of GDC, bulk and grain boundary resistivities (pp and pgb, respectively) are
calculated via Equation 5.1, where L is sample thickness, p and ASR are resistivity and
area specific resistance respectively, both of which are applicable to bulk or grain
boundary specifically.

ASR

p:—

T (5.1)

Since the total resistivity (pt) is the sum of bulk (pp) and grain boundary
resistivities (pgn), contribution of grain boundary resistivity to the total resistivity can be
determined by pgb /(pgot pb), the variation of which depending on the grain size for the
GDC ceramics fabricated by infiltration-aided sintering and conventional sintering are
provided in Figure 5.5. At 300 and 350 °C and in the majority of the samples at 400 °C,
the grain boundary resistivity is the dominant factor governing the total resistivity in all
samples (Figures 5.5a and b). The blocking effect of the grain boundaries in doped ceria
has been reported in the literature extensively [3,34-38] and has been attributed to i) space
charge layer formation and ii) segregation of resistive, silicous impurities therein. The
prevalence of gain boundary resistivity over the total resistivity appears to be less

pronounced with increasing grain size and measurement temperature (Figures 5.5a-c).
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In general, the effect of grain size on the pgn /(pgbt pb) Value is due to the decrease
in the number of grain/grain boundary interfaces that the oxygen ion needs to cross in the
perpendicular direction to the grain boundary as the grain size increases, in agreement
with the results observed in the literature [35, 38-40]. The decrease in the pgn /(pgbt pb)
value with increasing measurement temperature has also been observed in the literature
[35] and implies that ion transport perpendicular to the grain boundary is associated with
a larger activation energy than through grain.

As mentioned earlier, achievement of high density is accompanied by a significant
grain growth in GDCs fabricated by conventional sintering (Sample 3), while those
subjected to infiltration-aided sintering retain a microstructure with fine grains (Sample
7, Figure 5.3). It is seen in Figure 5.5a that, despite the significantly larger grain size in
sample 3 than in sample 7, they exhibit similar pgh /(pgh+ pv) values at 300 °C, i.e., in the
range of 0.6, while at higher temperatures sample 7 exhibits a much lower pgb /(pght pb)
value than does sample 3 (Figures 5.5b and c). For example, at 400 °C, pgb iS N0 longer
the larger part of (pgot pb) in sample 7, while in sample 3, this still is not the case (Figure
5.5c). To analyze this finding, the specific grain boundary resistivity term (pg,,), also
used in the literature [34,38-42], representing the inherent property of the grain boundary,
free from the effects of grain boundary thickness (3gn) and grain size (dg) is introduced
here (Equation 5.2).

ngXpr

pgb: dg (5'2)

When the pgr and dq values obtained from the experiments conducted on samples
3 and 7 are plugged into Equation 5.2, (8g, X pgp) values of 0.201 Q.cm? and 0.092
Q.cm? respectively are obtained at 300 °C. The reason for this difference, thus the faster
decrease in the grain boundary contribution to the total resistivity in the infiltration-aided
sintering case, can either be the larger grain boundary thickness or the larger specific grain
boundary resistivity of the conventionally sintered GDC (Sample 3). Smaller grain size
corresponds to larger grain boundary volume available to dissolve any impurities, such
as SiO, that may cause an ion blocking effect and thus decrease pg,, [43,44]. On the other
hand, since the experiments conducted in the literature on high purity ceria samples also
have shown a similar effect [35,36,45], it can also be suggested that smaller grain size

induces smaller 84, value, thus decreasing the overall pgo. However, it should be noted

97



that the determination of the exact dgb Value is certainly not straightforward due to the
presence of space charge effect, even with high resolution transmission electron

microscopy analyses [35].
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Figure 5.5. Effect of grain size on the ratio of grain boundary resistivity to total
resistivity as measured at (a) 300, (b) 350 and (c) 400°C.

Temperature dependence of bulk and grain boundary conductivities (ob and ogp
respectively), determined by taking the reciprocals of pg» and py respectively, of GDC
ceramics fabricated by conventional and infiltration-aided sintering is given in Figure 5.6.
Since at temperatures exceeding 425°C, distinguishing the bulk and grain boundary
contributions is practically not possible for GDC (as also was the case in Refs 8,30,46),
these measurements were collected at 250-400°C in 25°C intervals, in air. To determine
the effects of grain size on oy, Samples fabricated by the two methods mentioned here
having similar densities must be compared. This comparison yields that GDC ceramics
fabricated by infiltration-aided sintering exhibit higher on than the conventionally sintered
ones at RDs below ca. 90%, despite similar densities and grain sizes while similar op

values are obtained in samples with RDs exceeding 95% regardless the grain size (Figure
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5.5a). For example, although samples 1 and 4, and samples 2 and 5 have similar densities
and grain sizes (Figure 5.3), those fabricated by infiltration-aided sintering exhibit higher
ob values (i.e., samples 4 and 5 have higher op than samples 2 and Sample 5) as seen in
Figure 5.6a. On the other hand, samples 5 and 6 (both fabricated by conventional
sintering) exhibit similar op values (Figure 5.6a) and are determined to have similar
densities and grain sizes (Figure 5.3). The comparison of the two high density samples
(RDs exceeding 95%) fabricated by the two different methods discussed here (samples 3
and 7) yields similar o, values (Figure 5.6a) despite their significantly different grain sizes
(Figure 5.3). A possible explanation is that in the case of infiltration-aided sintering, the
number of coordination among the GDC particles constituting the porous scaffold is
enhanced by the polymeric GDC precursor infiltration without a significant increase in
RD, as suggested in Ref 21, causing an increase in the measured op value. This argument
is supported by the fact that no such difference in op is observed between samples 5 and
6 — samples fabricated by infiltration-aided sintering with similar densities and grain
sizes. In the case of samples with RDs exceeding 95%, the op values are similar because
the coordination between the GDC particles is at their maximum value in both cases.

A comparison among the on values of GDC ceramics fabricated by the same
method (i.e., conventional or infiltration aided sintering) suggests that bulk conductivity
increases with increasing density (Figure 5.6a) as also reported in the literature [35,
47,48]. In addition, grain boundary conductivities (ogn) also appear to be affected by this
parameter (Figure 5.6b). This apparent effect is due to the higher effective amounts of
material within the measurement sample and, as discussed earlier in terms of specific
grain boundary resistivity (pg,) values of the highest density samples, ion transport
perpendicular to the grain boundary appears to be more facile in the case of smaller grain
size.

As all samples exhibit Arrhenius-type behaviors, the determination of activation

energy (Ea) values is realized via Equation 5.3.
-Ea
- _ 5.3
oT =cpexp ( T ) (5.3)

Here, o is conductivity, Ea is the activation energy, o, IS the pre-exponential
factor, T is the absolute temperature and k is the Boltzman’s constant. Regardless the

fabrication method, density or grain size, the Ea values for bulk conductivity lie in the
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0.46-0.65 eV range (Figure 5.6a inset), while those for the grain boundary conductivity
vary between 0.94 and 1.02 eV (Figure 5.6b inset). In general, these values explain the
decrease in pgv /(pgot pp) With increasing temperature (Figures 5.5a-c) and are consistent
with those reported in the literature [39, 49-51]. In the literature, the reason for the higher
activation energies observed for grain boundary conductivity in comparison to those
determined for the bulk conductivity has been attributed both to the siliceous impurity
segregation [37,45] and to the presence of a space charge layer at the grain boundaries
[34,35].

T (°C) ) ) T (°C)
400 375 350 325 300 325 250 400 375 350 325 300 325 250
T T T T T T T I I T T T T T T T T T
L0y mg 1 7 -]
a A 1 Ea-047cV 2 a 1 Ea-097eV
054 * \\ ( ) e 2 Ea046ev | | — ;N (b) o 2 Ea= 100V
— &0 E‘\\ "3 Ea 0636V G 14 T S . w3 Ea-094ev |
— IR RN T e ¥ 4 Ea=097eV
M 0.0+ BN :\\ —,E' 04 e :‘\_‘_\1’;-_;_\ i e 5 Ea-10leV |
- | s v S 4 6 Ea=1.02eV
g -054 e *-;.Q I B e ':\“ SN > 7 Ea=096¢v
o il 4 —y 2 ~L e
© -1.0+ A el o -2 ST - \\{'\‘i__
g ® = I S
= -1.5 1 — .34 e \\‘\‘ ey
B~ i NS
=, 2.0 2, 44 R
b o} b2
_-: -2.5 1 = =54 “a v
-3.0 61 :
A
-3.5 T T T T T T T T T -7 S L R e e e e e I R S e B S
145 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 190 1.95 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95
-1 -
1000/T (K 1000/T (K™

Figure 5.6. Arrhenius plots of (a) bulk (grain) and (b) grain boundary conductivities of
the seven samples and their activation energies.

Figure 5.7 shows the temperature dependences of total conductivities of GDC
ceramics fabricated by conventional and infiltration-aided sintering in the temperature
range of 250 to 700°C, in air. A significant decrease in the slope of the electrical
conductivity is observed in all samples at around 425 °C (Figure 5.7). A possible
explanation of this phenomenon may be that since at low temperatures pgp IS dominant
over pp, the higher Ea value of the former prevails. On the other hand at higher
temperatures, pp With the lower Ea predominates. However, this argument is negated by
the fact that pgn is dominant in (pgo+ pp) by a small margin at 300 °C, which ceases to exist
at >350 °C for samples 3 and 7, whereas these samples exhibit a change in the Ea of the
total conductivity at much higher temperatures of 425 °C (Figure 5.7).

This change in slope has also been reported in the literature and has been attributed
to the presence of associated (Gd,.- V;) complexes at lower temperatures, which require
extra energy to be dissociated and thusly provide available charge carriers for oxygen ion
conduction [6,52]. On the other hand, at higher temperatures, these associated defects are

already dissociated and the observed Ea is directly related to the migration energy of the
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oxygen ions [35,52-53]. Therefore, the differences in activation energies in high and low
temperature ranges provide the association energies of the complexes (i.e. Gdg.- V') [6].
This energy value does not appear to be affected by the densification method, but rather
a gradual decrease with increasing density is observed (Table 5.3). The association energy
values obtained for the highest density samples, i.e., samples 3 and 7 are found as 0.16
and 0.15 eV, respectively, agreeing well with the previous works of Steele et.al. (0.13
eV) [6], Zhou et.al. (0.12 eV) [35] and Huang et.al. (0.16 eV) [54].
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Figure 5.7. Ter_npe_rature dependences of the total conductivities of all samples and their
activation energies.

Regardless the fabrication method, evidently, electrical conductivity at 600 and
700 °C increases with increasing relative density, as expected (Figures 5.8a and b). The
samples with RD values exceeding 95% obtained by conventional and infiltration-aided
sintering (samples 3 and 7, respectively) exhibit very similar electrical conductivities over
the whole temperature range (Figure 5.7). More specifically, at the targeted SOFC
operation temperature of 700 °C, the GDC ceramics fabricated by conventional and
infiltration-aided sintering has electrical conductivities of 0.068 and 0.054 S/cm,
respectively (Figure 5.8b). These values are also in the range of what has been reported
in the literature for dense GDC ceramics [6,35,49,55]. This suggests that, by infiltration-
aided sintering, the sintering temperatures of GDC ceramics can be reduced by ca. 200
°C, without compromising electrical conductivity.

In the case of lower density samples, those fabricated by infiltration-aided
sintering appear to exhibit higher total electrical conductivity in general (Figure 5.8),
likely related to the higher number of coordination among the GDC particles ensured by

the polymeric GDC precursor infiltration [21].
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Table 5.3. Variation of activation energy of total electrical conductivity in the lower and
higher temperature range. T* refers to the transition temperature and is
425°C for all samples in the present case.

Sample Code Eaat T<T* Eaat T>T*
1 0.93 0.70
2 0.82 0.67
3 0.83 0.65
4 0.89 0.72
5 0.87 0.68
6 0.83 0.64
7 0.78 0.61
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Figure 5.8. Variation of total electrical conductivity with relative density for all samples

So far, infiltrated GDC electrolytes sintered at 1200°C are shown to be highly
dense and to perform well as far as their electrical conductivities are concerned. However,
in addition to sufficient ionic conductivity, a suitable SOFC electrolyte material must also
be impervious to hydrogen and oxygen gases at the desired operating temperatures and
exhibit high open circuit voltage (OCV). Therefore, to further demonstrate the usefulness
of the infiltration-aided sintering technique for SOFC electrolyte fabrication, OCV
measurements are conducted on samples coded 3 and 7 between 400 and 700°C under a
humidified 10 % hydrogen — 90 % argon gas flow from the anode side and stagnant air
conditions at the cathode side. In addition to these two samples, data from the literature
are also included in the plots for comparison [56,57]. As can be seen in Figure 5.9, for
both samples, OCV is highest around 450°C and gradually decreases with increasing

temperature, as predicted by the Nernst Equation. At the targeted SOFC operating
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temperature of 700 °C, the conventionally sintered, dense GDC ceramic exhibits OCV
values of 0.92 V, while that fabricated by infiltration-aided sintering yields an OCV of
0.83 V. These values are close to what has been reported in the literature for dense GDC

ceramics and are well in the acceptable range for SOFC applications.
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Figure 5.9. Open circuit voltage values obtained under stagnant air and 10% hydrogen —
90% argon at the cathode and anode sides respectively, at 450-700 °C in
samples 3 and 7. Dotted lines are obtained from refs [56-57].

5.5. Summary

Reducing the densification temperatures of solid oxide fuel cell (SOFC)
electrolyte materials is very desirable in order to i) avoid the coarsening of the anode
microstructure, which is sintered together with the electrolyte layer in the anode
supported SOFC fabrication scheme and ii) reduce energy consumption when
manufacturing SOFCs. Our recent studies have shown that, using an infiltration-aided
sintering method, the widely used gadolinia doped ceria (GDC) electrolyte ceramics
could be densified up to a relative density (RD) of 95% at temperatures ca. 200 °C lower
than those used in conventional sintering [21]. Achievement of high density in the GDC
ceramics fabricated by infiltration-aided sintering was not accompanied by a significant
grain growth, unlike the case of conventional sintering. In this work, for the first time in
the literature, we have studied the electrical properties of the GDC ceramics fabricated
by infiltration-aided sintering. Electrochemical impedance spectroscopy measurements
were performed on GDC ceramics prepared by conventional and infiltration-aided

sintering, which allowed the comparison of bulk and grain boundary conductivities at
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<350 °C and overall conductivities up to 700 °C obtained from ceramics fabricated via
these two routes.

Regardless the fabrication method, at 300 and 350 °C, grain boundary resistivity
dominated to total resistivity (i.e., pgh /(pgbt+ pb) Value was between 0.5 and 1.0), which
became less pronounced with increasing grain size and temperature, due to the smaller
number of grain boundaries perpendicular to the oxygen ion motion and the higher
activation energy of the oxygen ion transport therein. This dominance ceased to exist at
450 °C and at grain sizes of 450 nm in samples prepared by infiltration-aided sintering,
but not in those fabricated by conventional sintering, even at a grain size of 727 nm,
suggesting a higher specific grain boundary resistivity — grain boundary thickness product
(8gb X pgp) in the former.

Upon the comparison of grain and gain boundary conductivities of the samples
fabricated by conventional and infiltration-aided sintering, it was found that, regardless
the fabrication method, the grain boundary conductivities increased with increasing grain
size, as expected. The grain conductivity of the ceramics fabricated by infiltration-aided
sintering was larger in samples with less than 90% RD, due possibly to the enhanced
coordination among the GDC particles that make up the porous GDC scaffold upon
polymeric GDC precursor infiltration. This was also the case in the total electrical
conductivity measurements. However, samples with RDs >95%, the maximum
coordination of particles had been achieved, thus, similar bulk and total conductivity
values were obtained.

In order to further demonstrate the usability GDC ceramics fabricated by the
infiltration-aided sintering method as SOFC electrolytes, open circuit voltage (OCV)
measurements were performed at 400-700 °C, under humidified 10% hydrogen — 90%
argon and stagnant air atmospheres from anode and cathode sides respectively. OCV
values of 0.84 and 0.93 V obtained from dense GDC ceramics fabricated by infiltration-
aided and conventional sintering, respectively, suggests that the former method is also
suitable for SOFC electrolyte fabrication.
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CHAPTER 6

CONCLUSIONS

Reducing the operating temperature of conventional SOFCs is one of the most
important obstacles for full commercialization of this clean energy source. This reduction
Is essential to reduce the cost of the system and to extend the lifespan of the cell.
Intermediate Temperature SOFC (IT-SOFC) has been getting popular in the last two
decades because of these improvement possibilities. Some approaches have been
proposed to overcome performance issues arising from temperature reduction since cell
reactions are mostly thermally activated processes (i.e., oxygen conductivity). These
approaches are mostly based on electrode and electrolyte layers because of the fact that
polarization losses of the cell are dominated by performance issues in these layers.
Therefore, this dissertation is focused on tailoring the microstructure of these two layers
by using polymeric precursors which lead to nano-sized particles. In contrast with
traditional aqueous precursor solutions, polymeric solutions give rise to particles that are
mixed homogeneously in nano-sized dimensions without much agglomeration. GDC and
LSCF are state-of-the-art electrolyte and cathode materials, respectively. Hence, these
two materials have been selected to be used in this thesis.

In the second chapter, a thin layer of the cathode (air electrode) is deposited
symmetrically by using polymeric precursor solutions of LSCF and LSCF-GDC (60%-
40% volume percentage mixture). Promising results are obtained, especially in single
phase LSCF. EIS measurements depict that approximately 0.6 Q.cm? electrode
polarization is obtained at 600°C. However, in conflict with general view of literature, the
addition of GDC into the LSCF solution lowered the electrochemical activity. However,
GDC addition leads to a better microstructural dispersion, and hence, electrochemical
longevity is obtained over 100h. This contradiction was explained by XPS analysis. It is
observed that Fe segregation occurs on the surface of single phase LSCF since Co
segregation takes place on the LSCF-GDC cathode surface, as opposed to the findings in
the literature (i.e. A-site segregation). Furthermore, another reason for this contradiction
can be explained as the addition of GDC (ionic conductor phase) caused a reduction of

the electro-catalytical active area of LSCF.
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Infiltration is another facile method which gives superior control over the
electrode microstructure. Due to low-temperature calcination, infiltration technique has
advantages to overcome co-sintering performance and longevity issues. Thus, in chapter
3, two different polymeric electrocatalyst (Lao.sSro4Coo2FeosOz - LSCF) and the
polymeric mixture of electrocatalyst (Lao.eSro4C0o.2Fe080s- LSCFyand ionic conductor
Ce0.9Gdo.102-5 (GDC) are infiltrated into the previously sintered porous GDC scaffold.
Therefore, improved electrode performance was aimed via increasing
electrocatalyst/ionic conductor interfacial area. EIS measurements indicate that an
increasing number of infiltration cycles lead to an enhancement in electrode performance
45x for LSCF and 30x for LSCF+GDC infiltration. Further loading induces a poisoning
effect in the electrode performance and these effects can be seen in Nyquist diagrams.
Longevity test depicts that addition of GDC phase into the LSCF phase in polymeric
precursor solution leads to stability over 60 hours. Same phenomena are also observed in
Chapter 2.

Having success in developing cathode layers with improved electrochemical
performance by infiltration, tests were conducted to see if infiltration could be employed
to enhance densification of the electrolyte at lower temperatures. The added benefit of
this was in ensuring co-sintering without compromising performance. Thus, infiltration
of GDC polymeric precursor inside into the previously fired 60% dense GDC allows
filling the pores and eventually decreasing the sintering temperature without using any
sintering additive which effect the electrochemical properties of GDC. In Chapter 4,
microstructural evolution is investigated, and 95% dense GDC is obtained at 1200°C
instead of 1400°C which is required for conventional solid state sintering method. In
Chapter 5, these densified electrolytes were analyzed by EIS methods to check their ionic
conductivities and OCV values which is important for practical use. Observations
indicated that GDC electrolytes could be densified by GDC infiltration and still could
provide sufficient electrochemical properties which offers an alternative for co-sintering
in SOFC applications.
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