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The Interaction of LSM-YSZ Composite and Improvement
of the Solid Oxide Cell Durability by Mn-modified YSZ

Na Li, PhD

University of Connecticut 2014

Solid state electrochemical systems such as solid oxide fuel cells (SOFCs) and solid
oxide electrolysis cells (SOECSs) are attractive for power generation, carbon capture, hydrogen
and syngas production. YSZ and LSM have been extensively studied as electrolyte and electrode
materials respectively for solid oxide cells operating in 800-1000°C temperature range. During
the fabrication and operation of these systems, significant degradation in performance has been
reported due to the formation of electrically insulating phases La,Zr,O; and SrZrOs at the LSM-
YSZ interface.

The contradictory dada in literature, the limited information about effect of sintering
atmosphere and the porosity urged a necessary systematic research of the LSM-YSZ composite
system. This thesis includes a systematic study of reaction between LSM and YSZ, the role of
oxygen pressure, porosity, raw power, sintering temperature and time on the air electrode
densification, microstructural evolution and interaction of LSM-YSZ composite. In addition, the
effect of zirconate phase on the thermal expansion coefficient (TEC) of the composite cathode
was studied. Also, the reversibility of the reaction was studied, namely the La,Zr,O; formed in

lower PO, can be reversed back into LSM and YSZ when resintered in higher PO,. The
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prevention of the detrimental LSM-YSZ reaction was discussed thermodynamically and
successfully demonstrated by Mn-doped YSZ powder.

Long term degradation remains an issue for SOEC development. Anode delamination has
been frequently observed and considered as one of the largest contributor to the cell performance
degradation. Previous study found the resistive compound La,Zr,0O; formed at the air electrode
side, and La,Zr,0; formation degrades the cell performance. So the understanding from the study
of the LSM-YSZ composite was applied in a symmetric solid electrolysis cell to alleviate the
LSM-YSZ reaction. The SOEC electrochemical performance was improved by introducing a
Mn-doped YSZ interlayer between LSM and YSZ. The delamination of air electrode was
mitigated by a porous sol-gel Mn-doped YSZ interlayer. The sol-gel structure with high surface
area and porosity is believed to be the possible reason for the prevention of delamination by

release the oxygen pressure at the air electrode side.
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Chapter 1 Introduction

1.1 Fuel Cells

A fuel cell is an electrochemical device that can directly convert chemical energy from
gaseous fuels (Hydrogen, natural gas, gasified coal) into electrical energy. The efficiency is not
limited by the Carnot cycle and pollutant output is magnitudes lower than from conventional
technologies. A fuel cell can continuously produce power when supplied with fuel and oxidant.
' They offer higher electrical efficiency (> 40%) compared to conventional power generation
systems such as reciprocating engine (~35%), turbine generator (30-40%), photovoltaics (6-20%),
and wind turbines (~25%). Other advantages include fuel flexibility, base load and off-grid
applications. Noise-free operation and modular construction are added features that allow its
further application in small residential, automotive, portable electronic devices, as well as off-
grid electricity generation in remote areas, marine and space applications’ .

Based on the materials of construction, fuel cells are categorized mainly into five groups:
low temperature fuel cell such as polymer electrolyte membrane fuel cell (PEMFC) and alkaline
fuel cell (AFC) are mainly considered for transport applications, medium and high temperature
fuel cell such as phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), and solid
oxide fuel cell (SOFC) are mainly considered for stationary power plants
* The operating temperature, materials, and advantages and disadvantages of the different types
of fuel cells are presented in Table 1.1*. Although, the operating principles for all the fuel cells
are governed by the Nernst equation, the electrode reactions vary widely depending on protonic

or anionic conduction through electrolyte.



Table 1.1 Different types of fuel cells

Polymer Alkaline Fuel Phosphoric Molten Solid Oxide Fuel
Electrolyte Fuel Cell (AFC) | Acid Fuel Cell | Carbonate Fuel Cell (SOFC)
Cell (PEFC) (PAFC) Cell (MCFC)
Operating 40-80 65-220 150-210 600-700 600-1000
temperature
W9)
Charge carrier H* OH~ H* Co%- 0%~
Cathode 1 0, + 2H,0 0, + 4H* 1 1
reaction 502 +2H" +24e‘ : +24e‘ - H,0 502 +C0;, EOZ +2e” >0
+2e” > H,0 | - 40H" +2e” > CO5~
Anode reaction H, 2H, + 40H™ | 2H, H,0 + CO3~ 0% +H,
- 2H* + 2e” - 4H,0 - 4H* +4e~ | - H,0 + CO, — H,0 + 2e”
+ 4e” + 2e”

Electrolyte Hydrated Potassium Liquid Liquid molten lon conducting
polymeric ion hydroxide in | phosphoric carbonate in ceramics (yttria
exchange asbestos acid in silicon LiAIO, stabilized zirconia,
membrane matrix carbide gadolinia doped

ceria, lantham
gallate)

Electrodes Carbon Transition Carbon Nickel and Perovskite, cermet

metals nickel oxide (perovskite/fluorite
and metal cermet)
Fuel Hydrogen or Hydrogen or | Hydrogen and | Hydrogen, Hydrogen,
methanol hydrazine alcohol hydrocarbons hydrocarbons
Oxidant Oyfair O,/air O,/air CO,/0,/air Oyfair
Heat quality - Very low Low High High
Advantages e Solid o Faster e Tolerance | e Fuel e All solid state
electrolyte cathodic to flexibility components
reduces reaction impurities | o Low cost | e Fuel flexibility
corrosion and e Wide in catalyst e Low cost
electrolyte range of hydrogen catalysts
management electro- e No electrolyte
problems catalysts flooding
e Low _ e Highest
operating efficiency
temperature
e Quick start up
Disadvantages | e Poisoningby | e High e Slow e Corrosive e High operating
trace purity cathodic electrolyte temperature
contaminants hydrogen reaction e High e High
in fuel e Corrosive operating manufacturing
e High cost nature of temperature cost
platinum phosphoric | e Long-term e Long-term
catalyst acid reliability of reliability of
o Difficulties e High cost materials materials due to
in thermal platinum due to high high
and water catalyst temperature temperature
management
Manufacturers Ballard AFC Clear Fuel Cell Bloom Energy




Power Energy, Edge Energy, Corporation,
Systems, UK Power, USA, USA,
Canada; USA,; Ishikawajim Acumentrics
Baxi Toshiba a-Harima Corporation,
Innotech, Fuel Cell Heavy USA,; Ceres
Germany; Power Industries Power, UK;
SerEnergy, Systems, (IH1), Japan Topose Fuel
Denmark; Japan Cell, Denmark;
M-Field Hexis AG,
Energy Ltd., Germany;
China; LG Fuel Cell,
South Koreg;
Osaka Gas Ltd.
Japan; Toto
Ltd., Japan

In comparison to other fuel cells, SOFC operates at significantly higher temperature
(500-1000)°C enabling the use of low cost non-noble metal catalysts for electrode reactions and
processing of a wide range of hydrocarbon fuels (from pipe line natural gas to diesel and logistic
fuels). All solid state construction of SOFC eliminates the need for electrolyte management
required for the liquid electrolyte fuel cells. Generation of high quality heat and its application in
combined heat and power (CHP) co-generation system allows the overall system efficiency in
excess of >80%"°. Features such as water independence and carbon capture can be easily
incorporated in SOFC’s in comparison to other fuel cell systems. Challenges related to long term
stability and cost reduction, however, remain. An overview of the basic operation, component
materials, cell and stack design, and degradation processes is presented. The state of the art
materials, development trend and mechanistic understanding of degradation processes are
outlined.

1.2 SOFC Power System

A typical SOFC power system, schematically shown in Figure 1.1, consists of a

hydrocarbon fuel processor, fuel cell stack, power conditioning equipment, and process gas heat

exchanger for thermal management.®’ Power conditioning equipment, fuel processor and process



gas heat exchanger are termed as Balance of Plant (BOP). The operating temperature of SOFC
ranges from (650-1000)°C. Emitted carbon dioxide from SOFC can be captured and stored using
standard technologies for use in chemical and agriculture sectors. Capture of emitted carbon
dioxide from SOFC is less energy intensive compared to that of conventional power plants and
gasification plants. NO, remains absent in the tail gas (flameless process). H, can be further
separated for reuse as a chemical or fuel in fuel cells. The integration of SOFC and carbon
capture and storage technologies in coal base power plants improve the overall efficiency and

reduce carbon dioxide emission.®*1%*
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Figure 1.1 A simplified Schematic of a solid oxide fuel cell system.*?

A single cell of a SOFC delivers a maximum of 1 V when hydrogen and air are used as
the fuel and the oxidant, respectively®. To produce larger quantities of power, multiple cells are
stacked in series or parallel connected by electrical conducting interconnects. Single cells are
classified according to the porous support materials: anode supported, cathode supported,
electrolyte supported, and metal supported. ***>*® The porous support materials thickness varies
from 300 pum to a few millimeters with provisions for a gas diffusion path leading to
electrochemical reactions at the cathode and anode electrodes. Anode supported cells are

preferred due to low concentration polarization loss and the ability for hydrocarbon fuel gas



reforming at the support while higher polarization and ohmic losses have been observed for the
cathode supported and electrolyte supported cells™*%. Although the fabrication process is simpler
including lower cost and better thermal cycling resistance for the metal supported cells, the
oxidation and corrosion of the metallic support remains a concern. Single cells are also divided
into tubular and planar cell geometries as shown in Figure 1.2. ** The power density of planar
cell is higher than the tubular cell but hermetic seal is required to prevent gas mixing and

leakage.?
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Figure 1.2 A single solid oxide fuel cell (a) tubular type (b) planar type



1.3 SOFC

The concept of the fuel cell was first proposed by William Grove in 1839 *. Following
the discovery of solid oxide electrolytes by Nernst in 1899 **, Baur and Preis (cited by Ormerod
??) demonstrated the first SOFC running at 1273k in 1937. Due to significant achievements in
both material developing and cell manufacturing in the last two decades, the SOFC is now

approaching commercial reality.
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Figure 1.3 Schematic diagrams of a solid oxide fuel cell and a solid oxide electrolysis cell.

Figure 1.3 (a) is a schematic diagram of the solid oxide fuel cell. When the fuel cell is in
operation, fuel and oxidant are fed to the fuel electrode and the air electrode, respectively. At the
cathode, oxygen receives electrons from the external circuit and is reduced to oxygen ion.
Oxygen ion transports through electrolyte from cathode to anode side. At the anode, the fuel is
oxidized and electrons are then released to the external circuit. The direct-current (DC)

electricity is produced by the electron flow through the external circuit®.



1.3.2 Electrical Losses

Nernst’s equation serves as the underpinning principle for the operation of the fuel cell:

RT ,  Po, oxidant
V, = —In—=2—— 1.1
Nernst AF Poz Fuel ( )

In practice, the actual voltage of a fuel cell is less than the Nernst potential due to electrical loss.
The chemical to electrical energy conversion losses in a fuel cell, termed as polarization or over
potential, is divided into activation polarization, ohmic polarization, and concentration
polarization. Slow electrochemical reactions at the electrode surface leads to activation
polarization and depends on the current density or electric bias. The origin of the ohmic
polarization is the resistance to the flow of ions in the electrolytes and flow of the electrons in the
electrodes. The concentration polarization relates to the diffusion and mass flow of the reactant
species through the electrodes, inherent to the electrode materials and microstructure. The ohmic
polarization increases with electrolyte thickness and formation of interfacial compounds at the
electrolyte and electrode interfaces. The concentration polarization decreases with increasing
current density or electric bias up to a certain value and increases above the limit. The
concentration polarization is nominally higher in the cathode than in the anode. A representative
plot of polarization losses with current density is shown in Figure 1.4.2 The actual voltage (Vcen)
of a cell during operation with a given current density is:

Vel = Vnemst — Ohmic loss — polarization losses (1.2)
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Figure 1.4. Schematic representation of the contribution of cathode, anode, and electrolyte

contribution to electrical loss.

There has been significant progress in reducing the operation temperature of SOFC from
traditional 1000 °C to intermediate temperature range of 600-800 °C. Decreasing the operation
temperature brings both dramatic technical and economic benefits. The cost of SOFC system can
be substantially reduced by using metal alloys instead of expensive lanthanum chromite as
interconnect. ** Furthermore, as the operation temperature is reduced, system reliability and
operational life increases.” On the other hand, reduction in operation temperature results in a
significant increase in the electrolyte and electrode resistivity and the polarization losses. To
compensate for the increase in ohmic losses at lower temperatures, electrolytes with higher ionic
conductivity or thinner films are used.* In SOFCs based on thin electrolyte, the overall losses of
the cell are generally dominated by the polarization losses for the O, reduction on the cathode?.
This is partly due to the high activation energy and slow reaction kinetics for the O, reduction

reaction when compared with the hydrogen oxidation reaction. Consequently the development of



cathodes with high performance and high stability becomes increasingly critical for the
intermediate-temperature SOFCs or ITSOFCs.
1.3.3 Advantage

Compared with conventional power generation, the fuel cell technology offers several
advantages. For example, the high operating temperature results in high reaction rates. No
expensive catalysts are thus needed. Another advantage of SOFCs is that it can use natural gas
directly. It also has substantially higher energy conversion efficiency, much lower production of
pollutants, modular construction, siting flexibility etc.?®

1.3.4 Application

There are three main applications of SOFC such as combined cycle power plant,
cogeneration/regeneration for hotel, residential building, hospital etc. and transportation
application.

1.4 Overall Materials

The main components of a SOFC stack are the electrolyte, the cathode, the anode and the
interconnect (Figure 1.2). Each component serves several functions and therefore has to meet
certain requirements. All the components must possess proper electrical conductivity and must
be chemically and physically stable in an oxidizing and/or reducing atmosphere. Each
component must be chemically compatible with the other components and its thermal expansion
coefficient should be similar to those of the others. The anode and the cathode are porous to
allow fuel or oxidant gas to be transported to the reaction sites, while the interconnect and the
electrolyte are dense to prevent gas mixing.
1.4.1Electrolyte

Fluorites material such as zirconia and ceria and perovskite material such as lanthanum

gallate have been recognized as oxide ion conducting SOFC electrolytes. ***° Lower valence
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cation doping in zirconia and ceria create oxygen vacancies in the crystal lattice. Similarly, lower
valent cations doping on A and B-sites of lanthanum gallate create oxygen vacancies in the
lattice. The conductivity of all the electrolytes depends also on the processing and microstructure.

Yttria stabilized zirconia (YSZ) and scandia stabilized zirconia (ScSZ) are used as SOFC
electrolytes. Addition of dopant increases the conductivity and reaches a maximum. Further
addition of dopants decreases the conductivity, as shown in Figure 1.5, due to defect clustering
and lattice strains. Increase in temperature decreases the activation energy for oxygen migration
and hence the conductivity follows Arrhenius behavior with temperature. The maximum
conductivity is obtained for approximately 8 mol% yttria and 10 mol% scandia additions. The
conductivity of YSZ and ScSZ are suitable for high temperature (>800°C) SOFC operation. The
conductivity of YSZ and ScSZ decreases due to the materials aging during SOFC operation, and
the conductivity decreased to almost same value for both materials after aging. The small
difference in ionic radii of zirconium and scandium ions is the reason for the higher conductivity
of ScSZ. Although the conductivity of ScSZ is higher, it may not be advantageous for long term
operation. The reason is that yttria doping stabilizes the cubic symmetry of zirconia but scandia
doping changes the symmetry from cubic to rhombohedral structure below 600°C. **** The
lattice strain due to the polymorphic transformation may lead to elastic strain during thermal

cycling.
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Figure 1.5 Conductivity of yttria and scandia stabilized zirconia in air at 1000°C. 2

The maximum conductivity of ceria can be obtained by doping using 10-12 mol%
gadolinia (GDC) or samaria (SDC).*® The higher conductivity of ceria below 600°C enables a
decrease in the SOFC operating temperature to ~650°C. The Ce** reduces to Ce®*" in reducing
atmosphere and induces undesirable electronic conductivity. For example, the electronic
conductivity dominates over ionic conductivity at ~10™° atm PO, at 700°C *3. Therefore, ceria
based electrolyte is not suitable for high temperature SOFC even though the conductivity is
higher compared to YSZ.* Also, reduction of cerium ion increases lattice strain during thermal
cycling due to higher oxygen vacancies.

The highest conductivity in lanthanum gallate has been achieved by strontium doping at
A-site and magnesium doping at B-site with LagSre2GaosMgo103 (LSGM) formula.?*® The
conductivity of LSGM is higher than YSZ and comparable to GDC. LSGM is suitable as

electrolyte in a wide range of operating temperature. Similar to GDC, electronic conductivity has
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also been observed for LSGM in a reducing atmosphere. For example, electronic conductivity is
predominant at ~10™*® Pa (~10% atm) PO, at 1000°C and restricts its application at higher
temperature.®” However, the bulk conductivity may be compromised due to elemental inter-
diffusion across the interfaces.”® The lower conductivity (than that of GDC at a lower
temperature) may be the reason for the limited exploration of LSGM as the electrolyte of solid
oxide cells.
1.4.2 Fuel Electrode

Ni/YSZ cermet is considered as the state-of-the art SOFC anode material because of: a)
catalytic and reforming activity of nickel for the oxidation of various fuel constituents, b) high
electronic conductivity of nickel and ionic conductivity of YSZ for increasing TPB length and c)
ease of fabrication by co-firing. Nickel is an electrical conductor and YSZ is an ionic conductor.
%839 Fyel oxidation takes place at the triple phase boundary as shown in Figure 1.6 (a).*® The
disadvantages of Ni/YSZ anode formulation are: a) poor redox cycling stability and b) poisoning

with subsequent deactivation of catalytic property due to the presence of gas phase impurities.

“Disconnected
YSz

(0F>

YSZ Electrolyte
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Figure 1.6 Triple phase boundary at (a) anode-electrolyte interface and (b) cathode-electrolyte

interface.

Nickel is oxidized to nickel oxide (p-type) above equilibrium oxygen partial pressure if
air is leaked and mixed with fuel. Nickel oxidation has also been observed in the presence of
steam in fuel.**** Volume change due to oxidation may not generate sufficient strain to form
cracks at the nickel/YSZ interface, due to its porous microstructure, but may do so at the anode-
electrolyte interface*** Gas leakage through the pores/cracks at the interface decreases the
electrochemical driving force (establishment of smaller oxygen partial pressure gradient across
the electrolyte) leading to lower SOFC performance. The volume change during the reduction-
oxidation (redox) cycle is not reversible on prolonged subsequent reduction. This process
induces strain in the bulk anode creating nickel particle to particle separation, loss of continuous
contact and increase in the resistance, result in the decrease of the effective TPB length. The
redox cycling stability of Ni-YSZ cermet is better for coarser microstructure and lower operating
temperature but worse in steam containing fuel since steam favors densification of Ni-YSZ
cermet with finer microstructure.” In practice, a finer microstructure to increase TPB length and
a higher operating temperature for faster fuel reduction kinetics are preferred.

The impurities in the anode can be intrinsic and extrinsic. The common intrinsic
impurities in nickel metal are Al, Ca, Cu, Fe, Mg, and Si. The common impurity in YSZ is
Si0,.**** The impurities alter the anode morphology and deposit at Ni-YSZ interfaces during
SOFC operation. Commonly found extrinsic impurities are H,S and CO in fuel gas, silica in
seals and insulating materials.>***" Very small amount of sulfur in fuel is detrimental. For
example, 1 ppb of sulfur can cover 60% surface of nickel and deactivate the catalytic activity*.

At normal SOFC operating conditions, sulfur degrades anode performance by chemical
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adsorption at nickel surface and TPB, formation of Ni3S; compound at high concentration of
sulfur (>100ppm), and inducing microstructure change.* Although chemical adsorption and
compound formation is reversible, the microstructure change is irreversible.

Carbon deposits at the nickel-YSZ grain and grain boundaries mainly in filamentary
forms and also as amorphous particles. *® > If carbon deposition increases the electrical
conductivity, the electrochemical reaction kinetics may be enhanced. However, carbon dissolves
and diffuses through nickel particles above a critical amount.>>* Dissolution of carbon decreases
the electrical conductivity of nickel. Carbon dissolution and diffusion also swells microstructure
of nickel and forms cracks at the anode.”® All these phenomena lead to decrease anode
performance.

Silica in seals and YSZ can form vaporized species, Si(OH), at the normal operating
condition and deposits at the grain boundaries as observed by striations in the TPB and nickel
surface.®** Silica forms low melting point silicate compounds with the other impurities. Being
electrically insulating, the presence of silica and silicate phases contributes to anode performance
degradation.*

To overcome above mentioned problems in Ni-YSZ cermet; mixed ionic electronic
conducting oxides such as LaCrOs, SrTiOs, La;xSrkVOs3, SraFe;sM0gs06.5, SrMgMoOg based

123836575859 The performance

perovskites have been investigated for potential anode application
of a Sr and Mn doped LaCrO; anode is comparable with that of Ni-YSZ cermet.*®® These
materials suppress sulfur deposition. ®* Also, no evidence of carbon deposition has been
reported.®® The alternative anodes also have several drawbacks: a) the electronic conductivity of

these materials may not be sufficient for faster fuel oxidation kinetics. b) the long term stability

of these materials is questionable. c) dopants increase the electrical conductivity as well as
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catalytic activity but above a critical concentration the structure can be destabilized and the
secondary phases form compounds with sulfur. For example, excessive manganese doping
destabilizes LaCrO3z perovskite structure and forms MnS and La,0,S compounds in H,S
contacting fuel.
1.4.3 Air Electrode

The air electrode is the material where pure oxygen or oxygen from air, combining
electrons externally from the cell, is reduced to oxygen ions through the following
electrochemical reaction. Among the various air electrode materials, lanthanum strontium
manganite (LSM) perovskites, till today, are the most investigated and probably the most
important electrode materials in SOFCs *.

A 20 mol% strontium doped lanthanum manganite (LaggSro,MnOQOs.s) is considered as
the state-of-the-art air electrode material for high temperature SOFC (800-1000°C operating
temperature).* The LSM is an electronic conductor. lonic conduction of LSM is due to the
oxygen vacancy in oxygen lattice. Oxygen adsorbs and desorbs at the surface only. In bulk LSM,
oxygen migrates only through surface since absence of oxygen vacancy prohibits oxygen
migration through the bulk. Therefore, the electrochemical reaction sites (TPB) mainly exist at
the cathode-electrolyte interfaces . However, cathodic bias enables oxygen migration through
oxygen vacancies in the bulk ®. The oxygen vacancies can also be created by (a) substitution of
La®>* by Sr** and (b) partial reduction of Mn** to Mn** or Mn*" to Mn?*. ¥ The very low
oxygen ionic conductivity of LSM is considered to be the main factor for the high polarization
losses of LSM cathode for the O, reduction reaction in ITSOFC®.

Despite low ionic conductivity and slow oxygen reduction kinetics, LSM remains

attractive due to thermal expansion match with YSZ electrolyte and the thermo-chemical
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stability.** Oxygen reduction kinetics can be enhanced by increase in TPB length by addition of
ionic phase such as YSZ above the percolation limit.””* Infiltration of nanoparticles of YSZ
further increases the TPB and cathode performance.

Mixed ionic electronic conductors (MIECs) as cathode materials have also been
investigated.”” Strontium doped lanthanum ferrite, cobaltite, and cobaltite ferrite are some of
the examples of MIECs. These materials show high electrical and ionic conductivity as well as
electrocatalytic activity for the oxygen reduction. Higher CTE (12.2-20.5x 10°%/°C) of these
materials, however, make them prone to cracking and delamination from the adjoining interfaces
(electrolyte and contact layers) during SOFC operation resulting in the performance
degradation.” Strontium doped lanthanum cobaltite ferrite (LSCF) has been recognized as air
electrode with better performance than LSM due to higher surface exchange coefficient and
diffusivity of oxygen, and lower polarization resistance than LSM 7. LSCF is a MIEC material
with faster oxygen reduction kinetics. Being an oxygen deficient perovskite, oxygen ions migrate
through the oxygen vacancies in the bulk material. ”® Oxygen also adsorbs and ionized at the
surface and migrates through surface similar to electronic conductor.”® The optimized
LagsSro.4C0p2Feps03.s formula shows thermal expansion match with electrolyte and better bulk
stability among other compositions in the LSCF family.*® Formation of SrZrO3 due to severe
solid state reaction with YSZ at ~800°C limits LSCF application for SOFCs.”” Gadolinium doped
ceria (GDC) is the preferred electrolyte for LSCF cathode. Elemental inter-diffusion across
LSCF and GDC during device fabrication (>1100°C), however, is sufficiently high for oxide
segregation at the grain boundaries as well as at the interface, corroborating to degradation in cell

performance. *”°
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The properties of these cathode materials are listed in Table 1.2 *. The type and levels of
dopants tune the properties of these ABO3type perovskites but only the optimized composition

will be emphasized in this section.

Table 1.2 Thermo-physical properties of SOFC cathodes and electrolytes

Properties YSZ GDC LSM LSM/YSZ LSCF
TEC (x 10-
6/°C) 10.5 11.9 12 11.5 14-17
Electronic
conductivity 190 &t 900°C
a o
(Siem) 275 at
700°C
lonic 0.01 at . 1072 at
conductivity 800°C 0.1 at 800°C 10°-10” 900°C 0.01 at
(S/cm) 700°C

(900-1000°C)

6 a7
Surface 10™ -10 10 -107

exchange 108-10" 108-10%° 10°-10°

co(ecf:‘rllz;ant (700-900°C) | (600-700°C) (700-900°C) 9((5)380%) (650-750°C)
Oxygen 18 119 13 116 10 7 _ 4012
diffusion 10510 | 10710 10710 107 -10
Co(ec‘:nﬂzcl'se)”t (700-900°C) | (600-700°C | (700-900°C) 9%380%) (750-850°C)

Apart from solid-state interactions with the electrolyte, cathode performance also
degrades due to interaction with the impurities in air, chromium vapor species from metallic
interconnects, and other impurities such as silicon from sealants and insulating
materials.?"*#*+#% The main impurities in atmospheric air are ~3% H,0, ~400 ppm CO,, and
sulfur at ppb level in the form of SO,/SO3/H,S. The impurity content can vary with geographical

regions. For example, moisture content will be much higher in the coastal area. Moisture in air
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precipitates strontium oxide at the surface of LSM and LSCF cathodes but there is no consensus
on the mechanism of strontium segregation at the cathode.

The effect of trace amount of sulfur in air on cathode degradation has not been
demonstrated. The effect of high concentration sulfur (0.1-100 ppm) in air has been reported for
accelerated test conditions.®” The performance of LSM cathode slightly degrades in presence of ~
100 ppm sulfur but no secondary compound has been found. Sulfur reacts with LSM in the
presence of chromium and forms Sr(Cr,S)O, compound. ®* Sulfur reacts with LSCF and forms
SrSO4 compound when the concentration is >1ppm. LSCF decomposes and forms CoFe,O4 and
La,0,S0, compounds with increase in sulfur content.® In a recent study, the presence of SrSO,4
has been shown in a LSCF cathode thermally treated at 600°C for 1000 h without any external
source of sulfur. Silicon evaporates in the form of Si(OH), in humidified atmosphere during
SOFC operation and deposits at the cathode surface.*

Chromium transportation from metallic interconnect (chromia forming alloy) degrades
the cathode performance, known as chromium poisoning.”* Chromium transports in the form of
CrO3 and/or CrO,(OH), vapor species, respectively, in air and humidified air. These vapor
species reduces to Cr,0Oz and deposits randomly and also reacts with the cathode. The reaction
product is (Cr,Mn)sO; spinel for LSM and SrCrO, for LSCF cathodes.?® Cr,05 and the reaction
products prefer to deposit at the junction of electronic conducting, ionic conducting, and gas
phases. Therefore, chromium species deposition blocks the electrochemical reaction sites (triple
phase boundary) for LSM and/or LSM/YSZ cathode while the chromium species deposition is
randomly distributed through the MIEC cathodes such as LSCF.** Subsequently, the

performance degradation is higher for the LSM compared to LSCF.
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1.5 Solid Oxide Electrolysis Cell

The cleanest method of producing hydrogen has been water electrolysis. In this field,
hydrogen generation from water electrolysis using solid oxide electrolysis cell (SOEC) has been
attracted a lot of interests in the last few years, as they offer significant higher efficiencies
compared to conventional low temperature electrolysers.® Of all the methods to produce
hydrogen, water electrolysis is probably the cleanest when combined with a renewable energy
source to produce the electricity.

The principle of a water electrolyser is to convert water and DC electricity into gaseous
hydrogen and oxygen. This process was firstly demonstrated by Nicholson and Carlisle in 1800.
In the 1820s Faraday clarified the principles and in 1934 he introduced the word “electrolysis”.
SOEC technology attracted great interest in the 1980s because of the studies carried out by

9394.95.96.97 and the contribution from Westinghouse Electric Corporation R&D Centre®.

Donitz
Research in high temperature electrolysis has increased significantly in recent years.

The electrochemical reactions that take part in an SOEC are the inverse reactions to those
that take part in an SOFC. Cell polarization is the opposite and anode and cathode interchange
their roles. In an SOEC, water acts as a reactant and is supplied to the cathode side of the cell
(anode electrode in SOFC mode). Oxygen ions are transported to the anode through the
electrolyte, and hydrogen is produced in the cathode side, as shown in Figure 1.3 (b). The overall
reaction of the water electrolysis is:

H,0 - H, + 20, (1.3)
The reactions in the cathode and anode sides are:

Cathode side: H,0 + 2e™ - H, + 0%~ (1.4)

Anode side: 0% - 20, + 2e~ (1.5)
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1.5.1 Degradation Issues in Solid Oxide Electrolysis Cells

One of the most important developmental barriers in SOEC technology is long-term
degradation. For example, cell degradation, responsible for as high as 40% reduction in hydrogen
production rate in 2000 hour tests with SOEC stacks has been reported. ** All the long-term
degradation studies have concluded that further improvements are required prior to
commercialization. Short-term degradation is also frequent in SOEC cells, especially operating
under extreme conditions such as high current densities or high steam concentration at the fuel
electrode.

A number of causes for the observed degradation have been identified. The degradation
has been classified into two broad groups: (a) electrode poisoning due to gas phase
contamination, and (b) gradual delamination of the electrode at the anode-electrolyte interface.
Aging studies up to 1300 h were made at Risg at 850°C, and 50% RH of steam, showing a
degradation rate of 2%.'% The degradation was mainly attributed to the Ni/YSZ electrode. The
growth of Ni particles as well as the presence of Si impurities possibly, related to the variation in
the electrolysis operation conditions.* SOEC operation in a 720-cell stack for 1080 h at 830°C
from INL was also reported and 20% performance degradation was observed.'* In this case, the
hydrogen electrode (Ni—YSZ) was mainly in good condition apart from relatively few silicon
impurities coming from the seal. The presence of Cr doped Al,O3 was also observed near the
seals coming from the bipolar plates and cation diffusion at the air electrode. Overall, the largest
contributor to cell performance degradation is the delamination of the air electrode due to the
high oxygen partial pressures at the electrode/electrolyte interface occurring upon O, evolution
in closed pores in the electrode/electrolyte interface, as observed by other authors ' 1% A

typical example of the oxygen electrode delamination can be observed in Figure 1.7. Anode
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delamination from the electrolyte results in a current constriction and increased ohmic
loss!®1%>1% Understanding the cause of oxygen electrode delamination and its mitigation should

be considered a high priority. **

Bond Layer/
Oxygen Electrode

Electrolyte

Steam Electrode

Fig 1.7 SEM micrographs of a polished cross-section of a cell from the 2000h stack %8

Different mechanisms have been proposed on the anode delamination, such as high
oxygen pressure development, electrolyte grain boundary separation, morphological changes in
the LSM anode, high oxygen chemical potential produced under an anodic overpotential, thermal
expansion mismatch'®, and the penetration of evolved oxygen into the closed pores/defects at the
electrode/electrolyte interface. Virkar et al employed a concept of local thermodynamic
equilibrium and equivalent circuit modeling scheme to analyze the delamination problem, and
proposed that the mechanical failure and delamination of the anode electrode is primarily due to
the buildup of high oxygen pressure at the anode-electrolyte interface as well as within the
electrolyte due to differences in ionic and electronic conductivity between the electrode and the
electrolyte'’®. Kaiser et al concluded that the electrode delamination could be caused by the
presence of doped aluminum in YSZ and formation of an electronically conducting MnAl,O,

layer near the anode—electrolyte interface'®. Chen et al. concluded that the delamination of LSM
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anode results from the formation of nanoparticle clusters under high oxygen partial pressure at
the interface. ** The formation of nanoparticles is due to migration of oxygen ions from YSZ
into LSM, resulting in LSM lattice shrinkage and local tensile strains within LSM particles.

A combination of first principles, DFT based calculations and thermodynamic modeling
has been used to understand the delamination mechanisms. *** Authors proposed that high
temperature interdiffusion across the LSM/YSZ interface significantly affected structural
stability of the materials and their surface. Particularly La and Sr substitutional defects
positioned in ZrO, and near interface significantly change oxygen transport which may cause
pressure to build up in the interfacial region and eventually anode delamination. A ceria barrier
between YSZ and LSM was suggested to reduce the formation of high resistance oxide phases
and avoid delamination.

Chen et al. **studied LSM-YSZ composite air electrodes under SOEC operation
conditions, the incorporation of YSZ significantly enhances the electrocatalytic activity on LSM,
but electrode delamination and failure also occurred. Authors attributed the delamination to the
formation of LSM nanoparticle at the interface and suggest minimizing the direct contact of
LSM particles and YSZ electrolyte. Yang et al. reported that the porous LSM-YSZ oxygen
electrode made by conventional mixing method was well adhered to the YSZ electrolyte after 7
days testing in Steam/H, at 800-900°C in electrolysis mode. *** Knibbe et al. however didn’t
observe delamination for LSM-YSZ composite oxygen electrode but the formation of micro-
pores in the grain boundary of YSZ electrolyte near the anode-electrolyte interface. *> The
porosity formation is postulated to be due to high oxygen partial pressure build up.

Yang et al. fabricated porous LSM-YSZ composite as anode by an impregnation method.

The electrolysis cell showed relatively lower area specific resistance than the conventional
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mixing LSM-YSZ anode, and demonstrated stable performance at 800°C for 50h."® Chen et al.
improved the stability of SOEC by infiltrating pre-sintered porous YSZ scaffold with nano-
structured LSM particles as LSM-YSZ composite cathode. The stable performance can be
reached under electrolysis operation at 500mA cm™ at 800C for 100h. The authors attributed the
good performance to the infiltrated LSM nanoparticles. '/

Mawdsley et al performed the post-test analysis for the 1080h testing cell from INL and
proposed two possible mechanisms that might cause the oxygen electrode delamination,
excessive pressure build up with high O, flow in over-sintered region, or defects acting as
nucleation sites for localized cracking of the perovskite-zirconia interfaces within the electrolyte
layer.**®

Though several approaches for the mitigation of electrode delamination has been
suggested including modification of the electronic and ionic resistances of the device

components**

and operation under AC voltage rather than DC voltage', the delamination
phenomena has neither been fully understood nor prevented for the LSM anode. The previous
study in our group found the resistive compound lanthanum zirconate formed at the anode side
and related the LZ formation with the degradation and delamination.*® The understanding of

LSM-YSZ system may help us to suppress the electrode/electrolyte interfacial reaction, mitigate

anode delamination and improve the longevity of the SOEC device.

1.6 LSM-YSZ Reaction

The LSM-YSZ reactions have been extensively studied during the past two decades.
Formation of electrically insulating phases (La,Zr,O; and SrZrOs) at the LSM-YSZ interface
resulted in significant degradation has been reported during the fabrication and operation of

SOFC and SOEC systems.®*'?!
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When tested in fuel cell mode degradation of air electrodes based on stoichiometric LSM
caused by formation of secondary phases that are poorly conductive such as La,Zr,07 or SrZrOs;
was reported.?3122123124125126 g far only a few reports on electrolysis tests with degradation of
the LSM based air electrode e.g. caused by such secondary phases have been published.**’*?

The electrical conductivity of the above phases is significantly lower than those of LSM
and YSZ.'® For example, at 1000°C, the electrical conductivities of La,Zr,0;, SrZrO; and
LaggSrooMnO; are ~2x10° Scm™, 1x10™* Scm™, and ~200 Scm™, respectively. The ionic
conductivity of YSZ is 0.1 Scm™.**0131:132 Eormation of the zirconate phases changes the
morphology of LSM and LSM-YSZ interface, decreases the length of triple phase boundary
(electrochemically active area), and increases the interfacial resistance at the LSM-YSZ interface
resulting in SOFC performance degradation.'*® For instance, the length of the triple phase
boundary decreases from ~0.7 pm™ to ~0.4 pm™ and the interfacial resistance increases from
~100 Q-cm? to ~250 Q-cm? while the La,Zr,0; thickness at the LSM-YSZ interface increases
from ~ 50 nm to ~ 70 nm.***

The reaction between LSM and YSZ depends on the composition of La;«Sr<MnOs (Sr
concentration and A/B ratio), yttria concentration and crystal structure of YSZ, the ratio between
LSM and YSZ, characteristics of starting powder, sintering temperature, time, and atmosphere.
135136137138 gevseral studies have indicated that La,Zr,0; forms for x > 0.0 and SrZrOs along with
the La,Zr,0; starts to form for x > 0.3,"%*** while other studies reported that both zirconates can
form at x > 0.17, which is also consistent with thermodynamic calculations*®**. Formation of
SrZrOs at 1: 1 LSM and YSZ ratio and La,Zr,07 at 1:3 ratio was reported during annealing at
1000°C in N, (PO, ~10® atm) atmosphere®. However, SrZrO; formation was not observed

when LSM and YSZ ratio > 1.0'®. Lowering of the A/B ratio in LSM may retard the formation

24



of zirconate phases but cannot hinder the reaction. Although it has been reported widely in
literature that the formation of zirconate phases depends on the starting powder characteristics,
reaction temperature and exposure atmosphere, the effect remains little understood in terms of
densification, grain growth and phase evolution*®.

The zirconate phases formation has been reported in a wide temperature range between
1000°C to 1400°C. *#*! 5rZrQ;, forms at higher temperature than that of LayZr,0-. For instance,
La,Zr,07 forms at 1200°C but SrZrO; forms at 1350°C for LaggSro4sMnOs-YSZ composites
sintered in air for 120h **°. The amount of the zirconate phases increases with increase in
sintering time. 2213719 nterdiffusion of respective cations across the LSM-YSZ boundary
during the sintering of LSM-YSZ has been reported to be responsible for zirconate phases
formation.*#137:142143.144 A mong all the elements in the LSM-YSZ composites, the diffusivity of
manganese remains the highest.**® However, diffusion of manganese into the YSZ has not been
observed by several researchers. 2% The contradictory nature of the above results related to
LSM-YSZ interactions may be attributed to the difference in powder characteristics such as
composition, morphology, surface area etc.

Most of the above reported studies have been conducted in air and electrochemical device
operation conditions typically in the temperature range of 800-1100°C. But the understanding of
the LSM-YSZ composite interaction under the device fabrication conditions remains largely
unknown. Typical fabrication conditions include sintering at elevated temperatures in the range
of 1200-1500°C in air.X#>146:147.148 RoJe of sintering atmosphere on the air electrode densification,
microstructural evolution and chemical interactions also remains unknown at these elevated
temperatures. Above understanding is also considered useful for establishing degradation

processes during cell operation where oxygen partial pressure (PO,) at the LSM-YSZ interface
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can be as low as 10 atm.'*® PO, change at the LSM-YSZ interface can occur during SOFC
operation due to several reasons including (1) temperature gradient and hot spot, (2) changes in
the component microstructure, (3) polarization of the electrodes (4) intermixing of fuel gas and
air due to internal cracks and seal leakage and (5) variability in the repeat cell unit contact
resistance in the stack.**%**°

It has been demonstrated that the lower PO, favors the formation of the zirconate
phases.*>*31 For example, zirconate phases are absent when LSM-YSZ composite sintered in
air at 1000°C for 5 weeks but present while sintered in N, atmosphere.™*® These studies have not
shown the detailed and systematic morphological evolution of reaction products and structure at
lower PO,. It was reported that porous electrodes accelerated the LSM-YSZ interaction when
compared to dense electrodes.** Only SrZrO; formed for dense electrode, while both La,Zr,0;
and SrZrOs formed for porous composite structure.*** Even though porous cathodes are required
for electrochemical systems applications, most of the studies have been conducted on dense
LSM-YSZ composites.}?*1?® 152 |n addition, the effect of zirconate phase on the thermal
expansion coefficient (TEC) of the composite cathode remains unknown.

The contradictory dada in literature, the limited information about effect of sintering
atmosphere and the porosity urged a necessary systematic research of the LSM-YSZ composite
system.

1.7 Our Strategy and Organization of the Dissertation

This research project includes a systematic study of reaction between LSM and YSZ;
understand the LZ formation mechanisms as well as the morphology and structure change of the
reactants under different sintering conditions, such as sintering temperature, time and atmosphere.

LSM powders from different source and with different particle size was used to compare the
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effect of raw material, samples with more or less pore formers were characterized to see the
effect of porosity. A sintering temperature of 1400°C was selected to represent the device
sintering condition. An oxygen partial pressure range of 0.21 to 10® atm was selected to study
the effect of PO, on the phase interaction and microstructural evolution. Besides the zirconate
formation, the YSZ and LSM morphology and crystal structure were changed greatly. Also, the
reversibility of the reaction will be studied, namely the LZ formed in lower PO, can be reversed
back into LSM and YSZ when resintered in higher PO,. In addition, the effect of zirconate phase
on the thermal expansion coefficient (TEC) of the composite cathode was studied. Since the
reaction degrade the performance of the fuel cells, prevention of the reaction between LSM and
YSZ by modification of the composition of the reactants will be pursued.

At last, the fundamental knowledge we get from the systematic study of the LSM-YSZ
composite will be applied in solid oxide electrolysis cell to prevent the LZ formation at the
anode-electrolyte interface and improve the cell performance; the anode delamination
mechanism was also discussed and mitigated.

On the basis of the discussion above, this dissertation is generally divided into six parts:
Role of PO, on the stability of dense LSM-YSZ composite (Chapter 2), LSM-YSZ reaction in
porous sample (Chapter 3), Other factors for the interaction between LSM and YSZ (Chapter 4),
The reversibility of the reaction between LSM-YSZ (Chapter 5), Improvement of the durability
of SOEC by Mn Modified YSZ (Chapter 6).

Chapter 2 presents the stability of dense LSM-YSZ composite. The role of oxygen
pressure on microstructural evolution, reaction kinetics and interaction of LSM-YSZ composite

was discussed thoroughly.
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Chapter 3 presents the role of PO, on the stability of porous LSM-YSZ composite. This
chapter focused on understanding the influence of PO, on the densification, stability and thermal
expansion behavior of porous LSM-YSZ composites.

Chapter 4 describes other factors related to the interaction of LSM-YSZ composite,
including sintering temperature, time, porosity and raw powder.

Chapter 5 presents the reversibility of the LSM-YSZ reaction and the prevention of the
LSM-YSZ reaction. This reaction can be reversed by reinterring the samples at higher PO, than
the original PO,. The reversibility was also proved by the La,Zr,O; and MnO, reaction to form
ZrO, and LaMnOs. The LSM-YSZ reaction can be retarded by doping YSZ with Mn.

Chapter 6 presents the improvement of the durability of SOEC by Mn modified YSZ.
The electrochemical performance was improved by Mn-doing YSZ interlayer between electrode
and electrolyte, and the delamination was mitigated by a porous interlayer.

Chapter 7 provides a brief summarization for this dissertation followed by

recommendations for the future work for the development of solid oxide cells.
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Chapter 2 Role of PO, on the Stability of Dense LSM-YSZ

Composite

2.1 Introduction

This chapter describes the role of oxygen pressure on microstructural evolution, reaction
kinetics and interaction of LSM-YSZ composite. Carbon black was chosen as pore former to get
dense sample. A sintering temperature of 1400°C was selected to represent the device sintering
condition. An oxygen partial pressure range of 0.21 to 10 atm was selected to study the phase
interaction and microstructural evolution.
2.2 Experimental Section

2.2.1 Sample Preparation

LSM (LaosSrooMnQs, surface area 4.66 m?/g, Fuel Cell Materials, Ohio), YSZ (surface
area 4.7 m%g, Fuel Cell Materials, Ohio), and carbon black (density 1.8 g/cm®, Cabot
Corporation, Massachusetts) powders in 1:1:0.12 mass ratio were ball milled for 24 h using
zirconia balls and ethanol. Carbon black powder serves as pore former to obtain ~30 vol% pores
in the sample after bisque firing. The mixed powder batch was dried for 24 h and pressed into
pellets. The LSM-YSZ pellets were bisque fired in air at 1000°C for 2 h in order to burn out
carbon.

The bisque fired samples were subsequently sintered at 1400°C for 10 h in flowing dry
air (PO, ~0.21 atm), 1000 ppm O, (PO, ~10" atm), and 1 ppm O, (PO, ~10° atm) in a tube
furnace (Model No. 0300334, CM Inc. New Jersey) at a nominal flow rate of 20 sccm. The
sintering atmosphere was achieved by using certified gasses (Airgas, Connecticut) comprised of

0O, and N,. For all the sintering experiments, the heating and cooling rates were 3°C/min.
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2.2.2 Characterization

The bulk densities of the sintered LSM-YSZ samples were measured by Archimedes
method following ASTM C20-97 standard. The densities of at least five samples for each
sintering atmospheres were measured. Average density is reported.

X-ray diffraction (XRD) studies, using a Bruker D8 Advance diffractometer (Bruker
AXS Inc., Madison, WI) were carried out to identify the structure and phases present in the
sintered LSM —YSZ composite. The scan step was 0.04° with CuK, radiation (A =1.5406 A).

The LSM-YSZ samples were polished to optical finish. The polished samples were
cleaned in an ultrasonic bath with water and dried and wiped with ethanol. The microstructures
of the polished samples were examined using scanning electron microscope (SEM, Quanta 600,
FEI Company, Hillsboro, OR). The energy dispersive spectroscopy (EDS) module attached to
the SEM was used to analyze the elemental composition of various phases in the sintered
samples. A minimum of ten EDS spot analysis was carried out for each phase. The average
elemental composition is reported.

The transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) specimens described in this paper were prepared using a focused ion beam
(FIB) instrument (FEI strata 400S, FEI Company, Hillsboro, OR, 30 keV Ga+ ions) with a dual-
beam column, combining a scanning electron beam and an ion beam in one unit. The dual beam
allows high-resolution imaging of the surface of the sample during the ion-beam milling process.
An Omniprobe nanomanipulator (Omniprobe Auto Probe ™ 200) is used for the in situ TEM
specimen lift-out technique. For the current study, a sample thickness between 75-100 nm
provides suitable results. TEM studies and STEM-XEDS line scans were performed using

Tecnai T12 TEM. In STEM-XEDS line scan, a series of spectra were acquired while the beam
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was scanning along a defined line. The elemental distribution profiles were obtained by selecting
the energy windows of a particular element.
2.3 Results
2.3.1 Density

93-95% theoretical density is obtained for the LSM-YSZ composites. Slight decrease in
the density is observed with decreasing oxygen partial pressure. At high theoretical density, the

effect of PO, on the densification is not significant.

2.3.2 XRD

The role of sintering atmosphere on the compound formation and structural changes in
the LSM-YSZ composites, as identified by XRD, is shown in Figure 2.1. Cubic zirconia (JCPDS
number: 00-030-1468) is observed for all the samples regardless of sintering atmosphere.
Rhombohedral LSM (JCPDS number: 00-053-0058) is observed for the samples sintered in air.
Rhombohedral (JCPDS number: 00-074-8264) LSM, cubic La,Zr,0; (JCPDS number: 00-017-
0450), and MnOy (Mn3O4 JCPDS number: 00-024-0734) phases are found for the samples
sintered in 10”atm and 10°® atm PO,. Although rhombohedral LSM is observed for the samples
sintered in 10°atm and 10° atm PO,, the shift in XRD pattern indicates that the lattice
parameters are different from that of air sintered samples leading to higher unit cell volume.
These observations indicate that sintering atmosphere significantly influences the phase

evolution and the structure of LSM.
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Figure 2.1 XRD patterns of the LSM-YSZ composites in different sintering atmospheres. Dotted

lines show the shift in 26 position for LSM with sintering atmosphere.

2.3.3 SEM-EDS

The microstructures of the polished LSM-YSZ composites sintered in different
atmospheres are shown in Figure 2.2. For the sample sintered in air (Figure 2.2 (a)), both LSM
and YSZ are homogeneously distributed. The grain size of these phases varies from 1.5 um to 6
pm. The dark phases are YSZ (marked as 1) and bright phases are LSM (marked as 2) as
confirmed by EDS analysis given in Table 2.1. However, Y and O are not considered in the EDS
elemental analysis. The X-ray energies of Y and Zr are very close and could not be distinguished.
The atomic number of oxygen is low for reliable quantitative analysis. The EDS analyses show

the presence of ~ 7 at% La and ~ 10 at% Mn in the YSZ.
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Figure 2.2 SEM images of the polished LSM-Y SZ samples sintered at 1400°C for 10 h in: (a) air,
(b) 1000 ppm O,, (c) 1ppm O, Low magnification images in (d) and (e) show the presence of

Mn-rich phases in the bulk sample.

Table 2.1 Elemental composition from SEM-EDS analyzes of the observed phases in the LSM-

YSZ composites sintered in different atmospheres in Figure 2.2

Sintering atmosphere Elements Compounds
La Sr Mn Zr
Air
1 6.5%1.0 9.5+1.1 84.0+1.7 YSZ solid solution
2 42.3+09 12504 45.1+0.9 LSM
1000 ppm O,
1 6.7+0.4 13.840.3 79.4+0.5 YSZ solid solution
2 39.4+0.3 14.3+0.4 42.2+0.8 4.1+0.7 LSM
3 43.8+£0.5 55.7+0.5 La,Zr,0,
1ppm O,
1 7.5+£0.6 15.0+£0.8 77.6£1.3 YSZ solid solution
2 41.5+1.1 13.2+05 42.5%1 2.8+10 LSM
3 45.9+0.1 54.1+0.1 La,Zr,0,

For the sample sintered in 10 atm PO,, four distinct phases are observed (Figure 2.2(b)).
The dark phase (marked as 1) is YSZ, grey colored phase (marked as 2) is LSM, the brighter
phase (marked as 3) is La,Zr,0; and the darkest phase (marked in low magnification image in
Figure 2.2 (d)) is MnOy as confirmed by EDS analysis (Table 2.1). The LSM and YSZ are
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homogeneously distributed. MnOy phase (~ 30 um, Mn3QO,4 as confirmed by XRD) is randomly
distributed (Figure 2.2 (d)). The grain sizes of LSM, YSZ, and La,Zr,0O; vary from 2-4 um, 5-10
pm, and 1-3 pum respectively. The EDS analyses show the presence of ~ 7 at% La and ~ 14 at%
Mn in the YSZ and ~ 4.5 at% Zr in the LSM.

For the sample sintered in 10 atm PO,, four distinct phases are observed (Figure 2.2(c)).
The dark phase (marked as 1) is YSZ, the grey colored phase (marked as 2) is LSM, the brighter
phase (marked as 3) is La,Zr,0; and the darkest phase (marked as 4) is MnOy as confirmed by
EDS spot analyses (Table 2.1). The LSM and YSZ are homogeneously distributed. MnOy phase
of ~ 30 pum in size (Mn304 as confirmed by XRD) is randomly distributed (Figure 2.2(e)). The
grain sizes of LSM, YSZ, and La,Zr,07 vary from 4-6 um. The EDS analyses show the presence
of ~ 7.5 at% La and ~ 15 at% Mn in the YSZ and ~ 3 at% Zr in the LSM.
2.3.3 TEM-EDS

The TEM images of the selected LSM-YSZ composites sintered in different atmospheres
are shown in Figure 2.3 and Figure 2.4. While Figure 2.3 represents air sintered sample, Figure
2.4 represents the samples sintered in 10° PO,, respectively. Because of better spatial resolution
and lower sampling volume, TEM provides detailed morphological and compositional changes
in the samples. For the sample sintered in air (Figure 2.3(a)), it has been observed that two
phases are homogeneously distributed. The phases are identified as LSM and YSZ from the
STEM-XEDS analysis given in Table 2.2. The grain sizes are 1-6 pm, consistent with SEM.
Submicron sized grains are observed (marked as 3 and 6 in Figure 2.3(a)). Twins are also
observed in the LSM grains. The compositions of the LSM and YSZ phases vary from grain to
grain. 2-4 at% La and 4-5 at% Mn are present in the YSZ (marked as 1 and 2 in Figure 2.3(a)).

Similarly, the LSM grains contain 30-46 at% La, 11-17 at% Sr, and 43 -51 at% Mn as given in
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Table 2.2. STEM-XEDS line scan analysis was carried out along YSZ grain in-between two
LSM grains (marked as A;-A; line in Figure 2.3(a)). No secondary phase has been found at the

LSM and YSZ grain boundaries. The concentration profiles of Zr and Mn elements are also

shown in Figure 2.3 (b) and (c).
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Figure 2.3 (a) TEM image of the LSM-YSZ composite sintered at 1400°C for 10 h in air. The
concentration profiles of (b) Zr and (c) Mn are determined along the line A;-A; in the TEM

image.

For the sample sintered in 10° atm PO, (Figure 2.4 (a)), four different phases are
observed. From the EDS analysis in Table 2.2, the phases are identified as LSM (marked as 1
and 2), YSZ (marked as 3), La,Zr,07 (marked as 4), and MnOy (marked as 5). The MnOx grain is
elongated and oriented in a layer form. Due to the non-uniform distribution of these phases, the
grain sizes could not be determined. The LSM composition varies from grain to grain. 3 at% La
and 10 at% Mn are present in the YSZ. 4 at% Zr are found in some of the LSM grains. No
secondary phase has been found at the LSM and YSZ grain boundaries, consistent with the
concentration profiles of the La, Sr, Mn, Y, and Zr at the grain boundary. The TEM analysis, in
all cases, shows the presence of twins in LSM grains and layered morphology of MnOy phase

and reveals that the LSM, YSZ, and La,Zr,0; grain compositions vary from grain to grain.
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Figure 2.4 (a) Low and (b) high magnification TEM images of the LSM-Y SZ composite sintered
at 1400°C for 10 h in 1ppm O, environment. The concentration profiles of (c) Zr and (d) Mn are

determined along the line A1-A2 in the TEM image (b).

Because of better spatial resolution and lower sampling volume, TEM-EDS provide
detailed morphological and compositional changes in the samples. For samples sintered in air,
two phases are identified as LSM and YSZ. 2-4 at% La and 4-5 at% Mn are present in the YSZ.
Similarly, the LSM grains contain 30-46 at% La, 11-17 at% Sr, and 43-51 at% Mn as given in
Table 2.2. For brevity, concentration profiles of the elements are mot shown in the text. For the
sample sintered in 10° atm PO,, four different phases are observed. From the EDS analysis in
Table 2.2, the phases are identified as LSM, YSZ, La,Zr,0;, and MnOy. 3 at% La and 10 at%
Mn are present in the YSZ. 4 at% Zr is found in some of the LSM grains. No secondary phase
has been found at the LSM and YSZ grain boundaries, consistent with the concentration profiles
of the La, Sr, Mn, Y, and Zr at the grain boundary. The TEM analysis, in all cases, shows the
presence of twins in LSM grains and layered morphology of MnOy phase and reveals that the

LSM, YSZ, and La,Zr,0O; grain compositions vary from grain to grain.
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Table 2.2 TEM-EDS analysis of LSM-YSZ composites (as shown in Figures 2.4 and 2.5)

Sintering Elements Compounds
atmosphere - S i > v

Air

1 1.3+0.2 4.4+0.3 82.7+20.8 12.2+0.5 YSZ Solid solution
2 5.2 4.9 79.0 10.9 YSZ Solid solution
3 35.2+1.4 14.1+1.2 50.5%+1.4 LSM

4 31 17.3 50.1 2.7 LSM

5 46.1 10.8 43.0 LSM

6 33.6 14.4 50.7 1.3 LSM

1ppm O;

1 34.0 131 48.9 4.0 LSM

2 21.1 14.2 61.0 3.5 LSM

3 27+1.0 0.6+0.3 9.5+0.7 76.8+1.1 11.5+1.0 YSZ solid solution
4 28.3 0.6 0.5 67.9 2.9 La,Zr,07 and ZrO,
5 1.8+1.0 0.2+0.1 98.3x1.2 1.1+0.5 MnOy

2.4 Discussion

Above observations indicate that the sintering atmosphere affects the microstructural
changes and the interaction between LSM and YSZ. The overall grain sizes of the LSM and YSZ
phases are larger for the samples sintered in 10° atm and 10° atm PO, when compared to air
sintered samples. Regardless of sintering atmospheres, ~ 7 at% La and 10-15 at% Mn are present
in the YSZ. The amount of Mn in YSZ is higher (14-15 at%) for the samples sintered in 10 atm
and 10° atm PO, but decreases to 10-12 at% on further sintering in air. For all the samples
except the sample sintered in air, 2.5-5 at% Zr is observed in the LSM phases. For the sample

sintered in air, no secondary phases are formed. La,Zr,O; and Mn3O,4 phases evolve for the
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samples sintered in 10 atm and 10° atm PO, atmospheres. The amounts of these phases are
found to be higher for the samples sintered in 10 atm PO, as evident from the microstructures
in Figs. 2b and 2c and also supported by the higher intensity of the La,Zr,O; and Mn3;0,4 phases
in the XRD plots (Fig. 1). This infers that the extent of reaction between LSM and YSZ increases

with decreasing oxygen partial pressure in the sintering atmospheres.

The effect of sintering atmosphere on the stability of LSM-YSZ composite will be
discussed from several aspects: structural and morphological changes and reaction Kinetics.
Respective phase formation during the sintering in various gas atmospheres is shown in Tables
2.1 and 2.2. Mn ions diffuse readily in YSZ due to its smaller ionic radii and highest diffusivity
among lanthanum and strontium ions.****** The change in the lattice parameters of LSM
structure is explained based on the changes in the valence state of manganese ions (Mn*" to
Mn®*"). In 10 atm and 10° atm PO,, manganese ions reduce to lower valence state according

t0155

2Mn,, * +Oc>,( = %02 +V3 + 2Mn, (2.1)

2Mn) +0J :%o2 +VS +2Mn;,, (2.2)

where Vo", Mnu', Mnua¥, and Mny, are oxygen vacancy, Mn**, Mn®*, and Mn?" respectively.

Reduction of Mn** and Mn®*" ions to larger Mn®" ions increases the unit cell volume of the

LSM.™® Subsequently, the LSM lattice parameters are changed during sintering in 10 atm and

10 atm PO, leading to peak shifts in the XRD pattern. As the Mn?" ion is more soluble into the

YSZ than Mn®*" and Mn*" ions due to the favorable ionic radii, the concentration of manganese
ion in the YSZ is the highest for the samples sintered in 10 atm PO,.*’

Thermochemical stability and formation of La,Zr,0O; phase due to the reaction between

LSM and YSZ is influenced by the temperature and oxygen partial pressure. From La;O3-MnOy-
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ZrO, chemical potential diagram, lanthanum manganite and zirconia cannot coexist in
equilibrium without LayZr,O; formation at high temperatures (>1000°C) according to the
reaction™”’
LaMnO; +Zr0O, = % La,Zr,0, + MnO, +(§—%x)oz (2.3)

The forward reaction rate (k) for the above reaction increases with decreasing PO, and formation
of La,Zr,0; remains favorable in 10® atm PO,. The La,Zr,O; phase field is asymmetric and
according to defect cluster model, ZrO, excess La,Zr,O; is more stable than the stoichiometric
and La;Os-excess La,Zr,07."* This is consistent with the EDS analyses (Tables 2.1 and 2.2).
2.5 Conclusion

The role of sintering atmosphere on the structural and chemical stability of
Lag gSro2MnO3; (LSM)-8 mol% yttrium stabilized zirconia (YSZ) dense composite has been
studied as a function of oxygen partial pressure at 1400°C. The LSM and YSZ preferentially
react to form LayZr,O; and Mn3O4 phases in sintering atmospheres containing lower oxygen
pressures. The unit cell volume of LSM increases with decreasing oxygen partial pressure

because of changes in the manganese oxidation state.
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Chapter 3 Role of PO, on the Stability of LSM-YSZ Porous

Composite

3.1 Introduction

The present study is focused on understanding the influence of PO, on the densification,
stability and thermal expansion behavior of porous LSM-YSZ composites. 40vol% starch
powder was chosen as pore former to get porous sample. A sintering temperature of 1400°C was
selected to represent the device sintering condition. An oxygen partial pressure range of 0.21 to
10°® atm was selected to study the phase interaction and microstructural evolution.
3.2 Experimental Section
3.2.1 Sample Preparation

LapgSroo.MnO3 (particle size 0.5-1.8 um, Inframat advanced materials, Connecticut),
YSZ (particle size 0.3-1.4 um, Fuel cell materials, Ohio) and starch powders (particle size 30-45
um) were mixed in 1:1:0.33 weight ratio. The starch powder was used as pore former. Bulk
porosity allows the samples to achieve uniform exposure to the controlled gas atmosphere. The
mixed powders were uniaxially pressed into pellets at 100 MPa. The pressed pellets were bisque
fired in air at 1000°C for 2 h to burn the pore formers. The bisque fired samples were
subsequently sintered at 1400 °C in a range of PO, (0.21-10° atm). The sintering atmosphere
was achieved by using certified gas mixtures consisting of oxygen and nitrogen (Airgas,
Connecticut). The samples were sintered under a flowing gas atmosphere (flow rate of 40 sccm).
3.2.2 Characterization

The density of the LSM-YSZ samples was measured by Archimedes method according to
ASTM C20-97 standard. Phase characterization was performed by XRD analysis using Cu Ka

radiation (Bruker D8 advance X-Ray diffractometer). The semi-quantitative analysis to
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determine the amount of La,Zr,0O; phase was performed by using the ratio of the 100% intensity
reflection of La,Zr,0; and YSZ, taking plane multiplicity factors Myq into account.**%**

The polished cross section was prepared using standard metallographic techniques and
analyzed using SEM (Quanta 600 FEI Company, Hillsboro, OR). The EDS attached to the SEM
was used for elemental analysis. The TEM specimens were prepared using a FIB instrument (FEI
strata 400S, FEI company, Hillsboro, OR, 30 keV Ga+ ions) with a dual-beam column. An
Omniprobe nanomanipulator (Omniprobe auto probe ™ 200) was used for the in situ TEM
specimen lift-out technique. TEM high resolution images, selected area diffraction pattern and
TEM-EDS spot analysis were performed using JEOL 2010 FasTEM.

Thermal expansion properties were measured using the Netzsch 402PC dilatometer in air
from room temperature to 1000°C with a heating rate 5°C/min. The sintered LSM-YSZ
composite samples were cut to rectangular shape (10x2x3 mm) and used to measure TEC.

Standard alumina rod was used for calibration. The dense YSZ and LSM samples sintered at

1400 °C for 10 h in air were used as reference for comparison.

3.3 Results

Sintered densities, compound formation, microstructure, elemental distribution, and
thermal expansion are presented.
3.3.1 Density

Depending on the sintering atmospheres and time, the average densities of the LSM-YSZ
composites are in the range of 65-85% of theoretical density as shown in Figure 3.1. The density
of the LSM-YSZ composites increases from ~75% to ~80% while sintering atmosphere
decreases from 0.21 to 10° atm PO, for sintering time of 10 h. The density of the LSM-YSZ

composites also increases from ~67% to ~75% with increasing sintering time from 2 h to 10 h
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for the samples sintered in air and similar trend is followed for the samples sintered in lower PO,.
It can be noted in Figure 3.1 that the density value of the LSM-YSZ sample are scattered within
+ 5% and the deviation from the average value increases with lowering PO,. It is also observed
that the density of the composites sintered in 10 atm PO, for 10 h is higher (~85%) than the
samples sintered in 10°® atm PO, for the same time, however, within the standard deviation range
for the 10° atm PO, sintering atmosphere. The large deviation from the average density values
may be attributed to the distribution of pores in the samples. The amount of porosity may vary
from sample to sample and accordingly the interaction volume of solids with sintering
atmospheres varies resulting in large scattering in density values. Nonetheless, it can be
concluded that the density of the LSM-YSZ composites increases with lowering PO, and

prolonged sintering time.
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Figure 3.1 Relative density of LSM-YSZ composites sintered at 1400 °C in different

atmospheres
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3.3.2 XRD

The effect of sintering atmosphere and exposure time on the compound formation in the
LSM-YSZ composites were analyzed by XRD and shown in Figure 3.2. Cubic zirconia (JCPDS
number: 00-030-1468) and rhombohedral LSM (JCPDS number 00-053-0058) are observed for
all the samples. The crystal structure of the LSM and YSZ does not change with sintering
condition as observed from the identical peak positions with that of raw powders. New phase,
cubic LayZr,07 (JCPDS number: 01-070-5602), is found for the samples sintered in air for 10 h

only, and in 10 and 10 atm PO, for all the sintering times.
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Figure 3.2 XRD patterns of the LSM-YSZ composites in different sintering atmospheres
(a) Samples sintered at 1400 °C for 2 h in 10°® atm, 10 atm and air
(b) Samples sintered at 1400 °C for 10 h in 10 atm, 10 atm and air

The semi-quantitative content of La,Zr,0; was determined by the intensity ratio of X-ray
diffraction line of the (222) plane of La,Zr,0; to that of (111) plane of YSZ. As those lines are
the 100% intensity peaks of LZ and YSZ, respectively, and both peaks have same multiplicity
factors (Mn = 8).**° Figure 3.3 showed that the relative amount of LZ increases with decreasing
PO, of sintering atmosphere and increasing sintering time. These observations indicate that

reduced sintering atmosphere and the prolonged sintering time favor the formation of LZ.
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Figure 3.3 LZ/YSZ relative amount with different atmosphere for 2 h, 5hand 10 h

3.3.2SEM

Figure 3.4 shows the porosity of samples sintered at different experimental conditions.
Porosity decreased with decreasing of PO,. Porosity decreased with increasing sintering time.
The SEM images agreed with the density measurement.

Figure 3.5 shows the microstructures of LSM-YSZ composites sintered under different
experimental conditions. Figure 3.5 (a) shows the cross section of sample sintered at 1400°C in
air for 2 h. Two main phases are homogeneously distributed into the samples. Color contrast and
elemental analysis indicated the dark phases to be YSZ, the bright phases to be LSM. 5 h
sintered samples have the similar character. The SEM image is not shown here for brevity. With
the sintering time increased to 10 h (Figure 3.5 (b)), La,Zr,O; showed as the brightest contrast,

under SEM observation.
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Figure 3.4 SEM of the cross section of samples sintered at 1400 °C in (a) air for 2h (b) air for 10
h (c) 10 atm PO, for 2h (d) 10°® atm PO, for 10h () 10°® atm PO, for 2h (f) 10° atm PO, for 10h

49



\ ’ 4 .1
WD | HFW | ——10um———" |
%|10.0 mm|29.8 ym 1ppr 10h 1400C

Figure 3.5 SEM of the cross section of samples sintered at 1400 °C in (a) air for 2 h (b) air for 10
h (c) 10 atm PO, for 10 h (d) and (e) 10°® atm PO, for 10 h
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All the samples sintered in 10 atm PO, shows three phases LSM, YSZ and LZ. In
addition to the mentioned three phases, few MnOy grains about ~2 pm size are also found in the
samples sintered in 10°® atm PO, as shown in Figure 3.5 (). The La,Zr,0; phase is found after 2
h sintering in these low PO, condition. It is observed that the amount of the La,Zr,0O7 increase
with lowering PO, and prolonging sintering time. The grain sizes of all the phases vary in a wide
range for all the samples due to the variation in particle sizes of starting LSM (0.5-1.8 pum) and
YSZ (0.3-1.4 pm) powders. The grain size increases with decrease in PO, (Table 3.1). For
example, the average grain size of LSM and YSZ are 1.6 and 1.8 pm for LSM-YSZ composites
sinter in air while those value increases to 2.9 and 2.7 um for 107 atm PO, sintering atmosphere,
3.3 and 2.8 pm for 10°® atm PO; sintering atmosphere. For LZ, the average grain size is around

2.0 um for 10 h sintering in each sintering atmosphere.

Table 3.1 SEM-EDS results of LSM-YSZ composites sintered in different atmospheres

Preparation La Sr Mn Zr compounds | grain size
condition (um)
Air 8 0 10 81 YSzZ 1.8
1400 °C 36 13 43 7 LSM 1.6
10 h 40 2 2 56 LZ 2.1
10° atm PO, 7 3 11 79 YSZ 2.7
1400 °C 41 13 44 2 LSM 2.9
10h 39 2 3 56 LZ 1.9
10" atm PO, 8 2 15 75 YSZ 2.8
1400 °C 39 13 45 3 LSM 3.3
10h 41 2 4 53 LZ 2.0

The elemental composition of the observed phases was obtained by averaging the SEM-
EDS spot analysis results (Table 3.1). For brevity, the elemental compositions of different phases
obtained from EDS analysis are shown only for the samples sintered for 10 h because no

significant difference in composition was found for the different sintering times. For the air
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sintered sample, YSZ contains ~7 at% La and ~10 at% Mn, and LSM contains ~7 at% Zr. On
changing the sintering atmosphere to 10 atm PO,; YSZ shows ~7 at% La, ~11 at% Mn, and
LSM shows ~2 at% Zr. In 10® atm PO, sintering atmosphere, Mn content in the YSZ increased
to ~14 at% while the contents of the other elements remained similar to those observed in the 10°
% atm PO, sintering atmosphere. The increased amount of Mn in YSZ and reduced amount of Zr
in LSM in the samples sintered in 10 atm PO, compared to those of the air sintered samples
suggest that the elemental diffusion from LSM into YSZ becomes more pronounced with
decreasing PO, compare to diffusion from YSZ into LSM.
3.3.3TEM

For better understanding of the elemental distribution, a thin sample (150-200 nm) having
all the three phases (LSM, YSZ and La,Zr,0O7) was prepared using focus ion beam from the
LSM-YSZ composite sintered in 10 atm PO,. Fig. 7(a) showes a high-resolution bright field
image taken with TEM. YSZ, LSM, and LZ grains was observed and confrmed by TEM-EDS
analysis (Table 3.2). The LZ grains were characterized by selected area electron diffraction

(SAED). Fig. 7(b) shows the fcc pyrochlore structure of LZ with the zone axis of [011].

Table 3.2 TEM-EDS results for LSM-YSZ sample sintered at 1400 °C in 10°® atm PO, for 10h

Preparation La Sr Mn Y Zr compounds
condition
10° atm PO, 8.5 0 10.6 13.4 67.5 YSZ
1400 °C 52.0 8.4 36.1 0.7 2.8 LSM
10h 56.4 0 0.5 4.1 39.0 LZ

52



Figure 3.7 TEM image of smaple sintered at 1400 °C in 10 atm PO, for 10 h
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Figure 3.8 Selected area diffraction pattern of LZ with the zone axis [011]

Figure 3.9 Lattice image of YSZ/LZ interface with the zone axis [011]

54



3.3.4 Thermal Expansion Coefficients

The thermal expansion coefficients of the porous LSM-YSZ composites are shown in
Table 3.3. The TECs of dense YSZ and LSM are also shown for reference purposes. The TEC
values of the LSM and YSZ are 12.3x10°® /°C and 10.8x10® /°C respectively from room
temperature to 1000 °C, consistent with literature™>°**®%%2 The TEC of the LSM-YSZ
composite sintered in air for 2 h at 1400 °C is 11.5 x10®° /°C, and is in agreement with the
mixing rule of composite. For the samples sintered in lower PO, the TEC value decreased from
11.5 to 10.3x10° /°C. Lowing of the TEC is assigned to the presence of La,Zr,O; phase in the

samples sintered in 10° and 10° atm PO,. The TEC values of La,Zr,O; were reported in the

range of 9.0-9.3x107® /°C 1°2163.164,
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Fig 3.10 Thermal expansion coefficients of LSM, YSZ and LSM-YSZ composite
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Table 3.3 Thermal expansion coefficient (from room temperature to 1000 °C) of samples related

in this study
Composition TEC (x10°/°C) TEC (x10°%/°C)
This study Reference
YSz 10.8 10.3"%,10.9"%
LSM 12.3 11,7, 116"
LZ 912, 9.21% 9.31%¢
YSZ-LSM sintered in air for 2h 11.5
YSZ-LSM sintered in 10 atm PO, for 10h 10.3
YSZ-LSM sintered in 10° atm PO, for 10h 10.3

3.4 Discussion

The PO, range used in the present work (0.21-10 ®atm) is well within the chemical and
structural stability region for both LSM and YSZ.'®® The technical discussion is focused on
observations related to (a) higher solubility of Mn in YSZ at lower PO, (b) enhanced
densification with decrease PO, (c) increased formation of LZ at lower PO, (d) presence of
MnOy at lower PO,.

Presence of Mn (8-14%) in YSZ has been reported during the sintering of LSM-YSZ. Mn
ions diffuse readily in YSZ due to its smaller ionic radii and highest diffusivity among
lanthanum and strontium ions.****** The Mn in solid solution is a mixture of Mn** and Mn®* 1
The diffusion of Mn from LSM into YSZ changes the oxygen stoichiometry, (La+Sr) to Mn ratio

in LSM will also be influenced.**"*%® At lower PO,, manganese ions reduce to lower valence

state according to (1), (2). Oxygen vacancies increase due to change in the oxidation state of
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manganese ions as stated above.’® Substitutional of Mn at Zr sites also has the tendency to

increase the oxygen ion vacancy according to reactions:
MnO,,, =Mnj +VS* +0g3 (3.1)

It has been calculated that the MnO, solubility in c-ZrO,, the amounts of Mn?* and Mn**,
vary with PO,.*® In lower PO, region, mainly Mn?* dissolves in ZrO, and its solubility is higher
than Mn** and/or Mn** solubility in air. As a result, the amount of manganese in ZrO, increases
from 10 at% Mn to 14% while sintering atmosphere changes from air to 10 atm PO,. Our
experimental findings confirm and validate the theoretical evaluation.*®’

The overall grain sizes of the LSM-YSZ composites sintered in 10 atm and 10° atm
PO, are larger than those for the samples sintered in air. In reduced atmospheres, oxygen
vacancies increase due to change in the oxidation state of manganese ions as stated above
(reactions 1 and 2). The oxygen vacancies enhance the atomic mobility to the grain boundaries
and free surfaces causing the development of larger grain sizes. For LSM, cation mobility has
been reported to be rate-limiting for sintering.*®® The oxygen vacancies enhance the cation

mobility for sintering,**"*

so the densification increased with the decrease of the oxygen partial
pressure.

The formation of lanthanum zirconate phase is influenced by PO, and can be discussed
from two aspects. Firstly, La,03-MnOy-ZrO, chemical potential diagram shows that lanthanum
manganite and zirconia cannot coexist in equilibrium without La,Zr,O; formation at high
temperatures (> 1000°C).*>" The forward reaction rate of the reaction (4) increases with
decreasing PO, and favoring lanthanum zirconate formation in lower PO,. Secondly, the

diffusivity of manganese is the highest among all the elements in LSM (La, Sr, and Mn),

supported by the highest amount of Mn (10-14 at%) in YSZ followed by La (7-8 at%) and Sr (0-
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2 at%) from our EDS data. While Mn diffusion to YSZ initiates the reaction between YSZ and
LSM, and then the interdiffusion of La and Zr result in the formation of LZ. The Gibbs free
energy value for formation of La,Zr,0O; (-146.2 = 5.0 kJ/mol at 1200 K) is more negative than
that of SrZrO; (-92.01 kJ/mol at 1200 K).*™'"2 Also, the activation energy for LaZr,O;
formation (17.5 + 1.8 kJ/mol) is lower than that of SrZrO; (18.8 + 1.9 kdJ/mol).**As a result, a
large amount of La,Zr,O7 but no SrZrOs is observed in this study.

Manganese oxide has been observed in the LSM-YSZ composites sintered in 10 atm
PO, but not in air and 10 atm PO,. The absence of manganese oxide for these samples can be
explained as follows. First, more MnOy was produced due to the reaction in 10° atm PO,,
consistent with the results obtained from microstructural study. Second, MnOy formed due to the
reaction (4) evaporated at 1400 °C as supported by its deposition on the crucible and tube in the
furnace. As a result, MnOy is only found for the sample sintered only in 10 atm PO,. These
arguments are also supported by our previous study where MnOy is found for all the dense

samples with zirconate phases.'’

3.5 Conclusion

The stability of porous LSM-YSZ composite has been examined as a function of oxygen
partial pressure and time during sintering at 1400 °C. Elemental inter-diffusion across the LSM-
YSZ grain boundaries as well as the thermodynamic stability of the LSM-YSZ composite in the
studied conditions causes the formation of new compounds such as La,Zr,O; and MnOy. The
chemical and microstructural stability of the LSM-YSZ composite preferentially degrade with
lowering PO, during sintering because of the formation of higher amount of the new compounds
and creation of oxygen vacancies due to manganese dissolution in the YSZ. Thermal expansion

coefficient decreases with increase in the amount of the zirconate phases.
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Chapter 4 Other Factors Affecting the LSM-YSZ Reaction

4.1 Introduction

This chapter examines other factors during the sintering of LSM-YSZ composite,
including sintering temperature, time, and porosity and raw powder on the stability LSM-YSZ
composite. The samples with and without pore former was prepared to evaluate the role of
porosity. The different sources of LSM powder were used to evaluate the role of raw powder.

4.2 Experimental Section

The mixed LSM and YSZ powders were pressed into pellets at 100 MPa. Then the pellets
were bisque fired in air at 1000°C for 2 h. The bisque fired samples were subsequently sintered
at controlled atmosphere. Certified gas (Airgas, Connecticut) at fixed flow rate of 40 sccm was
used in all the sintering experiments. The samples were sintered at different temperature 1200°C,
1300°C, 1400°C and 1500°C to evaluate the role of sintering temperature. The samples were
sintered for different time, 2h, 5h, and 10h to evaluate the role of sintering time.

The dense sample and porous samples were prepared to evaluate the role of porosity. The
dense samples were prepared without adding any pore former, the powder weight ratio is LSM:
YSZ = 1:1. The porous samples were prepared with starch powder as pore former, the powder
weight ratio is LSM: YSZ: starch = 1:1:0.33. All the other samples in this chapter were prepared
with pore formers if not mentioned specially.

8YSZ powder was from Fuel cell materials, Ohio. Two different sources of
LagsSro2MnO3; powder were used to evaluate the role of raw powder, the coarse powder (particle
size is) from Inframat Advanced Materials, Connecticut; the fine powder (particle size is about)
from Fuel Cell Materials, Ohio. All the other samples in this chapter were prepared with LSM

from Inframat Advanced Materials if not mentioned specially.
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Phase characterization was performed by XRD analysis using Cu Ka radiation (Bruker
D8 advance X-Ray diffractometer). The polished cross section was prepared using standard
metallographic techniques and analyzed using SEM and the attached EDS (Quanta 600 FEI
Company, Hillsboro, OR).

4.3 Results and Discussion
4.3.1 Sintering Temperature

The XRD pattern of LSM-YSZ samples sintered in air for different temperature was
shown in Figure 4.1. LZ peak was not found for samples fired at 1000°C, sintered at 1200°C, and

1300°C. However, when the sintering temperature increased to 1400°C, LZ was detected.

0YSZ —1000°C 2h
eLSM © —1200°C 10h
*LZ —1300°C 10h

1400°C 10h

Figure 4.1 XRD patterns of the LSM-YSZ composites sintered in air at 1200°C, 1300°C and

1400°C.

Figure 4.2 shows the SEM image for samples sintered in 10 atm PO, for 5h at 1400°C
and 1500°C. Sintered at 1400°C, LZ phase (determined by EDS) showed the brightest contrast.

With the temperature increased to 1500°C, the samples showed the brightest LZ phase and the
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darkest MnOx phase. Figure 4.3 shows the XRD pattern for these two samples sintered at
1400°C and 1500°C, with the raw powder mixture as reference. MnOy content is probably very
low, not shown in both samples. The LZ peak showed in both sample, but the 1500°C sintered
sample has higher relative LZ content than 1400°C sintered sample. It suggested that the reaction
between LSM and YSZ showed in equation (4) was pushed forward as the temperature increased.
The reaction was so intense that not only the LZ phase but the MnOx phase showed in the bulk.
High temperature enhanced the reaction between LSM and YSZ. LZ was not formed at
low temperature in air, but formed with the temperature increased to 1400°C. LZ and MnOx
content were increased with the temperature increase from 1400°C to 1500°C in 10 atm PO,
This phenomenon can be explained as the high temperature lowers the activation energy for

La,Zr,0O; formation.

Figure 4.2 SEM image of samples sintered in 10°® atm PO, for 5h at (a) 1400°C (b) 1500°C
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Figure 4.3 XRD patterns of the LSM-YSZ composites sintered in 10 atm O, at 1400°C and

1500°C for 5h
4.3.2 Sintering Time

LZ was preferred to be formed in lower PO,. Sintered in ambient air, LZ is hard to be
formed. If the reaction time is long enough, LZ still can be formed. LZ was not formed after
sintering for 2h. When the sintering time increased to 10h, LZ was formed. LZ was formed after
2h sintering in 10 and 10° atm, with the increase of sintering time, LZ relative content was

increased.
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Figure 4.4 XRD patterns of the LSM-YSZ composites sintered at 1400°C in (a) air (b) 10 atm
PO,
4.3.3 Porosity
To consider the porosity effect on the reaction between LSM and YSZ, Inframat LSM

and Fuel Cell materials YSZ was used as raw materials, and 40vol% starch powder is used as

pore former to prepare the porous sample. Dense samples were prepared without any pore
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formers. For samples sintered in air for 2h, dense samples formed LZ, but porous sample did not.
Sintered for 10h in air LZ phase was formed in both dense and porous samples. Sintered in lower
PO,, 10° and 10° atm, LZ was formed in both dense and porous samples. It suggested that in
high PO, the reaction between LSM and YSZ is preferred in dense LSM-YSZ composite. In
dense sample, the PO, in the bulk may be much lower than the surface, which promotes the

reaction forward. Diffusion path is more available in dense samples.
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Figure 4.5 XRD patterns of the LSM-YSZ composites sintered at 1400°C for samples with and

without pore formers in (a) air (b) 10°atm O,
4.3.4 Starting Powder

Two different LSM powders were used in this study, one is from Inframat, Connecticut
and the other one is from Fuel cell materials, Ohio. They have the same formula LaggSryo2,MnO3
and showed the same XRD pattern attributed to standard LSM. In Chapter 2, LSM powder and
YSZ powder both from Fuel Cell Materials were used, a small amount of carbon black were used
as pore former so the sample is relatively dense (density 94%). In chapter 3, LSM powder from
Inframat and YSZ powder from Fuel Cell Materials were used, a large amount of starch powder
were used as pore former so the sample is relatively porous (density 75-84%). Based on the
discussion about the porosity in Chapter 4.3.3, we expect that the porous composite tends to have
more intense reaction than the dense composite. The results however tell a different story.
Sintered in air for 10h, the dense sample has no LZ formation, but the porous sample has formed
LZ. Sintered in lower PO,, a higher LZ/YSZ content (50-66%) and a lot of MnOy phase were
observed for dense sample by SEM and XRD analysis; a lower LZ/YSZ content (25-30%) and
no MnOy were detected in dense samples by XRD, and a little MnOy was found in 1ppm sintered
samples by SEM. So, we can get a conclusion that the porous sample reacts more intense than
dense sample in air, but the dense sample reacts more intense than the porous sample in lower
PO,. And the XRD peak of LSM shift was observed in dense sample only, in which case the
LSM crystal structure changed and the unit cell volume increased. All these behavior can be
attributed to the different properties of the raw powder. The different manufacturing process may

result in the different stability and reaction activity at varied conditions.
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Table 4.1 The LSM-Y SZ reaction product using different LSM powders sintered at 1400°C for

10h
Dense samples Porous samples
LSM powder source Fuel cell materials Inframat
Sintered in air No LZ Lz
Sintered in 1000ppm PO, LSM peak shift, LZ, MnOy LZ
Sintered in 1ppm PO, LSM peak shift, LZ, MnOy LZ, MnOy

4.4 Conclusion

The interaction between LSM and YSZ has been examined as a function of sintering
temperature and time, sample density and starting powder. Higher temperature enhanced
secondary phase formation; longer sintering time enhanced secondary phase formation. Dense
sample promoted inter-diffusion process and enhanced secondary phase formation. Raw powder
has the same chemical formula can show very different stability and reactivity due to different

manufacturing process.
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Chapter 5 Reversibility and Prevention of the Reaction between

LSM-YSZ

5.1 Introduction

This chapter focused on the reversibility of the reaction between LSM and YSZ. The
reaction between LSM and YSZ produces oxygen gas; thermodynamically this reaction can be
reversed by reinterring the samples at higher PO, than the original sintering atmosphere. Selected
samples initially sintered in low PO,, were resintered at 1400°C in higher PO,. On subsequent
sintering in higher PO, the microstructure change of the LSM-YSZ composite show the proof of
the reversibility of the interaction. The reversibility of LSM-YSZ reaction was independently
confirmed by using La,Zr,0; and MnOx.
5.2 Experimental Section

Selected pellets initially sintered at 1400°C in 1000 ppm O, or 1 ppm O, atmospheres,
were resintered at 1400°C again in dry air or pure oxygen. Certified flowing gas (Airgas,
Connecticut) at fixed flow rate of 40 sccm was used and in all the sintering experiments. The
samples were sintered and resintered for equal time to check the reversibility of the reaction.

Phase characterization was performed by XRD analysis using Cu Ko radiation (Bruker
D8 advance X-Ray diffractometer). The polished cross section was prepared using standard
metallographic techniques and analyzed using SEM and the attached EDS (Quanta 600 FEI
Company, Hillsboro, OR). The TEM specimens were prepared using a FIB instrument (FEI
strata 400S, FEI company, Hillsboro, OR, 30 keV Ga+ ions). TEM high resolution images and
EDS spot analysis were performed using JEOL 2010 FasTEM.

To check the reversibility of the LSM-YSZ reaction with respect to oxygen partial

pressure, La,Zr,O; compound was first prepared. The YSZ and La,O3; powders were mixed and
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calcined at 1300°C for 24 h. The calcined powder was crushed into fine powders and pressed
into pellets. The pellets were sintered at 1500°C for 24 h. Then the prepared La,Zr,O; samples
were crushed into powders and mixed with MnO, powder (1:2 mole ratio). The mixed powder
was pressed into pellets and sintered at 1400°C for 10 h in air. Phase characterization was
performed by XRD analysis using Cu Ka radiation (Bruker D8 advance X-Ray diffractometer).
5.3 Results
5.3.1 XRD

For the samples initially sintered in reduced atmospheres and re-sintered in oxygen or air,
these reaction products tend to revert back to the original starting material composition of LSM
and YSZ. As shown in Figure 5.1, LZ peak show up in sample sintered in 10”° atm PO, but not

shown in sample resintered in O,.

0 YSZ q
* LZ
e LSM
°
o
0
0 ¢ 103 atm PO, resintered in O,
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Figure 5.1 XRD patterns of LSM-YSZ composites sintered in 10 atm PO, followed by O,

5.3.2SEM
For the sample initially sintered in 10 and 10 atm PO, followed by sintering in air,

significant morphological changes are observed. The dark phase is YSZ (marked as 1 in Figure
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5.2) and the bright phase is LSM (marked as 2 Figure 5.2). The grain size of the LSM and YSZ
phases vary from 1-8 um. Overall, the YSZ grains are larger than LSM. The EDS analyses show
the presence of ~ 7 at% La and ~ 4 at% Zr in some of the LSM grains. The EDS analyses also
show that ~ 10 at% Mn in the YSZ phase for sample (a) and ~ 12 at% Mn in the YSZ for sample
(b). On subsequent resintering of these samples in air, the La,Zr,0; and Mn3zO, compounds
disappear which is consistent with the XRD results. The results indicate that the reaction

between the LSM and YSZ is reversible.

[y — =
Figure 5.2 SEM of LSM-YSZ composite sintered in (a) 1000 ppm O, followed by air and (b)
1ppm O, followed by air

5.3.3 TEM-EDS

Figure 5.3 shows the TEM image and EDS analysis. For the sample initially sintered in
10°® atm PO, and resintered in air, three different phases are observed. The phases are identified
as LayZr,07 (marked as 1,2), YSZ (marked as 3,4) and LSM (marked as 5,6) by EDS. The grain
sizes of these phases are 1-5 um. Twins are observed in the LSM grains. The compositions of the
LSM and YSZ vary from grain to grain. 2-6 at% La and 4-8 at% Mn are found in the YSZ. No
secondary phase has been found at the LSM and YSZ grain boundaries, consistent with the

elemental concentration profiles at grain boundary.
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The absence of MnOy phase in the sample initially sintered in 10° atm PO, and resintered
in air indicates that the reaction between LSM and YSZ is reversible, consistent with the XRD
and SEM analysis. However, presence of the La,Zr,O; grains in the sample initially sintered in

10°® atm PO, and resintered in air suggests that the complete reversibility of the reaction has not

been attained within the experimental conditions.
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(c) The concentration profiles of Mn

Figure 5.3 (a) TEM image of the LSM-YSZ composite sintered in 1 ppm PO, followed by air at
1400°C for 10 h, and the concentration profiles of (b) Zr and (c) Mn determined along the line

Al1-A2 in the TEM image.

5.4 The Reaction between LZ and MnO»,

From the XRD pattern of the sintered samples in Figure 5.4, formation of the La,Zr,0O
(JCPDS number 10705602) phase is confirmed.Y,Zr,O; (JCPDS number 10749311) and small
amount of unreacted La,O3 phases were also observed.

The XRD pattern in Figure 5.4 shows rhombohedral LaMnO3; (JCPDS number 01-070-
3942), cubic YSZ (JCPDS number 01-077-2112), and small amount of La,Zr,0; and MnzO,
phases. Large reduction in the amount of La,Zr,0O7 suggests that the La,Zr,0; phase reacts with
MnO, and forms LaMnO3; and YSZ. The absence of the Y,Zr,O; phase indicates that it also
reacts with MnO, to form LaMnO; and YSZ. These observations confirm that the reaction

between a) LSM and YSZ results in La,Zr,07; and MnOy and b) the La,Zr,0; and MnOxy results
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in LaMnO3 and ZrO, formation. Unreacted MnO, transforms into the more stable Mn3O,4 phase

during sintering.

2Zr0, + La,05 = La,Zr,0, (5.1)
La,Zr,0, + 2Mn0, = 2Zr0, + 2LaMn0; + 1/2 0, (5.2)
3Mn0, = Mn;0, + 0, (5.3)
800 ¢ .
g 700 ¢ LLWn0s  avien0r
§ 282 xMnsOs o La,Os
D -
RS 400 _ . La,Zr,0; + MnO,
2 300 f = K
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Figure 5.4 XRD patterns of the sintered La,Zr,O7 and the mixture of La,Zr,0; with MnO,

powder after sintering at 1400°C for 10 h in air.

5.5 Discussion

For the samples sintered in 10° atm and 10° atm PO, followed by sintering in air, the
quantity of La,Zr,05 is found to be significantly smaller compared to those sintered in 10 and
10°® atm PO,. This observation is also supported by the absence of La,Zr,0; phase in the XRD
analysis. This indicates that the reaction products formed during sintering at lower oxygen

pressures have the tendency to revert back to initial products according to the reaction:
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~La,Zr,07 + 2Mn30, +> 0, = LaMnO; + Zr0, (5.4)

The presence and co-stability of various phases in the reactions 5.2 and 5.4 has been
validated experimentally. La,Zr,O; compound was first prepared to check the reversibility of the
LSM-YSZ reaction with respect to oxygen partial pressure. The YSZ and La,O3; powders were
mixed and calcined at 1300°C for 24 h. The calcined powder was crushed into fine powders and
pressed into pellets. The pellets were sintered at 1500°C for 24 h. From the XRD pattern of the
sintered samples in Figure 5.4, formation of the La,Zr,O; (JCPDS number 01-070-5602) phase is
confirmed.Y,Zr,0; (JCPDS number 01-074-9311) and trace amount of unreacted La,O3 (JCPDS
number 01-071-5408) phases were also observed.

5.6 Retarding the La,Zr,0O; Formation at the LaMnO3-YSZ Phase Interface

In the previous chapter, we have discussed the influences of different factors on the LZ
formation. By combining these factors, it is possible to reach a condition that the LSM-YSZ
phase interface is actually stable, at least as long as diffusion is not considered. Unfortunately the
Mn diffusion from LSM into YSZ will change this unfavorably. With the proceeding of the Mn
diffusion, the driving force of the LZ formation at the LSM-YSZ interface increases, leading to
LZ formation in a long time run.

LZ formation driving force = [u(LSM,La) + u(YSZ,Zr)] — [u(LZ,La) + u(LZ,Zr)] (5.5)

Since Mn diffusion is the initial and critical step of the LSM-YSZ reaction, by retarding
the Mn diffusion, it is possible to decelerate the increase in the driving force of the LZ formation
and to stabilize the LSM-YSZ phase interface for an enough long period. Thermodynamically,

the Mn diffusion can be retarded by decreasing its driving force

Mn Dif fusion Driving Force = u(LSM,Mn) — u(YSZ, Mn) (5.6)

73



As Equation (5.5) shows, the driving force of the Mn diffusion from LSM into YSZ can be
decreased by decreasing the chemical potential of Mn in LSM, p (LSM, Mn) or increasing that in
YSZ, n (YSZ, Mn). It is not worthwhile to decrease u (LSM, Mn), as very often a decrease in p
(LSM, Mn) means an increase in pu (LSM, La) and therefore also an increase in the driving force
of the LZ formation. An increase in pu (YSZ, Mn) has no essential influence on the driving force
of the LZ formation and this can be easily achieved by doping Mn oxide into YSZ. Mn oxide can
also be introduced into LSM. The Mn oxide then serves as a Mn reservoir for the neighboring
LSM phase. As long as LSM is in equilibrium with the Mn oxide, the Mn diffusion from LSM
into YSZ will not change the driving force of the LZ formation. The Mn diffusion can also be
retarded by adjusting the Mn diffusion rates in LSM and in YSZ. This is however very difficult
and obviously less feasible. To totally stop the Mn diffusion, a thin layer of conducting diffusion
barrier has to be put between LSM and YSZ. The above discussions outline the measures to
retard the LZ formation at the LSM-YSZ interface. For real SOFC applications, the electrical
properties, the chemical and mechanical compatibilities of LSM and YSZ also have to be
considered.?
5.7 Experiment

10mol% Mn doped YSZ powder was synthesized first. Then the Mn-YSZ powder and
LSM powder were mixed uniformly and sintered in air for 10h. YSZ-LSM pellet sintered in air
for 10h was used as reference. XRD, SEM, EDS etc. were used to characterize the secondary
phase formation and microstructure change. Manganese doped YSZ powder were prepared by
conventional wet chemical and ceramic processing route. YSZ powder (TZ-8YS, Tosoh
Corporation, Yamaguchi, Japan) was mixed with desired amount of Mn(NO3), and ethylene

glycol solution (Mn(NO3),: ethylene glycol = 1:4) (Alfa Aesar, Massachusetts, USA). The
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solution was stirred for 24h at 75 °C followed by binder removal at 400 °C with 2 h dwell time
and calcination at 1000 °C for 10 h in air. The calcined powder was grounded for 2 h and pressed
to pellets. The pellets were sintered at 1400 °C for 10 h in air. The calcination and sintering time
and temperature were optimized to ensure the formation of single phase and microstructural
homogeneity using, respectively, X-ray diffraction (XRD, Bruker D8 Advance diffractometer,
Bruker AXS Inc., Madison, WI) with 0.0020°/s scan rate and energy dispersive spectroscopy
(EDS) attached to scanning electron microscopy (SEM, FEI Company, Hillsboro, OR)
techniques. EDS elemental analysis suggested average concentration of manganese in the sample
is 9.5 = 0.7 at.%, in good agreement with the added manganese (10at.%) in the batch
composition. Considering the detection limits of XRD and EDS techniques, the samples were
also rinsed with hydrochloric acid for the removal of manganese oxide, if present. The samples
were cleaned with deionized water and ethyl alcohol prior to electrical conductivity measurement.
5.8 Result and Discussion

The XRD patterns of the as-received YSZ powder, sintered YSZ and sintered Mn-YSZ
are shown in Figure 5.5. While the as-received YSZ powder shows cubic symmetry, two distinct
features are observed for the other samples: shifting in Bragg's diffraction plane positions
towards higher 20 indicating a decrease in lattice volume and appearance of shoulders in the
XRD patterns corresponding to the diffraction planes indicating lower crystal symmetry. Indeed,
tetragonal as well as cubic symmetry is found in the sintered YSZ and the Mn-YSZ samples.
Distortion of the oxygen sub-lattice results in the tetragonal symmetry in the sintered
YSZ. 74175178 | ocal distortion of oxygen sub-lattice and the presence of 6-fold Mn** and Mn*%°*

ions result in tetragonal symmetry in the sintered Mn-YSZ sample.*”’
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Figure 5.5 XRD patterns of the YSZ and Mn-YSZ samples at low and high angles are shown to

illustrate the shift in Bragg’s diffraction planes’ position.

The lattice parameters and unit cell volumes of the YSZ and Mn-YSZ samples have been
calculated using ‘Unit Cell’ program and listed in Table 5.1. The decrease in lattice volume for
the Mn-YSZ samples suggests that manganese forms substitutional solid solution with YSZ. In
sintered Mn-YSZ, the valance states of manganese ions are 2.66 and 3. Manganese substitution
in the cationic sites in YSZ generates oxygen vacancies to maintain charge neutrality.

After sintering at 1400C for 10h in air, the Mn-YSZ did not show any secondary phase
formation with LSM (Figure 5.6), but YSZ powder react with LSM and formed LZ. The SEM
images were shown in Figure 5.7. There were only two kinds of grains shown on the surface,
LSM and YSZ (confirmed by EDS). On the cross section, there was no LZ phase shown up, but
some MnOy phase shown at the grain boundary. The exist of MnOx phase means Mn diffusion

still happened during the sintering process, the diffusion may be alleviated to a certain extent that
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the LSM structure did not lose its stability and the further diffusion and reaction between ZrO,

and La,O3 did not happen.

Table 5.1 Lattice constants for the cubic and tetragonal phases in the YSZ and Mn-YSZ samples.

Sample/unit cell Cubic Tetragonal
structure (a-axis, A) a-axis (A) c-axis (A)
YSZ powder 5.1426
Sintered YSZ 5.1394 3.6234 5.1407
Sintered Mn-YSZ 5.1166 3.6086 5.1156
O YSZ 0
e LSM
* LZ
° 0
0
* N
0 n-YSZ+LSM|1400°C air 10h
[ ]
° % ’ 0 °
__k_.____»_J __._AL__);_/ - t_}(__J\L
* YSZ+LM400°C air 10h
Lo del b el My
5
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20(°)
Fig 5.6 XRD patterns of the mixture of Mn-YSZ and LSM after sintering at 1400°C for

10 h in air, the mixture of YSZ and LSM as reference
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Figure 5.7 SEM of Mn-YSZ/LSM sample sintered at 1400°C for 10h in air

(a) surface (b) cross section
5.9 Conclusion
The reaction between LSM and YSZ in lower PO, tends to be reversed back when
resintered in air. The reversibility of the LSM-YSZ reaction was proved directly by the reaction
of LayZr,0; and MnO;, in air. The LZ formation can be prevented by doping Mn into YSZ to

slow down the Mn diffusion from LSM to YSZ.
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Chapter 6 Improvement of the Durability of SOEC by Mn-doped

YSZ

6.1 Introduction

In this chapter, we report an approach for preventing the delamination and increasing
longevity of the SOEC device with configuration air/LSM//YSZ//LSM/air. The symmetrical cell
configuration simplifies the cell assembly and eliminates sealing requirements as both electrodes
of the cell are exposed only to air. The cells were electrochemically tested at fixed operating
voltages to measure the overall electrochemical degradation. Mn-doped YSZ layer was prepared
between LSM and YSZ to suppress interfacial degradation and anode delamination in SOEC. A
mechanism for the cell longevity and anode delamination has been developed based on cell
testing results and observations on the chemical and morphological changes at the anode-
electrolyte interfaces.
6.2 Experimental Section
6.2.1 Cell Fabrication

Electrolyte supported cell was used in this study, 190 um thick (ZrO2)o.92(Y203)0.0s as
electrolyte (Fuel Cell Materials), and 25 um thick (LaggSro.2)0.9sMnO3. (Fuel Cell Materials) as
anode and cathode. Two methods were used to prepare the Mn-YSZ layer, solid state diffusion
and sol-gel coating. During the solid state diffusion experiment, the YSZ substrates were
completely surrounded by Mn,0O3; powder. Then the Mn was allowed to diffuse at 1250°C for 2h.
After the diffusion experiment, HCI acid was used to dissolve the extra manganese oxide particle
on the surface. In the sol-gel experiment, the metal alkoxide Zr(OPr), was used as precursor,
yttria and manganese were introduced by nitrates Y(NO3)3-6H,O and Mn(NOs),.6H,0,

acetylacetone was used as a chelating agent, with the aid of catalyst HNOg, the precursor was
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hydrolyzed and aged to a certain viscosity. *"® "% Then the Mn-YSZ sol was spin coated on
the YSZ substrate. After drying in ambient atmosphere, the coated samples were further dried in
an oven at 60°C for 1h then followed by heating at 250°C for 30min. The above process of spin
coating, drying, and heating at 250°C was repeated several times to increase the coating
thickness. The coating was finally heat treated in furnace at 1250°C for 2h.

The electrode LSM was screen printed on both sides of the specimen and sintered at
1200°C for 2h. The electrochemical active area of the cell electrode was calculated to be 0.8 cm?.
Then silver screen and silver wire were attached to each electrode using silver-palladium contact
paste as current collector and sintered at 850°C for 1h. Figure 6.1 shows the schematic of the cell
configuration. U-cell is the undoped symmetric cell, YSZ as electrolyte, LSM as cathode and
anode. D-cell is the Mn-doped cell prepared by solid state diffusion method, a gradient Mn-
doped YSZ layer was introduced both sides of YSZ. SG-cell is the Mn-doped cell prepared by
sol-gel method, a uniform porous Mn-doped YSZ layer was introduced between anode LSM and

YSZ.

YSZ

e

L.SM -

T1.SM

Figure 6.1 schematic of the cells configuration (a) U-cell (b) D-cell (c) SG-cell
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6.2.2 Cell Testing

Figure 6.2 shows the GE test station and the alumina test rig for cell testing in our lab.
The prepared button cell was put on the top of the alumina tube, and then the alumina test rig
was put inside of the vertical split furnace, the cell was connect to a potentiostat through silver
wire. The cell was tested at 840°C in air (2% water vapor) with flow rate 300 sccm. A type K
thermocouple was placed close to the cell to monitor the operating temperature. A schematic of
the experimental test set up is shown in Figure 6.3. A constant voltage 0.8V was applied up to
500h using the potentiostat (VMP2, Bio-Logic) in SOEC mode. Current and Impedance
measurement was performed at fixed intervals through the duration of the test. Experiments were
repeated several times at each condition to ensure reproducibility. Testing voltage 0.8V above
OCV was chosen to assess the degradation under simulated accelerated cell operating conditions.
300 sccm flow rate was adopted according to ref. *2° to minimize mas transport limitation for the
10mm button cell.
6.2.3 Post-test Analysis

After completion of the electrochemical tests, cells were visually examined for electrode
integrity and attachment with the electrolyte. A simple peeling off test was used to evaluate the
delamination. The electrode-electrolyte interfaces were examined for morphological changes and
reaction products formation after dissolving the electrode in hydrochloric acid in order to remove
residual LSM from the electrolyte surface. An FEI Quanta 250 FEG scanning electron
microscope (SEM) and the attached energy-dispersive X-ray spectroscopy (EDS) was used for
the morphological and elemental distribution study. A Bruker AXS D-8 Advance X-ray
diffractometer (XRD) was used for the identification of interfacial compound formation in the

tested cells.
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Figure 6.2 GE test station and alumina test rig
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Figure 6.3 Schematic of the experimental test set up

6.3 Results
6.3.1 Electrochemical Testing
Figure 6.4 shows plots of current density during tests with different cells. For the

undoped YSZ cell, the current density typically reaches a maximum of approximately 1.48
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Alcm? after an initial improvement followed by a steep drop. The Mn-doped cells exhibit lower

peak current but much more stable performance.
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Figure 6.4 Changes in current density with time for U, D and SG-cells

Figure 6.5 shows a typical impedance spectra exhibited by the symmetrical cell assembly
at 0.8 V. The skewed semicircle in the impedance plane represents the contributions from
electrolyte (ohmic) resistance, oxygen surface exchange and migration, as well as gas-phase
oxygen transport. The high-frequency intercept represents ohmic resistance, while the semicircle
diameter represents the sum of non-ohmic contributions.*?**#*% Figure 6.6 (a) represents the
ohmic resistance trend for different cells. All the cells show an initial decrease in ohmic
resistance with subsequent increase after 4h; the undoped cell shows rapid increase, the Mn-
doped cells show slower increase. The doped cells show higher starting resistance than the
undoped cell, however, they show much lower resistance at the end of tests. Figure 6.6 (b)
represents the non-ohmic resistance trend for different cells. The cells show an initial sharp

decrease after 4h, and then they behave differently for the activation and degradation period. The
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activation periods are 4, 50, and 100 hours for undoped YSZ cell, Mn-YSZ diffusion cell and
Mn-YSZ sol-gel cell, respectively, as these are the times at which the non-ohmic resistances
reach their minimum values. The end of the activation period can be interpreted as the time when
the rate of degradation equals the rate of activation. The Mn-YSZ sol-gel cell extends the
activation period means the activation is slowest. But the subsequent slow degradation result in
the more stable performance. The initial decrease in both ohmic and non-ohmic resistances is

explained by electrode conditioning process related with a re-equilibrium process of surface

strontium or extension of TPB by manganese doping of the electrolyte, 18318418
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Figure 6.5 Nyquist plots of impedance spectra (a) D-cell (b) SG-cell
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Figure 6.6 Changes in (a) ohmic resisitance (b) non-ohmic resistance with time for U, D and

SG-cells

6.3.2 Delamination Observation

Post-test observations (Figure 6.7) showed no delamination between the cathode
electrode and electrolyte for all the tested cells. Observations on the anode electrode adherence,
however, varied. For the U-cell, the anode delaminated completely from the substrate, leaving
behind a dark-colored imprint on the electrolyte. For the D-cell, similar delamination was

observed. For the SG-cell, the anode layer remained firmly adhered to the substrate.
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Figure 6.7 Optical image of cell anode side after delamination test

6.3.4 SEM-EDS

The surface morphology of the Mn-YSZ diffusion layer and sol-gel coating are shown in
Figure 6.8, and the as-received YSZ electrolyte is shown as control. The YSZ surface shows
typical dense granular structure with well-defined grain boundaries and localized isolated pores
formed during sintering. The Mn diffusion into the YSZ lattice leads to the grain size growth and
keeps the dense structure. The sol-gel coating showed the formation of a discontinuous surface
layer. The tilted view and high magnification picture of sol-gel coating were shown in Figure
6.10. The porous coating has interconnected channels on the surface and submicron pores in the
bulk. The electrode-electrolyte interface morphologies (obtained after the dissolution of

electrode) of the tested cells are shown in Figure 6.9. For the un-doped YSZ cell, the electrolyte
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surface shows the high coverage of small particles, which is identified to be the reaction product
LZ by EDS (Figure 6.11). For the Mn-YSZ diffusion cell, one part of the electrolyte area shows
coverage of the needle-shape reaction product, the other part shows a peripheral impression of
the electrode in the form of elevated ridges. For the Mn-YSZ sol-gel cell, one part of the
electrolyte area shows the coverage of the reaction products, another part shows the sol-gel
coating structure.

Energy dispersive x-ray spectroscopy of the anode-side electrolyte after testing at 0.8 V
showed some lanthanum, strontium, and manganese left by the anode, in addition to the expected
zirconium from the electrolyte (Figure 6.11). Since LSM dissolved in hydrochloric acid, the
lanthanum signal supposed to come from La,Zr,O7, which is consistent with the XRD detection
of lanthanum zirconate phase. In LZ rich area (13.1% La), the Lanthanum content was much

higher than LZ uncovered area (1.2% La).
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Figure 6.8 Surface morphology of the Figure 6.9 Surface morphology of the

electrolyte-anode interface for as-fabricated electrolyte-anode interface after testing and
cells dissolving LSM
(a) U-cell, (b) D-cell, and (c) SG-cell (@ U-cell, (b) D-cell, and (c) SG-cell

Figure 6.10 SEM morphology of sol-gel coating

(a) interconnected channels on the surface (b) submicron pores in the bulk
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Figure 6.11 EDS of electrolyte-anode interface after testing and dissolving LSM
(@) LZ covered area (b) LZ uncovered area
6.3.4 XRD

Figure 6.12 shows X-ray diffraction patterns from electrolyte surfaces of
electrochemically tested cells after dissolving of the electrodes in hydrochloric acid. Diffraction
patterns are shown for YSZ cell, Mn-YSZ diffusion cell and Mn-YSZ sol-gel cell. The y-scale

(peak intensity) was magnified to reveal the lower-intensity peaks of reaction compounds. The
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lanthanum zirconate (La,Zr,0;) diffraction pattern (JCPDS 00-050-0450) is identified at anode
side only. The undoped cell has the highest peak of LZ, and then is the diffusion cell; the sol-gel
cell has the lowest peak. The relative content of LZ to YSZ was calculated semi-quantitatively
and shown in tablel. The Mn doping decreased the LZ content, and the sol-gel cell has lower LZ
content than diffusion cell. This phenomenon may relate to the Mn content and distribution in the
Mn-YSZ interlayer. The Mn content on the surface for both cells was detected by EDS as 2% to
Zr, but the distribution is different. Firstly, the Mn in the interlayer alleviated the diffusion of Mn
from LSM to YSZ, which is believed to trigger the LSM-YSZ interaction, so decreased the LZ
production rate. Secondly, the solid diffusion experiment created a Mn concentration gradient
high at the LSM side; however the sol-gel experiment created a uniform Mn distribution in the
Mn-YSZ interlayer. The uniform Mn distribution has better prevention effect than this gradient

distribution.
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Figure 6.12 X-ray diffraction patterns of anode-side electrolyte surfaces after etching in

hydrochloric acid
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6.4 Discussion

The formation of the ridges was explained as the impression of the LSM in the YSZ due
to the nucleation of epitaxial Mn-YSZ at the triple phase boundary (TPB) during
sintering?*##%® It has been proposed that the diffusion of manganese into the YSZ results in an
excess of lanthanum in the LSM and subsequent surface diffusion of La®*" and zr*" cations
towards the electrode—electrolyte interface causes the formation of lanthanum zirconate phase.
The lanthanum zirconate formation is attributed to the evolution of oxygen at this interface
according to reaction:

LaMnO, + ZrO, +0.250, <> 0.5La,Zr,0, + MnO, (6.1)

The degradation rates of ohmic and non-ohmic resistance and the LZ content in the first
100h testing were summarized in table 6.1. It shows a correlation between LZ content and
degradation in both ohmic and non-ohmic resistances. The Mn-doped cell has lower LZ content
and lower ohmic and non-ohmic degradation rates. The ohmic resistance increase is explained by
the loss of the contact. The non-ohmic resistance increase is explained through the loss of TPB
length resulting in a decrease in the area available for oxygen reduction and evolution. The main
loss after 4 hours is due to ohmic resistance increase. The LZ coverage of the interface lost the
contact of LSM-YSZ and decreased the TPB length, increased both the ohmic and non-ohmic
resistance. The Mn-YSZ interlayer prevented the diffusion of Mn and alleviated the LZ
formation, resulted in the slower degradation of the resistance. The cell performance is very
close for diffusion cell and sol-gel cell in the first 100h, but the diffusion cell has higher LZ
content than the sol-gel cell. There is no evidence showing the correlation between the final LZ
content and delamination, between overall resistance and delamination (table 6.2). In general, the

lower LZ content at the end of testing corresponds to the smaller total resistance. The lower LZ
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content and resistance of the diffusion cell running for 100h delaminated, however, the sol-gel

cell which has higher LZ content and resistance running for 244h did not delaminate.

Table 6.1 Ohmic (RQ) and non-ohmic resistance (Rnon-Q) change and average LZ formation

rates
Rq change rate Rnon-q Change rate
Cell (Q-cmzlgloo h) (Q-em?/ 100 h) pwerage r;tzels Y(E(Z)Oh)
4-100h 100-200h 4-100h  100-200h
U-cell 0.56 - 0.38 - 0.74%
D-cell 0.09 0.17 -0.14 0.10 0.38%
SG-cell 0.09 0.07 -0.13 0.01 0.17%

Table 6.2 The total resistance, LZ content and anode delamination for representative cells at the

end of testing

LZ/YSZ content at Total Testing time Anode
Cell the end of testing | resistance (Q) (h) delamination
U-cell #41 0.74% 1.72 100 yes
D-cell #1 0.33% 0.86 100 yes
SG-cell #6 0.64% 1.20 244 no

Both Mn-doping layer by solid diffusion and sol-gel method decreased the LZ content,
slowed down the resistance degradation rate, and showed more stable current compared to the
undoped YSZ cell, but all the Mn-YSZ diffusion cells delaminated, the sol-gel cells did not
delaminate. The common character of these two cells is Mn-doping, the difference is that the
diffusion cell has a dense Mn-YSZ layer, but sol-gel cell has a highly porous Mn-YSZ layer. The
common Mn-doping character related to the common better performance, on the other hand the
different character related to the different delamination behavior. The Mn-doping YSZ make Mn

excess at the interface, and the excess Mn can slow down the reaction between LSM and YSZ,
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either by A site deficient LSM or by Mn excess YSZ. The poor conductivity of the reaction
product LZ is responsible for degradation and for part of the ohmic and non-ohmic resistance
increase. The LZ content was decreased by Mn-doping, and then the cell degradation rate was
decreased accordingly. The dense Mn-YSZ layer did not inhibit the delamination, but the porous
Mn-YSZ layer did. That means the porous structure is important for delamination. Usually the
sol-gel coating has high surface area and a microscopic porous structure. The high oxygen
pressure at the anode-electrolyte interface is the most related factor responsible for the

delamination of the anode and electrolyte. According to Virkar’s theory *®’

, the oxygen pressure
can build up as high as 10" atm at the anode-electrolyte interface; this high porous and surface
area interlayer can absorb more oxygen molecular and help the passage of the oxygen to LSM,
and avoid the delamination in long term testing.

Figure 6.13 shows schematic representations of the proposed degradation processes at the
anode-electrolyte interfaces of the U-cell (a), D-cell (b), and SG-cell (c). High oxygen pressure
buildup at the anode-electrolyte interface results in grain boundary (GB) porosity in the YSZ and

anode delamination as shown above. The adherence of the anode with the electrolyte in the SG-

cell is hypothesized to be due to the presence of porous interlayer as shown in Figure 6.10.

GE pores\elamination
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Figure 6.13 Schematic representations of the degradation at the anode-electrolyte interfaces

(@) U-cell (b) D-cell (c) SG-cell
6.5 Optimizing Sol-Gel Coating

Since the SG-cell showed improved electrical performance and also prevented
delamination, the sol-gel process was investigated in detail to get an optimized condition. The
sol-gel coating alleviated the Mn diffusion from LSM to YSZ, so increasing the thickness or
doping more Mn into the Mn-YSZ interlayer may improve the cell performance. The sol-gel
coating is very thin; to get a homogeneous covering on the substrate, several layers of coating is
usually adopted. SG-cell with three layers and six layers of Mn-YSZ sol-gel coating were
prepared respectively.

Figure 6.14 (a) shows the plots of current density during tests in 100h with U-cell and 3-

layer SG-cell. The U-cell exhibit a maximum followed by a steep drop. The three SG-cells show
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highly repetitive data. They all exhibit more stable electrical performance than the undoped cell
in 100h testing. The little stage around 20h is because of the adjusting furnace temperature
manually to match the setting temperature. The little temperature drop about 2°C gives distinct
effect on the current density output. Figure 6.14 (b) shows the representative current density data
in 500h for 3-layer and 6-layer SG-cell, the U-cell is used as reference. The U-cell performance
degrade very fast, it decrease to 0.50A-cm™ around 100h. The 3-layer SG-cell slowed down the
degradation, it decrease to 0.90A-cm™ around 200h. The 6-layer SG-cell showed very stable

performance in 500h, it maintain 1.15A-cm™ during the testing.
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Figure 6.14 Changes in current density with time

Figure 6.15 (a) represents the ohmic resistance trend for different cells. All the cells show
an increase in ohmic resistance after the initial decrease in 4h; the undoped cell shows rapid
increase, the 3-layer SG-cell shows slower increase, 6-layer SG-cell shows the slowest increase.
The doped cells show higher starting resistance than the undoped cell, however, they show much
lower resistance at the end of longer term testing. Figure 6.15 (b) represents the non-ohmic
resistance trend for different cells. All the cells show an initial sharp decrease after 4h. After that,
U-cell experienced a rapid increase in 100h. However, the SG-cells show a rapid decrease of
non-ohmic resistance in 100h. Then the SG-cells show a stable zone of non-ohmic resistance
change about several hundred hours, finally there is a very slow increasing zone. The 3-layer and
6-layer SG-cell show similar starting non-ohmic resistance, but the 6-layer SG-cell experienced a
bigger decrease during the testing. The initial decrease in both ohmic and non-ohmic resistances

can be explained in the previous by electrode conditioning process related with a re-equilibrium
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process of surface strontium or extension of TPB by manganese doping of the electrolyte.'#31%°

The slower increase of ohmic resistance of SG-cell than U-cell and the decrease instead of
increase of non-ohmic resistance support the better cell performance of SG-cell than U-cell.
Similarly, the 6-layer SG-cell exhibits a slower increase of ohmic resistance and a faster decrease
of non-ohmic resistance than 3-layer SG-cell, which supports the better current stability of 6-

layer SG-cell.
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Figure 6.15 Changes in ohmic (a) and non-ohmic (b) resistance with time for 3-layer and 6-layer

SG-cells

Figure 6.16 shows X-ray diffraction patterns from electrolyte surfaces of
electrochemically tested cells after dissolving of the electrodes in hydrochloric acid. Diffraction
patterns are shown for YSZ baseline cell, 3-layer SG-cell and 6-layer SG-cell. The spectrum was
normalized to the highest YSZ (111) peak and the y-scale was magnified to reveal the lower-
intensity LZ peaks. The lanthanum zirconate (La,Zr,O7) diffraction pattern (JCPDS 00-050-
0450) 1s identified at anode side only. The undoped cell has the highest peak of LZ, and then is 3-
layer SG-cell; the 6-layer SG-cell has the lowest peak. The thicker sol-gel coating decreased the
LZ content, since more Mn was incorporated in the coating to alleviate Mn diffusion from LSM

to YSZ.
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Figure 6.16 X-ray diffraction patterns of anode-side electrolyte surfaces after etching in

hydrochloric acid

6.6 Conclusion

The SOEC performance has been improved by using a Mn-YSZ interlayer on symmetric
cells of the configuration air/LSM//YSZ//LSM/air. Both solid state diffusion and sol-gel coating
two doping method can improve the performance; however, anode delamination can only be
prevented by sol-gel method. Mn-doping interlayer can improve the cell performance by
alleviating lanthanum zirconate formation and morphological changes at the anode—electrolyte
interface. The sol-gel structure with high surface area and porosity is responsible for the
prevention of delamination by release the oxygen pressure at the anode side. The sol-gel
interlayer could be optimized by increasing the thickness to stabilize the SOEC electrochemical

performance for 500h.
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Chapter 7 Summary and Recommendations for Future work

The chemical and structural stability of LSM-YSZ composite, the reversibility and the
prevention of LSM-YSZ interaction has been successfully investigated. The stability of porous
LSM-YSZ composite has been examined as a function of oxygen partial pressure, sintering
temperature, sintering time, density, starting powder. Oxygen partial pressure played an
important role during sintering. Lower PO, exposures enhanced La,Zr,0; formation and
preferentially degrade the stability of the LSM-YSZ composite. Lower PO, exposure enhanced
densification and grain growth. Lower PO, exposure decreased the TEC value of the composite.
Elemental inter-diffusion across the LSM-YSZ grain boundaries as well as the thermodynamic
stability of the LSM-YSZ composite in the studied conditions causes the formation of new
compounds such as LayZr,0; and MnOx. Thermal expansion coefficient of the composite
decreased with increase in the amount of the zirconate phases. The reaction between LSM and
YSZ in lower PO; tends to be reversed back when re-sintered in air. Mn diffusion from LSM to
YSZ is critical and initiated the LSM-YSZ reaction. The reaction between LSM and YSZ can be
alleviated by doping Mn into YSZ to slow down the diffusion from LSM to YSZ.

The SOEC performance has been improved by using a Mn-YSZ interlayer on symmetric
cells of the configuration air/LSM//YSZ//LSM/air. Both solid state diffusion and sol-gel coating
two doping method can improve the performance; however, anode delamination can only be
prevented by sol-gel method. Mn-doping interlayer can improve the cell performance by
alleviating lanthanum zirconate formation and morphological changes at the anode—electrolyte
interface. The sol-gel structure with high surface area and porosity is responsible for the
prevention of delamination by release the oxygen pressure at the anode side.

Based on the work presented in this dissertation, the following is recommended in future
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(1) It is recommended that the role of Mn doping content and the thickness of Mn-YSZ
interlayer for electrode /electrolyte interfacial stability should be further examined.

(2) 1t is recommended that other method should be explored to prepare the interlayer, for
example PLD (pulsed laser deposition), which may provide a uniform and dense Mn-YSZ layer.
Comparing with the two methods already applied in the dissertation, the contribution of porous
and dense structure to the air electrode delamination could be understood deeply.

(3) It is recommended that a porous YSZ sol-gel coating could be prepared between LSM
and YSZ, comparing with the porous Mn-YSZ sol-gel coating, to evaluate the Mn doping effect
on the electrochemical performance and anode delamination.

(4) It is also recommended that the long term performance and structural stability
(>1000h) for SOEC full cell tests should be evaluated using advanced operando and in-situ
techniques to understand bulk and interface degradation phenomena.

(5) Role of possible contaminants should be examined along with co-electrolysis of H,O
and CO., such as Si, Al, Na and Cr, which are very common in the experiment and degrade the

cell performance a lot.
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Figure 1.1: From Ni-YSZ to sulfur-tolerant anode materials for SOFCs: electrochemical behavior,
in situ characterization, modeling, and future perspectives, Z. Cheng, J. Wang, Y. Choi, L. Yang,
M. C. Lin and M. Liu, Energy Environ. Sci., 4 (2011) 4380-4409, Reproduced by permission of
The Royal Society of Chemistry.

Figure 1.5: Fergus, J. W., Electrolytes for solid oxide fuel cells, J. Power Sources162 (2006) 30—
40, Reproduced by permission of Elsevier.
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