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Abstract

In recent decades, to cope with the global energy shortage and environmental
pollution challenges, the development of renewable clean energy has become imminent.
As a device that can directly convert chemical energy into electrical energy, Solid oxide
fuel cell (SOFC) plays an important role in clean energy production due to the
advantages of high energy conversion efficiency, fuel flexibility, and the significant
environmental benefits. It is well-suited for infrastructure support from distributed
generation to combined heat and power to automotive auxiliary power systems. Initially,
SOFC is designed to operate at high temperature (800-1000°C), which facilitates
efficient energy conversion while avoiding the use of precious metal electrodes.
However, the high temperature also causes a series of disadvantages in terms of material
selection, fabricating cost, and cell life, etc. Lowering the operating temperature to
intermediate/low temperature (600-800°C, IT-SOFC; ~600°C, LT-SOFC) can
effectively overcome these disadvantages but will lead to a decline in cell performance.
Maintaining even improving the cell performance working at lower temperature is a
development trend of SOFC. A significant benefit brought by the lower operating
temperature is that relatively cheap metal materials can be used as support material for
SOFC (MS-SOFC). The fundamental concept of MS-SOFC is to support thin ceramic
electrode/electrolyte layers on low-cost, robust metal support. In this way, the use of
expensive ceramic materials is greatly reduced, which minimizes cell costs and
maximizes cell strength. However, for MS-SOFC, higher cell fabrication and
component material performance requirements are proposed.

In this thesis, the complete single MS-SFCs are fabricated using physical
deposition techniques. In Chapter 1, the development from fuel cell to MS-SOFC is
first described. Then the support materials, electrode (anode/cathode) materials, and
electrolyte materials that can be used in MS-SOFC are reviewed in detail. Various
fabrication technologies for MS-SOFC are compared. Finally, the research purpose and
significance of this thesis are presented. In Chapter 2, the deposition principle and

deposition devices of Atmospheric Plasma Spray (APS) and Reactive Magnetron



Sputtering (RMS) are first introduced in detail. Then a series of material and cell
characterization techniques are introduced. In Chapter 3, the oxidation behavior of a
so-called intermediate temperature alloy (ITM) in air is first investigated, which
provides a basis for the annealing treatment of the complete single cell. Then the APS
deposition parameters are optimized for the deposition of NiO-YSZ bilayer anode.
After reduction, its upper and lower layers have low porosity of 17.2 + 0.4 Vol.% and
high porosity of 33.1 + 0.6 Vol.%, respectively. Subsequently, a thin 8YSZ/GDC10
bilayer electrolyte (about 10.8 um) is deposited on the polished NiO-YSZ anode layer
by RMS. Finally, the beneficial effect of the GDC10 buffer layer deposited between the
ITM and the NiO-Y SZ anode layer to prevent the interdiffusion between Fe, Cr, and Ni
is clarified. The interesting of Chapter 4 is the successful synthesis of porous
Pr2NiO4@PrsO11 (PPNO) composite and Pr2NiO4 (PNO) for cathode by RMS. A series
of characterizations are carried out on PPNO and PNO coatings, including morphology,
structure, electrical and electrochemical properties. Finally, the performance of
complete single cells with the configurations of ITM/GDCI10/NiO-
YSZ/8YSZ/GDC10/PPNO2 (MS/PPNO2) and ITM/GDC10/NiO-
YSZ/8YSZ/GDC10/PNO (MS/PNO) is measured, where the long-term performance
test of MS/PPNO2 single cell is performed.

Keywords: MS-SOFC, APS, RMS, NiO-YSZ anode, PPNO composite cathode



Résumé

Au cours des dernicres décennies, afin de faire face a la pénurie mondiale d'énergie
et aux défis de la pollution environnementale, le développement des énergies
renouvelables est devenu imminent. En tant qu'appareil capable de convertir
directement 1'énergie chimique en énergie €lectrique, les piles a combustible a oxyde
solide (SOFC) jouent un rdle important dans la production d'énergie propre. Cette
technologie est bien adaptée a la production combinée de chaleur et d'¢lectricité¢ dans
le stationnaire mais également dans I'alimentation auxiliaire pour la production mobile.
Initialement, la SOFC est congue pour fonctionner a haute température (800-1000°C),
ce qui facilite une conversion efficace de 1'énergie. Cependant, I'environnement de
travail a haute température entraine également une série d'inconvénients en termes de
sélection des matériaux, de colit de fabrication et de durée de vie des cellules, etc.
L'abaissement de la température de fonctionnement a une température
intermédiaire/basse (600-800°C, IT-SOFC; ~600°C, LT-SOFC) peut efficacement
surmonter ces inconvénients mais entrainera une baisse des performances de la cellule.
Le maintien ou l'amélioration des performances des cellules travaillant a plus basse
température est une tendance de développement des SOFC. Un avantage significatif
apporté par la température de fonctionnement plus basse est que les matériaux
métalliques peuvent étre utilis€s comme matériaux de support pour SOFC (MS-SOFC).
Le concept fondamental de MS-SOFC est de supporter de fines couches
d'¢lectrodes/€lectrolytes en céramique sur des matériaux métalliques robustes et peu
colteux. De cette manicre, l'utilisation de matériaux céramiques colteux est
considérablement réduite, ce qui minimise les colts des cellules et maximise la
résistance des cellules. Cependant, pour les MS-SOFC, des exigences plus élevées en
matiere de fabrication de cellule et de performance du matériau composant sont
nécessaires.

Dans cette these, les MS-SOFC sont fabriqués a 1'aide de techniques de dépot
physique. Dans le chapitre 1, le développement des piles a combustible de type MS-

SOFC est d'abord décrit. Ensuite, les matériaux de support, les matériaux d'électrode



(anode/cathode) et les matériaux d'électrolyte qui peuvent étre utilisés dans les MS-
SOFC sont revus en détail. Différentes technologies de fabrication utilisées pour
fabriquer les MS-SOFC sont comparées. Dans le chapitre 2, les principes de dépdt et
les équipements de synthése : APS et RMS sont d'abord présentés en détail. Ensuite, les
techniques de caractérisation des matériaux et des cellules sont décrites. Dans le
chapitre 3, le comportement d'oxydation dans l'air d'un alliage dit a température
intermédiaire (ITM) est d'abord étudié, ce qui fournit une base pour le traitement de
recuit ultérieur de la cellule unique compléte. Ensuite, les parametres de dépot APS sont
optimisés pour le dépdt de la couche d'anode bicouche NiO-YSZ. Apres réduction, ses
couches supérieure et inférieure ont une faible porosité de 17,2 + 0,4 % en volume et
une porosité ¢levée de 33,1 + 0,6 % en volume, respectivement. Par la suite, un
¢lectrolyte bicouche mince 8YSZ/GDC10 (environ 10,8 pum) est déposé€ sur la couche
d'anode NiO-YSZ polie par RMS. Enfin, 'effet bénéfique de la couche barriere en
GDC10 déposée entre I''TM et la couche d'anode NiO-YSZ pour empécher
l'interdiffusion entre Fe, Cr et Ni est clarifié. L'intérét du chapitre 4 est la synthése
réussie du matériau cathodique composite poreux Pr2NiO4@PrsO11 (PPNO) et PraNiO4
(PNO) par RMS. Une série de caractérisations sont réalisées sur les revétements PPNO
et PNO, incluant la morphologie, la structure, les propriétés ¢lectriques et
électrochimiques. Enfin, les performances des cellules individuelles complétes avec les
configurations ITM/GDC10/NiO-YSZ/8YSZ/GDC10/PPNO2 (MS/PPNO2) et
ITM/GDC10/NiO-YSZ/8YSZ/GDC10/PNO (MS/PNO) sont mesurées. Un test de
performance a long terme de la cellule unique MS/PPNO?2 est effectué.

Mots clés : MS-SOFC, APS, RMS, anode NiO-YSZ, cathode composite PPNO
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Nomenclature

Abbreviations

ACEIS
AFC

APS
AS-SOFC
ASS

BED

CHP
CS-SOFC
CTE

D50

D;

DC

Dt-s

EDS

EIS
ES-SOFC
FeBSA
FSS
FWHM
GDC
GDC10
H-SOFC
HT-SOFC
IT-SOFC
IT™
k

LNO
LSCF
LSFSc
LSM
LT-SOFC
MCFC
MIEC
MS-SOFC
MS/PNO
MS/PPNO2

Ni-ScSZ
Ni-SDC
Ni-YSZ

Alternative Current EIS

Alkaline Acid Fuel Cell
Atmospheric Plasma Spray
Anode Supported SOFC
Austenitic Stainless Steels
Backscatter Electron Detector
Combined Heat and Power
Cathode Supported SOFC
Coefficient of Thermal Expansion
Median grain size

Oxygen bulk diffusion coefficients

Direct Current

Distance between target and substrate
Energy Dispersive X-ray Spectroscopy
Electrochemical Impedance Spectroscopy
Electrolyte Supported SOFC
Fe-Ni-based superalloys

Ferritic Stainless Steels

Full Width at Half Maximum

Gadolinia Doped Ceria

10 mol% Gadolinia Doped Ceria

Proton Conduction Solid Oxide Fuel Cell
High Temperature SOFC

Intermediate Temperature SOFC
Intermediate Temperature Metal

Oxygen surface exchange coefficients
LazNiO4

Sr and Co co-doped LaFeOs

Sr and Fe co-doped LaScOs
(La,Sr)MnOs

Low Temperature SOFC

Molten Carbonate Fuel Cell

Mixed lonic and Electronic Conductor
Metal Supported SOFC
ITM/GDC10/NiO-YSZ/8YSZ/GDC10/PNO
ITM/GDC10/NiO-
YSZ/8YSZ/GDC10/PPNO2

Ni mixed ScSZ cermet

Ni mixed SDC cermet

Ni mixed YSZ cermet
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NiBSA Ni-Fe-based superalloys

O-SOFC Oxygen lon Conduction Solid Oxide Fuel
Cell

oCcVv Open Circuit Voltage

ORR Oxygen Reduction Reaction

PAFC Phosphoric Acid Fuel Cell

PCFC Proton Conductor Fuel Cell

PEM Plasma Emission Monitoring

PEMFC Proton Exchange Membrane Fuel Cell

Pmax Maximum Output Power Density

PNO PraNiO4

PPNO PraNiOs@PrsO11

PVD Physical Vapour Deposition

RF Radio Frequency

RMS Reactive Magnetron Sputtering

Ra Arithmetical mean deviation of profile

Rp Polarization Resistance

Rsk Skewness (asymmetry) of the assessed profile

Rz Maximum height of the profile within a sampling length

sccm Standard Cubic Centimeter per Minute

ScSz Scandia Stabilized Zirconia

ScYSZz ZrO2 co-doped with Sc203 and Y203

SDC Samaria Doped Ceria

SEM Scanning Electron Microscope

SOFC Solid Oxide Fuel Cell

TG Thermogravimetry Analysis

TPB Triple Phase Boundary

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

YSZ Yttria Stabilized Zirconia

8YSZ 8 mol% Yttria Stabilized Zirconia
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Chapter 1: Introduction

1.1 Fuel Cell

As an energy conversion device, a fuel cell can directly convert the chemical
energy of fuel into electricity and heat without going through intermediate steps (Figure
1.1). This provides higher conversion efficiencies than conventional thermal conversion
methods. In a fuel cell, oxidizing gas (oxygen or air) and gaseous fuel (hydrogen or
hydrocarbons) pass through the cathode and anode, respectively. The half-cell reactions
occur at the electrodes, where the charge carrier species pass through the ionically
conductive solid electrolyte layer while electrons flow through the external circuit to
generate electricity. Unlike traditional batteries, as show in figure 1.2, a fuel cell is like
an energy factory that can continuously produce electricity as long as the fuel and
oxidants are constantly replenished [1]. More importantly, it is an environmentally
friendly power generation method if only hydrogen is used as fuel because the only
emission is water.

Generally, fuel cell can be classified into six typical types of Alkaline Fuel Cell
(AFC), Proton Exchange Membrane Fuel Cell (PEMFC), Phosphoric Acid Fuel Cell
(PAFC), Proton Conductor Fuel Cell (PCFC), Molten Carbonate Fuel Cell (MCFC),
and Solid Oxide Fuel Cell (SOFC) according to the properties of the ionic conductors
used as electrolyte and their operating temperature. Some characteristics of these fuel
cells have been listed in Table 1.1. In recent years, more researchers have paid attention
to SOFC because of its high energy conversion efficiency, fuel flexibility, and no need

for precious metal electrodes.

Chemical Mechanical
energy - energy

Electrical
- energy

Fuel cell

Figure 1.1: A comparison schematic diagram of direct energy conversion a fuel cell and
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conventional thermal conversion

Oxidants

Oxygen or air

Gaseous fuels

Hydrogen,
Hydrocarbon
etc.

Emission

water

carbon dioxide

Electricity

Figure 1.2: General concept of a fuel cell

Table.1.1: Some relevant characteristics of the different type of fuel cell [2, 3]

Type of  Electrolyte Fuel Charge Operating Conversion Application
cell carrier  temperature (°C)  efficiency (%)
AFC KOH H» OH" 60-90 35 Spatial,
(Liquid) transport
PEMFC Proton H,, H* 50-90 35 Portable,
exchange methanol transport,
membrane stationary
PAFC H3PO4 Ha H* 160-220 45 Transport,
(Liquid) stationary
PCFC Ceramic H, H* 400-600 65 Transport,
(solid) stationary
MCFC Molten H,, CO COs* 580-660 50 stationary
carbonate
SOFC Ceramic H,, 0%/ H* 600-1000 60-92 Stationary,
(solid) hydrocarbon (Cogeneration) mobile

1.2 Solid Oxide Fuel Cell (SOFC)

SOFC is a kind of high temperature fuel cells which usually works at 600-1000°C.

The by-products of SOFC are heat and water vapor when hydrogen is supplied as fuel,

and the energy conversion efficiency is as high as 92 % when performing Combined

Heat and Power (CHP) [3]. Compared with MCFC working at relatively high

temperature, SOFC has higher power density and no liquid molten salt, which

effectively avoids the problem of thermal corrosion of components. Compared with

PEMFC, which works at low temperature, SOFC does not require precious metal



electrode materials, which reduces the requirements for fuel quality, thus making the
choice of fuel more flexible. Moreover, as an independent power generation system,
SOFC can be freely applied to places that need electricity without expensive power
transmission system. This distributed power generation is especially convenient for
mobile facilities and remote areas. It is foreseeable that the successful application of
SOFC can help meet human energy needs, alleviate energy crises, and protect the

environment.

1.2.1 The basic principle of SOFC

A single SOFC usually consists of porous electrodes (anode anode cathode) and a
dense electrolyte in a sandwich configuration. Gas catalytic reactions and current
transport take place on the porous electrodes, while the dense electrolyte is responsible
for ion conduction and isolation of fuel and oxidizing gases. As shown in Figure 1.3,
SOFC can be divided into oxygen ion conduction type (O-SOFC) and proton
conduction type (H-SOFC) according to different electrolyte conduction types.

For O-SOFC, oxygen is decomposed into oxygen ions by a catalytic reduction
reaction at the cathode, and then the oxygen ions migrate to the anode through the
electrolyte. Finally, the electrons released by the reaction between the oxygen ions and
the fuel return to the cathode through the external circuit, and the formed current drives
load work. The electrode reactions are as follows:

Anode: H, + 02~ = H,0 + 2e~ 1.1

Cathode: %02 +2e” = 0%" 1.2

Unlike O-SOFC, for H-SOFC, protons migrate from the anode to the cathode
through the electrolyte and react with oxygen at the cathode. The electrode reactions
are as follows:

Anode: H, = 2H* + 2e~ 1.3

Cathode: 2H* +-0, + 2¢™ = H,0 1.4

Although, different ionic conduction leads to different the electrochemical half

reactions, the overall electrochemical reaction is the same as follows:

3



Figure 1.3: Operating principles of SOFC: (a) O-SOFC, (b) H-SOFC

1.2.2 Technical challenges and development trends of SOFC

For SOFC, the ionic conductivity of the electrolyte is an important factor affecting
the performance of the cell. The ionic conductivity of the electrolyte is mainly affected
by the properties of the material and the temperature. Initial SOFC generally operate at
high temperature (~800-1000°C) to increase the ionic conductivity of the electrolyte to
reduce the polarization loss [4]. The SOFC system also produces heat at high
temperature that can be recycled. However, SOFC operating at high temperature are
challenged by various material problems such as electrode sintering, catalyst poisoning,
interfacial diffusion between electrolyte and electrodes, thermal instability and
mechanical (or thermal) stress due to different coefficient of thermal expansion (CTE)
of cell components [5]. The above problems will lead to failure of cell components and
reduce cell life, which seriously restricts the development of SOFC. Reducing the
working temperature of SOFC can effectively alleviate the above problems. In addition,
lowering the working temperature can also solve the packaging problem of the cell
stack at high temperature and reduce the cost because cheap stainless steel can be
considered as the connector instead of ceramics in SOFC technology. Therefore, it is
an important development trend to make SOFC work efficiently at intermediate

temperature.



However, lowering the temperature will lead to a sharp decrease in the
conductivity of the electrolyte. Reducing the thickness of the electrolyte layer is one of
the effective ways to solve this problem. To reduce the thickness of the electrolyte as
much as possible (make the electrolyte thin), the configuration design of SOFC must
be carefully considered. As shown in Figure 1.4, there are four basic SOFC
configuration designs, which are ES-SOFC, AS-SOFC, CS-SOFC, and externally
supported SOFC [6]. Conventional ES-SOFC generally operates at high temperature
(850-1000°C) to avoid high electrolyte ohmic impedance and obtain considerable cell
performance due to thicker electrolyte layer (100 pm-1 mm). For AS-SOFC and CS-
SOFC, a thin electrolyte layer (< 50 pum) can be designed to facilitate operation at lower
temperature (< 800C). However, the above three designs all use relatively expensive,
brittle ceramics or cermets as mechanical supports, in which leads to increased
manufacturing costs. Besides, it also faces problems such as structural damage caused
by rapid thermal cycles and mechanical vibrations, and limitations in processing
complex ceramic components. With the research on the operation of SOFC at
intermediate temperature (600-800°C), more attention has been paid to the external
support strategy using metal materials as support. In contrast, metal-supported SOFC
(MS-SOFC) is an attractive design because of its high electrical conductivity, high
strength, and good thermal shock resistance. Especially with the application of cheaper
stainless-steel supports, there is a huge advantage in saving the fabrication cost of
SOFC. Therefore, it can be predicted that MS-SOFC will be an important development

direction of SOFC commercialization.



I cathode I Anode | Electrolyte

{iiiE External support (metal material)

Figure 1.4: Single cell configurations of SOFC: (a) electrolyte-supported cell (b) anode-
supported cell (c) cathode-supported cell and (d) external supported cell (metal supported)

1.3 Metal Supported Solid Oxide Fuel Cell (MS-SOFC)

Figure 1.5 shows the schematic configuration of typical AS-SOFC and MS-SOFC.
The porous metal support can provide gas transmission channels, while greatly
reducing the thickness of the anode layer and only retaining a thin anode layer as the
function layer. Improving mechanical strength using metal supports allows cells and
cell stacks to withstand stronger shock, vibration, and mechanical loads. The increase
in mechanical strength is also beneficial for improving the processability of cells. In
addition, the metal support can improve the rapid thermal cycling tolerance of the cell,
allowing the cell to work in complex environments.

MS-SOFC is first reported in the 1960s. Williams et al. [7] deposited a ZrO2-based
electrolyte on pre-sintered austenitic stainless steel using flame spray technique. The
cell produced a power density of 115 mW/cm? at 750°C. However, this work did not
receive enough attention at that time. Until the 1990s, MS-SOFC regained attention.
Momma et al. [8] and Schiller et al. [9] deposited zirconia electrolytes by plasma
spraying on prefabricated tubular NiCrAlY alloy and planar CrFesY203 supports,

respectively. The power density of the cells reaches close to 1 W/cm? at 900°C. Since
6



the beginning of the new century, the application of colloidal and wet chemical methods
in the preparation of thin film electrolytes has greatly promoted the development of
MS-SOFC. Nowadays, many research teams have made many useful explorations in
the development of MS-SOFC. This thesis will then introduce the development of MS-
SOFC in detail in recent years.

Cathode _ Electrolyte Cathode

Anode
N\ \f-‘
P

Anode
e

Electrode support SOFC Porous metal
(Anode support type) support SOFC

Figure 1.5: Schematic representation of anode-supported SOFC (AS-SOFC) and metal
supported SOFC (MS-SOFC) [10].

1.3.1 Materials for MS-SOFC

The selection of materials for cell is a key factor in determining the performance
of MS-SOFC. The electrochemical activity of materials and the possible impact by
physical and chemical properties of materials on cell performance must be considered
when selecting key materials for MS-SOFC.
1.3.1.1 Support materials

A suitable metal support for MS-SOFC should have these characteristics, that is,
high electrical conductivity, high mechanical strength, good chemical stability, low
volatility, and corrosion rate, CTE matching with commonly used component materials
such as YSZ, GDC, etc., sufficient porosity and low cost. After many explorations on
the selection of metal supports for MS-SOFC, the research focus is mainly on Fe-Cr-
Ni system.

Figure 1.6 shows the schematic phase diagram of Fe-Cr-Ni system. Wu et al.
summarized the properties of some alloys mentioned in the phase diagram (Table 1.2).
ASS [11], FeBSA [12], and NiBSA [13] can be considered as candidate support

materials due to their interesting oxidation resistance and high mechanical strength.
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However, the CTE of these alloys are quite different from those of commonly used
SOFC component materials, so they should be further explored. Porous pure nickel is
also considered to be used as a support [14], but its CTE (16.5 x10%/K) is poorly
matched with other SOFC component materials (10-13 x10°/K). The addition of iron
to nickel can effectively reduce the CTE [15], but it still has problems such as weak
oxidation resistance and weak mechanical strength.

Ferritic stainless steels (FSS) are considered as the preferred support material due
to its interesting oxidation resistance and suitable CTE for MS-SOFC. FSS has
oxidation resistance because the Cr forms a continuous Cr203 scale on the surface of
stainless steel to prevent further oxidation. Yang et al. [16] summarized that the critical
minimum Cr content is approximately 20-25 % to ensure the formation of a continuous,
protective Cr203 scale. However, the oxidation resistance of FSS decreased sharply
when the Cr content was reduced [17]. Excessive Cr content will lead to the formation
of brittle phases, and the presence of excessive Cr20s scale is easy to detach from the
matrix, which affects the adhesion between other component material and support. The
minor addition of Ti, La, Ce, Y, Nb, Ta, Mo, and Si can effectively improve the adhesion
between the Cr203 scale and the matrix [18]. However, compared with the FSS matrix,
the conductivity of Cr203 scale is lower. The addition of Ti and Mn can effectively
improve the conductivity of oxide scale [19]. An additional (Cr, Mn)3O4 protective layer
can be formed when the Mn content is sufficient [20]. Therefore, usually a minor
amount of the elements mentioned above will be added to FSS to improve performance.
Table 1.3 lists several typical FSS that can be used as supports.

In addition, Fe and Cr will interdiffuse with Ni in the anode during cell operation
when FSS is used as the support. As the Ni in the anode diffuses into the support, the
FSS will transform into ASS and increase the CTE. The diffusion of Fe and Cr into the
anode layer will lead to deactivation of the anode and cause a sharp decline in cell
performance due to the formation of oxides on Ni particles [21-23]. Depositing a buffer
layer between the metal support and the anode is a common strategy to prevent element
diffusion. In this regard, researchers have done many useful explorations, such as GDC

[21], La203 [22], (Cr, Mn)304[20, 23], (Co, Mn)3O4 [24-25], (Cr, Mn, Co0)304 [26], and
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CuMn204[27] have been widely studied as buffer layer.

Fe

Austenitic
stainless steels

’\ Fe-Ni-base
~ superalloys
Ferritic . \
tainl teel " Ni
stainless steels Ni-Fe-base

superalloys
Cr-base Q
alloys

Cr Ni

Figure 1.6: Schematic phase diagram of Fe-Cr-Ni system [28]

Table 1.2: Comparison of key properties of alloys as candidate metal supports [28-31]

Main CTE (RT-800C, Oxidation Mechanical Manufacturability

Alloys Cost
structure 10°K 1) resistance  strength
. - Very
Cr based BCC 11.0-12.5 Good High Difficult
expensive
FSS BCC 11.5-14.0 Good Low Fairly readily Cheap
ASS FCC 18.0-20.0 Good Fairly high Readily Cheap
. . Fairly
FeBSA FCC 15.0-20.0 Good High Readily
cheap
NiBSA FCC 14.0-19.0 Good High Readily Expensive
Ni FCC 16.0-17.0 Low Low Readily Expensive
Fairly
Ni-Fe (1:1) FCC 13.0-14.0 Low Low Readily
expensive




Table 1.3: Nominal compositions and CTE of FSS alloys [18, 32]

Alloys Composition (wt %) Additives (wt %) CTE? (10°%/K)
SS430 17Cr-Bal.Fe 1(Mn,Si)0.3(P,S) 11.4
SS441 18Cr-Bal.Fe 0.35Mn0.34Si0.22Ti0.5Nb0.3Ni 13.1
Crofer 22APU 20-24Cr-Bal.Fe 0.5(S1,Cu,Al)0.2(Ti,La) 12.5
Sandvik sanergy 22Cr-Bal.Fe 1M00.5Mn0.3Si0.75Nb 12.0
I™ 26Cr-Bal.Fe Mo,Mn,T1,Y,03 11.3

 average between 25-900°C

1.3.1.2 Anode materials

The anode material should possess such properties as stability in reducing
atmosphere, high electrical conductivity, and sufficient porosity for gas transport.
Currently, Ni-based composite anodes are the most widely used. Ni has been used as
an anode for many years because of its excellent catalytic activity for hydrogen
oxidation and reforming of hydrocarbon fuels at relatively low cost. However, the CTE
of Ni (16.0 x 10°°/K) is quite different from commonly used electrolyte materials such
as YSZ (10.5 x 10°%/K), which will lead to thermal mismatch between the anode and
the electrolyte. Therefore, Ni-based composite anodes, which are obtained by mixing
metallic Ni and corresponding electrolyte materials, are widely used. The CTE of the
composite anode can be adjusted by controlling the content of Ni. In addition, this
composite anode has both ionic and electrical conductivity properties. Moreover, the
Triple Phase Boundary (TPB) where the electrochemical reaction occurs is also
increased [33].

Among Ni-based composite anodes, Ni-YSZ is the most widely used. The relative
content of Ni and YSZ in the Ni-YSZ cermet anode affects the CTE, conductivity,
porosity, and TPB density of the anode. As shown in Figure 1.7, Dees et al. [34] found
that the conductivity of Ni-YSZ suddenly increased sharply when the volume content
of Ni is 30 % in volume. This indicates that there is a threshold for the Ni content. The
Ni-YSZ composite anode has better electrical conductivity due to the interconnection
between Ni particles when the Ni content exceeds this threshold. However, when the

Ni content is too high, the Ni particles will block the interconnection of the YSZ
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particles, which increases the CTE and reduces the TPB concentration accordingly.

In addition to common Ni-YSZ composite anodes, other Ni-based anodes have
also been widely studied, such as Ni-GDC, Ni-ScSZ, Ni-SDC, etc. Table 1.4 lists the
power output performance of some single cells using Ni-based composite anodes. Other

Ni-based composite anodes also have better performance and meet the requirements of

MS-SOFC for anode materials.
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Figure 1.7: The conductivity of the Ni-YSZ composite anode as a function of Ni volume content
at 1000°C [34]

Table 1.4: Comparison of maximum power densities of MS-SOFCs with different Ni-based
composite anodes

Support/Anode Electrolyte/Cathode = Temperature (°C) Fuel Pinax (mW/cm?)
22Cr-Bal.Fe/Ni-YSZ ScYSZ/ LSCF 749 H» 1200 [35]
FeCr/Ni-YSZ YSZ/LSM/ 700 Ho 993 [36]
ITM/Ni-YSZ/Ni-GDC  YSZ-GDC/LSCF 750 H» 760 [37]
Nio.oFeo.1/Ni-GDC GDC/LSCF 650 Wet CHy 400 [38]
430L-SDC SSZ/LSFSc-SSZ 750 Wet H, 1000 [39]
430L/Ni-ScSZ ScSZ/LSCF 700 Wet H 1079 [40]

ScYSZ: ZrO; co-doped with Sc203 and Y,03; LSCF: Sr, Co co-doped LaFeOs; LSM: (La,Sr)MnOs
SSZ: scandia stabilized zirconia; SDC: Samaria Doped Ceria; LSFSc: St, Fe co-doped LaScO3
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1.3.1.3 Electrolyte materials

As a key component of SOFC, the electrolyte layer determines the operating
temperature, and affects the selection of electrode materials and preparation techniques.
Commonly used electrolyte materials are oxide ceramics, including oxygen ion
conducting and proton conducting. Only oxygen ion conducting is discussed in this
thesis. For MS-SOFC, the electrolyte layer with the properties of high oxygen ion
conductivity, chemical stability in oxidizing and reducing atmospheres, high density for
gas tight, chemical compatibility, and thermal matching with other components of the
cell, high strength, toughness, and low cost are ideal choices. At present, there are two
main types of materials that are considered suitable for MS-SOFC operating at
intermediate temperatures, including fluorite structure materials (ZrO2-based, CeO:-
based, and Bi203-based materials), and perovskite structure material (LaGaOs-based
materials). Figure 1.8 shows the ionic conductivity of several typical oxygen ion

conduction solid electrolytes as function as temperature.
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Figure 1.8: Ionic conductivity of several typical oxygen ion conducting solid electrolytes
versus reciprocal temperatures [43, 44]

(@) ZrOz-based electrolyte:
ZrO2-based materials are the most used as electrolyte for the HT-SOFC. However,

with the in-depth research of researchers and the development of material preparation
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technology, it has also been used in IT-SOFC. Pure ZrO: exists in three distinct crystal
structures, including monoclinic (< 1170°C), tetragonal (1170-2370°C) and cubic (>
2370°C) [5]. The change of crystal volume is accompanied by a crystal structure
transformation, which makes the thermal stability of pure ZrO2 material very poor.
Researchers tried to partially replace Zr with suitable trivalent or divalent cations and
found two beneficial results: the introduction of oxygen vacancies promotes oxygen ion
conduction and stabilizes the cubic structure in a wide temperature range. Besides, the
mechanical properties and thermal stability are also improved. Figure 1.9 shows the
change of ionic conductivity and activation energy of ZrOz-based electrolytes with the
radius of doped ions. The ionic conductivity of ZrOz-based electrolyte decreases with
the increase of dopant ion radius, while the activation energy increases. The main reason
is that the increase of the dopant ion radius leads to greater lattice distortion, which

hinders the conduction of oxygen ions.
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Figure 1.9: Effect of doping ionic radius on ionic conductivity (1000°C) and activation
energy of ZrO,-based electrolytes [45]

Y is the most commonly used dopant for ZrOz. As shown in Figure 1.10, oxygen
vacancies are correspondingly generated in the crystal to compensate for the charge
change caused by doping Y**, which provides a channel for oxygen ion conduction. As
the most used for SOFC electrolyte, the properties of YSZ have been well studied,
including optimal doping amount and structural stability. At present, HT-SOFC stacks

with YSZ electrolyte have been commercialized in the power range from 1 KW to 1
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MW [41]. According to the research results from Badwal [42], 8YSZ has the highest
oxygen ionic conductivity for YSZ. However, the ionic conductivity decreases rapidly
with decreasing temperature even for 8YSZ. Therefore, the electrolyte layer should be
thin enough to maintain low ohmic resistance when using YSZ as the electrolyte of MS-
SOFC. In addition, ScSZ is also a commonly used electrolyte, and its ionic conductivity
is generally higher than that of YSZ [42]. The main reason is that the radius of Sc**
matches the Zr*" better than that of Y**, which improve oxygen ion conduction.

However, the smaller radius of Sc** leads to worse thermal stability of ScSZ than YSZ

[42].

O vacancy
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Figure 1.10: Schematic of the YSZ with defect fluorite structure [43]

(b) CeO2-based electrolyte:

CeO:2 with cubic fluorite structure is stable from room temperature to its melting
point. However, the ionic conductivity of pure CeO2 is very low due to negligible
oxygen vacancies in its crystal structure. As show in Figure 1.11, Yahiro et al. [46-48]
have extensively investigated the partial substituent of Ce*" in the crystal with trivalent
or divalent cations to induce more oxygen vacancies to promote oxygen ion conduction.
They found that when trivalent cations or divalent oxygen ions are doped into CeOz,
the conductivity shows a "volcano-type" change law with the increase of the doped ion
radius. In addition, the conductivity of CeO2 doped with trivalent cations is generally

higher than that of divalent cations. Among them, Gdo.1Ceo0.901.95 (GDC10) and
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Smo2Ceo.801.9 (SDC20) have the highest conductivity.

Compared with ZrOz-based electrolytes, CeO2-based electrolytes generally
have higher oxygen ion conductivity, especially at low temperatures. However, as the
temperature increases (> 600°C), Ce*" in CeO> will be reduced to Ce*", resulting in
electronic conduction and lattice volume change. The existence of electrical conduction
in the electrolyte will lead to the formation of internal short-circuit current during cell
operation, which will reduce the OCV of the cell. Therefore, a single CeO2-based
electrolyte is suitable for working at low temperatures (< 600°C) [49]. Another
advantage of the CeOz-based electrolyte is that it has good thermal compatibility and
chemical stability with commonly used component materials (FSS, Nickel based anode,

LSF, LSM, LSCF, LNO, etc.) of MS-SOFC [50].
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Figure 1.11: Effect of doping ionic radius on ionic conductivity (1000°C) and activation
energy of CeO»-based electrolytes [45-48]

(c) Bi20s-based electrolyte:

Cubic 6-Bi20s with fluorite structure perhaps be the best oxygen ion conductor
among such a category of materials (1 S/cm at 730°C), and it exhibits both high oxygen
ion conductivity and electrocatalytic activity to transform Oz into O% [51]. The oxygen
ion conductivity of cubic 6-Bi203 is 1-2 orders of magnitude higher than that of YSZ.

However, cubic 6-Bi203 has a limited in operating temperature range for SOFC
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applications. Cubic 3-Bi203 is melted above 823°C and transitions to monoclinic o-
phase below 730°C, resulting in significantly reduced conductivity [52]. Numerous
studies have shown that the stable temperature of cubic 6-Bi2Os can be extended to
room temperature by doping with specific elements, mainly trivalent lanthanides, but
at the expense of reduced ionic conductivity. However, the chemical stability of the
stabilized bismuth oxide is still relatively poor, and it is easily reduced to metallic
bismuth in a reducing atmosphere. In addition, the stabilized bismuth oxide electrolytes
are usually difficult to densify and have poor mechanical strength, which is attributed
to the volatile nature of Bi2O3 at high temperature [53]. Therefore, stabilized bismuth
oxide is usually combined with YSZ, GDC, and SDC to form a bilayer electrolyte for
LT/IT-SOFC (including MS-SOFC) applications [54].

(d) LaGaOs-based electrolyte:

Some perovskite-type or related materials, such as LnBO3 (Ln = lanthanum or
alkaline earth element; B = Al, In, Sc, Y) perovskites, doped LaGaO3 perovskites,
La>Mo0209, and brownmillerite-like phases (chemical formula A2B20s), show high pure
oxygen ion conductivity at intermediate temperatures. Among them, LaGaOs-based
perovskite materials have been intensively studied for MS-SOFC. It has been reported
that partial substitution of the La site in LaGaO3 with divalent alkaline earth metal ions,
such as Sr**, Ba?", and Ca?", increases the ionic conductivity due to the generation of
oxygen vacancies. In particular, the highest conductivity will be obtained in the doped
LaGaOs series materials after partial substitution of Sr>* with the closest ionic radius to
La**. Theoretically, more oxygen vacancies will be generated to facilitate oxygen ion
conduction as the doping amount of La site in LaGdOs increases. In fact, when the
doping amount in the La site exceeds a value, SrGaO3 or LasSrO7 impurity phases are
generated, which will hinder the conduction of oxygen ions. In addition, the partial
substitution of Ga site by divalent cations such as Mg?" will also promote the generation
of oxygen vacancies and increase the doping limit on La site. Ishihara et al. [55]
reported that Lao.sSro.2GaosMgo.203-5 (LSGM) has the best oxygen ion conductivity in
the LaixSrxGaiyMgyOss (x = 0.10-0.20, y = 0.15-0.20) series. Its oxygen ion
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conductivity is higher than that of stabilized ZrO2 and comparable to that of doped CeO2
at intermediate temperatures. It should be noted that in MS-SOFC, LSGM will react
with Cr203 or Cr-containing vapor, which will affect the long-term stability of the cell.
In addition, LSGM also has serious chemical compatibility issues with Ni in Ni-based
anodes and metal supports [56, 57]. Therefore, it is necessary to add a buffer layer such
as GDC, SDC on the side of the LSGM electrolyte layer close to the anode and the
metal support in MS-SOFC [50, 58].

1.3.1.4 Cathode materials

As an important component of SOFC, the cathode has a great influence on the
overall performance of the cell, especially for MS-SOFC operating at intermediate
temperature. Because the ORR that takes place at the cathode is directly affected by the
decrease in temperature [59]. The ORR is a complex process involving several steps
such as Oz diffusion, surface exchange (oxygen adsorption, dissociation, and charge
transfer), diffusion of oxygen ions on the surface or in the bulk, and oxygen ions transfer
across the electrode/electrolyte interface, oxygen surface exchange and volume/surface
diffusion [60]. Therefore, a good cathode material should first possess high electronic
conductivity, usually greater than 100 S/cm, at operating temperature. The most ideal
cathodes are Mixed lonic and Electronic Conducting (MIEC) materials with high
oxygen surface exchange coefficients (k) and oxygen bulk diffusion coefficients (Ds)
for MS-SOFC. In addition, the porous design of cathode materials can provide channels
for oxygen transport to promote ORR. The CTE matching with the relevant cell
components (typically electrolyte, 10-13 x 10°%/K) also needs to be considered in the
selection of cathode materials.

To reduce the cost of SOFC for wider commercial promotion, the selection of
cathode materials has undergone a shift from precious metals such as (Pt, Au) to certain
oxide families. Perovskites oxides with general formula ABOs3; are first widely
investigated. Among them, LaMnOs-based perovskite materials have attracted
extensive attention. For LaMnQOs3, which is an intrinsic p-type conductor, it can be doped
with divalent alkaline earth to obtain a perovskite material with high p-type

conductivity and stable in oxidizing atmosphere [61]. Sr** is the most widely used
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dopant cation because the ion sizes between Sr** (12" = 1.44 A) and La*" (3 =
1.36 A) are close [62]. In addition, an appropriate amount of Sr>* (30 mol.%) doping
into LaMnOs can inhibit the formation of the non-conductive phase La2Zr207 when
YSZ is used as the electrolyte. However, too high Sr** doping amount (> 30 mol%) in
LaixSrxMnOs.5 (LSM) will also form the non-conductive phase SrZrOs. Unlike some
other perovskite materials, when Sr?>* cations are used to substitute La*" in LaMnOs3,
this is not compensated by the formation of positively charged oxygen vacancies, but
by the oxidation of manganese cations to increase the electron-hole concentration and
thus improve the electronic conductivity [63]. Therefore, LSM is generally regarded as
a purely electronic conductor and is used as the cathode in classical SOFCs with ZrO:-
based electrolytes operating at 1000°C. The reaction process on the LSM cathode is
shown in Figure 1.12(a) and can be divided into three elementary stages: the adsorption
of oxygen on the active center of the cathode material surface, the diffusion of adsorbed
oxygen to TPB (electrolyte/cathode/oxygen), and the reduction of adsorbed oxygen to
lattice oxygen ions. Apparently, for a purely electronic conductive cathode, TPB exists
only between the interface of the cathode and the electrolyte, which constrains the ORR
process on the cathode. To obtain acceptable cathode performance even for MS-SOFC,
several approaches are taken. Mixing LSM with common electrolyte materials such as
YSZ [64-68], GDC [69-72], etc. to form a composite cathode with MIEC property has
been proved to be an effective method. For the reaction process of this type of
composite material in the cathode as shown in Figure 1.12(b), it can be considered that
the TPB is extended to the bulk of cathode, thereby enhancing the ORR reaction. For
ABOs perovskite materials, another idea that can improve the electrochemical
performance is to dope the A-site and B-site with cations. Usually, oxygen vacancies
will be generated when the A-site of ABOs is doped with low-valent cations due to the
charge compensation mechanism (except LSM). After doping modification, the
material has MEIC properties. As shown in Figure 1.12(c), when the cathode material
has MEIC properties, the reaction process at the cathode is not only on the TPB, but
more on each microscopic surface of the cathode, which further strengthens the ORR

on the cathode. There are mainly these materials with ABO3 perovskite structure, Lai-
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xS1xCo1-yFeyOs-s (LSCF) [73-75], BaixSrxCoiyFeyOs-s (BSCF) [76], Sm1xSrxCoO3-s
(SSC) [77], LaixSrxNiiyFeyO3.5 (LSNF) [ 78], and LaNiiyFeyOs-s (LNF) [79] etc. which
are considered to have potential application in MS-SOFC. Among these materials,
LSCEF is the most widely used. For LSCEF, the CTE is usually reduced by increasing the
doping amount of Fe to match the other component materials CTE (such as YSZ, GDC,
etc.), but this also weakens the MIEC properties of the material. With the promotion of
Co-free cathode materials to combine the current environmental protection concept,
LSNF and LNF have attracted more attention. However, the influence of Ni on the

MIEC properties of materials needs to be further investigated.
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Figure 1.12: Schematic diagram of the cathode processes: (a) pure electronically conductive
cathode material; (b) MIEC composite cathode material; (c) MIEC cathode material

In recent years, a kind of A2BO4 (where A = La, Pr, Nd; B = Cu, Ni, Co) oxides
with KaNiFs-type structure has gained more attention for application on MS-SOFC due
to its excellent ability to promote ORR at cathode. A typical KaNiFs type structure is
formed by ABOs perovskite structure and A20:2 rock layers arranged layer by layer
along the c-axis, as shown in Figure 1.13. This structure can accommodate interstitial
oxygen (in the rock layers) and oxygen vacancies (in the perovskite layers), which
indicates that the conduction of oxygen ions in this type of material is not only through
oxygen vacancies but also interstitial oxygen. These materials also have high electronic
conductivity. Although the electronic conductivity of A2BO4 is not excellent compared
to other doped perovskite materials (such as LSCF) at low/intermediate temperature,
their CTE can match well with commonly used electrolyte materials. Current research
on this type materials has mainly focused on nickelates considering the avoidance of
Co. Cuprates are also investigated, but only Pr2CuOs is found to have sufficient

electronic conductivity, k&, and Ds for potential applications in IT/LT-SOFC [80].
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Through the research on Ln2NiO4 (Ln = La, Pr, Nd), it is found that although they all
show interesting performance at low/intermediate temperature, some issues should still
be noticed. Mauvy et al. [81] found that La2NiO4 and Nd2NiOs possess sufficient
chemical stability not to decompose in a wide temperature range. The deficient Nd
compound, Ndi.9sNiO4, remained stable even at 1000°C when in contact with YSZ.
However, when the well-mixed Ndi.9sNiOs and YSZ powders are sintered at 1100°C
for 4 h, trace amount of the non-conductive pyrochlore phase Nd2Zr.O7 formed.
Hernandez et al. [82] found that when La>:NiO4 powder is directly deposited on the
surface of YSZ or GDC pellets, no chemical reaction occurred at 900°C for 1 h.
However, some LaxZr207 and La3Ni207 phases are observed after sintering for long
time of 72 h. Syers et al. [83] investigated the chemical compatibility of LazNiO4 with
YSZ and LSGM. They found that serious reactions occurred at 900°C for 4 h when
LaxNiOs powders are mixed with YSZ, but not with LSGM. In addition, there is still a
lack of favorable evidence on whether GDC, SDC electrolytes react with La2NiO4 and
Nd2NiO4. From the above reports, the use of a buffer layer (such as GDC, LSGM)
between the cathode and the electrolyte is necessary when Ln2NiOs (Ln = La, Nd) and
the commonly used electrolyte YSZ are used in SOFC. In addition, care should also be
taken to minimize the sintering time when using the sintering method to prepare the
cathode.

Pr2NiOs4 is considered to have chemical stability issues, it will be decomposed to
PraNi3010 and Pr6O11 below 1000°C, and the decomposition rate seems to be related to
the electrolyte used [84, 85]. The decomposition of PraNiOs as the cathode will cause
the lattice change of the material, which may lead to the structural damage to the cell.
Doping with La, Cu, Gd, etc. may stabilize this material against decomposition [86-88].
Additionally, it has been reported that PraNi3zO10 with higher order Ruddlesden-Popper
phase (AO)(ABO3)m (m = 3) also has useful MIEC properties and is more stable at the
operating temperature of SOFC [89, 90]. Unlike Pr2NiOs, PraNizOio has higher
electronic conductivity and oxygen diffusion dominated by oxygen vacancies, but
higher CTE [90-92]. Interestingly, it is shown that composite cathodes containing

PrcO1n1 exhibited good ORR properties since PreO11 can significantly accelerate the
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oxygen surface exchange [93, 94].
Tables 1.5 and 1.6 list the CTE and performance (characterized by Ry of cathode)
of the cathode materials reviewed above, respectively, providing a direct reference for

the selection of cathode materials.

Figure 1.13: Crystal structure of A,BO4 with Ruddlesden-Popper phases cathode material
[60]

Table 1.5: The average CTE of different cathode materials (300-1000°C) in air [86, 95, 96]

Composition CTEx10%K™) Composition CTEx10%K™)
A2BO4 ABO3
LaoNiO4 13.0 Lag §Sr92MnO3 12.3
Nd:2NiO4 12.7 LagSr0.4Co03 20.5
Pr,CuOy4 10.2 Lag.¢Sro4FeO3 16.3
ProNiOy4 13.6 Lao.¢Sr0.4Co0.2Fe0.803 17.5
Lay«PrNiO4 (x = 0-2) 13-13.5 LaNio.cFeo403 13.75
Electrolytes Bay 5Sro.5Co.sFe0203 19.8
YSZ 10.8
SDC 12.3
GDC 13.5
LSGM 11.1
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Table 1.6: The polarization resistance R, of different cathode materials in air

Composition R, (Q cm?) Ref.
LSM Lag sSro2MnOs 3.5%¢(750°C)
LSM/GDC LagsSr0.Mn03/CeosGdo20>  0.49*€ (750°C) [72]
LSM/YSZ LagsSrooMnOs/ZrogsY01602  1.31%¢(750°C)
LSM/YSZ Lag §Sr0.MnOs3/Zro 84Y 0.1602 0.3%4 (700°C) [97]
LSM/SDC LagsSro>MnOs 1.034%¢ (650°C) [98]
/Ce0.8Smo201.9
LSCF Lao 6Sr0.4C002Fe0 3035 0.67%4 (600 °C) [99]
Lag Sr0.2C00 sFe0 2035 0.3%¢ (700 °C) [100]
BSCF Bayg 5Sr0.5C00.2Fe0 5035 0.26%¢ (700 °C) [101]
LNF LaNig ¢Feo 403 2.78>%(750 °C) [96]
Lag94Nig 6Feo 403 0.61%¢ (700 <T)
LNO La;NiO4 0.93%5¢ (600 °C) [102]
LPNO Lao sPri sNiOy4 0.23*>¢ (600 °C)
PNO ProNiOy4 0.15%5¢ (600 °C)
LNO La;NiO4 0.42%¢ (700 °C) [85]
PNO ProNiOy4 0.36°¢ (700 °C)
NNO Nd>NiO4 4.1°¢ (700 °C)
20PPCO Pr2Cu04-20%PrsO1 0.07°¢ (700 °C) [103]

¥YSZ support electrolyte; "GDC support electrolyte; ‘SDC support electrolyte; “Infiltrated; °Co-fire

1.3.2 Fabrication of MS-SOFC

Since the invention of SOFC, researchers have started from material development
and preparation technology improvement with the goal of improving cell performance
and reducing fabrication costs. Metal Support Strategy (MS-SOFC) is responsible for
reducing the fabrication cost of SOFC to be more widely commercialized. However,
the introduction of metal supports into SOFC also puts forward higher requirements on
the fabrication of SOFC because the properties of metal materials are different from
ceramic materials commonly used in SOFC. Therefore, the fabrication process should
be carefully selected for MS-SOC. As regard, researchers have developed a series of
fabrication technologies as shown in Figure 1.14 and Table 1.7. At present, the

following two routes are mainly used to manufacture MS-SOFC:
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Figure 1.14: Technologies currently used to fabricate MS-SOFC [18]

(@) Mixed fabrication method

In mixed fabrication, ceramic powder processing technology combined with
chemical preparation technology is most adopted due to significant cost advantages and
good structural integrity. Metal supports, anode functional layers and electrolyte layers
can be prepared by this method. However, one or more high-temperature co-sintering
processes are required to obtain a sufficiently dense electrolyte layer and a support with
sufficient strength in a reducing atmosphere. The cathode layer can be prepared by
screen-printing and in-situ sintering (during cell testing) to avoid the decomposition of
cathode material under low oxygen partial pressure. The disadvantage of this method
is that it is difficult to establish a suitable co-sintering schedule due to the temperature
requirements are often contradictory for the densification of the electrolyte, the
sintering shrinkage of the metal support, and the oxidation of the metal. In addition, it
has been reported that cathodes obtained by in-situ sintering have greater polarization
resistance than those obtained by co-sintering [49, 76]. However, common cathode
materials such as LSM, LSCF, etc. are not suitable for co-sintering with other
components because they are easily decomposed in a high temperature reducing
atmosphere.

For the mixed fabrication method, another approach is to comprehensively
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consider the physical deposition method, chemical preparation method, and powder
ceramic processing method to design a more suitable technical route for the fabrication
of MS-SOFC. In this mixed fabrication method, the electrodes are prepared by powder
ceramics preparation method or chemical preparation method, while the electrolyte is
deposited by physical deposition method, especially magnetron sputtering technology,
to avoid high temperature sintering process. As regard, researchers have carried out a

lot of beneficial exploration.

(b) Physical deposition method

The physical deposition method usually deposits the coating at low temperature to
avoid the long-term high-temperature sintering process. If necessary, annealing
treatment can be used to release the stress of the coating and improve the crystallinity.
This method makes it possible to sequentially deposit different functional layers on
metal supports to obtain single cells in one step. Moreover, the complete single cell can
be obtained at a lower temperature to avoid interdiffusion among Fr, Cr, and Ni. At
present, the drawbacks of preparing MS-SOFC by physical deposition method are
generally high cost and limited flexibility.

Although MS-SOFC has shown great potential due to its potential cost and
performance advantages, the most mature commercialization is AS-SOFC. The main
reason for this is that the fabrication process of MS-SOFC is not mature enough. The
fabrication of MS-SOFC should be considered comprehensively, because it involves
the realization of different component layers of the cell. Especially for metal supports,
its compatibility with other component materials and high temperature oxidation
tolerance must be considered. The comparison of some existing technologies that can
be used to prepare MS-SOFC is listed in Table 1.7. It can be seen that the obvious
disadvantage of the technologies widely used to prepare electrolyte, anode and cathode
layers for a complete MS-SOFC, such as ceramic powder processing and chemical
preparation, is that they usually need to undergo sintering at high temperature for a long
time, which is unfavorable for metal supports. An obvious advantage of physical

deposition is that the component layers can be deposited at low temperature, which is
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very attractive for the fabrication of MS-SOFC. Low-temperature deposition can avoid
element diffusion between component layers, especially metal elements in the metal
support diffuse to the anode layer, during the deposition process. However, the current
application of physical deposition techniques in MS-SOFC fabrication is limited.
Therefore, the fabrication of MS-SOFC needs to be further developed.

The cell performance of MS-SOFC supported by ferritic stainless steel using
different manufacturing methods is summarized in Table 1.8. From the table, it seems
impossible to determine which fabrication process is the best but is directly related to

the specific fabricating process.
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Table 1.7: Advantages and drawbacks of various technologies for MS-SOFC fabrication [18, 104-106]

Fabrication methods

Estimated costs

Advantages

Drawbacks

Ceramic Screen-printing Low Preparation of dense or porous layers with a High temperature sintering step for electrolyte
Tape-casting thickness down to 5 pm with good uniformity;  densification; substrate uniformity required for
powder easy control of porosity; reproducibility; deposition; size of the screen and resolution given
processing reliable multi-layer deposition technique; by the mesh opening; Minimum coated layer 5
Scalable um
methods High temperature sintering step for electrolyte
densification; bending issues; difficult to prepare
coatings below 30 pm; need to burn out organic
compounds in air to avoid formation of nitrides or
carbides in reducing atmosphere
Slurry coating Low Preparation of dense or porous layers with a High temperature sintering step for electrolyte
Dip-coating thickness down to hundred nanometers; densification; often requires multiple steps of
flexibility of size and shape of supports to be coating and annealing to achieve sufficient
coated; multi-layer deposition technique; density
scalable
Electrophoretic Moderate Fast deposition speed; fewer restrictions on High temperature sintering step for electrolyte
deposition substrate shape and roughness; controllable densification; cracks are formed when the
film thickness; high powder packing density in  thickness exceeds 50 pm; the substrate should be
the deposited layer, which is beneficial to a conductor or a conductive backing such as
reduce sintering temperature; good carbon or platinum should be used; not easy to
manufacturability control the porosity of the electrode
Chemical Sol-gel Low No shape required, can be sintered at Long duration (days or even a week); precursors

intermediate and low temperature

are expensive (some are highly toxic)
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preparation Spray pyrolysis Low Possibility of multi-layer deposition; fast Decomposition of precursors at high temperature;
deposition; high purity and uniform film; adhesion issues between film and substrate; large-
methods simple device Scale spray pyrolysis limited
Physical APS Moderate Possibility of multi-layer deposition; fast low Po> during deposition leads to strain
SPS to high deposition, deposition at low temperature relaxation and formation of microcracks during
deposition VCS avoids chemical reactions between different post-annealing; electrodes with low porosity;
methods VPS layers; flexibility in automated production; anisotropy in electrolyte layer
HVOF VPS has higher particle velocity than APS,
resulting in higher density films
Magnetron High Preparation of high-dense or porous layers with  Post-annealing may be required to obtain
sputtering a thickness down to hundred nanometers; high  crystalline material; low Po> during deposition
deposition rates; deposition at low temperature  leads to strain relaxation and formation of
avoids chemical reactions between different microcracks during post-annealing; anisotropy in
layers; possibility of multi-layer deposition; electrolyte layer
high-purity films; extremely high adhesion of
films; ability to coat heat-sensitive substrates;
ease of automation; excellent uniformity on
large-area substrates
PLD High Ability to deposit layers with controlled Post-annealing may be required to obtain

microstructure at intermediate temperatures;
multilayer films of different materials can be
produced by sequentially ablating various

targets

crystalline material; low Po, during deposition
leads to strain relaxation and formation of
microcracks during post-annealing;
inhomogeneous deposition of large samples
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Table 1.8 Performance of MS-SOFC use ferritic stainless steel as support prepared by different fabrication methods measured under H»

Fabrication methods Support Diffusion Anode layer Electrolyte Interface Cathode Maximum Power Ref.
buffer layer layer buffer layer layer density(mW/cm?)
Ceramic powder I™ GDC20 Ni-YSZ /Ni-GDC 8YSZ/GDC GDC20 LSCF 550 at 700°C [37]
processing and Chemical STS430 - Ni-YSZ 8YSZ GDC BSCF 310 at 700 °C [76]
preparation STS430 - Ni-YSZ 8YSZ - LSCM 30 at 700 °C [107]
Ceramic powder IT™ GDC20 Ni-YSZ /Ni-GDC10 8YSZ GDC20 LSCF 910 at 700°C [108]
processing and physical SS430 - Ni-SDC ScSZ/GDC - SSC-SDC 140 at 600 °C [109]
deposition methods CroFer22APU — Ni-YSZ YSZ CeO, LSCF 430 at 800 °C [73]
Physical deposition methods ~ Hastelloy X - NiO-SDC ScSZ/GDC - SSC-SDC 110 at 600°C [109]
Hastelloy X - NiO-SDC Se¢SZ/GDC - SDC-SSC 530 at 650°C [110]
IT™ LSG NiO-YSZ YSZ LSG LSM/LSCF 610 at 800°C [111]
IT™M GDC20 NiO-YSZ 8YSZ GDC20 LNO 76 at 700°C (2]
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1.4 The research purpose and significance of this thesis

From Table 1.7, there are pros and cons to the different fabricating methods for
MS-SOFC. From the cost point of view, ceramic powder processing methods and
chemical preparation methods are advantageous, but the establishment of a reasonable
sintering schedule is not easy. At present, the common disadvantage of the physical
deposition methods is the relatively high cost. Interestingly, physical deposition
methods allow possible multi-layer deposition as well as low-temperature deposition,
which is attractive for the fabrication of MS-SOFC. The porous anode layer of MS-
SOFC can be rapidly deposited by APS at low temperature, which avoids the reaction
or diffusion between the anode layer and the metal support during the fabrication
process. Magnetron sputtering can be used to deposit the dense and thin electrolyte
layer, which avoids the prolonged high temperature sintering process for densification
of the electrolyte layer.

Dr. J. FONDARD explored the fabrication of MS-SOFC single cell with
configuration of [ITM/GDC/Ni-YSZ/8YSZ/GDC/LNO under the guidance of Associate
Prof. P. BRIOIS and Prof. G. BERTRAND during his doctoral studies. However, the
Pmax is only 76 mW/cm?, which is far from meeting expectations [2]. This thesis is
another attempt to fabricate MS-SOFC by combining APS and RMS technology,
expecting to obtain interesting cell performance, based on the research results of Dr. J.
FONDARD. Here, a novel composite cathode Pr2NiO4@PrcO11 (PPNO) is explored.
The fabrication strategy of the complete single cell has changed. Annealing treatment
is performed in air before the cell performance test in order to obtain a PPNO cathode
with excellent electrochemical activity. The thickness of the GDC10 layer on the 8YSZ
layer has been increased to form an 8YSZ/GDCI10 bilayer electrolyte. The
configuration of the MS-SOFC to be developed is shown in Fig. 1.15. Specifically, a
bilayer NiO-YSZ anode is deposited by APS. The buffer, electrolyte, and cathode layer
are deposited by RMS. The specific research content of this thesis is as follows:

(@) The deposition of NiO-YSZ anode on commercial ITM by APS and the

evolution of the oxidation resistance of commercial ITM in air as temperature
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are investigated in detail.

(b) The deposition of 8YSZ and GDC10 by RMS coupled with Plasma Emission
Monitor (PEM) is investigated.

(c) Anovel porous PPNO composite cathodes synthesized by RMS is explored.

(d) The fabrication process of MS-SOFC with ITM/GDCI10/NiO-
YSZ/8YSZ/GDC10/PPNO2 configuration is explored by APS and RMS. The
performance of single cell is evaluated by electrochemical impedance
spectroscopy (EIS), I-V curve and long-term constant current discharge test.

Porous composite cathode Pr2NiOs@PrsO11 (PPNO)

-»GDC10 electrolyte/buffer layer
-»8YSZ electrolyte layer

~>Low porosity NiO-YSZ anode layer
--»High porosity NiO-YSZ anode layer
> GDC10 buffer layer

Figure 1.15: A brief schematic diagram of the MS-SOFC to be developed in this thesis
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Chapter 2: Deposition and characterization of components of
MS-SOFC

2.1 Introduction

This thesis aims to develop and characterize MS-SOFC by physical deposition
method. It mainly includes the deposition of electrodes, electrolyte, and buffer layer by
different deposition techniques. In this chapter, the APS process of the anode layer, the
RMS process of the electrolyte or buffer layer, and the cathode are firstly introduced.
Then different characterization techniques are presented for the analysis of morphology,
structure, chemical bonding state of the materials, and single cell performance. Table
2.1 lists all raw materials used in this thesis.

Table 2.1 Raw materials involved in the experiments

Raw material Composition/Purity  Specification Producer
I™ 26Cr-Fe Bal. Plane PLANSEE SE
YSZ Z10.92Y0.0801.96 Powder
NEYCO
NiO 99.9 % Powder
8YSZ pellet Z1084Y0.1602-5 ®25 x0.5 mm
Ni target
Ceo0Gdio alloy target 99.9 % ®200 * 6 mm AMPERE
Zrs4Y 16 alloy target INDUSTRIE
Pr target

2.2 Fabrication techniques

2.2.1 Atmospheric Plasma Spraying (APS)

Thermal spraying technology uses high-temperature heat sources such as plasma
jets and combustion flames to heat powder materials to a molten or semi-molten state,
and then sprays the powder onto the surface of the substrate at a certain speed by means
of jets, flames, or other external conditions. The powder is deposited on the substrate
surface to form the coating. Since it is invented by the Germans at the beginning of the
20" century, thermal spraying has developed through multiples processes:
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oxyacetylene flame spraying, plasma spraying, arc spraying, detonation spraying,
supersonic spraying, cold spraying technology and very low-pressure plasma spraying.
Nowadays, as a practical engineering technology, thermal spraying technology is

playing an important role in industrial production.

2.2.1.1 The principle of APS

APS is a thermal spraying technology that works in an atmospheric environment,
and its working principle is shown in Figure 2.1. A high-intensity arc is generated
between the cathode and anode of the torch by a DC power supply. The working gas
(usually Ar and H>2) entering the arc chamber is ionized by the high-intensity arc to form
a plasma. The powder is injected into the plasma jet at a 90° right angle through an
injector, and then deposited on a surface thanks to the torch scanning face to this surface.
During this process, the temperature in the plasma can reach over 10000°C, so the
powder particles will be heated rapidly until they are melted or partially melted.
Although the residence time of the particles in the plasma is generally very short, it is
sufficient for the powder particles to be in a molten or semi-molten state when they
reach the substrate surface. The heated powder particles are deposited on the substrate
as a single particle unit, forming a coating with layered accumulation morphology.
These particles undergo a very rapid cooling on impact with the substrate which can

contribute to the formation of defects such as abundant pores and cracks in the coating.

Plasma gas + current

Water-cooled anode
Cathode .
Coating —»
LY
T Powder port Substrate —»

Insulator

Figure 2.1: Schematic diagram of a plasma torch [1]
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2.2.1.2 Deposition parameters of APS

Several factors concerning the generation of the plasma (working gas, plasma
power), the powder (injector, powder size and morphology), the spraying kinematics
(scanning speed, standoff distance) and the substrate (properties, surface treatments)
can affect the coating deposited on the substrate.

Usually, the substrate needs to be sandblasted and cleaned with organic solvents
to promote mechanical anchorage and adhesion between the coating and the substrate.
In our case, the substrate has sufficient initial roughness that does not require additional
post-processing. Hydrogen and argon are used as working gases to form the plasma.
The composition and flow rate of the working gas have an important impact on the
deposition of the coating. As a reactive gas, hydrogen can increase the thermal
conductivity of the plasma, thereby improving the heat transfer to the powder particles
in the plasma. Argon is considered a viscous gas that helps stabilize the plasma. The
longer the powder particles stay in the plasma, the more energy they gain. The
characteristics of powder particles such as particle size and melting point are also
important factors affecting the coating morphology. Indeed, the increase in the size of
the particles injected into the plasma can modify the microstructure of the deposit
through the incorporation of less well melted particles leading to stacking faults during
the coating building. Conversely, a smaller powder size can promote better particle

melting and lead to a denser deposit by reducing the number or size of stacking faults.

2.2.1.3 The experimental device for APS deposition

In this thesis a F4-MB torch purchased from Oerlikon is used for the deposition of
NiO-YSZ anodes. The torch is protected by a circulating water-cooling system with a
nozzle outlet diameter of 6 mm. A conical cathode encased by tungsten and thorium
was placed in the center of the torch. A cylindrical anode is made of copper and encased
by tungsten. The working gas (H2-Ar) enters the arc chamber controlled by the gas flow
meter to form a plasma. The ignition of the plasma is controlled by a control panel as
shown in Figure 2.2 (a). The torch as shown in Figure 2.2 (b) is connected to a

programmable ABB robotic arm, which can be precisely scanned to ensure the
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deposition of uniform thickness coatings. The robotic arm was programmed to scan the
surface of the sample with the scanning conditions of a speed of 300 mm/s and a step
of 5 mm. The NiO-YSZ powder is transported by the carrier gas through a feeding
device as shown in Figure 2.2(¢c) to an injector with a diameter of 1.8 mm located at 6
mm from the torch axis. The injection direction of the powder is 90° to the plasma jet.
The powder is injected into the plasma jet with a mass flow rate of 15 g/min. The
distance between the substrate and the torch exit is 90 mm. Compressed air is blown
from a 45° angle to the deposited coating to facilitate cooling during the deposition

process.

Figure 2.2 APS system: (a) control Panel, (b) spray device, (c) powder feeding device

2.2.2 Reactive Magnetron Sputtering (RMS)

Plasma-based physical vapor deposition (PVD) processes, achieved either
evaporated by thermal evaporation or sputtered from the cathode target by ion
bombardment, have been widely used in various industrial applications. For decades,
sputter deposition has been recognized as a flexible, reliable, and effective coating
technique. For sputtering deposition, the sputtering source directly affects the entire
sputtering process, which undergoes from DC glow discharge sputtering discharge to
magnetron sputtering discharge. In a planar configuration, the magnetron sputtering
discharge is realized by adding the magnets directly behind the cathode target.

Moreover, the energy of the sputtered species can be maintained while reducing the
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operating pressure by the magnetron sputtering technique, which generally improves
the coating properties. Therefore, magnetron sputtering technology has been the
mainstay in plasma-based sputtering applications since it was developed in the 1960s
and 1970s. RMS is a magnetron sputtering technology that introduces reactive gases

such as oxygen and nitrogen into the chamber during the process.

2.2.2.1 Principle of RMS deposition technique

With the development of electrical technology, the progress of magnetron
sputtering technology has been brought, which is mainly reflected in the sputtering
source. The selection of sputtering sources for magnetron sputtering is diversified,
mainly including Direct Current (DC) generator, Pulsed DC generator, Radio
Frequency (RF) generator, and high-power pulsed generator etc. When using DC
generator for RMS to deposit insulating coating, target poisoning is often encountered
due to the coverage of the insulating coating on the target surface. In this case, a pulsed
generator is introduced to avoid target poisoning. RF magnetron sputtering can deposit
almost any solid coating including insulating coating. However, compared with pulsed
DC magnetron sputtering, the sputtering rate of RF magnetron sputtering is lower. In
addition, the application of Plasma Emission Monitoring (PEM) technology on RMS
can also effectively solve the problem of target poisoning [2].

In this thesis, a pulsed DC generator is used as a sputtering source to deposit oxide
coating by RMS, and its working principle is shown in Figure 2.3 illustrating the motion
behavior of particles. The plasma generated by the potential difference between the
magnetron cathode and the reactor used as anode. Electron ionization is initially
triggered by pulsed DC generator, and the generated electrons move at a high speed
under the combined action of electric and magnetic fields (ExB) and collide with argon
atoms to form argon ions, finally generating plasma. In this process, the electrons
generated by the pulsed DC excitation are magnetized by the magnetron because their
gyration radius is much lower than the characteristic size of the magnetron, and then
undergo ExB drift in the ionization region above the target surface [3]. In a circular

magnetic field, electrons will perform a closed circular motion in the form of a cycloid

46



in the plasma region. In this case, two advantages are revealed for the ionization of
argon. Firstly, the motion path of electrons is greatly prolonged, which in turn increases
the collision probability of electrons and argon atoms when the average free path and
reaction space remain unchanged. Secondly, the kinetic energy of the electrons
gradually accumulates during the drift process, which increases the effective collision
probability with the argon atoms. During the ExB drift process, high-energy electrons
collide with argon atoms to produce argon ions and new electrons with weak energy,
and the kinetic energy of the electrons participating in the collision is consumed. The
new electrons are captured by the electric field and magnetic field together and added
to the drifting electron flow to wait for the next collision. Usually, the gyration radius
of ion is larger than the characteristic size of the magnetron and not be magnetized by
the magnetron [4]. Therefore, the ions are not ExB drift, and their trajectory is
dominated by the electric field. The generated argon ions are accelerated by the cathode
potential drop and eventually bombard the metal target, causing metal atoms (M) to
escape from the target. The escaping metal atoms either go straight to the substrate or
collide with electrons. The metal atoms (M) running to the substrate are oxidized by
oxygen on the way to form oxides deposited on the substrate or deposited directly.
Metal atoms (M) collided by electrons will form metal ions (M") and new secondary
electrons. Most metal ions (M") escape from the ionization region after multiple
scattering elastic collisions and then undergo the same process as metal atoms (M)
rushing to the substrate. A small part of the metal ions (M) will bombard the target
under the action of the cathode potential drop to participate in the re-sputtering
mechanism. This may be since these metal ions (M) are closer to the target surface and
have lower kinetic energy so that they are easily manipulated by the cathode potential
drop. Although this re-sputtering by the back-attracted target metal ions (M") promotes
ionization, it impairs the sputtering rate. In addition, although the secondary electrons
generated by each ionization collision will be re-bound by the ExB drift to facilitate the
next collision, as the number of collisions increases, the electrons will gradually move
out of the ionization region and the kinetic energy will decrease. Eventually, these

electrons will reach the substrate under the action of an electric field E. Since the
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electron energy at this time is very low, the temperature rise of the substrate is low.

It should be noted that the oxygen entering the ionization region may be reduced
to oxygen anions (such as 0~, 027, 03) because oxygen easily captures electrons.
Oxygen anions may react with metal atoms (M") that are close to the target surface with
low kinetic energy to form oxides (MO), even when pulsed power is used. If a large
amount of these oxides (MO) is deposited on the target surface, it may cause target

poisoning.
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Figure 2.3: Schematic diagram of the working principle of reactive magnetron sputtering

2.2.2.2 Application of Plasma Emission Monitoring (PEM) on RMS

A typical hysteresis phenomenon is observed as shown in Figure 2.4. for the
deposition of oxide coatings by Reactive Magnetron Sputtering (RMS). For a new metal
target, the sputtering rate is basically unchanged with the increase of the oxygen flow
rate at the beginning. As the oxygen flow rate further increases, the sputtering rate
decreases, but it is not very different from the sputtering rate under pure argon. An
almost metallic coating is deposited in this process and is considered a metal mode. But
the sputtering rate will suddenly drop sharply when the oxygen flow rate increases to a
critical value Fi. Usually, the sputtering rate Rz currently is an order of magnitude
smaller than the initial sputtering rate Ri. At this time an oxide coating is deposited and
is considered an oxide mode. The reason for the decrease in sputtering rate is that the
target surface is covered by metal oxide. The secondary electron emission coefficient
of metal oxide is generally higher than that of metal. Therefore, a large part of the
energy of the incident particles is used to excite the secondary electron emission of the

metal oxide. Correspondingly, the energy the incident particles used to bombard the
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metal target is reduced, resulting in a significant decrease in the sputtering rate. Starting
from the oxide mode, the sputtering rate does not immediately return from R2 to Ri but
increases slowly as the oxygen flow rate gradually decreases. This process also belongs
to the oxide mode. When the oxygen flow rate decreases to a certain critical value F2,
the sputtering rate suddenly increases to Ri. Currently, the sputtering is considered to
return to the metal mode. There is also a hysteresis loop between the target voltage and
the oxygen flow rate like that between the sputtering rate and the oxygen flow rate. The
changing trends of the two hysteresis loops are the same. Hysteresis effects are not
welcomed in the RMS process. Because there are two different sputtering modes
corresponding to the same oxygen flow value in the unstable region of the hysteresis
loop. The specific deposition mode depends on the sputtering history experienced by
the target surface.

In metal mode, a metal coating is deposited instead of the required oxide. The
desired oxide coating can be deposited in oxide mode, but the deposition rate is lower.
Therefore, to deposit the required oxide coating at high deposition rates, the oxygen
flow rate should be fixed at the inflection point Fi of the hysteresis loop. Usually,
however, this is difficult to achieve with magnetron sputtering operating in flow-
controlled mode. Because any fluctuation of oxygen partial pressure in the sputtering
chamber (such as fluctuations caused by pump operation) will change the sputtering
mode, and often this change is irreversible. Therefore, a fast feedback method to
automatically control the oxygen flow to stabilize the reactive sputtering process is
necessary. At present, there are two practical and reliable methods to achieve this goal,
that is, the Plasma Emission Monitoring method and the target voltage monitoring
method. Among them, the target voltage monitoring method is only suitable for the
situation that there is a large difference of target voltage value between the metal mode
and the oxide mode. In comparison, the scope of application of the PEM method is
wider because it monitors the intensity of the emission optical from the discharge
plasma.

In RMS, the emission optical position from the discharge plasma is related to the

target material, gas composition, and oxide. But its emission optical intensity is related
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to the RMS process. For example, in the process of depositing 8YSZ coating using
Zr0s4Yo.16 alloy as the target under the condition of fixed oxygen flow rate, the oxygen
partial pressure in the sputtering chamber increases because the target is covered by the
oxide 8YSZ, so that the emission optical intensity of Zr at 386 nm in the discharge
plasma is significantly attenuated. The PEM method automatically regulates the RMS
process by monitoring the change of the spectral intensity. As a closed-loop feedback
system, the PEM process usually includes optical signal acquisition, analysis,
photoelectric conversion, calculation and comparison of control parameters. The
equipment involved There are fiber optic probes, conducting fibers, spectrometers,

controllers, etc.
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Figure 2.4: Hysteresis loops during reactive magnetron sputtering

2.2.2.3 Deposition parameters of RMS under plasma emission monitoring

To obtain the required oxide coating, some relevant deposition parameters need to
be optimized. For the RMS process performed under the PEM system, the spectral
intensity of the target should be considered first. As mentioned in the previous section,
the PEM system regulates the sputtering process by monitoring the intensity of the
emission spectrum from the discharge plasma. Therefore, the hysteresis relationship
between the oxygen flow rate and the sputtering rate in Figure 2.4 can be transformed
into the hysteresis relationship between the emission spectrum intensity and the oxygen

flow rate as shown in Figure 2.5. In this way, the operator can more intuitively control
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the sputtering process through the PEM system. The spectral signals collected from the
discharge plasma under pure argon (metal mode) is defined as 100%. In the PEM
system, the spectral signals can be artificially set in the scope of unstable region to
achieve different sputtering processes. Therefore, the set value of the spectral signals
affects the deposited coating. For the convenience of description, the set value of the
spectral signal is simplified as Setpoint. It should be noted that such a hysteresis
relationship is affected by the target, the gas composition in the sputtering chamber, and
the operating pressure. Different target materials and gas compositions will lead to
different hysteresis loops, which are mainly reflected in the position and range of the
unstable region. As the deposition pressure increases, the scope of the unstable region
shrinks, and the location moves toward low oxygen flow rate [5]. This change may
originate from the effect of operating pressure on the particles in the sputtering chamber.
In fact, the operating pressure significantly affects the kinetic energy of the particles in
the sputtering chamber. The particles in the sputtering chamber have smaller average
free path at higher operating pressures, which increases the probability of particle
collisions. But it also leads to a decrease in the kinetic energy of the incident particles
(Ar") due to more collisions between particles at high operating pressures. The effect
of the increase of operating pressure on the coating can be intuitively reflected in the
coating morphology. From the long-term research of magnetron sputtering deposition
coatings by Associate Prof. P. BRIOIS, Prof. A. BILLARD et al., dense electrolyte
coatings (such as YSZ [6, 7], GDC [8], LaMOx [9], etc.) can be better deposited at
lower pressures (< 1 Pa), while to obtain a porous coating requires a higher pressure
(usually several Pa) [5]. The morphology of the coating will develop towards the
columnar crystal as the operating pressure increases. In addition, to enhance the
adhesion between the coating and the substrate, it is generally considered to apply a
bias power on the substrate. But some cracks appear in the coating after annealing
treatment due to internal stress when an excessively high bias power is applied to the

substrate [10].
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Figure 2.5: The hysteresis loop between the oxygen flow rate and the emission optical intensity of
the target

2.2.2.4 The experimental device for RMS deposition

In this thesis, the 8YSZ electrolyte, GDC10 buffer layer, and Pr2NiOs@PrsO11
composite cathode are deposited by the RMS system as shown in Figure 2.6. The
complete RMS system mainly includes sputtering chamber, vacuum system, hardware
control unit, gas flow control system, pulsed DC generator and PEM system. The
sputtering chamber is a cylinder with a height of 300 mm, an inner diameter of 620 mm,
and a volume of about 100 L. The vacuum system consists of a main pump and a
secondary turbomolecular pump, which can achieve a vacuum lower than 10 Pa. A
two-channel DC Pinnacle® Plus® generator from Advanced Energy® serves as the
power supply, which can adjust the pulse frequency from 5 to 350 kHz. An RF generator
(CAESAR 1310 with matching box from Advanced Energy®) will be used as a bias on
substrate for the deposition of the dense coatings such as 8YSZ electrolyte and GDC10
barrier layer. The substrate holder with a diameter of 610 mm is placed at a draw
distance of 70 mm from the target surface (D#-s = 70 mm), and it can rotate at a rate of
14 Round Per Minute (RPM) driven by a motor. A pressure gauge with a display upper
limit of up to 10~ mBar is used to determine the vacuum in the sputtering chamber. A
more accurate MKS Baratron pressure gauge is used to display the operating pressure

in the deposition chamber during the deposition in real time. The sputtering chamber
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allows up to four targets with a diameter of 200 mm. Each target is placed on a copper
pedestal whose bottom is in contact with circulating cooling water, and a graphite sheet
is placed between the target and the copper pedestal to improve electrical contact.

As an important part of this RMS system, the PEM system consists of optical fiber
probes, conducting optical fiber, spectrometer, and photomultiplier to obey computer
management to monitor plasma emission spectra. The fiber probe is connected to an
aluminum tube with an inner diameter of 6 mm. The fiber probe and the aluminum tube
are separated by a piece of glass slide to avoid signal loss due to deposition of sputtered
particles on the fiber probe. The aluminum tube is placed above the ring-shape corrosive
area of the required target. In this way, photons will be maximally captured due to the
ring-shaped area is the main sputtering area of the required target. The captured photons
are transmitted to a spectrometer equipped with a photomultiplier by optical fiber. A
computer linked to the spectrometer monitors the spectral intensity through a software

developed by Labview® to control the RMS process.
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Figure 2.6: Reactive magnetron sputtering device with PEM system
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2.2.3 Annealing treatments and reduction experiments

The annealing treatment of ITM alloys is carried out in a furnace under air
allowing a maximum temperature of 1300°C. The rest annealing treatments involved
in this thesis are carried out in a standard furnace under air from Borel company. This
furnace can realize different annealing treatment processes under air, it allows a
maximum temperature of 1000°C. All annealing treatments perform the same heating
program in the heating stage, that is, increasing 100°C every lh until the required
temperature.

The reduction of the NiO-YSZ anode deposited by APS is carried out in a furnace
heated by a resistance wire to a maximum temperature of about 780°C. The furnace is
equipped with a vacuum system that consists of a main pump and a secondary
turbomolecular pump, which can achieve a vacuum lower than 10 Pa. The reduction
process is carried out after introducing the Ar/Hz (50/50 sccm) mixed gas, and the
vacuum in the furnace is about 1 Pa. In the heating stage, the principle of increasing

100°C every 1 h until the required temperature is followed.

2.3 Characterization techniques

In this section, some related characterization techniques and single cell

performance testing techniques will be introduced.

2.3.1 Structure and microstructure
® Morphological characterization

The SEM (JEOL JSM-7800F) with nanoscale resolution is used to characterize the
surface and cross-section morphology of various components in a complete single cell,
including the support, anode, electrolyte, cathode, and the interface between adjacent
components. A photograph of the SEM device is shown in Figure 2.7, which is equipped
with an Energy Dispersive X-ray Spectroscopy (EDS) detector to measure the
composition of the coatings. The phase distribution inside the coating is observed by
SEM with a backscatter electron detector (BED), and the acquired images are used to
quantify the porosity for porous electrode coatings (NiO-YSZ anode and cathode) by

using ImageJ software. The quantitative process of coating porosity is shown in Figures
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2.8 and 2.9. For the SEM-BED images under different magnifications (x1000, x1500,
and x2000), images with magnification of x1000 or x1500 are selected to quantify the
porosity of NiO-YSZ containing large pores. Because a larger field of view can be
included at a relatively low magnification, avoiding it is possible that the images are
taken at the large pores subjectively. The image with the magnification of x2000 is used
to quantify the porosity of the NiO-YSZ anode layer containing small pores. The
porosity of the cathode layer is quantified using the images with the magnification
ofx8500. This is because the cathode layer is relatively thin, and the pores can be clearly
distinguished under a larger magnification, and the distribution of pores in the cathode
layer is relatively uniform. To reduce the error as much as possible, the porosity of each
NiO-YSZ anode layer samples and cathode layer samples is obtained by taking the

average value after analyzing 10 images.

Figure 2.7: The Scanning Electron Microscope (SEM, JEOL JSM-7800F) equipped with an
Energy Dispersive X-ray Spectroscopy (EDS) [1]
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Figure 2.9: Procedure for quantifying porosity of cathode layer by Image] software

® Thickness measurement of coatings

Two methods are used to measure coating thickness. The thickness of the coating
deposited on the glass slide is measured by a 3D Altisurf 500 device with an inductive
sensor. The contact detector of 3D Altisurf 500 moves 4 mm in a straight line on the

coated glass slide and crosses the coated area to reach the blank area. In this way, a step
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is formed, and the calculated height with an error of 10 nm of this step is the thickness
of the coating. This operation is performed three times at different positions to obtain
three thickness values and then take the average as the final thickness value. After
measuring the thickness of the coating, the deposition rate can be calculated to control
the thickness of each component layer. For the thickness of each component layer of
MS-SOFC (anode, electrolyte, buffer layer, and cathode) is determined by the built-in
measurement tools in the SEM. Because the thickness of the component layer that has
been deposited on the complete MS-SOFC cannot be measured by 3D Altisurf 500

device.

® Surface roughness :

The surface roughness of the single cell at each deposition stage is also realized
by 3D Altisurf 500 device. The contact detector moves on the surface of the sample to
scan a 7x7 mm area and collects 3735 points in total. The surface roughness information
of the sample can be obtained by analyzing the scanned area. There are three parameters
Ra, Rz, and Rsk that need to be paid attention because they effectively reflect the
surface roughness of the sample. where Ra, Rz, Rsk represent the arithmetical mean
deviation of profile, the maximum height of the profile within a sampling length, and
the skewness (asymmetry) of the assessed profile, respectively [11]. A flat surface

requires Ra and Rz to be as small as possible, and Rsk close to 0.

® Transmission of the coatings
The transmittance of coatings deposited on glass slides is analyzed by a Shimadzu
UV-3600 UV-visible-NIR spectrophotometer controlled by UV probe 2.33 software.

All measurements are performed in the visible light range from 380 nm to 780 nm.

® Powder particle Size Analysis
The particle size of the NiO-YSZ powder is evaluated by a laser diffraction size
analyzer to obtain the average particle size and particle size distribution of the powder.

The equipment used is a Malvern Instruments Mastersizer A2000.

®  X-ray diffraction
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The structure of the coating is determined using a BRUKER D8 X-ray diffraction
(XRD) equipped with a LynxEye linear detector and Co Ka radiation (A=1.78897 A).
The device is operated at a voltage of 35 keV and a current of 40 mA. The scans are
carried out at room temperature in a 20 range of 20°-90° with a scan rate of 6° min!
and a scan step of 0.02°. Additionally, diffraction patterns with better signal-to-noise
ratio are collected by reducing the scan rate to 0.6° min™' for refinement by using the
Rietveld method. The device and schematic diagram of the XRD in 6/26 configuration
are shown in Figure 2.10. According to Bragg's law, expressed as 2dy sin@ = nA
where dnx is the interplanar spacing, 0 is the incident angle, A is the wavelength of the
incident beam, and n is an integer, other information related to the crystalline structure
of the coatings such as lattice parameters and average grain size is obtained from an
XRD diffraction pattern. The lattice parameters can be calculated from the main

diffraction planes by Bragg relation. The average grain size can be calculated by the

Scherrer formula expressed as [12]:

KA
dhkl = Bcoso 2.1

Where [, A, and 0 refer to the line broadening at half the maximum intensity
(FWHM), the X-ray wavelength, and the Bragg angle, respectively. dyy, refer to the
average size of the crystalline domains in the <hkI> direction, which may be smaller or
equal to the grain size. K is the Scherrer constant, which is a dimensionless shape factor
with a typical value of about 0.89 but will vary with the actual shape of the crystallite.

It should be point that, in this thesis, to apply the Scherrer formula more easily, the
broadening of the FWHM is attributed to the grain size and ignores the strain
broadening. The K value is fixed at 0.89 and ignores the influence of the actual shape
of the crystallite. In addition, in this thesis, the XRD patterns of the composite cathode
coatings are also refined by the Rietveld method via using a Fullprof software. The
content of each phase and the cell parameters in the composite cathode are determined

by XRD refinement.
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Atomic scale crystal lattice planes

Figure 2.10: XRD equipment and schematic diagram of XRD in 6/26 configuration

®  X-ray Photoelectron Spectroscopy:

In this thesis, the chemical states, binding energies, and stoichiometric ratio of
different species of elements present in the coatings are analyzed by XPS. The XPS
characterization is carried out by a K-Alpha® device produced by Thermo Fisher
Scientific, which operates under the high vacuum (2x10”7 mbar) with aluminum Ko
monochromatized radiation at the 1486.7 eV X-ray photon source. The measurements
of all samples are performed in constant analyzer energy mode with a pass energy of
50 eV. Charge calibration is performed based on the binding energy of the C 1s
photoelectron peak at 284.8 eV. The obtained XPS spectra are interpreted by an

Avantage software.

2.3.2 Electrical and electrochemical characterization
2.3.2.1 Electrical conductivity measurement

The electrical conductivity of the samples is measured according to the Figure 2.11.
In order to be able to take measurements, the sample holder must be completely
electrically insulated. As show in Figure 2.11, V is the voltage measured by the internal
probe, while I is measured by the external probe. At this time, the resistivity of the

cylindrical bulk material can be calculated by formula 2.2.
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p=2ms- 2.2

where p, s, I and V refer to resistivity, probe spacing, applied current and

measured voltage, respectively.

For thin coating samples, the thickness must be considered, and formula 2.2 is

rewritten as 2.3.
p = Znstg 2.3
where s, t, I, and V refer to probe spacing, thickness of the thin coating, applied

current and measured voltage, respectively.

It must be known that the contact between the probe and the sample is also very
important. Different operations may result in different contact situations as it depends
on the force applied, the contact area and the roughness of the sample. Therefore, it is
necessary to determine the geometry factor of the measurement unit (Figure 2.12) for
each operation. For this purpose, a standardized Jandel Multiheight Probe device with
well-known properties is required to correct for geometry factors before temperature-
varying electrical conductivity measurements are performed in the measuring cell
(Figure 2.12). At this time, it is necessary to consider the correction coefficient (Ci)
related to the diameter of the sample and the correction coefficient (Cz) related to the

thickness of the coating, so the formula 2.3 becomes 2.4.

p=CiCot~ 2.4

where Ci and C: refer to the correction coefficient of the sample diameter and
coating thickness, respectively. (t, V, I refer to to probe spacing, thickness of the thin

coating, applied current and measured voltage, respectively)

For the thin coatings deposited by magnetron sputtering to be very thin, its
thickness is negligible compared to the distance (s) between the probe tips. Therefore,
the factor Cz is approximated to 1, while Ci can be determined by drawing the
calibration curve [13-14]. For alumina pellet with a diameter of 23 mm, the coefficient

Ci 1s 4.532. Further, the resistivity for thin coating is calculated by the formula 2.5.
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p=4.532Rt 2.5
where R is directly output by the measuring device and t refer to the thickness of

the coating.

The system used to measure the resistance of the coatings consisted of an Agilent
3458 A multimeter, a furnace manufactured by Pekly, and a bracket which the samples
could be placed as shown in Figure 2.12. The main body of the bracket is made of
alumina to resist high temperature. Platinum wire is used to wrap four equidistant
alumina grooves to form four probes. The sample (a coated alumina ceramic pellet with
a diameter of 23 mm) to be measured is placed on an alumina spacer, then the probes
are in contact with the coating surface and a certain pressure is applied through the
spring device above the bracket. The sample is placed in the measuring cell (Figure
2.12) and the resistance is read at room temperature after 20 minutes of gas purging. It
is thus possible to determine the geometry factor of the measuring unit (Figure 2.12)
for each operation and to determine the electronic conductivity of the sample according
to formula 2.6.

1 1

0= ~ = ——— 2.6
p 4.532t%
1

where o: the electrical conductivity of the coating in S/cm; Ri: the electrical
resistance measured by standard equipment at room temperature; Ro: the electrical

resistance measured during temperature test.
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1
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-

Figure 2.11: A probe arrangement for measuring electrical conductivity by four-probe method

for a circular sample
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Figure 2.12: The measurement system of the electrical conductivity of the coatings

2.3.2.2 AC Electrochemical Impedance Spectroscopy (AC-EIS)

Electrochemical impedance spectroscopy (EIS) is widely used to analyze the
electrochemical properties of materials. EIS can be divided into DC-EIS and AC-EIS
according to the different currents used. Bauerle [16] first applied EIS technology to
the analysis of the electrochemical performance of fuel cell ceramic layers. In the past
few decades, EIS technology has played an important role in the field of fuel cells. For
SOFC, AC-EIS is usually used to investigate the electrochemical reaction process of

the cells and electrodes materials.

® The principle of AC-EIS

The working principle of AC-EIS is to apply a perturbation voltage under steady-
state conditions, and then a corresponding current response is output in a certain
frequency range. Different measurement objects and conditions will produce different
response signals. Therefore, the electrochemical processes corresponding to different
research objects and conditions are understood by analyzing these output response
signals. A perturbation voltage with sine wave applied in a measurement system can be
expressed as:

V(t) = V, - sin (wt) 2.7

Correspondingly, a response current with sine wave is obtained as:

I(t) = I, sin(wt + 0) 2.8

Where V, is the amplitude of the applied voltage in V, I is the amplitude of the
response current in A, o (w = 2nf,f refers to frequency in Hz) is the angular

frequency in rad/s, and O is the phase angle in °.
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The impedance of the entire measurement system is expressed as:

_ Vpsin(wt) sin (wt) 2.9
" Ipsin(wt+6) O sin (ot+6) .

Through Euler's formula, formula 2.8 is transformed into:

. VOeju)t
- Ioe(jo)t+j 0)

= Zpe % = Zy(cosb + sinb) = Z' —jZ" 2.10

Formulas 2.8 and 2.9 represent the Bode plot and Nyquist plot of the impedance
diagram, respectively. The parameters related to the electrochemical process can be
obtained by analyzing the impedance diagram by the Randles equivalent circuit method.
Common circuit elements include resistor (R), capacitor (C), inductor (L), and constant-
phase element (CPE). Different circuit elements respond differently to applied voltage
disturbances.

For R, the response current and the applied voltage have the same phase. It is

represented as a point on the real axis in the Nyquist plot (Figure 2.13), and the

corresponding impedance can be expressed as: Zg, = R = Zp; Zp =0

_ZH (Q)

z' Q)

Figure 2.13: The Nyquist plot of the resistor (R)
For C, the phase of the response current is ahead of the applied voltage by g In

the Nyquist plot, it is shown as a straight line coincident with the imaginary axis in the

first quadrant (Figure 2.14), and the corresponding impedance can be expressed

as: Zg = —j(ﬁ); ZL=0; Z/ = ——

wC
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_ZH (Q)

Frequency increase

A ——————

z'(Q)
Figure 2.14: The Nyquist plot of the capacitor element (C)
For L, the phase of the response current lags the applied voltage by g In the
Nyquist plot, it appears as a straight line coincident with the imaginary axis in the fourth
quadrant (Figure 2.15), and the impedance can be expressed as:Z; = jLw; Z; = 0;

Z; = Lw

AZH(Q)

zZ'(©Q

Frequency increase

A —————

Figure 2.15: The Nyquist plot of the inductor (L)
Different equivalent circuit models can be established from the above simple
circuit components. The Nyquist plot of a common equivalent circuit is shown in Figure

2.16(a), and its impedance can be expressed as:

Z=R,+— 2.11

jcoC+R—12
Formula 2.11 can be organized as:
! Ry 2 1\2 R, 2
@ - R =2+ @ = (D 212

2

At this time, the Nyquist plot is a standard semi-circular arc with a radius of %

and its circle center of is (R; + %, 0). In practice, it is almost difficult to find an
electrochemical process that strictly follows R or C. In this case, CPE is proposed for
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the actual electrochemical process. It combines the characteristics of R and C, and the

impedance can be expressed as:

ZCPE == L 213

Yojwn
Generally, the value of n follows the relationship of 0 <n < 1. In particular, CPE
is equivalent to R (n = 0) and C (n = 1). When the equivalent circuit shown in Figure
2.16(b) is established by replacing the capacitor C with the CPE. The semicircle in the

Nyquist plot is gradually suppressed as the value of n decreases (Figure 2.16(b)).

& S

g (a) c = (b) CPE

Vo 7|
R2 Rz

n value decreases

0 R1 (Ri+Rz)i2 Ri+Rz Z' (Q) 0 R1 (R1+R2)2 RisR: Z' 1)
Figure 2.16: Nyquist plot of equivalent circuits: (a) Ri(R2//C); (b) Ri(R2//CPE)

® Experimental device

In this thesis, a Garmy 1000E electrochemical workstation is used for AC-EIS
measurement of symmetrical cells. Figure 2.17 shows the schematic diagram of the
measurement. The two sides of the symmetrical cell are connected to the platinum wire
electrode soldering by commercial silver paste with an area of 0.2 cm?. Then the
symmetrical cell is placed in a furnace (OTF-1200X). The measurement of impedance
spectroscopy is performed between 600 and 750°C at an interval of 50°C within a
frequency range of 107'-10° Hz under the applied voltage perturbation of 10 mV at an
oxygen partial pressure of 0.2 atm. The collected EIS data are analyzed by ZView

software.
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Figure 2.17: Schematic diagram of AC-EIS measurement for the symmetrical cells

2.3.2.3 Measurement of the single cells

The electrochemical performance of a SOFC is evaluated by a polarization curve
(I-V curve) with the relationship between current density and voltage, as shown in
Figure 2.18. Simultaneously, the I-P curve is obtained by multiplying between the
current density and the corresponding voltage.

In this thesis, a CS1350 electrochemical workstation is used to collect the current-
voltage discharge curve (I-V) of the MS-SOFC single cell. At the same time, the AC-
EIS measurement is performed in situ. The electrochemical performance measurement
system of a single cell is shown in Figure 2.19. The cathode and metal support of an
MS-SOFC single cell are connected to the electrochemical workstation through
platinum wires. The cell is sealed by high temperature sealant to introduce H2 and air
into the anode and cathode sides, respectively, without gas leakage. Commercial silver
pastes with area of 0.2 cm? is coated on the cathode as the current collector layer. The
sealed cell is placed in a furnace (OTF-1200X). A reduction process needs to be
performed on the anode side before starting the measurement. Introduce mixed gas
5%H2-N2 to the anode side at a flow rate of 30 mL/min until 600°C. Then gradually
increase the flow rate of Hz until it is pure Hz at 750°C, and the gas flow rate is increased

to 60 mL/min. A heating rate of 3°C/min is used throughout the heating process. Stay
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at 750°C for 3 h to facilitate the reduction of the anode layer in a pure H2 atmosphere.
It should be noted that the Hz is first passed through the water and then enter the anode
side. At the same time, air is introduced to the cathode side at a flow rate of 40 mL/min.
After the open circuit voltage (OCV) stabilized, the electrochemical measurement
procedure is initiated from 750°C to 600°C at an interval of 50°C. Synchronously, the
measurement of EIS is also performed from 750<C to 600<C at an interval of 50°C
within a frequency range of 10-'-10°® Hz under the applied voltage perturbation of 10
mV. The stability of the MS-SOFC single cell (represented in terms of cell voltage) at
700°C with a constant current load of 0.4 A/cm? as a function of operation time is used

to evaluate the long-term performance of the single cell.

Theoretical electromotive force of a single cell
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Figure 2.18: A typical I-V-P curve in a SOFC [17]
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Figure 2.19: Schematic diagram of the test system for the single cell performance
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Chapter 3: The deposition of anode functional layer, electrolyte

layer and buffer layer by APS and RMS

3.1 Introduction

In this chapter, the main research content is focused on the deposition of NiO-YSZ
anode functional layer, 8YSZ/GDCI10 bilayer electrolyte, GDC10 bufter layer. The
effect of particle size of NiO-YSZ mixed powder and Ar/H2 gas flow rate on the
porosity of NiO-YSZ coating are explored. The effect of the emission optical intensity
of the targets (Zros4Yo.16 and Ceo.90Gdo.10) on the structure and morphology of 8YSZ
and GDC10 during deposition by RMS under the control of the PEM system is
investigated. The effect of the GDC10 buffer layer on preventing the interdiffusion
between Cr, Ni, and Fe is investigated. In addition, the oxidation resistance of the ITM
alloy in air is investigated to provide a basis for the subsequent annealing treatment of

the complete cell.

3.2 Analysis of the metal support

In MS-SOFC, the metal support replaces the traditional electrode support or
electrolyte support. For the metal support, its comprehensive properties including
mechanical strength, CTE, stability, porosity, etc. should be considered. As mentioned
in Chapter I, various metal supports have been developed for MS-SOFC. Among them,
ferritic stainless-steel series are the most widely used. In this thesis, a porous support
called Intermediate Temperature Metal (ITM, 26Cr-Bal. Fe) from PLANSEE SE is used
to develop MS-SOFC. A plane raw ITM is cut into small pieces with a size of 2.3-3.0
x 2 x 0.1 cm® by a cutting machine equipped with a grinding wheel. Existing reports
indicate that the ITM has a CTE (11.8 x 10 K'') matching common component
materials and high creep strength to ensure structural strength at 850°C in a reducing
anode atmosphere [1, 2]. In addition, the ITM exhibited long-term stability in oxidizing
and reducing atmospheres at temperatures up to 850°C [2, 3]. Nevertheless, it is still
necessary to investigate the properties of the ITM to provide a basis for the design of

the MS-SOFC fabrication process in this thesis.
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As a support, ITM should have sufficient porosity and large pore size to provide
gas transmission channels. The porosity and pore size distribution of the ITM are
determined by analyzing the SEM pictures of the polished ITM using ImageJ and Nano
measurer 1.2 software. Figure 3.1 shows the porosity and pore size distribution of the
surface and cross-section of the ITM. The porosity of the surface and cross-section of
ITM are 35.5 £ 0.3 Vol.% and 35.3 + 0.2 Vol.%, respectively. The pore diameter on the
surface and cross-section are mainly in the range of 5-30 um. The surface roughness of
the substrate must be considered when depositing coatings using dry physical
deposition methods. Therefore, the surface roughness of ITM should be investigated
for subsequent APS deposition. The surface roughness of the ITM is determined by a
3D profilometer as show in Figure 3.2. Larger values of Ra and Rz indicate that there
are many peaks and valleys on the surface of the ITM. The value of Rsk farther from 0
proves that the surface of the ITM has many deep and narrow valleys. Therefore, these
peaks and valleys should be covered when depositing the anode layer by APS to

facilitate the deposition of a dense electrolyte layer through RMS.

Sk
A el S

Pore size distribution (um) Pore size distribution (um)

Figure 3.1: The polished metal support ITM: (a) the surface, (b) the cross-section; (c) pore size
distribution and porosity of the surface, (d) pore size distribution and porosity of the cross-section
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Figure 3.2: (a) surface mapping of the obtained ITM support using the tactile profilometer; (b) the
Ra, Rz and Rsk parameters at three different positions on the surface mapping are determined by
surface analysis using the Mountain Map software.
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Although MS-SOFC generally works at intermediate temperature (600-800°C), a
metal support that is resistant to high-temperature in an oxidizing atmosphere is more
flexible for the choice of fabrication process. For a given metal support, oxygen partial
pressure, temperature, and oxidation time are the main factors affecting its oxidation
resistance. In this thesis, the growth of the oxide in ITM undergoing different oxidation
times (30-120 min) in the temperature range of 500-1200°C under air is investigated,
and the results are shown in Figures 3.3-3.6. The XRD results show that after 120 min
of oxidation, a slight peak attributed to Cr203 appears from 900°C. It is especially
obvious above 1050°C and the Fe:03 appears, which indicates that the Cr203 is not
enough to protect the ITM. When the oxidation time is reduced to 30 min at 1000°C,
the peak attributed to Cr203 weakened significantly, while the peak of Fe20s
disappeared. The SEM results in Figure 3.4 show that the ITM has a good backbone at
800°C, while it can maintain the basic backbone at 1000°C, but the surface is covered
with Cr203. As the temperature increased to 1100°C and 1200°C, the Cr203 covering
on the ITM surface agglomerated into larger particles, resulting in the failure of the
Cr20s3 to cover the surface of the ITM. This intensified the oxidation of the ITM. In this
case, the backbone of the ITM is damaged, and obvious deformation of the sample is
observed as shown in Figure 3.6. As the oxidation time decreases at 1000°C, the Cr203
on the ITM surface also decrease, which is consistent with the XRD results. Figures
3.4(f) and 3.6 show that ITM has a good backbone without deformation but is covered
with a Cr20s after undergoing an annealing treatment at 1000°C for 30 min. The EDS
results in Figure 3.5 show that after annealing treatment at 1000°C for 120 min, both
the oxygen contents and the chromium contents on the ITM surface increase sharply,
which indicates that the diffusion of chromium and the oxidation of chromium are
occurred.

In summary, ITM is purchased with porous channels for gas transmission. After
annealing treatment at 1000°C under air for 30 min, the surface is covered by a Cr203,
but maintains a good backbone without deformation. These results suggest that the as
deposited complete cell can be annealed at 1000°C for a short time (such 30 min) to

promote the crystallization of the cathode layer, but a buffer layer should be deposited
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on the surface of the ITM to prevent chromium from entering the anode layer through

diffusion.
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Figure 3.3: XRD patterns of ITM: (a) after annealing at different temperatures for 120min, (b)
after annealing at 1000°C for different time
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Figure 3.4: SEM images of ITM after annealing at different conditions: (a) no annealing, (b)
500°C for 120 min, (c¢) 800°C for 120 min, (d) 1000°C for 120 min, (¢) 1100°C for 120 min, (f)
1000°C for 30 min, (g) 1200°C for 120 min, (h) 1000°C for 40 min
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Figure 3.5: SEM images and EDS mapping of ITM: (a) no annealing, (b) annealing at 1000°C for

120 min
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Figure 3.6: The ITM picture after annealing under different conditions

3.3 Deposition of bilayer NiO-YSZ anode by APS

Usually, powder materials are used as raw materials for APS technology. In this
section, firstly, dry NiO-YSZ mixed powders are obtained by spray drying from

commercial NiO and YSZ powders. Some information of commercial NiO and YSZ
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powder are shown in Table 2.1. Then, the dry NiO-Y SZ mixed powders are used as raw
materials to deposit NiO-YSZ anode layer on ITM through APS. During this process,
the effects of powder particle size and Ar/H2 gas flow rate on the anode layer are
investigated respectively.

3.3.1 Preparation of NiO-YSZ mixed powder by spray drying

The spray drying process is composed of two steps the atomization of the
suspension in droplets and the drying of the atomized droplets. In this thesis,
commercial NiO and YSZ powders are mixed in a beaker by magnetic stirring
according to the formulation shown in Table 3.2 to obtain a suspension. PAA-NH4
(polyacrylic acid, P90 from Coatex, France) and a polyvinyl alcohol (PVA) are used as
dispersant and binder, respectively. Then, the suspension is pumped into a spray dryer
from GEA Process Engineering. Finally, the NiO-YSZ powder with NiO of 65 wt. %
and YSZ of 35 wt. % is obtained after atomization and drying. The obtained NiO-YSZ
powder is separated in two batches at the outlet of the atomizer a distribution of finer
particles and a larger one. The latter is sieved in two batches with a sieve of 63 pm.
Three kinds of powder with different particle size distributions as shown in Figure 3.7
are obtained. Their median particle sizes (Dso) are 16.1 um, 61.5 pm, and 65.2 pm,
respectively.

From the SEM results in Figure 3.8, the particle size of NiO powder particles is
bigger than that of YSZ powder. After spray drying, NiO and YSZ powder agglomerate
together to form some relatively regular spherical particles. Combined with the EDS
results in Figure 3.9, these spherical particles are agglomerated from NiO and YSZ
powders. In addition, there is no significant difference in the particle surface for
powders with different particle size distributions (Figures 3.8 (e) and (f)). The XRD
results in Figure 3.10 show that there is a small amount of ZrO:2 in the YSZ
(Zr0.92Y0.0801.96, tetragonal) powder. Although the tetragonal YSZ has lower ionic
conductivity than the cubic structure YSZ, it has better mechanical properties when
used as an anode material [4]. The XRD results also show that the NiO-YSZ powders

with different particle size distributions have no obvious difference in phase.
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Table 3.1: The spray drying experimental parameters

Formula
NiO YSZ Distilled water =~ PAA-NH4 PVA
390g 210g 400g 4.0g 39.4¢g
Parameters
Pressure (Pa) Inter temperature(<C) Outlet Temperature(<C)
0.5 244 94-96
Particle Size Distribution
@) . 1
. Dso = 16.1 pm
< 6
S s
E 4
> 3
2
1
%7 1 10 100 600
Particle Size (um)
Particle Size Distribution
(b) i
Dso = 61.5 pm
14
= 12
S 10
§ 8
> 6
4
2
% 1 10 100 1000 3000
Particle Size (um)
Particle Size Distribution
(c) 18
16 Dso = 65.2 pm
14
3 12
Y 10
£
- 8
> 6
4
2
0 —
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Particle Size (um)

Figure 3.7: Particle size distribution of NiO-YSZ powder prepared by spray drying
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Figure 3.8: SEM observation of the different powders: (a) raw NiO powder, (b) raw YSZ powder,
(c) NiO-YSZ mixed powder with Dsg = 16.1 pm, (d) NiO-YSZ mixedpowder with Dso = 65.2 pm
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Figure 3.9: SEM observations and EDS mapping of NiO-YSZ mixed powder with Dsg = 65.2 um
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Figure 3.10: XRD of the NiO, YSZ, and two kinds of NiO-Y SZ mixing powders will be used for
the synthesis of anodes by APS.
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3.3.2 Optimization of APS deposition parameters

An anode layer with sufficient porosity to allow gas transport is crucial for SOFC.
The gas flow rate and powder particle size are important factors affecting the porosity
of the NiO-YSZ anode layer deposited by APS. In this section, NiO-YSZ coatings are
deposited using NiO-YSZ powders with different particle size under different Ar/Hz
flow rates. The porosity, element distribution, surface roughness, and deposition rate of
the samples are evaluated. Referring to the research of J. FONDARD et al. [5], all
samples are deposited under the conditions of fixed carrier gas flow rate of 3.2 L/min,
nozzle scanning speed of 300 mm/s, and distance between nozzle and substrate of 90
mm.

Before depositing the NiO-Y SZ anode layer on the ITM, it is necessary to optimize
the APS deposition experiment to obtain suitable deposition parameters for the required
NiO-YSZ anode layer. A set of deposition experiments are performed with the
deposition parameters shown in Table 3.2. The effects of NiO-Y SZ powder particle size
and Ar/Hz flow rate on NiO-YSZ coatings deposited on stainless steel are considered
in Table 3.2. The NiO-YSZ coatings are deposited on the stainless-steel substrate that
had previously been blasted with alumina powder at a pressure of 1.5 bar. The purpose
of sandblasting is to improve the surface roughness of the stainless-steel substrate in
order to promote mechanical anchoring of melted particles when they impact and
solidify on the substrate. The blasted stainless-steel substrates need to be cleaned with
alcohol and acetone successively, and then dried for APS deposition. Treating the
surface of the substrate in this way is expected to enhance the adhesion of the coating
to the substrate. For ease of description, the as deposited samples that are not reduced
are called S1, S2, S3, S4, S5, and S6, respectively. Correspondingly, the samples after
reduction are called SR1, SR2, SR3, SR4, SRS, and SR6, respectively.
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Table 3.2: APS deposition parameters and reduction condition

APS experiments

Parameters S1 S2 S3 S4 S5 S6
Standoft distance(mm) 90 90 90 90 90 90
Carrier gas flow rate (L/min) 3.2 3.2 3.2 3.2 3.2 3.2
Current(A) 500 500 500 500 500 500
Ar gas (L/min) 50 50 50 50 35 35
H; gas (L/min) 3 3 3 5 8 8
Scanning step(mm) 5 5 5 5 5 5
Numbers of scanning 20 20 20 20 14 20
Scanning speed (mm/s) 300 300 300 300 300 300
NiO/YSZ (wt. %) 65/35 65/35 65/35 65/35 65/35 65/35
Powder size Dso (um) 16.1 61.5 65.2 61.5 61.5 16.1

Reduction experiments

Temperature (°C) 710
Time (h) 3
Ar/H; (sccm) 50/50
Pressure (Pa) 1.5x1072

As mentioned in Chapter 2, the temperature of the plasma at the nozzle can reach
10000°C, which causes NiO to face the risk of being reduced to Ni during the deposition
of NiO-YSZ coating. In this way it is possible to deposit a Ni-YSZ coating on the
substrate. The purpose of depositing NiO-YSZ instead of Ni-YSZ is intended to
increase the porosity of the coating after undergoing reduction from NiO to Ni.
Therefore, it is necessary to track the structure of the deposited NiO-YSZ coatings. The
XRD pattern in Figure 3.11 shows the structure before and after reduction of the
coatings deposited under different deposition parameters. For the as deposited samples,
the diffraction lines on the XRD pattern correspond to the Zro92Y0.0801.96 (YSZ,
Tetragonal), the NiO (Cubic), Ni (Cubic), and ZrO2 (Monoclinic). ZrO2 may come from

NiO-YSZ powder. The peak assigned to Ni is considered to be from the reduction of
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NiO during the deposition because NiO-YSZ powder does not contain Ni (Figure 3.10).
In order, the peaks attributed to Ni in S2, S4, and S5 are more obvious. This may be
attributed to two reasons. One is that the increase of the H> flow rate (from 5 to 8 L/min)
promotes the reduction of NiO during the deposition process. The second is that the
reduction of the Ar flow rate (from 50 to 35 L/min) reduces the flow rate of the plasma,
which leads to a longer residence time of the NiO-YSZ powder in the plasma, thereby
increases the risk of NiO to be reduced. After reduction, the peak attributed to NiO
disappeared completely, which indicated that NiO is well reduced. The peak of YSZ is
gradually enhanced, which may be due to the loss of NiO and/or Ni for S2, S4, and S5
in high-temperature plasma [6]. Comparing S1, S2, and S3 deposited from NiO-YSZ
powders with different particle sizes, the peak assigned to YSZ has the highest intensity
in S3. For the same plasma conditions, larger particle size may induce a lower melting
and promote the incorporation of unmelted particle which are less affected by plasma

treatment.

1-Zro.92Yo.0801.96 (Tetra.) 2-NiO (Cub.) 3-Ni(Cubic) 4-ZrOz (Mon.)
5-Shoulder peak

Intensity(a.u.)

20 30 40 50 60 70 80
2 Theta (deg.)

Figure 3.11: XRD patterns of NiO-YSZ anode material deposited by APS before and after
reduction
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The cross-section of the coating is observed by a SEM with Backscattered Electron
Detector (BED). SEM pictures acquired allow to distinguish different enriched phases,
pores, and cracks due to the different gray levels. The highest gray levels in the images
represent pores and cracks, which are the basis for analyzing porosity using ImageJ
software. For unreduced samples from S1 to S6, in addition to pores and cracks being
distinguished, different phase-enriched regions such as YSZ, NiO, and Ni are also
clearly identified. In each SEM-BED image, the brighter region represents the
enrichment of YSZ, the darker region represents the enrichment of NiO, and the region
between bright and dark represents both YSZ and NiO. Figures 3.12 and 3.13 show the
global view and partial view of the cross-section of the samples. From Figures 3.12 (a)-
(f), the samples deposited on the stainless steel have cracks at the interface. However,
the coating deposited on I'TM with the same deposition parameters as S3 adheres well
to the substrate (Figure 3.12 (g)). This may be attributed to the mismatched CTE
between the stainless-steel substrate and the deposited NiO-YSZ coating. The CTE of
ITM is matched to that of the NiO-YSZ anode. Compared with S1, S2, and S3 in
Figures 3.12 and 3.13, the larger particle size of NiO-YSZ powder resulted in larger
pores in the coating. Whereas the results from S2, S4, and S5 show that the NiO-YSZ
coating deposited under higher Ar/H2 gas ratio has more large pores. The sample S6
deposited with small particle size NiO-YSZ powder under the condition of low Ar/H>
gas ratio has fewer large pores. In addition, samples S5 and S6 deposited under high H>
flow rate (8 L/min) observed brighter thin line-like Ni regions, which is consistent with
the XRD results. For the reduced samples from SR1 to SR6 (Figure 3.14), many small
pores appeared except for the pores that existed before, which may originate from the
reduction of NiO. Whereas more thin line-like regions attributed to Ni appear in the
reduced samples. These Ni may exist before reduction, but it is not easy to distinguish
before reduction in SEM-BED images, but apparently XRD results have confirmed this
point. The rest of Ni obtained after reduction is not easy to distinguish from YSZ only
by SEM-BED images. To further distinguish the enriched regions of Ni and YSZ, EDS
mapping analysis is performed on the reduced samples as show in Figure 3.15. From

the traces of Zr and Y on the mapping images in Figure 3.15, most of the YSZ-enriched
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region is distributed in the smooth region of the image. A small amount of YSZ-
enriched regions are distributed in the regions where small pores appear, and these
regions may be more uniformly mixed with NiO before reduction. The Ni-enriched and
the YSZ-enriched regions present alternating layers, which is more obvious in the
samples deposited under high Hz flow rate and low Ar flow rate as show in Figures 3.15
(c) and (d). This may be due to higher temperature (high H2 flow rate) and longer
residence time (low Ar flow rate), which makes the powder particles easier to be melted.
Furthermore, due to the large difference in the melting points of NiO (1980°C) and YSZ
(2700°C), the molten NiO and YSZ are arranged alternately. But these alternating Ni-
enriched region will communicate with each other in some areas, which is very
important to ensure the conductivity of the anode layer. Likewise, alternating Y SZ-rich
regions are also connected in some regions, which is helpful to extend the TPB in the

anode layer.
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Figure 3.12: SEM-BED images of the cross-section of the deposited NiO-YSZ coatings: (a) S1
(powder size Dsp of 16.1 um, gas flow rate Ar/H, of 50/3 L/min), (b) S2 (powder size Dso of 61.5
pum, gas flow rate Ar/H, of 50/3 L/min), (c) S3 (powder size Dsp of 65.2um, gas flow rate Ar/H; of
50/3 L/min), (d) S4 (powder size Dsop of 61.5 um, gas flow rate Ar/H; of 50/5 L/min), (e) S5
(powder size Dso of 61.5um, gas flow rate Ar/H; of 35/8 L/min), and (f) S6 (powder size Dso of
16.1um, gas flow rate Ar/H, of 35/8 L/min) deposited on stainless steel; (g) S3 (powder size Dso
of 65.2pm, gas flow rate Ar/H, of 50/3 L/min) deposited on ITM
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Figure 3.13: SEM-BED image of cross-section of the NiO-YSZ samples deposited by APS: (a) S1
(powder size Dsp of 16.1 um, gas flow rate Ar/H of 50/3 L/min), (b) S2 (powder size Dsg of 61.5
pum, gas flow rate Ar/H, of 50/3 L/min), (c) S3 (powder size Dsp of 65.2um, gas flow rate Ar/H; of
50/3 L/min), (d) S4 (powder size Dso of 61.5 um, gas flow rate Ar/H; of 50/5 L/min), (e) S5
(powder size Dso of 61.5um, gas flow rate Ar/H; of 35/8 L/min), and (f) S6 (powder size Dso of
16.1pm, gas flow rate Ar/H; of 35/8 L/min)
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Figure 3.14: SEM-BED image of cross-section of the reduced NiO-YSZ samples deposited by
APS: (a) SR1 (powder size Dsp of 16.1 pum, gas flow rate Ar/Hz of 50/3 L/min), (b) SR2 (powder
size Dsp of 61.5 um, gas flow rate Ar/H of 50/3 L/min), (c) SR3 (powder size Dsy of 65.2um, gas
flow rate Ar/H; of 50/3 L/min), (d) SR4 (powder size Dso of 61.5 um, gas flow rate Ar/H of 50/5

L/min), (e) SR5 (powder size Dso of 61.5um, gas flow rate Ar/H, of 35/8 L/min), and (f) SR6
(powder size Dsg of 16.1pum, gas flow rate Ar/H, of 35/8 L/min)
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Figure 3.15: SEM-EDS results of the reduced NiO-YSZ samples deposited by APS: (a) RS1
(powder size Dsp of 16.1 pum, gas flow rate Ar/H, of 50/3 L/min), (b) RS3 (powder size Dso of
65.2um, gas flow rate Ar/H; of 50/3 L/min), (¢) RS5 (powder size Dso of 61.5um, gas flow rate
Ar/H; of 35/8 L/min), (d) RS6 (powder size Dsp of 16.1um, gas flow rate Ar/H, of 35/8 L/min)
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The pores in the anode layer are the key to ensure good gas transmission. Therefore,
it is necessary to quantify the porosity of the deposited NiO-YSZ coating. The
quantification of the porosity of the coating is achieved by using ImagelJ software to
analyze the SEM-BED images like Figures 3.13 and 3.14. The detailed analysis process
is shown in the Chapter 2. The quantitative results of the porosity of the samples are
listed in Table 3.3. Comparing the porosity of S1, S2, and S3, the porosity increases
with the particle size of the NiO-YSZ powder. The porosity results from S2, S4, and S5
show that the porosity increases with the Ar/H2 gas ratio. The porosity of the coating
deposited by using NiO-YSZ powder with a Dso of 65.2 um and with Ar/Hz flow rate
of 50/3 L/min reached 32.5 + 0.5 Vol.% after reduction. This value is slightly higher
than the 30 Vol.% obtained by Fondard et al [5], which may be due to the use of NiO-
YSZ powder with a higher NiO content. However, the porosity of the coating deposited
using the NiO-YSZ powder with a Dso of 16.1 um and the Ar/Hz flow rate of 35/8 L/min
reached 16.9 + 0.3 Vol.% after reduction.

The deposition rate of the coating is evaluated to facilitate the control of the
thickness of the subsequent bilayer anode. The deposition rate in pm/scanning of the
coating is defined as the thickness deposited by the torch completing one scanning
procedure. Comparing the deposition rates of S1, S2, and S3 in Figure 3.16, the NiO-
YSZ powder with small particle size is allowed to deposit at a higher deposition rate.
However, the deposition of NiO-YSZ powder with large particle size will produce large
pores and increase the thickness. This may be the reason why the deposition rate of S3
is greater than that of S2, although the particle size of the NiO-YSZ powder used to
deposit S2 is smaller than that of S3. Compared to S2, S4, and S5, the high Ar/Hz flow
allows to perform deposition with a greater deposition rate.

In order to deposit dense electrolyte layers by RMS on NiO-YSZ anode coatings,
the surface roughness has to be considered. Table 3.4 lists the surface roughness
parameters of samples S1, S2, S3, and S6. The Ra and Rz of the coatings deposited
using NiO-YSZ powder with large particle size (S3 and S2) are larger than those with
small particle size powder (S1). Comparing S6 and S1, the coating deposited under low

Ar/Hz gas ratio has lower Ra and Rz. Higher Ra and Rz mean that the surface of the
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coating has larger fluctuations due to higher peaks or deep valleys. The S6 sample
deposited at a low Ar/H: ratio of 35/8 using small NiO-YSZ powder particle size with
a Dso of 16.1 um has lower Ra and Rz.

Based on the above experimental results, large particle size NiO-YSZ powder with
Dso of 65.2 um is suitable for depositing the anode layer with high porosity under high
Ar/Hz gas flow ratio (50/3 L/min). In comparison, the coating deposited using small
NiO-YSZ powder particle size with Dso of 16.1 pm at low Ar/Hz gas flow ratio (35/8

L/min) has fewer large pores inside and a relatively flat surface.
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Figure 3.16: Deposition rate of the NiO-YSZ coating under different APS condition

Table 3.3: The porosity of the NiO-YSZ coatings deposited by APS under different parameters

before and after reduction

Samples Porosity (Vol. %) Porosity increase (Vol. %)

S1 13.1£0.3 5.1
SR1 182+04

S2 19.2+0.3 7.2
SR2 264+0.3

S3 26.9+0.5 5.6
SR3 325+0.5

S4 17.9+0.5 7.3
SR4 252+04

S5 157+0.4 7.7
SR5 234+0.3

S6 12.7+£0.2 4.2
SR6 16.9+0.3
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Table 3.4: The surface roughness parameters obtained by profilometry analysis of the NiO-YSZ
coatings deposited by APS on blast stainless-steel

Samples Ra (um) Rz (um) Rsk
S1 3.39 20.91 0.08
S2 6.04 34.52 -0.25
S3 6.93 35.29 -0.14
S6 3.00 18.02 0.07

3.2.3 Deposition of bilayer anode on ITM

In this thesis, the deposited anode layer will be used as the substrate for the
deposition of a dense electrolyte layer by RMS in the next stage. However, RMS
deposition has high requirements on the surface flatness of the substrate. Obviously, the
NiO-YSZ anode with larger pores is not suitable for a direct electrolyte deposition by
RMS. Therefore, a bilayer anode design is adopted, that is, the NiO-YSZ anode with
higher porosity is deposited on the ITM, and then the NiO-YSZ anode with smaller
porosity is deposited to facilitate the subsequent RMS deposition. It should be noted
that a GDC10 buffer layer is deposited before the deposition of the bilayer NiO-YSZ
anode layer. The detailed deposition process of the GDC10 buffer layer is described in
section 3.4. The deposition process of the bilayer anode is carried out according to the
deposition conditions listed in Table 3.5. ITM/GDC10 substrate with a size of 2.3-3.0
x 2.0 x 0.1cm? is cleaned by alcohol and acetone to remove surface contamination
before deposition. The sandblasting is not allowed because it will damage the GDC10
buffer layer on the ITM surface. After the APS deposition, one sample is taken to
perform the reduction experiment listed in Table 3.2 to observe the porosity after
reduction. The other samples are not subjected to reduction and are used for the next
stage of RMS deposition. This protocol is considered to avoid the increase of the
porosity of the upper anode after reduction thereby affect the RMS deposition. A high-
porosity NiO-YSZ anode of about 136 um and a low porosity NiO-Y SZ anode of about
70 um are expected to be deposited according to the deposition conditions shown in

Table 3.5.
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Table 3.5: APS Deposition parameters of the bilayer NiO-YSZ anode

Parameters High porosity layer Low porosity layer
Standoff distance(mm) 90
Carrier gas flow rate (L/min) 3.2
Current(A) 500
Voltage(V) 62 66
Ar /[ Hy (L/min) 50/3 35/8
Scanning Step(mm) 5
Numbers of scanning 12 8
Scanning speed (mm/s) 300
Mixed NiO/YSZ powder (wt. %) 65/35
Powder size (Dso, um) 65.2 16.1

As shown in Figure 3.17, the roughness of the bilayer NiO-YSZ anode deposited
on ITM/GDCI10 is obtained by a 3D profilometry. Ra of 4.27 um and Rz of 23.26 um
are still relatively large, which means that there are high and low peaks and valleys on
the surface. It is still not enough to meet the surface requirements for RMS deposition.
Therefore, it is necessary to polish the surface to reduce the surface roughness. The
polishing procedure is performed by first sandpaper grinding (600 — 800 — 1200 —
2000 mesh) then polishing use aluminum oxide polishing liquid (6 pm — 3 pum — 1pm).
As shown in 3.18, the Ra and Rz of the polished sample are reduced to 0.25 um and
2.05 um respectively. From the collected scanning picture, the peaks and valleys on the
surface of the polished sample have become smoother. From the research results of J.
FONDARD [6], the NiO-YSZ surface with Ra of 0.31 um and Rz of 3.5 um is
successfully used for RMS deposition of electrolyte layers. This shows that having a
surface as shown in Figure 3.18 is sufficient for RMS deposition. Figure 3.19 is the
SEM-BED images of the cross-section and surface of the polished sample. From Figure
3.19 (a), the NiO-YSZ anode layer is well adhered to the ITM/GDCI10 substrate, and
the GDCI10 barrier layer is not damaged during the APS deposition process. The
thickness of the high-porosity NiO-YSZ anode layer is about 137.2 um, while the low-
porosity NiO-YSZ is about 38.6 um after polishing. It should be noted that the ideal
situation is that the thin, low-porosity layer facilitates gas transport while providing a
buffer for the high-porosity layer and the electrolyte layer. However, since the samples

involved in this thesis are all manually polished, it is not easy to reduce the thickness
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of the low porosity layer as much as possible without wearing the high porosity layer.
In comparison, the surface roughness directly affects the deposition of the subsequent
electrolyte and thus determines whether the single cell can be successfully fabricated,
and a thicker low-porosity layer may only sacrifice the performance of the cell to some
extent. Therefore, to ensure the smooth manufacture of subsequent single cells, such a
strategy is implemented which is to reduce the thickness of the low-porosity NiO-YSZ
anode layer as much as possible subject to ensuring the surface roughness. However,
only samples with the surface as shown in Figure 3.18 and the thickness of the low
porosity layer as shown in Figure 3.19 (a) can be obtained after efforts. It can be seen
from Figure 3.19 (b) that the surface of the polished sample is flat overall, but there are
still tiny pits. These pits need to be covered by a certain thickness of electrolyte layer.
Figure 3.19 (c) and (d) show the partial cross-sections of the samples before and after
reduction. As expected, the upper low porosity layer has fewer large sized pores. The
porosity of the high porosity layer and low porosity layer of the bilayer anode before
and after reduction is quantified by the analysis of SEM-BED images by ImagelJ
software. The obtained porosity results are listed in Table 3.6. The porosity of NiO-
YSZ anode with high porosity layer is 33.1 + 0.6 Vol.% after reduction, which is very
close to the porosity (32.5 + 0.5 Vol. %) of sample S3 deposited on stainless steel under
the same conditions in the previous section. The upper low porosity NiO-YSZ anode
layer has a porosity of 17.2 + 0.4 Vol.%, which is close to that of the S6 sample (16.9

+0.3 Vol.%) deposited on stainless-steel under the same conditions.
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Figure 3.17: (a) surface mapping of the as deposited bilayer NiO-YSZ anode synthesized by APS
on ITM/GDCI10 substrate using the tactile profilometer; (b) the Ra, Rz and Rsk parameters at
three different positions on the surfaceare mapping determined by surface analysis using the
Mountain Map software
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Figure 3.18: (a) surface mapping of the polished bilayer NiO-YSZ anode synthesized by APS on
ITM/GDCI10 substrate using the tactile profilometer; (b) the Ra, Rz and Rsk parameters at three
different positions on the surfaceare mapping are determined by surface analysis using the
Mountain Map software
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Figure 3.19: SEM-BED images of NiO-YSZ anode deposited by APS on ITM/GDC10 substrate :
(a) global view of polished cross-section, (b) polished surface, (c) Partial view of polished cross-

section, (d) Partial view of polished cross-section after reduction.

Table 3.6: The porosity of bilayer NiO-YSZ anode

Bilayer Porosity (Vol.%) Porosity increase (Vol.%)
“Low porosity 129+0.3 43
Low porosity 17.2+04
*How porosity 272+04 5.9
®How porosity 33.1+£0.6

a: before reduction, b: after reduction

3.4 Deposition of 8YSZ/GDC10 bilayer electrolyte by RMS with PEM

system

8YSZ/GDC10 electrolyte is deposited by an Alcatel SCM650 sputtering chamber
equipped with plasma emission monitor (PEM). Prior to this work, P. BRIOIS et al. [7],
P-L. CODDET et al. [8], E. BREAZ et al. [9], and J. FONDARD et al. [5] have used
this device to investigate the deposition of YSZ and GDC electrolytes. Their research

results provide some solid references for the deposition of 8YSZ and GDCI10
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electrolytes in this section. The use of ZrosaYo.16 and Ceo.90Gdo.10 alloy targets allow
more convenient access to homogeneous 8YSZ and GDC10 electrolytes by RMS. This
is since the atomic weights between Zr (Ce) and Y (Gd), are close, resulting in the
composition of the deposited coating being consistent with the target. P. BRIOIS et al
[7] deposited YSZ films at pressures of 0.59 and 4.0 Pa, showing that the pores of 8YSZ
films increased with the pressure. P-L. CODDET deposited a dense 8YSZ electrolyte
layer in the pressure range of 0.15 to 0.2 Pa [8]. The low pressure in the chamber allows
the sputtered particles to carry more energy to the substrate to promote the flow of
particles and make the coating denser. The bias power applied to the substrate helps to
improve the adhesion between the coating and the substrate, but too high bias power
will cause cracks in the coating. E. BREAZ et al. [9] found that applying a bias power
of about 80 W can improve the adhesion between GDC coating and the YSZ ceramic
substrate and avoid cracks appearing in the GDC coating. J. FONDARD et al. [5]
pointed out that a sufficiently thick electrolyte layer needs to be deposited to cover the
defects of polished NiO-YSZ anode deposited by APS. They deposit the 8YSZ/GDC10
electrolyte layer with a total thickness of 11.3 um with this device. It is found that the
8YSZ/GDCI10 electrolyte layer well covered the NiO-YSZ anode surface without
fracture or collapse due to the defects such as hills and valleys on the anode surface. In
addition, the use of the PEM system relies on the acquisition of the emission optical
signal intensity of the target. The emission optical signal intensity of the same target
will be different under different conditions (such as the surface is oxidized or not
oxidized). Therefore, it is necessary to find the appropriate emission optical intensity
(Setpoint) for different target before depositing the desired coating.

In this thesis, referring to the above results, some basic deposition parameters are
adopted and listed in Table 3.7. The influence of Setpoint in the PEM system on the
targets is investigated. It is expected to sequentially deposit 8YSZ and GDC10 using
Zro84Yo0.16 and Ceo.90Gdo.10 alloy targets to obtain an 8YSZ/GDC10 bilayer electrolyte
with a total thickness of about 11um on this device. The GDC10 layer also acts as a

buffer layer between the 8YSZ and the cathode layer.
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Table 3.7: Basic RMS deposition parameters for 8YSZ and GDC10 layer

Parameters 8YSZ GDCI10
Ar flow rate (sccm) 20 20
Total pressure (Pa) 0.19-0.21 0.18-0.20
Bias (W) 25 75
Ds.; (mm) 70 70
Current (A) 2.5 2.5
Frequency (kHz) 50 50
Tosr (p1s) 4 4

D,.,: Distance between substrate and target

3.4.1 Deposition of 8YSZ electrolyte layer

A magnetron sputtering process equipped with a PEM system is confirmed to
allow greater deposition rates [6]. It realizes the control of the sputtering process by
collecting the emission optical intensity of the target in real time and feeding them back
to the computer with a control program developed at the laboratory. A specific emission
optical intensity can be set in the control program to achieve a specific sputtering
process. For an alloy target, the emission optical intensity of the host element of the
alloy are usually collected.

In this thesis, the deposition stage of the 8YSZ by using Zro.s4Yo.16 alloy target is
monitored based on the measurement of the emission optical intensity of the 362 nm Zr
emission line on the area close up to the target. The collected information is sent to the
computer to monitor the oxygen flow rate to maintain the selected optical intensity of
about 4.5 % (fully oxidized target) and 100 % (in pure argon) of the Zr emission line as
shown in Figure 3.20. The hysteresis loop shown in Figure 3.23 is obtained by
supplying a current of 2.5 A/ pulse at 50 kHz to the target, the Ar gas flow rate is 20
sccm. Starting from a pure argon atmosphere, the deposition mode is changed from
metal mode to oxide mode as gradually increasing the Oz flow rate up to 9.7 sccm. This
oxide deposition mode will switch to metal deposition mode as the Oz flow is reduced
to 5 sccm. The region where the Oz flow rate is from 5 sccm to 10 scem is called the
unstable deposition region. Performing deposition in this region can both ensure a high
deposition rate and obtain the required 8YSZ oxide. Deposition in this area is well
achieved with a PEM system. But in unstable region, the deposition rate, the

morphology, and oxygen stoichiometry of the coatings deposited at various Setpoints
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are different. As shown in Fig. 3.21, the deposition rate of the electrolyte increases

approximately linearly with the Setpoint increasing from 20 to 50 %. The deposition

rate in nm/min is determined by dividing the thickness of the deposited electrolyte by

the deposition time.
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Figure 3.20: The evolution of the emission optical intensity of the Zros4Yo.16 target with the

introduction of oxygen flow at an argon flow rate of 20 sccm (total pressure of 0.19-0.21 Pa); DC

pulse generator conditions supplying on the Zrog4Yo.16 target (current of 2.5A, frequency of 50
kHz, Tosr of 4us; 25W Bias applied to the substrate)
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Figure 3.21: Sputtering rate of 8Y'SZ coatings deposited on glass substrate with different emission

optical Setpoints (DC pulse generator conditions supplying on the Zrog4Yo.16 target, current of
2.5A, frequency of 50 kHz, Tosr of 4pus; 25W bias applied to the substrate)

The morphology of the 8YSZ coatings deposited on the silicon wafer showed

obvious changes with the increase of the Setpoint. As shown in Figure 3.22, the 8YSZ
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coatings deposited under the Setpoints of 20 and 30% present an obvious columnar
growth. Morphology becomes nearly smooth as the Setpoint increases to 40 and 50%.
The 8YSZ coatings deposited on the glass slide is characterized by XRD and
spectrophotometer. As shown in Figure 3.23, the 8YSZ coatings deposited at the
Setpoint of 20 and 30% have higher transmittance, which means higher oxygen
stoichiometry and good crystallinity [7]. The XRD spectrum in Figure 3.24 shows that
the 8YSZ coatings deposited at the Setpoint of 20 and 30% are well crystallized.
Although 8YSZ deposited at the Setpoint of 20% has slightly higher transmittance
compared to 30%, the deposition rate is higher at Setpoint of 30% than at Setpoint of
20%. The 8YSZ coatings deposited at the Setpoint of 40 and 50% appear to
nanocrystalline and/or bad crystalline. At this time, the transmittance of 8YSZ coatings
is very low (Figure 3.23), which may be related to the nanocrystalline and/or bad

crystalline in the coating.

\ ’
Columnar growth

— M

Figure 3.22: SEM images of 8Y'SZ coatings deposited on silicon substrate with different optical
emission Setpoints (DC pulse generator conditions supplying on the Zro34Yo.16 target: current of
2.5A, frequency of 50 kHz, Tosr of 4ps): (a) Setpoint 20% (average voltage of 304V, average total
pressure of 0.19Pa), (b) Setpoint 30% (average voltage of 311V, average total pressure of 0.19Pa),
(c) Setpoint 40% (average voltage of 319V, average total pressure of 0.20Pa), (d) Setpoint 50%
(average voltage of 326V, average total pressure of 0.21Pa); 25W bias applied to the substrate
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Figure 3.23: Evolution of the transmittance of the 8YSZ coatings deposited on glass substrate with
different optical emission Setpoints (DC pulse generator conditions supplying on the Zros4Yo.16
target: current of 2.5A, frequency of 50 kHz, Tosr of 4p1s): Setpoint 20% (average voltage of 304V,
average total pressure of 0.19Pa), Setpoint 30% (average voltage of 311V, average total pressure
of 0.19Pa), Setpoint 40% (average voltage of 319V, average total pressure of 0.20Pa), Setpoint
50% (average voltage of 326V, average total pressure of 0.21Pa); In all experiment a 25W bias
applied to the substrate
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Figure 3.24: XRD patterns of the 8YSZ coatings deposited on glass substrate with different optical
emission Setpoints (DC pulse generator conditions supplying on the Zrog4Yo.16 target: current of
2.5A, frequency of 50 kHz, T of 4us): Setpoint 20% (average voltage of 304V, average total
pressure of 0.19Pa), Setpoint 30% (average voltage of 311V, average total pressure of 0.19Pa),
Setpoint 40% (average voltage of 319V, average total pressure of 0.20Pa), Setpoint 50% (average
voltage of 326V, average total pressure of 0.21Pa); In all experiment a 25W bias applied to the
substrate
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To select a suitable Setpoint to realize the deposition of 8YSZ electrolyte, the
morphology of 8YSZ coatings deposited on the polished NiO-YSZ anode layer at the
Setpoint of 30 and 40% is further compared. In order to check the high temperature
tolerance of the 8YSZ coating, the 8YSZ electrolytes deposited on NiO-YSZ surface
are performed annealing treatment at 1000°C for 2h. From Fig. 3.25 (a) and (e), the
surfaces of the deposited 8YSZ coating at the Setpoint of 30 and 40% are smooth, but
there are some pits caused by the NiO-YSZ anode layer. Figure 3.25 (b) and (f) show
that some microcracks appeared on the surface of the 8YSZ coating deposited at the
Setpoint of 40% after annealing treatment, while such microcracks are not observed in
the 8YSZ coating deposited at 30%. From Fig. 3.25 (c¢)-(h), the 8 YSZ coating is shrunk
after annealing treatment, which is consistent with the results of J. FONDARD [6]. The
columnar morphology of the deposited 8YSZ coating at the Setpoint of 30% did not
change significantly after annealing treatment. However, the cross-section of the
deposited 8YSZ coating at the Setpoint of 40% exhibited lateral cracks and
delamination after annealing treatment which is detrimental to ion conduction.

Synthetically, performing deposition at the Setpoint of 30% has a higher
deposition rate compared to 20%. Although the deposition rate at 30% is lower than
that at the Setpoint of 40%, the 8YSZ coating deposited at 30% has better high
temperature tolerance. In fact, the 8YSZ coating deposited at the Setpoint of 40%
contains less oxygen than that made at 30%. The 8YSZ coating at 40% is less tolerant
with respect to temperature because too much under-stoichiometric can generate
stresses during the annealing treatment, which leads to tearing of the coating. Therefore,
it is optimal to perform the deposition of 8YSZ electrolyte at the Setpoint of 30% in
comparison. Figure 3.25 (i) and (j) are the polished cross-sections of the 8YSZ
electrolyte with a thickness of about 6.7 um deposited on polished NiO-YSZ anode
obtained after deposition for 343 min at the Setpoint of 30%. The Figure 3.25 (j) shows
that the 8YSZ electrolyte covers the polished NiO-YSZ anode well, even in some areas

where surface cracks exist on the NiO-YSZ anode.
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Figure 3.25: SEM images of the 8YSZ coatings deposited on polished NiO-YSZ anode with
different optical emission Setpoints under the bias power of 25W: (a), (b), (e) and (f) refer to the
surface; (c), (d), (g) and (h) refer to cross-section; (i) and (j) refer to the cross-section of polished

8YSZ with the thickness of 6.7 um
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3.4.2 Deposition of GDC10 as electrolyte layer and buffer layer

The deposition process of the GDC10 coatings by using Ceo.90Gdo.10 alloy target
is monitored based on the measurement of the emission optical intensity of the 486 nm
Ce emission line on the area close up to the target. The collected information is sent to
the computer to control the oxygen flow rate to maintain the selected emission optical
intensity between about 7% (fully oxidised target) and 100% (in pure argon) of the Ce
emission line as shown in Figure 3.26. For the deposition process of GDC10 under the
control of the PEM system, the unstable region is from the Oz flow rate of 2 to 8 sccm.
The deposition rate, morphology, structure, and transmittance of the GDC10 coating
deposited in the unstable region controlled by the PEM system are investigated. Figure
3.27 shows that the deposition rate of GDC10 coating increases with the Setpoint. From
Figure 3.28, the GDC10 coatings deposit at the investigated Setpoint range of 20-50%
all exhibit columnar morphology. Figure 3.29 shows that the transmittance of the
GDCI10 coatings deposit on the glass slide decreases with the increase of the Setpoint
used, which means that the oxygen stoichiometry is reduced. The transmittances of the
GDCI10 electrolyte deposit at the Setpoint of 20 and 30% are significantly higher than
that at 40 and 50%. The XRD results of GDC10 coatings coating on a glass slide as
shown in Figure 3.30 manifest that the deposited coatings have achieved a cubic
structure. The FWHMs at the (111) plane of the GDC10 coatings are obtained from the
XRD spectrum and the average grain size are calculated as shown in Table 3.9. The
FWHM at the (111) plane of the GDC10 coating increases from 0.350 to 1.036 rad with
the Setpoint from 20 to 50%. Correspondingly, the average grain size of the electrolyte
decreases from 28.7 to 9.3 nm. This may be attributed to the presence of nanocrystalline
grains and/or bad crystalline within the GDC10 coating. Larger grain size may be
beneficial for oxygen ion conduction. Compared to deposition at the Setpoint of 20%,
faster deposition can be achieved at 30%. Here, the deposition of the GDC10 electrolyte

is performed at the Setpoint of 30%.
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Figure 3.26: The evolution of the emission optical intensity of the Ce.00Gdo.10 target with the
introduction of oxygen flow at an argon flow rate of 20 sccm (total pressure of 0.18-0.20 Pa); DC
pulse generator conditions supplying on the Ce.oGdo; target: current of 2.5A, frequency of 50
kHz, Tosr of 4ps; 75W bias applied to the substrate
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Figure 3.27: Sputtering rate of GDC10 coatings deposited on glass substrate with different optical
emission Setpoints; DC pulse generator conditions supplying on the Ceo.90Gdo.10 target: current of
2.5A, frequency of 50 kHz, Tofr of 4us; 75W bias applied to the substrate
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Figure 3.28: SEM images of GDC10 coatings deposited on silicon with different optical emission
Setpoints (DC pulse generator conditions supplying on the Ceo.90Gdo.10 target: current of 2.5A,
frequency of 50 kHz, Tosr of 4ps): (a) Setpoint 20% (average voltage of 196V, average total
pressure of 0.18Pa); (b) Setpoint 30% (average voltage of 229V, average total pressure of 0.19Pa);
(c) Setpoint 40% (average voltage of 252V, average total pressure of 0.20Pa); (d) Setpoint 50%
(average voltage of 267V, average total pressure of 0.20Pa); In all case a 75W bias applied to the

substrate
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Figure 3.29: transmittance evolution of GDC10 coatings deposited on glass substrate with
different optical emission Setpoints (DC pulse generator conditions supplying on the Ceo.90Gdo.10
target: current of 2.5A, frequency of 50 kHz, Tofr of 4ps): Setpoint 20% (average voltage of 196V,
average total pressure of 0.18Pa); Setpoint 30% (average voltage of 229V, average total pressure

of 0.19Pa); Setpoint 40% (average voltage of 252V, average total pressure of 0.20Pa); Setpoint
50% (average voltage of 267V, average total pressure of 0.20Pa); In all case a 75W bias applied to
the substrate
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Figure 3.30: XRD of GDC10 coatings deposited on glass substrate with different optical emission
Setpoints (DC pulse generator conditions supplying on the Ceo.90Gdo.10 target: current of 2.5A,
frequency of 50 kHz, T, of 4ps): Setpoint 20% (average voltage of 196V, average total pressure
of 0.18Pa); Setpoint 30% (average voltage of 229V, average total pressure of 0.19Pa); Setpoint
40% (average voltage of 252V, average total pressure of 0.20Pa); Setpoint 50% (average voltage
of 267V, average total pressure of 0.20Pa); In all experiment a 75W bias applied to the substrate

Table 3.8: Full width at half maximum (FWHM) of the (111) plane and grain size obtained from
XRD pattern of GDC10 deposited with different optical emission Setpoints

Setpoint 20% 30% 40% 50%
FWHM (rad) 0.350 0.495 0.745 1.036
Crystallite (A) 287 198 130 93

3.4.2.1 Deposition of GDC10 as electrolyte layer

The deposition process takes 228 min to obtain a GDC10 electrolyte layer with a
thickness of about 4.lum on 8YSZ electrolyte surface. A “half-cell” with the
ITM/GDC10/NiO-YSZ/8YSZ/GDC10 configuration is thus obtained before depositing
the cathode layer in the next step. Such “half-cells” are annealed at 500°C for 2 h to
remove possible stresses in the electrolyte. Figure 3.31 shows the cross-section and
surface morphology of the annealed “half-cell”. From Figures 3.31 (a), (b), (g), and (h)
show a good adhesion between GDC10 and 8YSZ layers. This is beneficial for the ion
conduction of the electrolyte. However, the adhesion between 8YSZ electrolyte and
NiO-YSZ seem weaker in comparison. It is obvious that the 8YSZ/GDCI10 electrolyte

layer and the NiO-YSZ anode layer in the cross-section are not in the same plane after
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being broken artificially for SEM observing as shown in Figure 3.31 (a). Figure 3.31
(d) shows that the surface of GDC10 deposited on 8YSZ has no microcracks in a larger
field of view. There are some pits which may be affected by the NiO-YSZ anode surface.
From 3.31 (¢), partial magnification of the surface shows granular growth derived from
columnar growth. Further, the cross-section of the polished half-cell is shown in Figures
3.31(e)-(f). The 8YSZ/GDC10 bilayer electrolyte in most areas of the half-cell is intact
as shown in Fig. 3.31(f). However, microcracks appeared in 8YSZ layer at local areas,
especially where there are pits on the NiO-YSZ anode surface, as shown in Figure
3.31(g). Microcracks also appear in GDC10 when the pits on the NiO-YSZ anode
surface are larger as shown in Figure 3.31(h). The EDS mapping of Figure 3.32
confirms that the layers in the “half-cell” are in the correct position. Figure 3.33
presents the XRD patterns of different layers indicating that the correct coatings are

deposited at each layer.
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Figure 3.31: SEM images of GDC10 deposited on ITM/GDC10/NiO-YSZ/8YSZ after annealing
at 500°C for 2h (DC pulse generator conditions supplying on the Ceo.90Gdo. 10 target: current of
2.5A, frequency of 50 kHz, Tor of 4us; Setpoint 30%, average voltage of 222V, average total
pressure of 0.20Pa): (a) cross section of the global field of view; (b) the cross-section of bilayer
electrolyte 8YSZ/GDC10 deposited on NiO-YSZ anode layer; (c) & (d) the surface of GDC10
deposited on 8YSZ layer; (e), (f), (g), and (h) are the polished cross-section of GDC10 deposited
on 8YSZ layer; 75W bias applied to the substrate
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Figure 3.32: SEM-EDS mapping of the cross-section of ITM/GDC10/NiO-YSZ/8YSZ/GDC10
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3.4.2.2 Deposition of GDC10 as buffer layer between the ITM and NiO-YSZ anode

Using ITM with higher Cr content as a support inevitably encounters Cr diffusion

not only during the fabrication process (such as annealing) of MS-SOFC but also during
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Figure 3.33: XRD after deposition of different layers of the half-cell
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operation. Besides, Ni in the Ni-YSZ anode will also diffuse into the I'TM, which leads
to the transformation of ferrite to austenite. After this transformation, the high
temperature oxidation resistance of the ITM is reduced, while the CET is greatly
increased. Therefore, it is necessary to deposit a buffer layer between the ITM and the
Ni-YSZ anode layer to prevent the interdiffusion of Cr and Ni. At present, the research
interest on the diffusion barrier layer mainly focuses on (Co, Mn)304 spinel type [10,
11], LaCrOs perovskite type [12], and doped or undoped CeO: [13, 14] materials.
Among them, GDC is considered to be a good option because it has a CTE matching
that of the ITM and Ni-YSZ anode, and also has electronic conductivity under reducing
atmosphere [14]. The GDC does not react chemically with the components of the anode
and the metal support. In this thesis, GDCI10 is selected as the barrier layer deposited
by RMS.

According to the section 3.2, the surface of the ITM is highly roughened. For such
ITM surface, there are some areas on the surface that cannot be reached by directional
deposition method such as sputtering. If a very thick layer of GDC10 (>25 um),
according to the Rz of the I'TM surface is 24.57 um, is continuously deposited as, it can
completely cover the surface of the ITM as shown in Figure 3.34 (c). The advantage of
GDC10 completely covering the ITM surface is that it can prevent Cr from entering the
NiO-YSZ anode either through evaporation or diffusion. However, too thick buffer
layer will lead to greater interfacial resistance and affect the anode reaction. Depositing
a thin layer of GDC10 as show in Figure 3.34 (b) can prevent the diffusion between Fe,
Cr, and Ni.

(a) () cpe1o GDE10

. Depositing a thin Depositing a thick
.‘ : ‘ GDC10 layer ..‘ :& GDC10 layer .

Porous I™ Porous ITM Porous I™

Figure 3.34: Schematic of the deposition of the GDC10 buffer layer via RMS

After referring to the work of J. FONDARD [6], a thin GDC10 buffer layer with

a thickness of about 2.2 um is deposited on the ITM surface by RMS under the control
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of the PEM system in this thesis. It takes 123 min to deposit the GDC10 buffer layer
using the same parameters as for the GDC10 electrolyte. Figure 3.35 shows the
morphology of ITM covered with GDC10 buffer layer. Figure 3.35 (a) and (b) show
that the GDC10 buffer layer covers the flat areas and peaks of the ITM surface well.
From Figures 3.35(c)-(d), the coverage of GDC10 coating is not ideal in those deep and
narrow valleys, because the sputtered particles cannot reach those areas. These results
are consistent with expectations for the case of depositing a thin layer of GDCI10 as a
layer. In addition, Figure 3.35 (e) also shows that the GDC10 buffer layer is well adhere

to the I'TM surface.
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Figure 3.35: SEM observation of morphology of GDC10 layer deposited by RMS on ITM
substrate (DC pulse generator conditions supplying on the Ceg.90Gdo.10 target: current of 2.5A,
frequency of 50 kHz, Tofr of 4us; Setpoint 30%, average voltage of 223V; average total pressure of
0.20Pa): (a) & (b) surface, (c) & (d) cross-section, (e) polished cross-section

To examine the effect of the GDC10 buffer layer on preventing the interdiffusion
of Cr and Ni, a long-term annealing experiment is performed. Specifically, the
ITM/GDC10/NiO-YSZ sample is placed in a furnace operating under air atmosphere
at intermediate temperature (750°C) for 72 h. After annealing treatment, the cross-

section of the sample is polished, and then the diffusion of Fe, Cr, Ni, Zr, and Y at the
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interface is tracked through SEM-EDS. As a comparison, the sample that did not
undergo long-term annealing treatment are also observed. From the observations shown
in Fig. 3.36, no obvious diffusion of Fe, Zr, and Y are observed. This indicates that Fe,
Zr, and Y are stable in their respective positions even exposed to air for a long time (72
h) at 750°C. After annealing treatment, Ni diffused towards the interface. However, no
trace of Ni is found in the ITM bulk. Compared with Ni, the enrichment of Cr on the
interface is more obvious, and it has crossed the interface (Figure 3.36b). This may be
attributed to the faster diffusion rate of Cr. From Figure 3.36 (b), although Cr is enriched
at the interface, it does not cross the GDC10 buffer layer to enter the NiO-YSZ anode
bulk. This indicate that the GDCI10 buffer layer can effectively prevent the
interdiffusion between Cr and Ni. In addition, Figure 3.37 shows that some valley
regions on the ITM surface are also covered by GDCI10 buffer layer to prevent the
interdiffusion of Cr and Ni.
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Figure 3.36: SEM observation and EDS profile of NiO-YSZ anode layer deposited by APS on
ITM substrate with GDC10 buffer layer realized by RMS: (a) before annealing, (b) after annealing
at 750°C for 72h under static air
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Figure 3.37: EDS mapping of cross-section of the NiO-YSZ deposited on ITM with GDC10
buffer layer after annealing treatment at 750°C for 72h under static air

3.5 Conclusion

In this chapter, a “half-cell” with ITM/GDCI10/NiO-YSZ/8YSZ/GDCI10
configuration is successfully fabricated by APS and RMS for the fabrication of a
complete single cell. In this configuration, the GDC10 layer with the thickness of about
2.2 um located between the ITM and the NiO-YSZ anode acts as a buffer layer to
prevent the interdiffusion between Ni and Cr. The deposited NiO-YSZ anode with
porosity gradient consists of upper (low porosity) and lower (high porosity) layers.
8YSZ/GDCI10 with the thickness of about 10.8 um acts as the bilayer electrolyte of
MS-SOFC, while GDCI10 also acts as a buffer layer to prevent possible cathode
diffusion into the 8YSZ electrolyte. After investigation, the following conclusions are
drawn:

(@) Annealing treatment experiments of ITM alloy in air revealed its high

temperature tolerance. This alloy can withstand annealing treatment at 500°C

for 120min without damage, but the surface is slightly oxidized at 900°C for
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120 min. Such oxidation becomes more serious as the temperature increases.
The sample is heavily deformed and oxidized after annealing at over 1000°C
for 120 min. However, the degree of oxidation is significantly weakened, and
no surface curvature appeared after annealing at 1000°C for 30 min.

(b) The large particle size of NiO-YSZ powder will lead to large-sized pores in
the NiO-YSZ coating deposited by APS, which is beneficial to increase the
porosity of the NiO-YSZ coating. The large flow of Hz leads to the reduction
of NiO during the deposition process, which is unfavorable for increasing the
porosity of NiO-YSZ coating. Finally, a lower NiO-YSZ anode layer with
high porosity of 33.1 + 0.6 Vol.% (after reduction) and a thickness of about
137.2 um is deposited on ITM/GDC10. The upper low porosity NiO-YSZ
anode layer with a porosity of 17.2 + 0.4 Vol.% (after reduction) and a
thickness of about 70 pm is deposited on the high porosity NiO-YSZ anode
layer. Then the upper NiO-YSZ anode layer is polished to flatten the surface
in order to accommodate the deposition of the electrolyte layer by RMS, and
the thickness is reduced to about 38.6 pum.

(c) The 8YSZ with the thickness of 3.4 um deposited on the polished NiO-YSZ
anode at the optical emission Setpoint of 30% can withstand the annealing
treatment at 1000°C for 2h without damage. GDC10 layer with the thickness
of about 4.1um deposited on 8YSZ layer (about 6.7um) at the optical emission
Setpoint of 30% to form the “half-cell” with the configuration of
ITM/GDC10/NiO-YSZ/8YSZ/GDC10. Overall, the “half-cell” can remain
intact after annealing treatment at 500°C for 2h, but some microcracks appear
in local areas. The result of long-term annealing treatment on the
ITM/GDC10/NiO-YSZ samples show that GDC10 buffer layer successful

prevents the interdiffusion between Cr and Ni.
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Chapter 4: Composite PraNiOs@PresO11 (PPNO) and PrzNiOs
(PNO) cathode deposited by RMS at high pressure for MS-
SOFC

4.1 Introduction

Recently, the rare earth nickelate compounds (Ln2NiO4, Ln = La, Pr, Nd) with the
Ruddlesden-Popper ((AO)(ABO3)m, m = 1) structure have attracted interest as IT-SOFC
cathodes due to their excellent Mixed Ionic and Electronic Conduction (MIEC)
properties [1-5]. These cathode materials with MIEC properties allow the Oxygen
Reduction Reaction (ORR) sites extend to the bulk instead of limited to the Triple-
Phase Boundary (TPB), reducing electrode polarization. Of note is that PraNiOas
exhibits the highest oxygen diffusion among related rare earth nickelate compounds at
intermediate temperatures, which favors the ORR process [5-6]. Moreover,
investigations have shown that the Pr¢O11 oxide exhibits promising on ORR at cathode
since the significantly accelerated oxygen surface exchange kinetics [7-9]. By
consulting the literature, there is no research report on the composite cathode of PrsO11
and Pr2NiO4. Considering the possible synergistic effect of these two phases, the ORR
process of the Pr2NiO4 cathode can be enhanced by the formation of composite.

In this chapter, it mainly focusses on the deposition of PraNiOs@PrsO11 (PPNO)
composite and Pr2NiO4 (PNO) cathode by RMS. The complete MS-SOFC single cells
with the configuration of ITM/GDC10/YSZ-NiO/8YSZ/GDC10/PPNO2 and PNO are
fabricated. The performance of the single cell is evaluated by I-V measurement as well
as EIS. The Ilong-term performance test of the ITM/GDCI10/YSZ-
NiO/8YSZ/GDC10/PPNO2 single cell is evaluated.

4.2 The deposition and characterization of PPNO and PNO cathodes

by RMS

PPNO and PNO cathode coatings are realized by co-sputtering Pr and Ni targets
in an Alcatel SCM650 sputtering chamber equipped with a PEM system. J. FONDARD
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et al. [10] investigated the effect of deposition pressure on the morphology evolution of
La2NiO4 cathode coatings by using this device. They found that deposition under high
pressure favored the formation of abundant pores in the coating. In this section, PPNO
and PNO cathode coatings are deposited under the control of a PEM system at a high
pressure of about 2.0 Pa. The deposition process is performed by adjusting the emission
optical intensity (Setpoint) of Pr target with a fixed current supply of 2.5 A/ pulsed at
50 kHz. On this basis, the atomic ratio of Pr/Ni is adjusted by controlling the power
apply on the Ni target. As the first part of this work, the deposition process of Pr-Ni-O
coatings are investigated to provide a reference for the deposition of PPNO and PNO
cathode coatings. Then the morphology, structure, electrical and electrochemical

properties of the PPNO and PNO cathode coatings are studied.
4.2.1 The deposition of Pr-Ni-O coatings

Here, the deposition process of the Pr-Ni-O coatings by using Pr and Ni targets are
monitored based on the measurement of the emission optical intensity of Pr (422nm)
target on the area close up to the target. The collected information is sent to the
computer to control the oxygen flow rate to maintain the selected emission optical
intensity between about 25% (fully oxidized target) and 100% (in pure argon) as shown
in Figure 4.1. Starting from a pure argon atmosphere, the deposition mode is changed
from metallic mode to oxide mode as gradually increasing the flow rate of Oz to 7 sccm.
This oxide deposition mode will switch to metal deposition mode as the Oz flow is
reduced to 3.2 sccm. The region where the Oz flow rate is from 3.2 to 7 sccm is called
the unstable deposition region for the Pr-Ni-O coating. The voltage change on the Ni
target is also recorded synchronously as the Oz flow rate at a fixed power of 111W. The
hysteresis loop presented by the voltage change on the Ni target with the oxygen flow
rate is similar to the relationship between the emission optical intensity of the Pr target
and the oxygen flow rate. Their unstable deposition regions basically overlap as shown

in Figure 4.1 by these two hysteresis loops.
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Figure 4.1: The evolution of the emission optical intensity of the Pr (422nm) target and the voltage
of Ni target with the introduction of oxygen flow (DC pulse generator conditions supplying on the
Pr target: current of 2.5A, frequency of 50 kHz, T of 4us; DC pulse generator conditions
supplying on the Ni target: power of 111W, frequency of 50 kHz, T, of 4us; total pressure of
1.97-2.02Pa)

To select a suitable emission optical intensity (Setpoint) on Pr target for depositing
Pr-Ni-O coatings, the deposition rate and the structure of the obtained coatings at
different Setpoints are investigated. Some basic parameters of depositing Pr-Ni-O
coating are listed in Table 4.1 and 4.2. The optical emission Setpoints on Pr target is
adjusted to 50, 60, and 70% while the applied power of the Ni target is fixed 111W.
From Figure 4.2(a), the deposition rate of the coating increases linearly with the
selected Setpoint on Pr target. Besides, from Figure 4.2 (b), the atomic ratio of Pr/Ni
increases with the Setpoint on the Pr target, which should be attributed to the increase
of the power applied to the Pr target as shown Table 4.2. From the XRD patterns in
Figure 4.3, the coatings deposited at the optical emission Setpoint of 50 and 60% on Pr
target are PrOx with nanocrystalline and/or bad crystalline. The coating deposited at the
optical emission Setpoint of 70% on Pr target mainly contains cubic PrsO11 and a small
amount of NiO and metal Pr. Although there is a small amount of metal Pr in the coating
deposited at the optical emission Setpoint of 70% compared to 50 and 60%, there are

obvious advantages in the deposition rate and the crystallinity of the coating.
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Table 4.1: The RMS deposition parameters of Pr-Ni-O coatings

Parameters Pr target Ni target
Ar flow rate (sccm) 200
O, flow rate (sccm) 3.8-7.0
Total pressure (Pa) 1.97-2.02
Ds.t (mm) 70
Frequency (kHz) 50
Totr (Us) 4
Voltage (V) 203-235 390-479
Current (A) 2.5 0.23-0.35
Power (W) 510-630 111-160
Setpoint (%) 50-70 -

Ds.t: Distance between substrate and target

Table 4.2: Sputtering parameters for Pr-Ni-O coatings with different Setpoints

Setpoint Pr target

Ni target

(%) Voltage (V) Current (A) Power (W)

Voltage (V)  Current (A)

Power (W)

25 510-512
2.5 526-530
25 608-630

50
60
70

203-205
210-212
243-252

0.25-0.28
0.23
0.24-0.26

445-451
478-479
430-453

111
111
111
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Figure 4.2: (a) Deposition rate and (b) atomic ratio of Pr/Ni as a function of optical emission

Setpoint on Pr target (DC pulse generator conditions supplying on the Pr and Ni target: Intensity

regulation mode at 2.5 A applied on Pr Target, Power regulation mode at 111 W on Ni target in all

targets a DC pulse at frequency of 50 kHz, Tofr of 4us are applied)
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Figure 4.3: XRD patterns of Pr-Ni-O coatings deposited on glass slides with different optical

emission Setpoints on Pr target (DC pulse generator conditions supplying on the Pr and Ni target:
Intensity regulation mode at 2.5 A applied on Pr Target, Power regulation mode at 111 W on Ni
target in all targets a DC pulse at frequency of 50 kHz, Tosr of 4ps are applied)

Next attempts are made to deposit Pr-Ni-O coatings with different atomic ratio of
Pr/Ni at the optical emission Setpoint of 70% on Pr target by adjusting the power
applied to the Ni target. The atomic ratio of Pr/Ni in the coating is determined by the
EDS spectrum of a typical Pr-Ni-O coating as shown in Figure 4.4. From Figure 4.5,
the atomic ratio of Pr/Ni (surface of coatings) decreases approximately linearly with
the increase of the power applied to the Ni target. Simultaneously, the deposition rate
exhibits an approximately linear increase with increasing power applied to the Ni target.

These coatings with different atomic ratio of Pr/Ni after annealing treatment at
1000°C for 30 min are characterized by XRD. The XRD pattern in Figure 4.6 shows
that ProNiO4 and PreéO11 appear in the coating with high atomic ratio of Pr/Ni (6.1 and
3.4). The coating with low Pr/Ni atomic ratio (1.4) has mainly phase of PrsO11, and a
small amount of nickel oxides (NiO and Ni203). The PrsO11 and PraNizO9.s5 appeared
in the coating with the Pr/Ni atomic ratio of 2.0. The PreO11 and PrsNi3Ogss may
originate from the decomposition of Pr2NiO4. When the Pr/Ni atomic ratio is 1.6, the
main phase in the coating is PraNiOs, but there are traces of NiO, which may be due to

the lack of Pr. Therefore, coatings with higher atomic ratio of Pr/Ni should be deposited
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in order to obtain composite coating (PPNO) containing PraNiOs4 and PreOu.
Comparing the XRD patterns of Pr/Ni atomic ratios of 3.4 and 6.1, the content of Pr¢O11
and Pr2NiO4 in PPNO coating can be adjusted by controlling the Pr/Ni atomic ratio. To
deposit PNO cathode coating, the Pr/Ni atomic ratio should be controlled between 1.6
and 2.0. The cross-sections of coatings with different Pr/Ni atomic ratios deposited on
alumina pellet after annealing treatment at 1000°C for 30min are observed. The
annealed coatings showed a porous morphology, and it seemed that the coatings with
high Pr/Ni1 atomic ratios (3.4 and 6.1) are more porous than those with low Pr/Ni atomic
ratios (1.4 and 2.0). Based on the above experimental results, choosing the optical

emission Setpoint of 70% on Pr target is appropriate for the deposition of PPNO and

PNO cathodes.
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Figure 4.5: Deposition rate and Pr/Ni atomic ratio of the Pr-Ni-O coating deposited with different
powers on the Ni target (DC pulse generator conditions supplying on the Pr and Ni target:
frequency of 50 kHz, Tofr of 4ps, Intensity regulation mode at 2.5 A applied on Pr Target)
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Figure 4.6: XRD of Pr-Ni-O coatings deposited on alumina pellet with different atomic ratios after
annealing treatment at 1000°C for 30 min (DC pulse generator conditions supplying on the Pr and
Ni target: frequency of 50 kHz, Tosr of 4us; Optical emission Setpoint 70% on Pr target): Pr/Ni =
1.4, 160 W on Ni target; Pr/Ni= 1.6, 148 W on Ni target; Pr/Ni = 2.0, 137 W on Ni target; Pr/Ni =
3.4, 111 W on Ni target; Pr/Ni = 6.1, 78 W on Ni target

2

1
Porous mbrphology

'
\ . —f*
A 7
\ Porous mMorphology

A}
Porous mérphology

— 1 gm

Figure 4.7: SEM images of Pr-Ni-O coatings deposited on alumina pellet with different atomic
ratios after annealing treatment at 1000°C for 30 min (DC pulse generator conditions supplying on
the Pr and Ni target: frequency of 50 kHz, Tor of 4ps; Setpoint 70% on Pr target): (a) Pr/Ni= 1.4,
160 W on Ni target; (b) Pr/Ni = 2.0, 137 W on Ni target; (c) Pr/Ni= 3.4, 111 W on Ni target; (d)
Pr/Ni= 6.1, 78 W on Ni target
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4.2.2 The deposition of ProNiOs@PrsO11(PPNO) and Pr:NiO4(PNO) cathodes

As mentioned above that PPNO and PNO coatings can be achieved by depositing
Pr-Ni-O coatings with high Pr/Ni atomic ratio and low Pr/Ni atomic ratio, respectively.
Here, the PPNO1, PPNO2, and PNO coatings are deposited at the otpical emission
Setpoint of 70% on Pr target. The deposition parameters are listed in Table 4.3. The
structural and morphology evolution of PPNOI1 coating subjected to different annealing
treatments are observed. PPNO2 and PNO are used as the cathode to characterize the

electrical and electrochemical properties.

Table 4.3: The deposition parameters to deposit PPNO and PNO coatings

Deposition parameters PPNOI1 PPNO2 PNO
Ar flow rate (sccm) 200
O, flow rate (sccm) 4.8-5.3 4.9-5.2 4.9-53
Total pressure (Pa) 1.9-2.1
Drawing distance(mm) 70
Frequency (kHz) 50
Tofr (Us) 4
Pr target Setpoint (%) 70
Current (A) 2.5
Ni target Power (W) 126 133 142
Deposition time (min) 130 140 170

4221 PeriO4@Pl‘6011 (PPNO)

The composition of the PPNO coatings after undergoing different annealing
treatments are analyzed by EDS as shown in Table 4.4. The surface (cross-section)
composition results show that the Pr/Ni atomic ratio of the PPNO1 coating increased
from 2.45 + 0.05 (2.26 + 0.05) to 3.06 £ 0.09 (2.36 £ 0.02) after annealing at 1000°C
for 30min. At this annealing treatment stage (1000°C for 30min), more PrsO11 phases
formed firstly on the surface during the temperature rise due to the possible temperature
gradient between the surface and bulk of the coating. Because of this, the Pr/Ni atomic
ratio on the surface of the coating is higher than that in the bulk (cross-section).
However, the Pr/Ni atomic ratio increases both on the surface and cross-section of the
PPNOI coating after annealing, which may be due to the loss of part of Ni during

annealing treatment. From Figures 4.8 (a) and (b), no obvious diffusion of Pr and Ni is
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observed at the interface of GDC10 and PPNO1 after annealing treatment at 1000°C
for 30 min compared with as deposited coating. Therefore, the loss of Ni may be
through evaporation in the form of NOx during annealing treatment. After performing
annealing treatment under condition of 1000°C/30 min and after 750°C/50h, the Pr/Ni
atomic ratio of the PPNO1 surface increased from 3.06 + 0.09 to 3.21 + 0.09, while the
Pr/Ni atomic ratio in the cross-section did not change significantly (2.36 £ 0.02 v.s. 2.44
+ 0.02). During this process, the increase of the Pr/Ni atomic ratio on the PPNOI
surface may be due to the migration of Pr¢O11 to the surface, while Ni is unlikely to be
lost in the form of NiOx due to the already formed Pr2NiOas phase. In addition, no
significant diffusion of Pr and Ni is observed at the interface of GDC10 and PPNO1 as
compared to the coating annealing at 1000°C for 30 min (Figures 4.8 (b) and (c)). The
Pr/Ni atomic ratio of PPNO2 coating has the same variation trend as that of PPNOI

coating (Table 4.4).

Table 4.4 The composition of the PPNO coatings after different annealing treatments

Samples Elements (at. %) Atomic ratio
Pr Ni Pr/Ni

PPNO1 As deposited 71.01+0.44 28.99+0.44 2.45+0.05
Surface 1000 °C for 30min 75.354+0.52 24.65+0.52 3.06+0.09
1000 °C-30min-750 °C-50 h  76.22+0.52 23.78+0.52 3.21+0.09
PPNOI1 As deposited 69.31+0.47 30.69+0.47 2.26+0.05
Cross-section 1000 °C for 30min 70.24+0.18 29.76+0.18 2.36+0.02
1000 °C-30min-750 °C 50 h  70.89+0.19 29.11+0.19 2.44+0.02
PPNO2 As deposited 69.10+0.37 30.90+0.37 2.2440.04
Surface 1000 °C for 30min 74.40+0.64 25.60+0.64 2.91+0.09
1000 °C-30min-750 °C-50 h  75.12+0.52 24.88+0.52 3.02+0.08
PPNO2 As deposited 68.01+0.33 31.99+0.33 2.13+0.03
Cross-section 1000 °C for 30min 69.68+0.12 30.3240.12 2.30+0.01
1000 °C-30min-750 °C 50 h  70.23+0.23 29.77+0.23 2.36+0.02
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Figure 4.8: The SEM-EDS profile of the cross-section of the PPNO1 coatings: (a) as deposited,
(b) annealing at 1000°C for 30 min, (c) 1000°C/30 min and after 750°C/50 h

The XRD pattern in Figure 4.9 demonstrates the structural changes in the PPNO1
coating with increasing annealing temperature. PrcO11 exists in the as deposited coating
and NiO and PrOx appear successively as the annealing treatment temperature increases
to 950°C. After annealing treatment at 950°C, traces of Pr2NiOas phase appeared. After
annealing treatment at 1000°C, a typical composite coating material with two phases of
Pr2NiO4 and PrsO11 is formed. When PPNOI coating crystallizes towards PraNiOs, the
electrical resistance of the coating gradually decreases dure to the electronic
conductivity of Pre¢O11 oxide is much lower than that of Pr2NiOas. This structural
evolution is consistent with the change in the electrical resistance of the coating. The
PPNOI coating that has been annealed at 1000°C is placed in a furnace under air
atmosphere for 50 h at 750°C (1000°C/30min and after750°C/50 h) to check the
stability of the coating. The XRD pattern of the PPNOI1 coating after annealing for 50
h shows that the peak intensity attributed to PrsO11 is relatively enhanced, which may
mean that the content of PrsO11 phase on the coating surface increases. Vibhu [11]

investigated the decomposition of PraNiO4 powder at 700 and 800°C for one week
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under air. The results showed that most of the Pr2NiO4 powders are decomposed into
PraNi3O10+5, PrNiO3-5 (major phase), and PrsO11 at 700°C, while the Pr2NiOs powder is
completely decomposed into PraNizO10+s, PrNiOs-5, and PreO11 at 800°C. Therefore, the
increase in the content of PréO11 phase may be due to migration rather than
decomposition of Pr2NiOs since no PraNizOio-s and perovskite PrNiOs-5 in the XRD
pattern. In addition, the crystallite size of both phases (Pr2NiO4 and PrsO11) in PPNO1
coating increases with the increase of annealing temperature as listed in Table 4.5. After

annealing for 50 h, the crystallite size of both phases also increased.

1-Pr2NiOs (86-0870) 2-PrsO11(42-1121) 3-PrOx 4-NiO (01-1239)

Intensity (a.u.)
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Figure 4.9: XRD patterns of the PPNOI1 cathode coating deposited on alumina pellet after various

annealing treatments in air

Table 4.5: The crystallite size of the PPNOI1 coatings deposited on alumina pellet as function of
the annealing temperature.

Temperature (°C) Crystallite size (nm)
ProNiO4 PreOn

As deposited - 7.8
200 - 10.3

550 - 12.7

750 - 32.6

950 62.3 40.6

1000 87.9 449
1000/30 min and after 96.3 46.1

750/50 h

Figure 4.10 (a) shows the XRD pattern of Pr2NiO4 and PreO11 in PPNO2 coating
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after annealing treatment at 1000°C for 30 min. Like PPNOI, the peak intensity
assigned to PreO11 in PPNO?2 is relatively enhanced after annealing treatment at 750°C
for 50h but no PraNi3O10-5 and perovskite PrNiOs-s. The XRD results show that the
PPNO (PPNO1 and PPNO2) material may has certain stability (Figures 4.8 and 4.10).
The XRD pattern of PPNO2 subjected to annealing treatment at 1000°C for 30 min are
refined by FullProf software as shown in Figure 4.10 (b) and Table 4.6. The refinement
results showed that the content of PréO11 phase in the PPNO2 coating accounted for

37.09 wt.%. The PPNO?2 coating is used as the cathode of the complete single cell.

(a) 1-PrzNi04 (86-0870) (b) ©  Experimental data
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Figure 4.10 XRD patterns of the PPNO2 coating deposited on alumina plate after various
annealing treatments in air (a); refined XRD patterns of PPNO2 coating after annealing at 1000°C
for 30min (b)

Table 4.6 Structural parameters of the PPNO2 coating after annealing at 1000°C
for 30min obtained from Rietveld refinement

PPNO2
Structural parameters -

ProNiO4 PrsOn

Percentage (wt.%) 62.91 37.09

a(A) 5.453 5.479

b (A) 5.453 5.479

c(A) 12.453 5.479
Vol. (A%) 370.293 164.477
Space group Fmmm Fm -3m

As a cathode coating, the porous morphology facilitates the diffusion of oxygen.
Figure 4.11 demonstrates the morphology evolution of the PPNO1 coating with
annealing treatment. Initially, the as deposited PPNO1 coating looks dense (Figures
4.11 (a) and (d)). After annealing treatment at 950°C for 30 min, a distinct porous

(macro pores) morphology is formed as shown in Figures 4.11 (i) and (j). The formation
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of the porous morphology of the PPNO1 coating may have go through three stages. In
the first stage, the atomic-scale defects of the as deposited coating are eliminated to
form micro (nano) pores as the annealing treatment proceeds (until 750°C). Then
micro(nano) pores are aggregated into macro pores at 950°C in the second stage
(Figures 4.11 (i) and (j)). These two stages are accompanied by volume expansion of
the coating, probably due to the formation of micro(nano) pores (Table 4.7). In the third
stage, macro pores are aggregated into large pores at 1000°C. At the same time, small
particles of PreO11-enriched form typical large particles of ProNiOs-enriched (Figures
4.11 (k) and (1)). This stage is accompanied by volume shrinkage, probably due to the
aggregation of small particles into larger ones (Table 4.7). Correspondingly, the
porosity of the coating decreased from 44.8 + 0.3 Vol. % (at 950°C) to 42.9 + 0.2 Vol.%
(at 1000°C). After undergoing a long-term annealing treatment (1000°C/30min-and
after 750°C/50h), PPNO1 maintains the porous morphology and has not significantly
change in porosity (Table 4.7), which shows the stability of the morphology. However,
it seems that more small particles of Pr¢O11 migrate to the surface, which may be the
reason for the increase of the Pr/Ni atomic ratio of the surface as show in Table 4.5. A
similar porous morphology is also observed in the PPNO2 coating as shown in Figure
4.12. The thickness of PPNO2 coating increased from 6.7 = 0.1 to 8.1+ 0.1 um after
annealing at 1000°C for 30 min, while the porosity is 43.9 £ 0.5 Vol. %. After annealing
for 50h (1000°C/30min-and after 750°C/50 h), the thickness of PPNO2 coating
increased from 8.1 = 0.1 to 8.4 + 0.2 um and the porosity slight decrease to 42.6 + 0.4
Vol.%.

It can be considered that the PréO11 and PraNiO4 phases are enriched on small and
large particles, respectively, which can be confirmed by the XRD pattern (Figures 4.8
and 4.10) and the EDS results (Figures 4.13-4.14). On the one hand, the XRD results
have confirmed that the PPNO1 and PPNO?2 coatings both contain Pr2NiOs and PrsO11
after annealing treatment (1000°C for 30 min and 1000°C/30min-and after 750°C/50
h). On the other hand, the Pr/Ni atomic ratio in small particles is much larger than that
in large particles (Figure 4.13). This indicates that Ni is enriched in the large particles,

while Pr is more enriched in the small particles. The mapping results in Figure 4.14 (b)
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and (c) also confirms this point.
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Figure 4.11: SEM images of the PPNO1 coatings deposited on GDC10 layer after various
annealing treatments: (a), (c), (¢), (g), (1), (k), and (m) refer to the surface; (b), (d), (f), (h), (), (),
and (n) refer to the cross-section
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Table 4.7: The porosity and thickness of the PPNO coatings as function of the annealing

temperature
Samples Temperature (°C) Cross-section porosity (Vol.%)  Thickness (pum)

PPNO1 As deposited 59+0.2
200 - 6.0+0.1
550 - 6.5+0.2
750 - 6.6+0.2
950 448 +£0.3 75+02
1000 429+0.2 6.9+0.1
1000°C/30min-and 42.1+£0.3 7.2+0.1

after 750°C/50 h
PPNO2 As deposited - 6.7+0.1
1000 43.9+0.5 8.1+0.1
1000°C/30min-and 42.6+04 84+02

after 750°C/50 h
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Figure 4.12: SEM observation of the PPNO2 cathode coatings deposited on GDC10 layer after
various annealing treatments: (a), (c), and (e) refer to the surface; (b), (d), and (f) refer to the

cross-section
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Figure 4.13: The SEM-EDS results of the PPNO1 cathode coatings: (a) and (b) refer to surface of
the coating annealing at 1000°C for 30 min and 1000°C/30 min-and after 750°C/50h, respectively;
(c) and (d) refer to cross-section of the coating annealing at 1000°C for 30min and 1000°C/30
min-and after 750°C/50h, respectively
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Figure 4.14: The SEM-EDS mapping of the PPNO1 cathode coatings surface after different
annealing treatments: (a) as deposited, (b) annealing at 1000°C for 30 min, (c) 1000°C/30min-and
after 750°C/50 h

4.2.2.2 PraNiOs (PNO)

The surface (cross-section) composition results show that the Pr/Ni atomic ratio
of the PNO coating increased from 1.61 +0.02 (1.51 £0.02) to 1.73+0.02 (1.57 £ 0.01)
after annealing at 1000°C for 30min (Table 4.8). This change trend is similar to that of
PPNO coating. Like PPNOI1, no obvious diffusion of Pr and Ni is observed at the
interface of GDC10 and PNO coating after annealing treatment in contrast to as
deposited coating (Figures 4.15 (c)-(e)). However, after annealing treatment at 1000°C
for 30 min, Pr2NiOs4 is formed mainly with a trace amount of NiO and without PréO11
due to the low Pr/Ni atomic ratio (Figure 4.16 (a)). After annealing for 50h
(1000°C/30min-and after 750°C/50 h), the Pr/Ni atomic ratio on the surface and cross-
section of PNO does not change significantly, which may be due to the absence of

PrcO11 migration. However, a small amount of PraNi309.s5 and PrsO11 appeared in the
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PNO coating after annealing for 50h (1000°C/30min-and after 750°C/50 h), which may

be derived from the decomposition of PraNiO4. The XRD patterns of PNO subjected to

annealing treatment at 1000°C for 30 min are refined by FullProf software. For this

PNO coatings, a single Pr2NiOas phase refinement is performed while ignoring traces of

NiO. The refinement results are shown in Figure 4.16 (b) and Table 4.9. Compared with

PPNO2 (Figure 10 (b) and Table 4.6), the unit cell volume of Pr2NiO4 phase in PNO is

373.865 A3 greater than that in PPNO2 of 370.293 A°. This may be related to the less

lattice oxygen of PPNO2 result in the reduction of the unit cell volume (Figure 4.18

and Table 4.11). This result is consistent with the report of Zhao et al [12] that the

presence of PreO11 suppressing the coarsening of Pr2NiOs grains.

Table 4.8 The composition of PNO coating with annealing treatment

PNO Annealing Elements (at. %) Atomic ratio
Treatment Pr Ni Pr/Ni
Surface As deposited 61.71£0.27  38.29+0.28 1.61+0.02
1000 °C for 30min 63.36+0.20  36.64+0.20 1.734+0.02
1000°C/30min-and after 63.69+£0.53  36.31+0.53 1.75+0.04
750°C/50 h
Cross-section As deposited 60.12+0.28  39.88+0.28 1.51+0.02
1000 °C for 30min 61.14+0.10  38.86%0.10 1.57+£0.01
1000°C/30min-and after 61.36+0.16  38.64+0.16 1.59+0.01

750°C/50 h
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Figure 4.15 SEM-EDS results of the PNO coatings deposited on GDC10 layer: (a) and (b) refer to
the surface of PNO coating after annealing at 1000°C for 30 min and 1000°C/30min-and after
750°C/50 h, respectively; (c), (d) and (e) refer to the cross-section of the as deposited PNO
coating, after annealing at 1000°C for 30 min and 1000°C/30min-and after 750°C/50 h,

respectively
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Figure 4.16: XRD of the PNO cathode coating deposited on alumina pellet after various annealing
treatments under air (a); refined XRD of PNO cathode coating after annealing at 1000°C for
30min (b)
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Table 4.9: Structural parameters of the PNO cathode coating obtained after Rietveld refinement.

Structural parameters (Pr2NiO4) PNO
a(A) 5.481
b (A) 5.481
c(A) 12.445
Vol. (A%) 373.865
Space group Fmmm

The morphology of PNO cathode coatings is shown in Figure 4.17. The as
deposited PNO cathode coating appears to be dense as shown in Figures 4.17 (a) and
(b). The porous morphology is formed after annealing at 1000°C for 30 min (Figures
4.17 (c) and (d)). It can be clearly seen that the porous morphology of PNO is different
from that of PPNO (Figures 4.11 and 4.12). This difference may come from the third
stage of porous morphology formation. In the third stage, all small particles of PrsO11-
enriched are aggregated into large particles of PraNiOs-enriched accompanied by
volume shrinkage in PNO. Accordingly, all PrsO1i-enriched particles disappeared.
Therefore, only bulky particles are observed in PNO. Furthermore, it seems that PNO
has smaller pores compared to PPNO2, which may be the reason of the lower porosity
of PNO (31.3 £ 0.4 Vol. %) than PPNO2 (43.9 + 0.5 Vol. %). After annealing for 50h
(1000°C/30min-and after 750°C/50 h there is no major change in morphology (the
thickness and porosity) of PNO. The EDS results of the PNO (Figures 4.15 (a) and (b))
show that the Pr/Ni atomic ratio of each point on the surface has no obvious difference,

which may be related to its single phase (P2NiOa4).
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Figure 4.17: SEM images of the PNO cathode coatings deposited on GDC10 layer after various
annealing treatments: (a), (c), and (e) refer to the surface; (b), (d), and (f) refer to the cross-section.

Table 4.10: The cross-section porosity and thickness of the PNO cathode coating

Samples Thickness (um) Cross-section porosity (Vol.%)
As 1000°C  1000°C/30min-and ~ 1000°C  1000°C/30min-and
deposited after 750°C/50 h after 750°C/50 h
PNO 89=+0.1 85+0.2 84+02 31.3+04 31.2+04

For the cathode of SOFC, the oxygen adsorption capacity of the material is an
important factor affecting the ORR activity. Here, the XPS of Ols of PPNO2 and PNO
after annealing at 1000°C for 30 min are collected to confirm the surface oxygen species
(Figure 4.18). Four distinct peaks are observed from the XPS spectra of the Ols orbital.
The peak at low binding energy of about 528.2 eV is considered to belong to, Opattices
while the peaks at high binding energy (529.7, 531.2, and 532.5 eV) belong to Ogyrface>
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represents 027, 07, and O3, respectively [13, 14]. A larger Ogyrface/Olattice Tatio
means stronger oxygen adsorption ability on material surface, which helps to promote
ORR activity [15, 16]. The percentage of peak areas assigned to Ojaitice @and Ogyrface
in PPNO2 and PNO are shown in Table 4.11. Obviously, PPNO2 has larger
Osurface/Olattice ratio (7.15) than that of PNO (4.76). Additionally, oxides lose lattice
oxygen at high temperatures, resulting in the additional oxygen vacancies [12]. More

oxygen vacancies are helpful for the ORR process occurring at cathode.

O1s ) (a) O1s (b)

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T
6355 534.0 56325 531.0 5295 5280 526.5 53556 534.0 5326 531.0 5295 5280 526.5
Binding energy (eV) Binding energy (eV)

Figure 4.18: XPS patterns of the PPNO2 and PNO coatings after annealing at 1000 °C for 30 min:
(a) PPNO2, (b) PNO

Table 4.11: The percentages of oxygen species of PPNO2 and PNO coatings after annealing at

1000 °C for 30 min
Oxygen species PPNO2 PNO
Osurface (%) 87.73 82.65
Olattice (%0) 12.27 17.35
Osurface/ Olattice 7.15 4.76

In summary, PPNO coatings can be obtained by depositing the Pr-Ni-O coating
with a high Pr/Ni atomic ratio of 3.06 = 0.09 and 2.91 £+ 0.09 after annealing at 1000°C
for 30min, while PNO coating realized by depositing the Pr-Ni-O coating with a low
Pr/Ni atomic ratio of 1.73 + 0.02 after annealing at 1000°C for 30min. A distinct porous
morphology in PPNO coating can be realized after annealing treatment at least 950°C
for 30 min. Although the coating has the highest porosity of 44.8 = 0.4 Vol.% after
annealing treatment at 950°C, it is not the desired PPNO coating with Pr2NiO4 and
PrsO11. The porosity of PPNO (PPNO1 of 42.9 + 0.2 Vol. % and PPNO2 0f 43.9 + 0.5
Vol. %) coating is much higher than that of PNO (31.3 + 0.4 Vol. %) coating after
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annealing treatment at 1000°C for 30 min.
4.2.2.3 Electrical and Electrochemical Characterization

From the discussion in the previous section, the porous PPNO2 composite and
PNO cathode are confirmed to be prepared by RMS followed by annealing treatment
at 1000°C for 30 min. Here, the PPNO2 composite (8.1 um) and PNO (8.5 pm) cathode
coatings are deposited on both sides of the 8YSZ ceramic plate with a diameter of 25
mm and a thickness of 0.5 mm for the measurement of AC-EIS. PPNO2 and PNO
coating deposited on alumina ceramic plate is used to measure electrical conductivity.
As shown in Figure 4.19 (a), both PPNO2 and PNO exhibit semiconducting conduction
behavior in the temperature range from 300 to 900°C. In the whole temperature range,
the conductivity of PNO is higher than that of PPNO2, which indicates that the
introduction of PrsO11 reduces the electronic conductivity. It is well known that PrsO1:
is a poor electron conductor, and the electron conduction channel is blocked after
adding PreO11 [17]. The maximum conductivity of the deposited PPNO2 coating is
about 87 S/cm at 700°C, while that of PNO coating is about 109 S/cm at 650°C. This
maximum value is in the area of use of the IT-SOFCs. Compared with the literature
listed in Table 4.12, the electronic conductivity of the PNO cathode deposited in this
work is close to that of the literature, but higher than that of La2NiO4 cathode. There
are few reports on the electrical conductivity of PPNO composites. Compared with
Pr2CuO4@PrsO11, the deposited PPNO2 materials have obvious advantages in electrical
conductivity. In addition, the activation energy calculated by the Arrhenius formula
(Equation 4.1) are similar values (Figure 4.19 (b)). This may indicate that the
introduction of PreO11 did not change the carrier transport mechanism in the PPNO2

material.
A Eq
o(T) = 7exp (= E) 4.1

Where T, and k, A, and Ea refer to the absolute temperature, Boltzmann’s constant,

a pre-exponential factor, and activation energy, respectively.
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Figure 4.19: Conductivity (a) and Arrhenius curves (b) of PNO and PPNO2 coatings deposited on
alumina pellet measured by four-probe method under air from 300 to 900°C

Table 4.12 The electronic conductivity of some cathode materials reported in the literature

Maximum conductivity (S/cm)  Temperature (°C)  Ref.

PrNiO, 119 600 [18]
PrNiO, 106 450 [19]

Pr sLaosNiO4 110 600 [20]
La;NiO, 50 600 [20]
Pr,CuO,4 95 700 [12]
Pr,CuO4@PreO1; 39 700 [12]

The electrochemical performances of PPNO2 and PNO cathodes are evaluated by
analyzing the AC-EIS of PPNO2/8YSZ/PPNO2 and PNO/8YSZ/PNO symmetric cells,
respectively. The collected impedance diagram is fitted by selecting an appropriate
equivalent circuit model through ZView software. Figures 4.20 and 4.21 correspond to
the Nyquist plots of PPNO2/8YSZ/PPNO2 and PNO/8YSZ/PNO symmetrical cells in
the temperature range of 600-750°C with a step of 50°C, respectively. From Figure 4.20,
for the PPNO2 cathode, the LRi(CPE1//R2)(CPE2//R3) equivalent circuit model is
considered for fitting the Nyquist plot. The Nyquist plot of the PNO cathode presents
typical two semicircles as shown in Figure 4.21. The Nyquist plots are fitted by the
equivalent circuit of LRi(CPE1//R2)(CPE2//R3). After fitting the impedance diagram
with the ZView software, the resistances attributed to different contributions are used
to calculate the polarization resistance (Rp) of the cathode material, which reflects the
electrochemical performance of the cathode material. On the basis of the fitted data and
using relations formula 4.2, the mean capacitance of each contribution from semicircle
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have been calculated.

¢ = R(A-1/M) » cpEL/n 4.2

The Schouler-type representation is adopted for plotting the capacitive effect (C).
of each contribution v.s. reciprocal temperature [21, 22]. Such plotting is considered to
provide a reference for interpreting a given impedance diagram. Typical Arrhenius plots
are shown in Figure 4.22. For the Nyquist plots of the PPNO2 cathode at 600°C (Figure
4.20 and 4.22), the lower capacitance (10 F) from R is attributed to the response of
the electrolyte [23]. Therefore, R2 and Ri are combined, excluded from Ry, that is, Rp =
R3 as shown in Figure 4.20. From 700 °C to 750°C, the capacitance corresponding to
the first semicircle increases (10°-107 F), which is attributed to the electrode response
[24-25]. In this case, Rp=R2+Rs3, and R is a response from the electrolyte. Whereas for
the PNO electrode, the capacitances response from Rz and R3 are 10* F and 102 F,
respectively, which is attributed to the response of the electrode [23, 25]. Likewise, Ri
is attributed to the response of the electrolyte for PNO. In this case, for PNO electrode,
Rp = R2+R3 at temperature from 600 to 750°C. Finally, the Rp of PPNO2 and PNO

cathodes are listed in Table 4.13. Correspondingly, the Arrhenius plot is shown in Figure
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Figure 4.20: The EIS measurement of PPNO2/8Y SZ/PPNO2 symmetric cell at different temperature
in the oxygen partial pressure of 0.2 atm with the applied voltage perturbation of 10 mV
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Figure 4.21: The EIS measurement of PNO/8YSZ/PNO symmetric cell at different temperature in
the oxygen partial pressure of 0.2 atm with the applied voltage perturbation of 10 mV
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Figure 4.22: The Arrhenius plots of the capacitances for PPNO2 and PNO cathodes

The Rp and activation energy (Ea) of the PPNO2 cathode is much lower than that
of the PNO at the temperature range o from 600-750°C, which shows the obvious
advantage of PPNO cathode. Compared with the PNO cathode, the PPNO2 cathode
with higher porosity and higher O, face/Olattice Tatio may be the reason for its lower
polarization resistance [26]. Additionally, there have been some reports indicating that
PrsO11 can significantly accelerate the oxygen surface exchange kinetics [7, 9]. This

may also be the reason for the R, of PPNO?2 is lower than that of PNO. Table 4.13 also
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lists some reports on PNO and PrsO11 modified cathodes. The Ry of the deposited PNO
cathode is higher than that reported in the literature. Only at a higher temperature of
750°C, its Rp of 0.84 Q-cm? is close to that reported by J. FONDARD et al. of 0.8
Q ¢m? [27]. This may be related to the morphology of the deposited PNO cathode.
However, the deposited PPNO2 exhibited favorable competitiveness with low Rp of
0.07 Q-cm?at 750°C. This may be attributed to the introduction of PreO11, which seems

to have an important contribution in promoting the cathode ORR activity [7-9].

Table 4.13: The polarization resistances (Rp) of PPNO2 and PNO cathodes
R, (Q-cm?) of Temperature (°C)

Symmetry cells 600 650 700 750
PNO/8YSZ/PNO 11.53 5.45 2.36 0.84
PPNO2/8YSZ/PPNO2 0.43 - 0.16 0.07
PNO/GDC/PNO 0.18 [2]
PNO/GDC/PNO 0.83 [28]
PNO/YSZ/YDC/PNO 0.32[29]
PNO/GDC/PNO 0.36[30]
PNO/LSGM/PNO 1.19[30]
PNO/YSZ/PNO 0.8[27]
PNO/YSZ/PNO 0.18[31]
PPCO/GDC/PPCO 0.07[12]
PPCO: PI‘zCuO4@PI‘6011
3
B PNO m
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Figure 4.23: Arrhenius plots of polarization resistance (Rp) for PNO and PPNO?2 cathodes
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4.3 Fabrication and characterization of single cells

4.3.1 Fabrication of single cells

J. FONDARD [32] developed a MS-SOFC with ITM/GDC/Ni-YSZ/YSZ/LNO
configuration, in which the LNO cathode deposited by RMS is in-situ crystallized
during cell testing. However, the maximum power density of this cell is only 60
mW/cm? at 700°C. KIM et al. also reported that the cathode obtained by in-situ
sintering has higher polarization resistance than that co-sintering [33, 34]. Therefore,
annealing treatment of cathodes deposited by RMS instead of in-situ crystallization
during the cell testing is considered in this thesis to improve the crystallinity and the
porosity. Based on the investigation of the oxidation behavior of ITM in air in Chapter
3, an annealing treatment at 1000°C for 30min is performed for the fabrication of MS-
SOFC single cell as shown in Figure 4.24. The fabrication of the MS-SOFC
sequentially undergoes the deposition of the GDC10 buffer layer by RMS, the
deposition of the NiO-YSZ bilayer anode by APS, the deposition of the 8YSZ/GDC10
bilayer electrolyte by RMS, and the deposition of the cathode layer (PPNO2 and PNO)
by RMS. It should be noted that the NiO-YSZ, 8YSZ and GDC10 layer have been
completed in Chapter 3, while the PPNO2 and PNO cathodes are deposited according
to the deposition parameters given in Table 4.3. Among them, annealing treatment is
performed at 500°C for 2h after the deposition of GDCI10 electrolyte layer. Based on
the above investigation on the PPNO2 cathode coating, the deposited PPNO2 coating
has good electrochemical performance after annealing treatment at 1000°C for 30 min.
Therefore, the complete single cell with configuration of ITM/GDC/Ni-
YSZ/YSZ/GDC10/PPNO2 (named MS/PPNO2) and ITM/GDC/Ni-
YSZ/YSZ/GDC10/PNO (named MS/PNO) are annealed at 1000°C for 30 min to obtain
better cathode performance. However, the single cell is slightly deformed after
annealing treatment. In order to meet the cell size requirements of the measuring device,

the cells are manually worn down to small size of 1.1x1.1x0.1 cm?®.
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Figure 4.24: Fabrication process of MS-SOFC single cell

4.3.2 Characterization of single cells

The characterization of a complete single cell is performed according to the
procedure shown in Figure 4.25. The discharge curve (I-V) measurements at variable
temperature from 750 to 600 <C are performed for MS/PPNO2 and MS/PNO single cells.
Then a long-term performance test of MS/PPNO2 single cell with a constant current
density of 0.4 A/cm? at 700<C for 63h is performed. It should be pointed out that it is
cooled to room temperature after the 1-V measurement for MS/PPNO2, and then the
long-term performance test is measured after the temperature is raised to 700<C at a
heating rate of 3<C/min. This can be considered as the MS/PPNO2 single cell has
undergone a thermal cycle. The measurement results are shown in Figures 4.26-4.27

and Tables 4.14-4.15.
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Figure 4.25: Schematic diagram of the characterization procedure for the complete single cells

As shown in Figure 4.26 and Table 4.14, the OCV of MS/PPNO?2 decreases with
increasing temperature, from 0.968 V at 600°C to 0.941 V at 750°C. The maximum
power density (Pmax) increases from 390 mW-cm at 600°C to 1010 mW-cm™ at 750°C
with increasing temperature. Comparing the literature listed in Table 4.16, it seems that
this does not show a disadvantage in terms of OCV values. However, the OCV of
MS/PPNQO? is still low compared to the relatively higher values of 1.082 V [33], 1.058
V [35], and 1.06 V [36]. The Pmax of MS/PPNO2 is competitive compared with that in
Table 4.16. The reason for the lower OCV of MS/PPNO2 may be the internal defects
of the cell. It can be seen from Figure 4.28 that some microcracks exist in the 8§YSZ
electrolyte. These microcracks are generated during annealing treatment. The stability
of the MS/PPNO?2 (represented in terms of cell voltage) at 700°C with a constant
current load of 0.4 A/cm? as a function of operation time is used to evaluate the long-
term performance of the single cell. After operation for 63 h, the voltage of MS/PPNO2
decreased from 0.75 V to 0.72 V as shown in Table 4.15, which shows that the cell has
long-term performance. However, during the long-term test, the cell voltage first

decreases and then increases slowly, and there are many noises (Figure 4.27). This may
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be caused by the accumulation of water inside the cell. As shown in Figure 4.29, the
ITM support in the cell is extruded during the cutting process, which causing the
collapse of porous channels in the local area. As shown in Table 4.15, after a thermal
cycle, the voltage of the cell at 700°C decreased by 0.09 V, which may indicate that the

thermal resistance of the single cell should be improved.
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Figure 4.26: I-V-P curves of the MS/PPNO?2 single cell at various temperatures
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Figure 4.27: The long-term performance of the MS/PPNO?2 single cell under a constant current
density of 0.4 A-cm™ for 63 h
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Table 4.14: The OCV of the MS/PPNO?2 single cell at various temperatures

OCV (V)
Cells
750°C 700°C 650°C 600°C
MS/PPNO2 0.941 0.939 0.960 0.968

Table 4.15: The voltage of MS/PPNO2 single cell undergoing different processes

Initial  Cycle ] Stability test for 63h Decreasel®  Decrease2’

Voltage (V) 084 075 0.72 0.09 0.03
Current (A-cm?) 0.4 0.4 0.4 - -

a: from Initial to Cycle I; b: from Cycle I to after long-term test

Table 4.16: Performance of some reported MS-SOFC

Cell configuration OCV (V) Piax (MW/cm?)  Ref.
STS430/Ni-YSZ/8YSZ/GDC/BSCF 1.082, 3%H,0-H> 310 at 700°C [33]
STS430/Ni-YSZ/8YSZ/LSCM 1.10, Dry H 30 at 700°C [37]
ITM/GDC20/Ni- 1.12, Dry H 903 at 700°C [38]

GDC10/8YSZ/GDC20/LSCF

SS430/Ni-SDC/SeSZ/GDC/SSC-GDC 0.98, 3%H,0-H> 140 at 600°C [39]
ITM/GDC20/NiO-YSZ/8YSZ/GDC20/LNO 0.9, 5%H>0-H, 76 at 700°C [40]
HastelloyX/NiO-SDC/SDC/SSCo 0.82, Dry H» 560 at 700°C [41]
ITM/NiO-YSZ/YSZ/LSCF 1.058, 5%H>0-H, 360 at 700°C [42]
Fe22Cr/Ni-YSZ/ScYSZ/LSC 1.06, 2%H,0-H, 780 at 700°C [36]
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As shown in Figure 4.30 and Table 4.17, the Pmax of MS/PNO increases from 133
mW €m2 at 600°C to 326 mW ¢m at 750°C. The OCV of MS/PNO decreases from
0.840V at 600°C to 0.817V at 750°C. Although this OCV is within 0.8-1.5V of the most
feasible fuel cell reversible voltage range considered by O’HAYRE et al. [43], the OCV
of MS/PNO is still low for SOFC. Compared with MS/PPNO2, the OCV and Pmax of
MS/PNO are lower, which may be attributed to two aspects. On the one hand, it is due
to the internal defects of the cell. As shown in Figure 4.31, it seems to have more serious
microcracks in the electrolyte than in that of MS/PPNO2. Especially when there are
pits on the NiO-Y SZ surface, the deposited electrolyte layer may be severely fractured
as shown in Figure 4.31 (f). Although MS/PNO and MS/PPNO2 are deposited under
the same conditions except for the cathode layer, differences may occur when manually
polishing the surface of the NiO-YSZ anode layer. On the other hand, it is due to the
difference in the cathode layer. After the analysis of the symmetrical cells
PPNO2/8YSZ/PPNO2 and PNO/8YSZ/PNO, the advantages of the PPNO2 cathode in

terms of electrochemical performance have been confirmed.
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Figure 4.30: I-V-P curves of the MS/PNO single cell at various temperatures

Table 4.17: The OCV of the MS/PNO single cell at various temperatures
OCV (V)

750°C 700°C 650°C 600°C

MS/PNO 0.817 0.830 0.838 0.840

Cells
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Electrochemical impedance diagrams of single cells are collected at different
temperatures. Figures 4.32 and 4.33 are the Nyquist plots of MS/PPNO2 and MS/PNO
at different temperatures, respectively. It can be seen that there are three responses on
the Nyquist plots of the single cell. For the convenience of fitting,
Ri(CPE1//R2)(CPE2//R3)(CPE3//R4) equivalent circuit is used to fit all Nyquist plots by
ZView software. The resistances of different response regions obtained after fitting are
listed in Table 4.18. Usually, the response frequency of the electrolyte of the single cell
is in the high frequency region of 10°-10° Hz [44]. In addition, there may also be contact
resistance in the high frequency region when measuring the impedance diagram of a
single cell. Therefore, R1 in Figures 4.32 and 4.33 should include electrolyte resistance
and possible contact resistance. R1 is also called ohmic resistance (Ronhm) in a single cell.
From Table 4.18, the Ri in MS/PPNO?2 is significantly smaller than that in MS/PNO
from 650°C to 750°C. This appears to be due to the more severe microcracking of the
electrolyte in the MS/PNO mentioned above. An increase in temperature may lead to
the intensification of microcracks in the electrolyte. Therefore, the R1 of the two single
cells is relatively close at a lower temperature (600°C), and the gap of Ri becomes
larger as the temperature increases (650-750°C). To further confirm the assignment of
the responses from Rz, R3, and R4, the relaxation frequency and capacitance are

calculated according to formulas 4.2 and 4.3.

1

fr= 2m(RXCPE)1/n 43

Figure 4.34 (a) shows that the capacitance from the Rz, R3 and R4 responses are
all high (103-10° F), which should be attributed to the electrode response [25].
According to the investigation on the single cells with the configuration of
ITM/GDC/Ni-YSZ/8YSZ/GDC/LNO and Ni-YSZ/8YSZ/GDC/LNO from .
FONDARD [40], the low frequency (LF) regions (10° Hz) correspond to the anode
layer response at 700 °C. For MS/PPNO2 and MS/PNO cells, Figure 4.34 (b) shows
that the response from R4 has a relaxation frequency of 1071-10! Hz (low frequency, LF),
which is in the same order as the result of J. FONDARD. Therefore, here, R4 is

attributed to the cathode layer response for MS/PPNO2 and MS/PNO single cells. The
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responses from Rz and Rs, with relaxation frequency of 10'-10* Hz (middle frequency,
MF), are attributed to the anode layer response.

It can be seen from Table 4.18 that the Rmr = R2+R3 of the two cells are relatively
close at the temperature from 650°C to 750°C. This also verifies that the polarization
resistance in the middle frequency region is attributed to the response of the anode layer,
since the anode layer is the same for both cells. While the resistance (R4) of MS/PPNO2
is much lower than that of MS/PNO at temperatures from 600°C to 750°C in the LF
region, which indicates that the activity of PPNO2 cathode has obvious advantages
compared with PNO in the single cells. This result is consistent with that of the
symmetrical cells. Similarly, the Rp and ASR of MS/PPNO2 is smaller than that of
MS/PNO, which is mainly due to the contribution of the cathode layer.

In summary, the performance of MS/PPNO2 is much better than that of MS/PNO.
This may be attributed to the PPNO2 cathode with better electrochemical performance

and fewer internal defects.

Table 4.18: The resistances attributed to different response regions from the EIS diagram of the
single cells

Cells Temperature (°C) R (Q-cm?)
Ri (Rohm) R, R3 Ro+tR3 (Rmr) R4 (Rrp) R, ASR
MS/PNO 600 0.116 0.015 0.107 0.122 0.880 1.002  1.118
650 0.086 0.017 0.077 0.094 0.548 0.642 0.728
700 0.066 0.014 0.060 0.074 0.295 0.369 0435
750 0.051 0.022 0.028 0.05 0.216 0.266 0.317
MS/PPNO2 600 0.118 0.032 0.070 0.102 0.241 0.343 0461
650 0.076 0.028 0.060 0.088 0.144 0.232  0.308
700 0.049 0.022 0.048 0.070 0.100 0.170  0.219
750 0.036 0.015 0.033 0.048 0.060 0.108 0.144
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Figure 4.32: EIS measurement of the MS/PPNO2 single cell at various temperatures within a
frequency range of 107!-10° Hz at the applied voltage perturbation of 10 mV under air
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Figure 4.33: EIS measurement of the MS/PNO single cell at various temperatures within a
frequency range of 107!-10° Hz at the applied voltage perturbation of 10 mV under air
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4.4 Conclusion

In this chapter, PPNO2 and PNO cathode coatings are deposited by RMS. The
structure and morphology evolution of PPNO1 deposited by RMS as a function of
annealing treatment temperature are investigated. The electrical and electrochemical
properties of PPNO2 and PNO cathodes are characterized. The MS/PPNO2 and
MS/PNO are fabricated and characterized. The main conclusions are as follows:

(@) The Pr-Ni-O coating with high Pr/Ni atomic ratio of 3.06 + 0.09 and 2.91 +
0.09 deposited by RMS after annealing at 1000°C for 30min formed a porous
morphology with PraNiO4 and PreO11 (PPNO). The deposited Pr-Ni-O coating
with low Pr/Ni atomic ratio of 1.73 £ 0.02 formed a porous morphology with
Pr2Ni1O4 (PNO) phase after annealing treatment at 1000°C for 30 min. After
annealing treatment at 750°C for 50 h, PPNO showed a more stable structure
compared to PNO. In addition, both PPNO and PNO showed stable porous
morphology.

(b) Compared with PPNO2 (87 S/cm at 700°C), PNO has a better electronic
conductivity of 109 S/cm at 650°C. At 750°C, the Rp of PNO cathode is 0.84
Q-cm?, while that of PPNO is 0.07 Q €m?. This indicate that PPNO2 has
obvious advantages in electrochemical performance, which may be derived
from better morphology and the promotion of PrsO11 on the ORR of the
cathode.

(c) MS/PPNO2 complete cell has better cell performance, and its maximum Pmax
and OCV are 1010 mW €m2 and 0.941V at 750°C, respectively. However,
the Pmax and OCV of MS/PNO are only 326 mW €m2 and 0.817 V at 750°C,
respectively. The difference in performance between MS/PPNO2 and
MS/PNO cell is due to the electrochemical activity of the cathode (PPNO2 v.s
PNO) and the influence of microcracks in the electrolyte layer. The

MS/PPNO?2 single cell exhibits interesting long-term performance.
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Chapter 5: Conclusions and perspectives

5.1 Conclusions

In this thesis, a MS-SOFC exhibiting competitive performance is fabricated by all

physical deposition method. The whole fabrication process includes the deposition of

bilayer NiO-YSZ anode by APS, the deposition of bilayer 8YSZ/GDC10 electrolyte by

RMS, the deposition of GDC10 buffer layer by RMS, and the deposition of cathodes

(PPNO2 and PNO) by RMS. There are mainly the following conclusions:

(a)

(b)

(©)

Porous Pr2NiOs@PrsO11 (PPNO) and Pr2NiOs4 (PNO) are successfully
synthesized by RMS followed by subsequent annealing treatment at 1000°C
for 30 min. The Rp of the PPNO2 cathode is much lower than that of the PNO
cathode. At 750°C, the Ry of the PPNO2 cathode is 0.07 Q €m?, while that of
the PNO cathode is 0.84 Q €m?. This indicates that the electrochemical
activity of the PPNO2 cathode is higher than that of the PNO cathode, which
may be because of PrsO11 on the promotion of ORR occurs at the cathode.
Although the PPNO cathode coating deposited by RMS remained stable in
structure and porous morphology after annealing treatment at 750°C for 50 h
in air, the stability of the PPNO cathode in the more complex environments
(such as longer annealing time, different oxygen partial pressures) has not
been clarified. Therefore, the more comprehensive properties of PPNO
cathode materials still need to be further investigated.

The maximum power density of MS/PPNO2 single cell can reach 1010
mW-cm? at 750°C. The voltage of the MS/PPNO2 single cell dropped only
about 0.03V after long-term performance test at 700°C for 63h, which
indicates that the MS/PPNO2 single cell exhibits interesting long-term
performance. However, the voltage drop of the MS/PPNO2 cell is relatively
large (about 0.09 V) after a thermal cycle, which indicates that the thermal
resistance of the cell needs to be improved.

A dense and thin (about 10.8um) 8YSZ/GDCI10 bilayer electrolyte is

successfully deposited by RMS on the polished NiO-YSZ anode layer.
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(d)

(€)

However, some microcracks appeared in the electrolyte layer after two

annealing treatments (500°C for 2h and 1000°C for 30min). The existence of
microcracks may be the reason for the low OCV of MS/PPNO?2 cell.

Bilayer NiO-YSZ anode with porosity gradient is realized on preformed ITM

plane by APS. Although the upper layer (low porosity) surface of the bilayer

NiO-YSZ anode is carefully polished by hand, there are still some pits on the

surface, which may be one of the reasons for the internal defects (microcracks)
of the 8YSZ/GDCI0 electrolyte layer deposited by RMS.

The thin GDC10 buffer layer (about 2.2 pm) deposited by RMS between ITM

and NiO-YSZ anode layer can effectively prevent interdiffusion between Fe,

Cr, and Ni.

5.2 Perspectives

MS-SOFC is one of the most promising development directions for SOFC

commercialization dure to its significant advantages in cost and durability. Exploring

new fabricating processes to solve the preparation problems of high-performance

electrodes and electrolytes, reducing fabricating costs, improving cell performance and

long-term stability is one of the current development trends of MS-SOFC. Combined

with the investigation of this thesis, follow-up research can be carried out in the

following aspects:

(@)

(b)

(©)

Establish a set of standards for the fabrication of MS-SOFC by physical
deposition methods. Specifically, the corresponding assessment indicators are
proposed at each deposition stage to ensure that cells with as few internal
defects as possible.

The deposition of electrolyte by RMS should be further investigated, which
can focus on further reducing the electrolyte thickness as well as eliminating
internal microcracks in the electrolyte layer caused by annealing treatment.
The deposition of NiO-YSZ anode with a pore gradient should be further
optimized to obtain a suitable surface with low roughness for direct deposition

of dense electrolyte layers by magnetron sputtering.
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(d) The cathode materials should be further developed by magnetron sputtering,
with the aim of finding cathode materials that can be annealed at lower
temperatures or without annealing treatment to obtain porous morphology and

requested structure.
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Abstract: Energy and environmental are
major challenges to social development.
SOFC is a highly efficient energy
conversion device, which is one of the
promising candidates to alleviate the energy
and environmental crisis. The main problem
of conventional SOFC is that they work at
high temperatures (800-1000°C), which
limits their wider commercial application.
Lowering the operating temperature to
intermediate temperatures (600-800°C) or
even lower can bring significant benefits to
SOFC in terms of cost and lifetime.
However, this makes SOFCs face the
challenge of performance degradation due

In this thesis, metal-supported SOFC (MS-
SOFC) is fabricated by APS and RMS. A
thin and dense 8YSZ/GDCI10 electrolyte
layer with thickness of about 10.8um is
deposited by RMS in order to reduce ohmic
loss due to lower operating temperature. A
highly electrochemically active PPNO
composite is synthesized by RMS for the
cathode layer. The NiO-YSZ anode layer is
deposited on the metal support ITM by APS.
A GDCI10 buffer layer is deposited between
the I'TM and the NiO-YSZ anode to prevent
the interdiffusion between Cr, Fe, and Ni.

to temperature drop.
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