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Abstract (EN)

Interfaces and durability of advanced electrodes foenergy (IT-SOFC and SOEC)

The objective of this PhD thesis is to fabricateveated oxygen electrode based on
CeyodGth 101,95 (CGO) and LaeSl4CopFe O3 (LSCF) with graded and homogeneous
composition onto yttria-stabilized zirconia (YSZ8=mol. % Y,Os-doped ZrQ) electrolyte
using electrostatic spray deposition. A thin andsdelayer of CGO was inserted between
LSCF and YSZ to serve as a barrier diffusion laydre novel microstructure with high
porosity and large surface area is expected toaugpthe electrochemical performances. The
electrical behavior of the electrode was invesigaby impedance spectroscopy versus
temperature in air. A detailed microstructural dggion was performed by 3D reconstructed
model from FIB-SEM and X-ray nanotomography anctesl to electrical properties. The
mechanical analysis was performed by microscramchutramicroindentation tests. Finally,
durability tests were performed on the electrodéh Wb cnf oxygen active area, up to 800 h
at around 770 °C, in full cell SOFC and SOEC camfigions operating respectively in, H
and H/H,O mixture.

Keywords: SOFC, SOEC, LSCF, CGO, coral microstructue, ESD, EIS, X-ray

nanotomography, 3D reconstruction, ultra-microindertation.



Abstract (FR)

Interfaces et durabilité des électrodes de pointequr I'énergie (PAC et EHT)

L’'objectif de cette thése concerne ['élaboratioar @mtomisation électrostatique, d’'une
électrode a oxygéne a architecture innovante, bagéen composite GeGdy 10;.95(CGO) -
Lag.6Sh.4Cop Feg0s5 (LSCF) possédant un gradient de composition ou aomposition
homogene. Cette électrode a été déposée sur umasudes zircone yttriee (YSZ = 8 % mol.
Y 205-ZrO,) sur laquelle a été intercalée au préalable unehm barriere mince et dense de
CGO. Cette électrode posséde une microstructurevamie, a porosité élevée permettant
d’obtenir une grande surface active qui devraitdeimre a I'amélioration des performances
électrochimiques. Le comportement électrique diedtéode a été étudié par spectroscopie
d'impédance en fonction de la température et sausUme description microstructurale
détaillée a été effectuée a I'aide d’'un modeéle etmmstruction 3D obtenu par MEB équipé
d’'une sonde ionique focalisée et par nanotomogea}hiCes propriétés microstructurales ont
été reliees aux propriétés électriques. Les primiénécaniques et tribologiques de cette
électrode composite ont été déterminées par dets tds microscratch et ultra-
microindentation. Finalement, des tests de dutébdnt été effectués sur une électrode de
grande taille possédant une surface active de 45usgu’a 800 h & environ 770 °C, dans une
cellule complete de configurations PAC et fonctiaminrespectivement sous et un mélange
Ho/H0.

Mots clés: PAC, EHT, LSCF, CGO, microstructure de ype « corail », atomisation
électrostatique, spectroscopy dimpédance, nanotorgeaphie des rayons X,

reconstruction 3D, ultra-microindentation.



Abstract (PT)
Interfaces e durabilidade de eléctrodos avancadosa energia (IT-SOFC e SOEC)

O objectivo desta tese de Doutoramento € desenveleetrodos de oxigénio avancados
baseados em @g5d)10:.95 (CGO) e LggSh Lo FengOss (LSCF), homogéneos e com
gradiente de composicéo, sobre electrolitos demiacestabilizada com itria (YSZ = zrO
dopada com 8 mol% 203) utilizando deposi¢cdo por pulverizagdo electrdesta Uma
camada fina e densa de CGO foi depositada enti®CG¥-le a YSZ para atuar como barreira
de difusdo. Foi desenvolvida uma microestrutura gamosidade e area superficial muito
elevadas de modo a obter um elevado desempenhmeglémico. O desempenho eléctrico
do eléctrodo foi investigado por ensaios de espsubpia de impedancia em funcédo da
temperatura, realizados ao ar. Foi efectuada aidésaetalhada da microestrutura a partir
de modelo 3D obtido por reconstrugcao de imagerfSIBESEM e nanotomografia de raios X
e relacionada com as propriedades eléctricas. @l@sio comportamento mecanico foi
efectuado utilizando ensaios de riscagem e indaotagstrumentados. Finalmente, foram
efectuados ensaios de durabilidade em eléctrodo4funt de area ativa de oxigénio, até
cerca de 800 h de operacdo a 770 °C, em configgsad® célula completa nos modos de
SOFC e SOEC, comzj¢ mistura HH,0, respectivamente.

Palavras-chave: SOFC, SOEC, LSCF, CGO, Microestruta em coral, ESD, EIS,
nanotomographia de raios-X, reconstrucéo 3D, ultranicroindentacao.
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Motivations, objectives and structure of the PhD tlesis
Motivations
The increasing consumption of energy and lack akifofuels force people to find new
solutions. For the present situation the energylyetion is mainly focused on oil, coal and
natural gas. The energy outlook released recently®. Energy Information Administration
showed that energy consumption should increasei® 5n next 30 years (Fig. 1) [1]. Such
high growth is excepted mostly due to rising progpen developing countries like China,
India and Brazil. In near future, the energy prdituc more and more will concentrate on
alternative sources of energy. However, energy lshbe produced in cheap and easy way
without emission of harmful gases for human andetidronment to compete with traditional
sources of energy. One alternative option for laeak electrical energy productions are solid
oxide fuel cells and solid oxide electrolysis c¢lp
The world continues to increase its demand for vation in energy research, which is
supported by increased government spending on grarg a rising number of worldwide
researchers focusing efforts in this area [3]. Masmnergy-related research initiatives
inherently require small-scale material analysis thuthe micro- and nano-scale feature sizes

in new and improved materials for energy innovaf#éin

Working at intermediate temperature below 800 °Csatid oxide fuel cells (IT-SOFCs)

would greatly decrease operation and fabricatiopeages associated with interconnect
materials, while improving their overall lifetim®][ Unfortunately, detrimental phenomena
such as electrolyte ohmic losses as well as eletrpolarizations increase at lower
temperature. One actual technological bolt in sokile electrolyser cells (SOECS) is the
detachment of the anode where oxygen is produceg]. [6o compensate the efficiency
decrease in SOFCs and SOECs, alternative electraxgselectrolyte/electrode interfaces

have to be evaluated.
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Fig. 1. World energy consumption by fuel quadrillion british thermal unit (Btu) [1].

This work is a part of the International Doctorah8ol in Functional Materials for Enerc
Information Technology and Health (heree referred to as « ID&unMa ») which has been
selected by the European Commission in the framlevadr the European Programn
«ERASMUS MUNDUS II' 200-2013 ». IDSFunMat combines a wstructured
international doctoral education with high qualigsearch work in leading laboratories fr
nine universities in five countries: University hain and Universit Liege (Belgium),
University Waterloo (Canada), University BordeayxGtenoble INP, UPCM Paris (Franc
TU Darmstadt (Germany) and Instituto Superior TéarfiST, Portugal). ID-FunMat’s main
objective is to implement doctoral programmes unde-supervsion of at least twi
universities from two different countries and adustry Partne

The selected doctoral project is entitled “2-08-EM Interfaces and durability of advanc
electrodes for energy (Solid Fuel cells and Eldgsers) and is under t co-supervision of
Pr. Elisabeth Djurado (supervising Grenoble INRJ Bn. Amélia Almeida (supervising IS
The two academic partners are Laboratoire d’Elebimie et de Physi-Chimie des
Matériaux et des Interface- LEPMI, UMR 5279 CNRS, Grenoble P, Université de
Savoie, Université Joseph Fourier in Grenoble, ¢gaand Instituto de Ciencia e Engenh.
de Materiais e Superficies of Instituto SuperioccAmco (IST-ICEMS), Lisbon, Portuga
During the performance of the Doctoral Programmesearc works have be carried out
collaboration with an industrial partner, Electiécde Franc— European Institute for Ener

Research (EDEIfER), in Karlsruhe, Germany under. Annabelle Brisse’s responsibilit
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Objectives

The goal of this work is to fabricate a compositsdd on CgGd)10:.95 (CGO) and
LageSh.4«CoFeps0ss (LSCF) as a porous and thin oxygen electrode fddherent to
(Zr02)0.94Y 203)0.0s (YSZ) substrate by Electrostatic Spray DepositiB®[D), an innovative
process, in order to improve durability in solidide fuel cells operating at intermediate
temperature (IT-SOFC) and solid oxide electrolyselts (SOEC). A thin and dense CGO

barrier diffusion layer will be inserted betweee #ectrolyte and the electrode.

The microstructure will be described by physicald athemical characterizations (Field
Emission Gun-Scanning electron microscopy and greigpersive X-ray spectroscopy
analyzer, FEG-SEM-EDS, X-ray diffraction, XRD) irEPMI and CMTC (Consortium des
Moyens Technologiques Communs, Grenoble INP), Arlend he particular investigation on
electrode microstructure will be performed usinB4H8EM (Focused ion beam-SEM) and X-
ray nanotomography at ESRF Grenoble (European $gtmoh Radiation Facility) and in

collaboration with SIMaP laboratory (Grenoble INP).

Graded and homogeneous CGO-LSCF composites ircékhiéonfiguration will be analyzed
by Electrochemical Impedance Spectroscopy (ElSe® the influence of compositions on
the electrode polarization resistance. Furthermthre, interest of CGO insertion will be
studied by EIS during durability tests in LEPMI,gBoble. The mechanical analyses based on
instrumented indentation and scratch tests wijpéormed in ICEMS laboratories in Lisbon.
Finally, the oxygen electrode deposited on largdeswill be tested in both SOFC and SOEC
modes in full-cell configurations in EIFER in Kaue.

This thesis summarizes results achieved duringtiiears long through an European project
between France, Portugal and Germany, with twoernadpartners (Grenoble INP and IST)
and one industrial one (EDF-EIfER), respectivelgble 1 shows the mobility scheme during

this PhD project. The total time spent in eachipanvas at least 6 months.



Table 1. Mobility scheme during PhD project.

PhD Year Dates Duration Place
10/2011-06/2012 9 months LEPMI, Grenoble
2011-2012 -
07/2012-09/2012 3 months ICEMS, Lisbon
10/2012-06/2013 9 months LEPMI, Grenoble
2012-2013
07/2013-09/2013 3 months ICEMS, Lisbon
10/2013-11/2013 2 months ICEMS, Lisbon
12/2013 1 month LEPMI, Grenoble
2013-2014
01/2014-06/2014 6 months EDF-EIfER, Karlsriihe
07/2014-09/2014 3 months LEPMI, Grenoble
Structure of the PhD thesis

The structure of the thesis is divided in chaptensten in English and one large resume of
the manuscript in French. The work starts withrtiaivations and the objectives of the work.
An introduction consists of two parts: first in detature review about SOFC, SOEC
technologies, materials and specifications of tlkggen electrode. A second part of the
introduction is devoted to a non-exhaustive desionpof some experimental techniques used
in this work. The five following chapters (chaptérs- VI) are written is a style of scientific
articles. Each chapter contains an abstract, andattion, an experimental part, a result part
and a conclusion.

The objectives of chapter Il are to create a grapgecbus and thin CGO-LSCF oxygen
electrode for IT-SOFC and SOEC by ESD. Also, therastructure has been investigated in
order to observe porous morphology. Chapter Il fecused on electrochemical
characterization of the composite CGO-LSCF eleesotvith graded and homogeneous
compositions in two configurations: single coralghwplatinum mesh as a current collector
and corals with additional screen-printed LSCF faye serve as a current collector.
Moreover, the durability test has been performe@Q&t °C for 200 h. Chapter IV describes
the coral microstructure by the microstructuralgpaeters extracted from 3D model based on
X-ray nanotomography. In addition, these parameteage been used to calculate the
electrode resistance based on ALS (Adler-Lane-&temlodel. Chapter V is focused on
mechanical behavior of the coral microstructureanndechanical loading. The microscratch
and ultramicroindentation tests have been usedvatuate mechanical parameters such as

hardness and Young’s modulus. The objectives opna/I are to perform durability test on



the full cell working in SOFC and SOEC modes. Rosttem SEM observations have been
carried out to explain the cell degradation.

The work in chapter Il was presented in a form pbater on the'International Conference
on Fundamentals & Development of Fuel Cells at 168-April 2013 (FDFC 2013) in
Karlsruhe, Germany. It got the best poster award tategory: Fuel Cells & Electrolyzers
Materials. After the conference, the conferencec@eding was selected to be published in
Fuel Cells — From Fundamentals to Systgmsnal published by Wiley-VCH. The work in
chapter Il was presented in a form of an oral néstion on the I5Topical Meeting of the
International Society of Electrochemistry on Inéail Electrochemistry at Atomic,
Molecular and Nanoscale Domains from 27 — 30 A20i4 Niagara Falls, Canada. This part
is going to be submitted in Journal of Power Saosirce

The work in chapters IV — VI is prepared to be siited in peer-reviewed journals.

The final part of the manuscript are general casiolus and prospect.
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l.1. Literature review
1.1.1. History and types of fuel cells

In 1839, C. F. Schonbein noticed current flowingwesen two different solutions: the first
one containing water with dissolved hydrogen anel $econd containing water without
hydrogen. These solutions were physically separfited one another by a membrane and
connected by platinum wire [1]. Based on this ekpent, W. R. Grove proposed the first
fuel cell [2]. The cell consisted of beakers camitag sulfuric acid solutions and tubes filled
with water and either dissolved oxygen or hydrogEig. I-1). The platinum wires were
placed so that one end of each wire was immerséueicid solution while the other was in
the water-filled tube. He noticed two things, tlmmstant current flow between the two wires

and the increasing level of water in both tubes.

Fig. I-1. H,-O, Fuel cell invented by W. R. Grove [2].

In 1889, Mond and Langer focused on the establistimmiea prototype hydrogen-oxygen fuel
cell that operated using industrial coal gas. Thegd a thin, perforated platinum electrode to
increase gas adsorption. They noted high polaozatisses at the oxygen electrode and a
reduction of the cell efficiency was registeredusrd 4 — 10 % after one operating hour [3].
Edward Nernst was responsible for truly advancingl fcell technology in 1899. He
discovered that the high electrical resistanceotitl oxides can be significantly reduced by
the addition of a solid oxide electrolyte such apet zirconia [4]. In 1932, T. F. Bacon
began a long term fuel cell program and 27 yedes leonstructed a 5 kW alkaline fuel cell
stack. Bacon’s patents were used during World Wéorl British Royal Navy submarines.
The discovery of solid oxide electrolytes by Nenvas the springboard for the creation of the
first ceramic fuel cell by Baur and Preis in 1937 Jhich operated at 1000 °C. In the 1950s,
research centers located at the Central Technistitute in the Huge, Netherlands,
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consolidation Coal Company in Pennsylvania and @eriglectric in Schenectady in New
York developed a strong solid oxide fuel cell (SQRCogram. However, many problems
such as high internal electrical resistance irefeetrolyte, melting and short-circuiting due to
semi conductivity almost stopped the researchsiriréicks. In the 1960s, fuel cells became a
promising technology for the NASA space missionsese spacecraft required electricity to
supply equipment, water for drinking as well aslompand decent heat inside the spacecraft
to keep astronauts alive. In the 1970s, the asi<@lso helped to encourage the development
of fuel cells. The prices of natural gas and oireveo high that people started to look for
alternative energy sources. The Westinghouse coymgarieved good cell performance using
zirconium oxide and calcium oxide. Beginning in th@50s and continuing into the 1990s,
Westinghouse continued its research on solid oigd cells. In 1997, the company
demonstrated a test cell that worked for nearlyoditims (4035 hours). After this, the cell was
redesigned and operation was resumed until a tftél2600 h of operating time was
achieved. Indeed, the testing was halted not bectnescell failed but rather the project had
come to its end date. The efficiency of this celits final stage was 46 %, still a high value
when compared with the average efficiency for tgpicombustion (34 %). The power
achieved was 110 kW together with 65 kW provided Heat conversion. The ongoing
research into SOFCs has fixed many problems bue ikestill much to be done to make fuel
cells cheaper, more sustainable and more profit&hlerent infrastructure is not prepared for
future changes in production and distribution @cicity. On the other hand, the increasing
cost of natural sources of energy, problems wittresing amount of conventional fuels and

instability in mining countries can accelerate foell commercialization.

Types of fuel cells

Fuel cells can be classified by their operatingpgerature and by the electrolyte used in the
cell. Details concerning the different types oflfaells versus the electrolyte, the working

temperature range, the fuel and applications arediin Table I-1.

The principle behind how all fuel cells work is tseme and consist in production of electrical
energy directly from the electrochemical reactieteen the fuel and oxygen. However, the
choice of the electrolyte in the cell determineg thorking temperature and operating

conditions.
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Table I-1. Types of the fuel cells [6].

Type of fuel Working o
cell Electrolyte Temperature (°C) Fuel Applications
PEMFC Polymer Membrane 70-110 H,, CH;COOH ggﬁi’crz;(i)c?rlllse
AFC KOH 100-250 H Sppéi’;ﬁféﬁ
Stationary
PAFC H:PO, 150-250 H, applications
Hydrocarbons Cars,
MCFC (Na,K,Li),CO; 500-700 H ’ stationary
2 applications
Hydrocarbons Cgrs,
SOFC (Zr,Y)O, 700-1000 H ' stationary
2 applications

The working temperature limits the choice of thenponents such as electrode, electrolyte,
interconnects and current collector materials alt agethe fuel type used. Low temperature
fuel cells (PEMFC, AFC, and PAFC) require pure logem to be injected into the cell and
the addition of a catalyst. For high temperatued tells (MCFC, SOFC) there is no need for
an additional catalyst since the high temperattaetitate the electrode reactions. Moreover,
for these fuel cells, fuels other than purg ddn be used since it will be converted at high

temperature inside the cell.

[.1.2. Solid oxide fuel cells

[.1.2.1.Operation principles

SOFCs are electrochemical devices that directlwedrthe chemical energy in various fuels
into electrical energy and heat through oxidatignusing a solid oxide as an electrolyte
(oxygen anion conductor). The electrolyte also egras a barrier preventing mixing of the
fuel and oxidant streams. The working temperatlir@oSOFC typically ranges from 800 to

1000 °C due to the high activation energy requingdhe materials to attain suitable levels of
charge transport and catalytic activity. Lower @ien temperatures, down to 600 °C, would
decrease the rate of chemical and mechanical dstggzad of SOFC components, thus
decreasing operation and maintenance costs. In dastés, (high and low temperature) the
working temperature allows for the use of differgnes of fuel such as pure hydrogen and
hydrocarbons where internal reforming is includElde main advantage of SOFCs compared
to other types of fuel cells is that a solid elelgtie is used, thus avoiding leaking and
corrosion problems and rendering the two-phasedesys(gas-solid) highly stable.
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Furthermore, no expensive catalysts are requirath M/spect to the other types of fuel cells,
SOFCs attract greater interest due to their highrgnconversion efficiency and the
possibility of recovering exhaust heat [7]-[10].

A single cell comprises a dense solid electrolgteantact with a porous anode and cathode.
These electrodes are placed in different atmosph#re cathode in an oxidizing environment
and the anode in reducing atmosphere. On the catidd, oxygen gas is reduced to form the
electrochemically active species”Qhat flows through the electrolyte. The electemiical
oxidation of the fuel (hydrogen, hydrocarbons, oarlmonoxide or alcohols) with oxygen
ions occurs on the anode side, liberating electioribe process as well as water and heat.
The electrolyte serves simultaneously as a sekectnarge transporter from the cathode to the

anode and as physical barrier between the two gineoss (Fig. I-2).

. . i o0
1,0, 4 V5 + 2¢' - 03
Cathode
Electrolyte
L 1
@ Anode
05 Hzo@
H, 0%, Hy+ 0} — H.O+ V, + 2e'
o’ (64 ©0

Fig. I-2. Schematic representation of an SOFC [11].

Reactions:
- anode side
H,+ 0%~ - H,0 + 2e~ (I-1)
- cathode side
1/,0,+2e7 - 0% (1-2)
- total reaction
1/,0, +H; > H,0 (I-3)
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The electromotive forcE;, or the reversible voltage, is described by Neegstation:

1/2
RT Pu,P
E.=E°+—In i
2F PH,0

(I-4)

Where:
E° — reversible voltage at the standard stdte,
R — gas constant, 8.3144621(25hol*.K™,
T — temperatureg,
F — Faraday constant, 9.64853365(21) %@@nol*,
Pu,» PH,0, Po,— r€spective partial pressures of hydrogen, watéroxygen gasebar.
The real energy, E, is lower thap Ehe difference is due to ohmic voltage lossethacell
components and their interfaces, and by electrad&ripation. The total polarization consists
of cathode 1), anode ;) and electrolyte (IR) overpotentials. The finaloE the cell is
described as the following:

E=E —IR —1ng — 1 (1-5)
The recent efforts in SOFC research are to dimithghtotal overpotentials. The cell shape,
working temperature, pressure and materials use@ hbe strongest influence on the
polarization value.
Similar to molten carbonates, SOFCs require higiperatures to work efficiently. The waste
heat can be used to heat-up buildings, supportsindli processes or diverted to a standard
generator for conversion into electricity. The @#ncy of these cells range from 60 to 80 %.
The applications of SOFCs are as stationary povant$ or as energy sources in heavy
vehicles. Many cell designs have been developelddimg tubular, planar, monolithic and
single chamber [12]. The main differences betwéemtare the current path inside the stack,
the gas flow configuration and manifolding as veslthe cell interconnectors [13]. The planar
configuration is the most used in the researchesitie resistance can be lowered by
decreasing the thickness of the components. Thelle can be electrolyte-, anode- or
cathode-supported, depending on the thickness @fcttmponents. In order to achieve
commercially feasible productivity, the individuaklls are combined into stacks using
electrically-conductive gas-tight interconnectarsjdin the elements in series or in parallel.

Fig. I-3 shows an example of stack arrangemenherbasis of a planar SOFC concept.
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Fual
(H.. CO) Metallic
IMmarconnecior

Anode
— Electrolyte
To : — Cathode
Aterturner

. Metallic
Al ——————— Inlerconnecior

Fig. I-3. Planar SOFC stack design. Reprinted with permissiofrom Hexis Ltd. [14].

In spite of the advantages with respect to the ceromal electric power generation engin
practical application of SOFt is still limited for the economical reasons, parkily as ¢

result of the high costs of the component mategats fabrication methoc

[1.1.2.2 Component:
Anode
Regardless of the nature of the fuel (hydrogenyairdtarbons), the anodic reactioccurs
when oxygen ions arrive from the electrolyte arattevith the oxidized fuel within the ano
chamber, resulting in formation of water, electrans heat. The reaction on the anode sit

shown by the equation:
Hz +OS - Hzo +Vo“ +26 (1-6)

Thereaction takes place at the triple phase bound@rieB), areas where the electrolyte -
conducting phase), the anode (elec-conducting phase) and the gaseous fuel meet.
anode must therefore be an adequate ionic andraiéctconductor ¢ > 100 S.cm’).
Classical fuel electrodes are usually a cermet ositg of ceramic and metallic phases. -
ceramic part is responsible for ionic conductivitge transfer of oxygen anions from f
electrolyte to the catalytically active locatioriBhe role of metallic phase is to transf
electrons. The anode must fulfill the following vegments
1. Porosity should be balanced to not deteriorate dleetrochemical and mechani
performances but at the same time provide mechastigagth. Normally, porositranges
between 30 — 406, supplying and distributing fuel and transportiaggay reactiot
products. The microstructure is optimized in oriehave maximized percolation paths
ionic and electronic conduction, for optimum chatgensport and maximizeceaction
surface areas.

2. Chemical stability in reducinatmospherenust not change composition during
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3. Chemical and thermal compatibility with the elebite. The thermal expansion
coefficients (TEC) of the electrolyte and anodeutianatch to avoid mechanical stresses
and cracking during heating/cooling cycles.

4. High catalytic oxidation of the hydrogen gas ta H

5. Resistance to impurities in fuel. SOFCs can uderdift type of fuels, some of these fuels
contain sulphur or carbon dioxide contaminants ¢aatpoison the microstructure.

6. Long term stability to avoid any coalescence of itiegtallic phase with temperature and

time.

Typical material for the anode application is akeic(Ni) — yttria stabilized zirconia (YSZ)
metallic-ceramic composite (cermet) mostly in comafion with a YSZ electrolyte. YSZ
guarantees good oxygen conductivity and reduceantdiiehemical mismatch with the
electrolyte. Moreover YSZ provides mechanical supdor Ni particles and prevents
coarsening of the metallic particles. At least 8lume % of Ni is required to create effective
electronic paths inside the cermet material. Nicketal is not only chosen because of its cost
effectiveness but also because it can be easilguperl by co-sintering NiO and YSZ,
followed by in-situ reduction of the nickel oxiddetallic Ni has the good catalytic properties
required to break fbonds for fuel oxidation and/or reforming need&hed metals, that may
be used are copper, cobalt and noble metals. Cd@ser lower propensity for coking and
sulfur poisoning and is being considered as a ceptent for Ni [15]. Other materials are
currently being investigated as potential replagasdor the Ni/YSZ combination. Mixed
ionic-electronic conducting (MIEC) anode materidike SrTiOs- and LaCrQ-based
compositions are particularly interesting due teirthstability under reducing conditions.
Improved conductivity and Helectroactivity of titanate-based oxides can h@ened with
the addition of lanthanide dopants [16] and Mn &@&lon the B site [17]. Interesting results
have been reported for 4&3Ti11MNo sGay 50375 and La 4Sky 6T11-xMNx03.« compositions [18],
[19], LaSn«Ti03 [20], Y203 — ZrQ, — TiO,, S60; — Y203 — Zr0O, — TiO, [21].

Electrolyte

In SOFCs, the electrolyte material must conductgexyions from the cathode to the anode
side. The best electrolyte candidates are matemi#thshigh ionic conductivity. Moreover, the
electrolyte should be an insulator for electrond ahould be stable under oxidizing and
reducing conditions, between 1 —*£@tm of oxygen partial pressures. To maximize tmici

transport properties, large grain size (minimumirgraoundary density) and maximum
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density (gas tightness) are desirable. It mustds-tight, to not allow fue— oxygen mixing.
Moreover, it cannot react chemically with eitheeattode, and their thermal expans
coefficients must be suitable.

Yttria stabilized zirconia (YSZ), 8 mol.¢Y,0O3 doped ZrQ, which crystallizes in the cub
fluorite structure (Fig. I-4)is widely used as a typical electrolyte for SOFCs. Gun
dopants such as,®s;, CaO, MgO, S,0; and YhO; are substituting for the host** cations.
The doping reaction is shown in the equation belmmg Krdoge-Vink notation where th

trivalent Y** cationsubstitutes with the ** ion, resulting in oxygen vacanc (Eq. I-7).

r.ZI'." B FG‘ B 303 (|'7)

Oxygen vacancy

Y ou Gd

O Zr ou Ce

Fig. I-4. Cubic Fluorite YSZ.

Badwal et al[22] showed that the ionic conductivity of yti-stabilized zirconia is increas:
when the mol. % of YOs is increased. The maximum ionic conductivity of Gn™ at

1000 °C and 0.03 S.chat 80( °C is achieved at a dopant value of 8% mol. % Y03

[23] after which the ionic conductivity severely dr (Fig. I-5). A dopant concentration th
is too hidh leads to a phenomenon of association in betwaantpal defects, reducing th
mobility and consequently diminishing the ionic dantivity [24]. As can be serin Fig. I-5,

the nature of the dopant must also be consideretbed it has been shown that when

dopant ionic radius has a close size mismatch éadhic radius of the h¢, a larger ionic
conductivity has been observ([25]. A larger mismatch leads to stres in the crystalline
lattice which can destabilize the crystalline stoe leading to a phase transit

YSZ possesses good mechanical and chemical prepdai a broad range of temperatt
and oxygen partial pressurdhe commercial use of SOFis limited by working temperatui
that is from 800 to 1008C due the highest oxygen ion conduction at tmsoerature rang
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Fig. I-5. Variations in ionic conductivity at 1000T for (ZrO ,).(Me,053), (Me = metal) with different Me
content [23].

Since electrolytic performance of YSZ drops sigafitly with decreased working
temperature, several alternatives to YSZ have bgplored to reach larger ionic conductivity
values at lower temperatures. Another group of @kcandidates for SOFC electrolytes is
based on perovskite lanthanum gallates (doped-LgGakanthanum can be partially
substituted by Ca, Sr, Ba or other rare earth metatl gallium by In, Mg, Al or Zn. An
example of such material is (La,Sr)(Ga,Mg)}dJLSGM), where both lanthanum and gallium
are substituted by strontium and magnesium, resedet[26]. LSGM presents higher
oxygen-ion conductivity in comparison with YSZ arghn efficiently work at lower
temperatures (650 — 800 °C) (Fig. I-6). Unfortuhgt€e SGM and another commonly used
anode material, nickel oxide, can react giving tisehe formation of La-Ni-O insulating
phases at the electrolyte/electrode interface hegpidi the deterioration of long term stability.
The next promising material for electrolyte appiica is doped-ceria where the Ceation
provides an open structure that facilitate$ Migration. Ceria crystallizes into a fluorite
structure type. The doped formula is Ce(MyOwhere M means rare earth or alkaline earth
cations. Common doping cations are Gd or Sm witlampercentage of 10 — 30%. The
doping reaction is similar to zirconia doping, hrat C&" cations are substituted by trivalent
cations. As a result, oxygen vacancies are formeidthwenlarge the © concentration. Sm-
doped ceria shows the highest ionic conductivitydue to the cost of samarium and lack of
the material, Gd is a priority before Sm. The adage of CGO is a higher oxygen ion
conductivity compared to YSZ (2 x £08.cm® for CGO [27], [28] and 8 x IdS.cm® for
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YSZ [29] at 650 °C) and lower cost when comparethwanthanum gallate. The major
drawback of CGO is that it must be used at temperatabove 650 °C. Under these
conditions, doped cerium oxides present a strodgaibility at low oxygen partial pressures.
Under reducing conditions, the electronic condutgtivincreases. Doped-CeQOis not

mechanically stable under high oxygen chemicalmg@kgradients [30].

Temperature ['C]
8OO 70O 600 500 400 300

o | ~Bi,O,

. %9 - 7
\ N [id 1 Vo4 0L

Log(o) [©2'em™

1.0 1.2 1.4 1.6 1.8
1000/T [K

Fig. I-6. Conductivity for chosen electrolytes in ®FC [31].

A suitable candidate for an electrolyte applicatiower temperatures could be®j [32].
This material exists in its stabtephase at room temperature where electronic coivityct
predominates. The material transforms intodphase when heating tlhephase from 730 to
825 °C (melting point). During cooling, th&phase is stable down to 650 °C where it
transforms into thed-phase or down to 638 °C where it transforms ifte yphase. All
phases excepti-Bi,O3 present high ionic conductivity. However, tleBi,O; phase is
characterized by a conductivity three orders of mtage higher thaf-, andy-phase. The
range of usable temperatures 8Bi,Os is increased by partial substituting of Bi by other
elements. An exemplary material from the@j group is BiMeV,;0;; commonly named
BIMEVOX [33], [34] where the Me position is occugidy: Cu, Co, Y, Mg, Ti, Zr, Sc and
others. The disadvantage of the material is ith hégctivity with other electrode components
and consequently greater polarization resistana@edVer, BIMEVOX is easily reduced in
low oxygen partial pressure and is characterizetiglger thermal expansion coefficient than
the rest of the cell components.

Another ion-conducting material is 140,09 representing the so-called LAMOX family
[35], [36]. LAMOX oxygen conductivity is higher thaYSZ at intermediate temperature.
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However, electrochemical and structural stabilitg atill an issue. The hexavalent Mo is
easily reducible at low oxygen partial pressuremnthanum molybdate is reduced in dilute
hydrogen whereby there is a mixture of Mtvo®* and creation of the 80,050 phase and
then decomposition [36]. In order to solve thesebfams, a wide range of substitutions in
La,M0,09 have been made. The most often substituting migtalsa are Nd, Gd, Y while for
Mo are W, In, Ge, Sb, Se and |. Doping increaseshiangical and structural stability and
anion conductivity. But still thermal expansion ffmgents for materials from the LAMOX
family are too high to be compatible with otherotledes.

The alternative materials for electrolyte are apagtructured oxides. The chemical formula is
A10-(B0O4)s0245. Materials like LagxGe;026+ [37] and LaoxSisOqs+5 [38], [39] are examples
of such materials and present hexagonal structin@ion conduction process runs differently
compared to electrolytes based on fluorite andysiite structures. In the apatite structure,
the oxygen ion carriers are interstitial oxygensiam contrast to oxygen vacancies. Apatites
have higher oxygen-ion conductivity at lower tengpere in comparison to YSZ. The
material synthesis and sintering occur at very hghperatures (> 1500 °C) making this
material expensive and leading to general difficutt obtaining high quality materials.
Moreover, silica can diffuse into the electrodetal@lyte interface and block
electrochemically active zones, thus reducing petformance.

Cathode

The cathode is devoted to reducing the availablgex molecules into oxygen ions?0O
Similar to the anode, this reaction must occurhi@ Yicinity of TPB points. Consequently,
electronic conductivity must be maximized and sigfnt porosity is required to facilitate gas
permeation. The microstructure of the cathode esetlore fundamental to enabling access of
oxygen, electrons and ionic species between thieodat and the electrolyte, as well as
expanding the number of TPB sites by increasingdted cathode surface area. The cathode
must be stable in oxidizing environments and hagé kelectrocatalytic activity for oxygen
reduction.

Many materials can be used as an oxygen electrodelid oxide fuel cells. Materials with a
perovskite structure present catalytic and condgagtierformances and can be successfully
used as an oxygen electrode in solid oxide cel3Q The classic perovskite formula is
ABOg3, where the A position is occupied by a large catiad the B position by a small one.
Typical cations on the A site are La, Sr, Ba, Ca kim, Co, Fe, Ti, Zr on B site (Fig. I-7).
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Fig. I-7. The ideal perovskite structure.

La;xSMnO3 (LSM) is an example of the material with perovslgtructure and is one of the
best candidates for the electrode application iI€S@ue to its high electronic conductivity at
around 1000 °C [40]. Electronic conductivity dropsth decreasing temperature below
900 °C and ionic conductivity is negligible. LSM s$able under oxidizing conditions but
dissociates under pO< 10™ at 1000 °C. LSM has a suitable TEC for use withZYS
electrolytes. The strontium content ranges betwke2rk x < 0.3. Strontium doping increases
the electrical conductivity by increasing the Nn** ratio. However, Sr doping increases
the reactivity between LSM and the most commontelgde — YSZ. On the LSM/YSZ
interface there is a creation of insulating phasesh as L&r,O; and SrZrQwhich are the
origin of cell resistance increases and high poédion losses [41], [42]. The formation of
insulating phases depends on the Sr/Zr ratio ahdjiger with a higher Sr/La ratio. LSM is a
poor ionic conductor (very low oxygen self-diffusicoefficient 4 x 13* cnf.s* at 900 °C
[43]). The mechanism of oxygen reaction for thegety electrode in a solid oxide fuel cells is
shown in Fig. I-8a.

The reaction in a pure electronic conductor doesoeour on the whole electrode surface.
The reaction consists of oxygen adsorption, diffnsof the oxygen along the surface to the
contact area of the three phases called tripleephaandary (TPB). In that area, the oxygen
species reduces to an oxygen anion by adoptingr@hscfrom conductor, incorporation into
the electrolyte structure and finally transfer thgb the electrolyte bulk material. In such
cases, the oxygen reaction highly depends on thsitgeof TPBs, which are the only places

where the oxygen can be transferred to the elgtxol
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RO

Electronic Conductor Mixed Ionic-Electronic Conductor

Fig. I-8. Sketch of the oxygen reaction electroniconductor (a) and mixed ionic-electronic conductor.

The reaction in a mixed ionic-electronic conduddiEC) is slightly different (Fig. 1-8b).
After adsorption of the oxygen onto the electroddaxe, the oxygen diffusion to the TPB is
not obligatory. In addition to diffusion at the TP&ygen can be reduced to an oxygen anion
anywhere place on the conductor surface. Then Hygem species incorporate into the
electrode structure and transfer through the edetbulk material to the electrolyte. After
reaching the electrolyte/electrode interface, tkygen anion may build-in into the electrolyte
structure in vicinity of not only TPB but also afd-phase boundary point — 2PB. The total
conductivity of a MIEC is a sum of the electroniecdaionic conductivity. In this way, the
reaction area is much larger compared to the eleicticonductor.

The general effort in SOFC research is to decrepgseation temperature from 1000 °C to
values around 700 °C down to 500 °C in the so-dal¢ermediate temperature solid oxide
fuel cell (IT-SOFC) due to important economical aachnological advantages. On one hand,
high temperatures guarantee high reaction kindbigs on the other, working at high
temperatures results in high operating costs, naatwfing costs, premature aging, and
severely limits the available materials.

La;xSKC0Oss (LSC) became a potential material for cathodese@afly at reduced
temperatures [44], presenting both improved eleatrand ionic conductivity in comparison
with LSM at intermediate temperature ranges. Thgh o content in LSC favors oxygen
transport and catalytic properties [45]. Howeveithwa higher cobalt content, the thermal
expansion coefficient increases to 20.5 X ¥0%, 22.3 x 10 K™ and 25 x 16 K™ for x
values equal to 0.4, 0.5 and 0.7, respectively.[8&6ch high TEC values do not correspond
with those from typical electrolytes consequenthgcreasing mechanical stresses at the
electrolyte interface. A solution to reduce therrataesses is the substitution of Co by Fe,
resulting in a composition in the form of L&KCa.,Fg0:5 (LSCF) but electrical
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conductivity is reduced. Similarly to LSM, the irdetion between YSZ electrolyte and LSC
is critical for cell stability and durability. Coliies easily react with zirconia. This reaction
can be stopped with the insertion of ceria or LagaObuffer layers.

A necessary compromise must be reached in ternmeeofrical conductivity and thermo-
mechanical compatibility for potential IT-SOFC madés: L& eSlh.4CoyFensOss
(LSCF6428). Fig. 1-9 shows comparison of the tatahductivity for different perovskite
materials [47]. The graph shows that total condutgtifor LSCF6428 is high and only
Lag7Sr3Co0; (LSC) and La/ShsFereNiosOs (LSFN) have higher conductivity. For
example, the LSCF6428 has been found to possestriadé conductivities of 350 —
400 S.crt at 600°C [48], [49] and high ionic and electrosiznductivity of 10 and 16
S.cmi' at 800 °C, respectively [50].
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Fig. I-9. Comparison of the total conductivity for perovskite materials [47].

Nevertheless, LSCF reacts with YSZ electrolytes. ilsthe case of LSM, there is the
formation of insulating phases ({&,0; and SrZrQ) [51] at the LSCF/YSZ interface,
blocking the transfer of oxygen. To resolve thebypem of lanthanum and strontium transfer
into the electrolyte, LSCF and YSZ should be sepdray a buffer layer. The best candidate
is CedGh 10105 (CGO). CGO is a pure ionic conductor with a higlygen mobility in
oxygen, nitrogen and air at intermediate tempeestyb2]. A dense layer of CGO can
successfully prevent the migration of cations betwean LSCF electrode and a YSZ
electrolyte [53], [54]. It has been recently shavat a dense CGO layer as thin as 300 nm is
sufficient to prevent strontium diffusion in betwede SCF and CGO [55]. The LSCF

electrode is also mechanically and chemically cdibfgawith CGO electrolytes. Moreover,
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CGO eliminates thermal mismatch of the average nihkerexpansion coefficient
13.4 x 10° K* for CGO [30] 17.5 x 1r° K™ for LSCF [56] and 10.5 x 10K ™ for YSZ [57].

1.1.3. Solid Oxide Electrolyser Cell

The use of hydrogen as energetic vector at a lacgde is part of the actual context
sustainable energy development. High temperateatrelysis technology allows for I1ssive
hydrogen production without carbonaceous gas eams3ihe most effective fuel used in fi
cells is hydrogen. The chemical energy achievedLky of hydrogen is 39.4 kwh which
three times higher than the those achieved fronerofbels (13.1 kW.kg* for liquid
hydrocarbons). However, the high production costsditioning, distribution, transportir
etc. outweigh energy efficiency. The solid oxideo#lolyser cells are a type of solid ox
cell that uses the electrolysis process of watetreate hydrogen. Solid oxide electroly
cells (SOECSs) consist of oxygen/air electrode (apodteam/hydrogen electrode (cathc
and electrolyte [58].

[.1.3.1.Principle

SOECs are based on a ceramic oxide system genemalkng at 80 °C in order tcprovide
sufficient ionic conduction of the electrolyte. Takectrochemical reactions that take plac
a solid oxide electrolyser cell are the inversetieas to those that take place in a SOFC.
polarization is the opposite and the anode andode interchange their roles. In an SOl
water acts as a reactant and is supplied to theodatside of the cell. Oxygen ions .
transported to the anode through the electrolytd,leydrogen is produced in the cathode
(Fig. 1-10) [59].

2H, = 1 2H.0
200 = 200,

Fig. I-10. A solid oxide cell operated as an electrolysis c€left) and as a fuel cell (right)
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Reactions:
- anode side
02 > 1/,0,+ 2e” (I-8)
- cathode side
H20+23__)H2+ 02_ (l‘g)

The overall electrolysis reaction is shown in thqeation below:

H,0 - H, +1/,0, (1-10)
As a result of the reaction high purity hydroged arygen are created.
On the cathode side, water is split using electrpneducing hydrogen gas and oxygen ions.
Oxygen anions diffuse through the electrolyte te #mode where they give back electrons
and create oxygen gas molecules. The electrolgaistion is increasingly endothermic when
the working temperature is increased (Fig. I-1Byxt Bf the needed heat can be attained from
the Joule heat produced by passage of the eldattuoant through the cell. This reduces H
production cost. The thermal potential at which tteguired heat for electrolysis is

compensated by generated Joule heat is named theutnal potential.

Energy demand for H0 electrolysis at 1 atm

Total energy demand, AH

Energy (kJ/mole)

275 475 675 875 1075 1275

Temperature (K)

Fig. I-11. Thermodynamics of HO at a pressure of 1 atm [60].
The other main use for SOECs is the electrolyssaabon dioxide. The electrolysis of €3
shown in the equation below. As a result, carbonar@e and oxygen are created.
Co, > CO+1/,0, (I-11)
Commonly, the electrolysis of steam and carbonide@are connected to generate a mixture

of Hy and CO (syngas) which is then used in the prodnaif methane or methanol.
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[.1.3.2.Components

Planar and tubular configurations of solid oxidecelolyzes are both being developed.
Similarly to solid oxide fuel cells, the planar pkais advantageous mainly due to the lower
total cell resistance. The requirements for cethponents are similar to those for SOFCs.
The electrolyte should be dense, gas-tight andldhan@sent a high ionic conductivity and
good stability in the large oxygen partial pressiwenain. The electrodes should be porous to
supply and/or to distribute gaseousCH H,, O, to the active zones. Moreover, electrodes
should have high electrocatalytic activity and higlectronic conductivity to provide
sufficient current collecting. In fact, the commaonraterials which are used for SOFCs are
used but in reverse. The work of Hauch et al. [BHsented electrolysis in YSZ-metallic
Ni/lYSZ/IYSZ-LSM - cathode/electrolyte/oxygen elecep respectively. Other cathode
materials can be samaria doped ceria with Ni-namicjes [62]. Instead of zirconia, ceria-
based electrolytes can be used in SOECs [63], [Bdlterms of the oxygen electrode,
Lag gSrpFeQs, LapsSipLo0; [65], LSCF and lanthanum strontium copper ferféé] and

others are an alternative to LSM. The set-up foEE®is showed in Fig. I-12.

Al O, housing i I
Oxygen electrade e @l

current mliednr‘mh‘ )

power U
supply i

SOEC _—

Steam/hydrogen _—e i
electrode ’
current collector

H.
AlLOhousing : ' H,0

Fig. I-12. Experimental set-up of an SOEC [67].

1.1.3.3. Degradation

The long-term stability of SOECs has a crucial uafice on commercialization of the
technology. The lowest voltage degradation rate® lheen found to be around 1.7 %/1000 h
after 3600 h and 3.8 %/1000 h for the total time@®0 h testing at 800 °C with a current
density of -1.0 A.cii [68]. Hauch et al. [69] reported degradation rate2 %/1000 h at
850 °C with a current density of -0.5 A/€mnd 6 %/1000 h at 950 °C with a current density
of -1.0 A.cm®. Degradation rates in a range of 10 %/1000 h \aése reported [61], [69]—
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[73]. The negative current density value of SOE@Hdate the direction of the current flow
that is opposite in relation to the current flonS@FCs.

Degradation drops in cases where the cell stablglger than a single cell. Stack degradation
is caused mainly due to the degradation of theambritetween interconnects and cells and
provided impurities from tubing, interconnects a®@ls. The lowest voltage degradation for
the stack was 1.5 %/1000 h at 800 °C under a duafesd.875 A.crif where the steam-to-
hydrogen conversion rate was 44 % [74]. Voltaggdrbetween 3 and 5.6 %/1000 h were
presented for 5 cell stacks under -0.4 — 0.6 AX.aifter total testing time of 4000 h [75], [76].
Zhang et al. [77] reported voltage degradation.6f%/1000 h and 4.6 %/1000 h after 1100 h
of testing for 5-10 cells in the stack operatingdem -0.25 and 0.32 A.cf Others
degradation rates for the stacks were reportedt1D06 h, -0.3 A.cifi [78] and 10 %/1000 h,
-0.31 A.cn¥ [79].

Durability of the electrolyser cell depends on selgarameters: operating temperature,
current density, cell polarization, gas supply atelam-to-hydrogen conversion rate [80].
These parameters cause degradation of each celparmnts: oxygen/air electrode,
electrolyte and hydrogen/steam electrode.

Oxygen electrode degradation has two main origioenation of secondary phases and
delamination of the air electrode. Secondary phasese from a reaction between Cr from
the interconnect material (stainless steel) andctimtact layer [81]. Products of the reaction
block triple-phase boundary sites decreasing thi@eazone or directly forming insulating
phases, increasing non-ohmic and ohmic resistafi¢esoxygen electrode delamination has
been modeled by Virkar [73], and Jacobsen and Msgen82]. The origin of this
delamination has been reported to be mainly duth@opresence of high internal oxygen
pressure inside the electrolyte but close to tleetellyte/oxygen electrode interface. The
accumulated oxygen in the contact imperfections tle electrolyte/electrode interface

facilitates detachment of the oxygen electrode.

1.1.4. Electrode microstructure and electrode/elecblyte interface

[.1.4.1. Oxygen Reduction Reaction Mechanism
Current development in fuel cells aims to redueettital ohmic resistance. One solution for
this issue is to decrease the thickness of thdrelgie and another one can be achieved by
improving gas diffusivity on the oxygen side. Thesvdlopment of highly porous
microstructure for the oxygen electrode guaraneasy access for oxygen gas to the oxygen
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electrode and sufficient free electrochemicallyivecspace for the oxygen to be adsorbed,
thus facilitating the oxygen reduction reaction @R The oxygen transport for MIEC
follows several elementary steps (Fig. I-13):

1) diffusion of oxygen from the gas to the electroddace

2) adsorption of the oxygen on the electrode surfaxeover, the adsorped oxygen can
stay in molecular form or dissociate

3) oxygen exchange redox reaction on the electrodawjrcreation of the oxygen ion
on the electrode surface

These three steps are similar for both (a) two-phmsmindary (electrode/electrolyte) and (b)
triple phase boundary (gas/electrode/electrolytegimnism. Next steps:

4 a) incorporation of the oxygen ion from elece@lirface into the electrode structure by
finding the oxygen vacancy

4 b) diffusion of the oxygen ion on the electradeface to the TPB point

5a) diffusion of the oxygen ion through the elede bulk material to the interface
between the electrode and the electrolyte

5b) incorporation of the oxygen ion from the Tp@nt to the electrolyte structure

6 a) incorporation of the oxygen ion from the alede structure to the electrolyte structure

|
OZ gas __ 02 gas/electrod. ( )
a
02 gaslelectrod. 02 electrod. surf. (—)
1% 02 electrod. surf. 4 9a- | ()2- electrod.
surf. (3)
| -
@ 2PB mechanism | ®) 1 TPBmechanism
a
Q2- electrod. surf. . \/ ., O2- electrod. O32- electrod. surf.__, ()2- TPB (4)
2- electrod. 2- electrod, /electrol. 2- TPB 2- electrol. (5
O — 0 O + Vo etectro.— O (5)

2- electrod. felectrol. 2- electrol. X
O + VO,eIectroI._’ O (6)

Fig. I-13. Simplified oxygen reduction reaction orthe oxygen electrode side of the fuel cell [83].
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It is worth mentioning that oxygen transfer in MIE@aterials is mostly due to the sum of the
2PB and TPB mechanisms and it is difficult to digtiish which mechanism is dominating.
For the case of the CGO-LSCF electrode, the raadsimo-longer limited by TPBs and can
take place within the entire electrode volume. ghhy porous oxygen electrode improves
oxygen transport to the 2PB and TPB points whosatfy is enlarged by the microstructure
morphology [84]. For more porous electrodes, etettemical performance decreased due to
bad contact with the interconnect and thus an ficsert supply of electrons to the electrode.
When the electrode surface is discontinuous duepten porosity, the contact with the
interconnect is only pointed and consequently thete-conduction paths were cut off inside
the electrode volume. As a result, 2TP and TPBtpane not supported in electrons or the
tortuosity of charge carrier path drastically irases. Another issue with the oxygen electrode
microstructure is particle size. Smaller particke® characterized by higher surface area
which favors enlargement of the active zone buitenichl boundaries are created for charge
transfer [74], [85]. It is necessary to find a caoomise which provides enhanced oxygen

electrode performance.

[.1.4.2.Compositional and microstructural optimizaton of CGO-LSCF cells

Recent advances in the oxygen electrodes of IT-S@RE also SOEC) have resulted in very
low polarization resistances. This was achievechindiecause of new material compositions
as well as new microstructures. The loweg) Ralue of 0.0232.cnf at 600 °C was reported
for Lap 6Sth.4C00s5 (LSC) with a thickness of 200 nm, a mean graie siz17 — 90 nm and
porosity of up to 49 % with an additional screem@d LSC current collector [86]. Such a
low value was explained by the increased inneraserarea and increased oxygen exchange
reaction caused by the occurrence of cobalt richllareas on the electrode surface.

The 20 molar % partial substitution of Co in LSGC fée allowed produced R values of
0.05Q.cn? at 600 °C in LSCF (6482) [87]. On the one hand,dbcrease in Co content leads
to an increase in the polarization resistance. Hewedecreases in content reduce the TEC
value of the electrode, reducing the thermal mismétetween electrode and electrolyte i.e.
YSZ, CGO. Further substitution of Co leads to tineestigation of LSCF (6428) material with
a compromise between mechanical and electricalepties. The electrode resistance was
found to vary between 0.73 and 6.9cn? at 600 °C in air [88]-[93]. The particular
comparison of polarization resistance in revisetlipations is difficult due to different

components fabrication techniques (electrostatiaysgdeposition [88], spray pyrolysis [89]—
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[91], screen printing [92], [93]), film thicknesdrgm nano-structured films to micro-
structured films), sintering temperatures, film esibn and the most important the
microstructure. The influence of the microstructoreelectrode performance was presented
by Marinha et al. [88] on LSCF (6428) prepared b$DE In this work, three LSCF
microstructures called: dense, cracked and corad viabricated under identical conditions.
The best performances were noted for the open siraciures (cracked and coral), proving
that porosity plays an important role of the mitrosture.

As low Ry as 0.132.cnt at 600 °C were also measured with only 20 % Cdertrin LSCF
(6428) by Marinha et al. [94]. Such a low value wassible in part due to the fabrication of
the electrode with a large surface specific aré@guslectrostatic spray deposition (ESD). The
microstructure was characterized by columns thhteoed gas access to the electrode with
additional nanostructured porosity inside the calamAn additional LSCF layer was screen-
printed as a current collector. The area specodgistance (ASR) value corresponds to the
lowest ASR values found in the reviewed literatatesimilar temperatures for the LSCF
composition with 20 % Co-doping on the B site & fferovskite lattice.

CGO-LSCF electrode composite

The objective of this work is to fabricate a compoxygen electrode with controlled
composition and microstructure as an SOFC operatingtermediate temperatures and for
solid oxide electrolyser cells. The electrode isdmhon two materials: a MIEC material
(LSCF) and an ionic conductor (CGO). The CGO-LSGknmposite has already been
investigated by the variation of CGO weight pereget between 20 to 70 wt. % [92], [95]-
[97]. The ASR for such an electrode was found tweafrom 0.17Q.cnt to 0.60Q.cn?f at
600 °C with a CGO electrolyte [92], [95], [96]. ASRiues of 0.3%.cnt and 1.0Q.cnt at
600 °C have also been achieved for “non-protectsiZ electrolyte [95], [97], respectively.
Such a polarization effect is approximately sixdsriower than when LSM is used as the
oxygen electrode. The lower ASR for the CGO eldgteomay indicate better electro-
chemical compatibility with the CGO-LSCF electradecomparison with YSZ electrolytes.
The ASR of the CGO-LSCF electrode deposited onY8& electrolyte with a thin CGO
layer was measured to be 0@%n? at 600 °C [95] which simply means that the CGCetay
releases thermal and mechanical mismatch betweendamposite electrode and YSZ. The
optimized composition of CGO and LSCF in the conmgoss still controversial. Different
studies have shown the lowest ASR values for varmmpositional ratios of CGO-LSCF:
60/40 wt. % [92], 50/50 wt. % [95], 30/70 wt. % [9%nd 50/50 wt. % [97]. The optimum
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CGO addition of 36 % volume in relation to LSCF Z8% resulted in an ASR that was four
times lower than other CGO additions, classifyihg ttomposition as a promising material
for IT-SOFCs with CGO electrolytes [96]. Importgntthe inner distribution of each phase
was not considered in these articles. The addivb€GO in the LSCF electrode volume
presents several advantages. Firstly, CGO withigh ionic conductivity increases the ionic
conductivity of the composite electrode. The oxydeansport can be illustrated by two
mechanisms: diffusion through the bulk materialcdégd by a diffusion coefficien)) and
surface exchange described by surface exchanggcoedf (k). The self-diffusion coefficient
(D*) determines the internal ionic transport that ke place even under equilibrium in the
absence of concentration and/or chemical potegtedient. The higheb* value indicates
the higher degree of oxygen transfer through tmelgotor. The surface exchange coefficients
characterize the ability of the material to exchamxygen in the atmosphere and on the
surface interface of the material. Both parametars be extracted from an oxygen isotope
diffusion profile using isotope exchange depth firgf (EDP) with secondary ion mass
spectroscopy (SIMS) or from conductivity profilesrh electrical conductivity relaxation

experiments (ECR).
Table I-2. k and D* values for CGO, LSCF and YSZ.

Material k (cm.s’) D* (cm?s?) Temperature (C) PO, (mbar) Ref.
CGO 8x10° 1x10° 900 200 [98]
LSCF  5.51x10°  4.18x1C0° 800 880 [99]
YSz 3x10° 1x10° 900 200 [100]

Table I-2. shows andD* values for CGO, LSCF and YSZ. CGO is characterizgad high
oxygen self-diffusion coefficient and a low surfamechange coefficient compared to LSCF
and YSZ. Esquirol et al[99] investigated a composite electrode and proteat a
composition of CGO and LSCF has a higb&rand almost the sankevalue compared with a
single LSCF electrode (Fig. 1-14).
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Fig. I-14. Arrhenius plots of the oxygen self-diffgsion coefficient and the surface exchange coeffioigfor
LSCF, CGO and LSCF/CGO composition [99].

The addition of CGO in the electrode volume incesathe TPB length. As for the MIEC
material, the oxygen charge transfer can occurutiirout the bulk electrode material, the
charge transfer via TPB area being still dominatifige composite electrode of CGO-LSCF
shows better electrochemical performance compargdansingle LSCF electrode. However
the distribution of each phase in the electrodeim@ may have a predominant effect on its
properties. Improper design (in terms of microdue, composition and distribution of each
phase) of the electrode makes electrocatalyticviaGtithermomechanical and chemical
stability worse. To attain the most effective pnties, the region close to the electrolyte
should be rich in CGO since it serves as the @bt in the electrode volume. At the same
time, the top part of the electrode should be nchSCF since it provides electrons for the
ORR and it is catalytically active for the ORR. éfthe oxygen incorporation into top LSCF
electrode part, its diffusion through the electrai®uld be accelerated by the presence of
CGO. Based on above, it was assumed that a gracbemtosition of CGO and LSCF would
improve the electrode properties. The graded coitgp@®mbines the ionic properties of
CGO with the mixed ionic-electronic and electrobaia properties of LSCF and still
manages to keep the electrode porosity at relgtibhehh levels, facilitating oxygen gas
penetration. The fine nanostructuring effect on@@O-LSCF composite is promising for the

improvement of the electrode performance. The pedjwa however of the graded electrode
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is only possible by using the proper preparatimcess. Until recently, there have been many
papers concerning the CGO-LSCF composite electmodee however are working with a
composite with gradient of CGO-LSCF components.

1.1.4.3. Air electrode/electrolyte interface

The interface between the air electrode and the ¥I8Ztrolyte plays an important role not
only for electrochemical properties but also forcimanical properties of the fuel cell. The
electrochemical reactions take place preferablyursdothe interface. There is also a
concentration of stresses caused by possible thexpansion mismatch. If thermal stresses
overcome the electrode adhesion to the electrtiye the coating cracks and delaminates. In
such a case, the electrochemically active areaedses, the oxygen reduction reaction can
take place in a limited area increasing the padion and ohmic losses. The study by Park et
al. [101] has shown that when the TEC of the etelgtrand the electrolyte differ by more than
7 x 10° K* the degradation of power density of a single aékr 500 h was 7.7 %.Khat
600 °C in an SOFC. Moreover, it was estimated 1i8a of the area delaminated within the
first 500 h of operation. Nevertheless, the resgedocused on TECs allowed matching
components with similar thermal expansions. Theeotmajor problem is the chemical
reactivity in between the electrode and the elgdideading to secondary phases created
during cell fabrication and/or operation.

In general, there are two main reasons for oxydectrede deterioration and both originate at
the electrode/electrolyte interface. The first oise based on the reactivity at the
electrode/electrolyte contact where insulating peasan be formed. Depending on the air
electrode material there were noticeable diffessmtondary phases such asdrgO; for the
electrode rich in La. Moreover, there was the laatumulation of cations from electrode
material which destroy the cell. One solution toidwthis chemical reactivity is to coat a thin
and dense layer of CGO in between YSZ and LSCFs T@&O barrier diffusion layer can
block the cationic diffusion and the formation etcendary phases [54], [102]-[104]. Han et
al. [105] introduced dense CGO as a Sr-diffusiorribalayer of 0.5 um in thickness by
physical vapor deposition (PVD) on the top of art thick YSZ electrolyte and noticed that
ohmic resistance dropped by one order of magnitmdeomparison with 10 um YSZ
electrolyte with a 5 um thick screen-printed CG@ela Constantin et al. [106] has shown that
a dense CGO layer, fabricated by RF magnetron esjngtbetween LSCF6428 and YSZ, as
thin as 110 nm, was sufficient to delay‘Snigration. Indeed, the electrolyte and the cathode
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polarization resistances were strongly decreased0t®.cn? and 0.1Q.cn¥, respectively.
After 550 h, a low series resistance variation alaserved with the addition of the CGO layer
due to better contact and improved ionic collechetween LSCF and YSZ. The relativg,R
variation was strongly reduced to reach a mininau® of 57 % when the CGO layer was
only 0.11um thick. The relative Ry variation for LSCF/YSZ without CGO layer was 694 %
These electrochemical impedance data were consistén X-ray microanalysis where Sr
migration was only detected at the LSCF/YSZ integfalThe barrier diffusion layer plays a
role in this interlayer, the dense CGO fully covédrs YSZ surface improving the adhesion of
the electrode to the electrolyte. The high innefame area and nanostructuring effect have a
significant influence on the electrochemical parfance. CGO is chemically compatible with
both YSZ and LSCF. However, CGO and YSZ form adssblution at 1300 °C, in which Ce
and Gd cations diffuse and incorporate into the YS&Hicture [55], [107]-[109]. A
(YSZ)1(CGO) solid solution has a lower conductivity than eaomponent itself. From this
reason, the deposition and sintering should beechout at temperatures below the solidus
line.

The second reason for deterioration of cell perforoge is oxygen electrode delamination,
mostly occurring in SOECs [110]-[112]. The origif this degradation comes from
accumulation of the oxygen in the electrolyte nib@ oxygen electrode. When this occurs,
regions of high oxygen pressure may cause failndedetachment of the electrode along the
interface. Chen et al. [113] have developed LSMlite addition of CGO nanoparticles as
an oxygen electrode for high temperature electi®lylhe role of the nanoparticles is to raise
the electrochemical activity for the transport a&fgen ions from the electrode. Additionally,
the presence of CGO inhibits the delamination & éhectrode leading to a decrease of
internal high oxygen pressure due to the presehc@G®D. For the case of the LSM/CGO
composite, LSM impregnated with CGO acts as a MI&€ctrode in which CGO is
responsible for the oxygen oxidation reaction ai&MLfor the electronic transfer pathway.
The other way to reduce high internal oxygen pnesgito use an electrolyte with a higher
electronic conductivity. The solution was modelgd\brkar [73]. In general, the electronic
conductivity of the electrolyte used in SOFC andE®Qs very small. Even small changes in
the electrolyte electronic conductivity cause clengrders of magnitude in size in oxygen
partial pressure close to the electrolyte/electiatirface.

A durability test of 9000 h performed in SOEC mautea cell consisted of LSCF-CGO-YSZ-
Ni/YSZ showed several degradation causes [114}-Rostem SEM and EDX investigations

showed grain surfaces structuring in the electeglybid formation along grain boundaries,
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horizontally aligned pores at the YSZ/CGO interfavass transport and formation of a dense
layer at the YSZ/CGO interface. Moreover, in theClESoxygen electrode the migration of
cations and re-crystallization of the LSCF in thectochemically active area was detected.
For these reasons, the cell voltage increased 8ery 4000 h. However, it was not possible
to classify the influence of each process on thal tdegradation rate. Considering cell
impedance spectra, an increase was noticed inhmécqat high-frequency resistance above
3000 Hz), in the non-ohmic (at frequencies above B@) and a minor increase in the low-
frequencies (0.1 — 10 Hz) contributions.

The coverage of the electrolyte by the oxygen ebelet also has an important influence on the
electrochemical properties. For the case of an emxyglectrode made of purely electron
conducting material, the electrode/electrolyte riiatge should not be fully covered by the
electrode material since the number of TPBs woutd decreased. However the poor
electrode/electrolyte contact becomes a nucleatinfor crack creation. For mixed ionic-
electronic conductors, the whole YSZ electrolytefate can be covered with a diffusion
barrier layer to eliminate crack formation and @gation. Moreover, the larger surface for
oxygen diffusion from the bulk electrode to thectlelyte is achieved when the electrode
fully covers the electrolyte.

Adhesion between the electrolyte and the oxygewtrelde has an influence on oxygen
transfer. In order to ensure good electrode/elbgeracontact, a dense LSCF layer with a
thickness of 200 nm was deposited by pulsed laseosition (PLD) serving as the functional
layer and followed by a porous LSCF layer with &khess of 53 um by screen-printing
serving as the current collecting layer [115]. Potarization resistance was reduced from 0.7
to 0.2Q.cnf at 600 °C by introducing a dense nano-scaled L®GRe screen-printed LSCF.
Such a low B, was explained by the improvement in adhesionygetaoxygen incorporation

in the electrode structure transfers through thesedd.SCF functional layer. For the case of

the LSCF, the oxygen percolation path is expeaidzktlarger than for the porous one.

[.1.4.4. Morphology analysis by X-ray and focusedn beam-scanningelectron
beam(FIB-SEM) tomography

The microstructures of the oxygen electrode, fletteode and interfaces between electrode
and electrolyte are currently being investigated rbginy researchers. Recently, X-ray
nanotomography and focused FIB-SEM have appeargmbasrful tools to investigate the
microstructure in 3D. In the last few years, babhiniques have been improved to increase
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the resolution but still FIB-SEM has a higher resioin (~10 nm) which is mainly limited by
the thickness of milled layer. For X-ray nanotonaggry, the resolution is around 32 nm but
can be improved using a brighter X-ray source. HaneFIB-SEM technique is usually
focused on quantitative analysis of individual dophase fractions since for X-ray the
contrast is too low and not sufficient especiatly iano-structured composites.
The difference between both techniques is in tloticggng. For X-ray tomography, X-rays
are used to create a single cross section at eagka while rotating the specimen. FIB with a
dual beam gun uses electrons to create a sectiturgiand then ions (usually Ga) to mill the
specimen to see the deeper structure. After seésgpnlices are combined into a stack that is
then used for three-dimensional reconstruction. @sadvantage of FIB-SEM is that it is
destructive. FIB requires physically milling the texaal away, X-ray nanotomography is non-
destructive and can be followed by further sinigion aging tests.
Information such as surface area, open/closed pyprgsore size distribution, tortuosity,
triple-phase boundaries, and percolation path eaextracted from the 3D model and used to
explain the relation between electrode structuck @arformance. Researchers are focused on
three dimensional reconstruction and microstructiurantifications on LSM/YSZ composite
electrode [116]-[118], LSCF electrode [88], [119]2P], NiO/YSZ fuel electrode [123]-
[127].

Table 1-3. Microstructural characterization of an L SM-YSZ electrode obtained using X-ray

nanotomography and FIB-SEM [1186].

Parameters and phases X-ray nanotomography FIB-SEM

Mean phase diameter gm)

Pore 0.34 0.27
YSZ 0.27 0.28
LSM 0.42 0.40
Volume fraction
Pore 0.34 0.34
YSZ 0.32 0.33
LSM 0.34 0.33
Contiguity (%)
Pore 99.6 99.8
YSZ 99.8 99.4
LSM 98.2 94.3
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Nelson et al. [116] used both FIB-SEM and X-ray atamography to characterize
microstructure of an LSM-YSZ electrode using a hason of 45 nm and below. A

comparison of mean phase diameter, volume fra@rmh contiguity of phases was reported
(Table 1-3). The total interfacial area for poreNlSfor LSM-YSZ and for pore-LSM

achieved basing on X-ray nanotomography and on SER4 was similar, the difference
between the areas were lower than 10%. Despiteliffezent resolutions (45 nm for X-ray
nanotomography and 30 nm for FIB-SEM nanotomograjployh techniques showed similar

microstructural parameters to directly describeakygen electrode.

3D microstructural analysis is usually related btopédance spectroscopy measurements.
Composites made from LSM/YSZ with compositions raggrom 30 to 70 wt. % of LSM
were studied by Wilson et al. [117]. FIB-SEM namotgraphy with a pixel size lower than
50 nm was used to investigate variations in TPBtles interfacial curvatures, phase volume
fraction and phase tortuosity while changing rabb&SM to YSZ. All electrode composites
were designed to have porosity volume fraction @f%. The tortuosity of the YSZ phase
varied from 2.5 for 30 wt. % of LSM to 6.5 for 7Qt.Wo of LSM. The lowest polarization
resistance was achieved for an electrode with 58aYSZ, when the tortuosity was equal to
3.5. The high overpotential for other compositiowas explained by the low intra-
connectivity of the LSM phase for case of the lo®M. content composite and by the low
YSZ phase tortuosity for the case of the low YSateat composite. The pore phase
connectivity was 100 % for all compositions, thevést YSZ phase connectivity was 94 %
for 70 wt. % LSM increasing to 100 % for the otlm®@mpositions. Finally, the LSM phase
connectivity linearly decreased as the LSM contentthe electrode decreased. For a
composition below 40 wt. % LSM, the intra-conneityidrastically dropped down to < 60 %
[117].

An increase in electrode polarization resistance_8g sSip 2Cy JF&y g035 electrodes on YSZ
sintered at 850, 950 and 1100 °C has been repbyt€&bstovic et al. [120]. Based on FIB, a
three-dimension model of the cathode for SOFC wasmstructed with a x-y resolution of
3 nm and z direction sectioning of 20 nm. Informatabout porosity, surface area, tortuosity,
pore size and TPBs were correlated with the datan frelectrochemical impedance
spectroscopy. The lowest cathode polarization 66 @.cn? at 700 °C was achieved for
samples sintered at 850 °C and was explained laralemicrostructural parameters. Samples
sintered at 850 °C were characterized by the highe$ace area per volume of Quéh? in
relation to 8.8um™ and 7.2um™ for samples sintered at 950 and 1100 °C, respgtiv
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Moreover, the effective ©diffusion through the electrode was found to bereased when
the volume fraction of porosity to tortuosity rati@s increased from 0.087 to 0.097 and to
0.116 for samples sintered at 850, 950 and 1100eXpectively. Finally, the sample sintered
at lowest temperature presented the highest TRBHesf TPB length/area of 3.2 + 1uén™.
Similarly to Gostovic et al. [120], FIB-SEM on LSC428) electrodes together with
electrochemical measurements proved that largegexysurface areas have led to lower
electrode polarization resistances as presentetMdaynha et al. [88]. In their work, the
electrode-pore interfacial areas normalized by dtwss-sectional area of the support were
found to be 2.0, 24.7 and 28.2 for dense, crackedcaral microstructures, respectively. The
area specific polarization resistance values, nreddny impedance spectroscopy at 600 °C in
air using Pt grids (3600 mesh.tfor current collection), were found to decreaserf6.23 to
the lowest value of 0.82.cn corresponding to samples with higher surface afeathe
coral microstructure. Moreover, the material androstructural parameters were used to
calculate the polarization resistance and impedaesgonse in the Adler-Lane-Steele (ALS)
model [128]. The trend in modelled resistance &alwas in an agreement with measured
impedance values. The higher values for the desrsemere explained by underestimation of
the pore-electrode surface area due to the regollithit of the FIB-SEM method.

The image post-processing has an influence on agttageometrical properties. Wrongly
chosen levels of the grayscale threshold, mediar fitadius and smoothing filters can
significantly change the measured values of poyrpsiirface area, electronic conductivity and
diffusivity values. Gunda et al. [129] calculatedat improper image analysis caused
variations in the electrode porosity of 33 % andthe internal surface area of 25 %. In
another work, Joos et al. [121] used two algoritlf@tsu, Mean) to mathematically define a
‘true’ grayscale threshold level and its influemeesurface area, volume/porosity fraction and
tortuosity extracted based on FIB-SEM tomographyaof LSCF oxygen electrode. They
found that thresholding did not affect the surfacea while the porosity fraction and the
tortuosity strongly depended on it.
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1.1.5. Mechanical properties of the electrode

Solid oxide fuel cells and electrolysis cells areakly investigated from mechanical point of
view. Nevertheless, the mechanical stability of ¢tk components is an important issue. The
existing works are few and based on different apgihies. Stresses in the cell can arrive from
manufacturing process, oxygen activity gradiengslox cycling, external mechanical load
and not homogeneous distribution of the temperatiunéng working. Different TECs of
components lead to not identical material exparssamd to thermal stresses. The magnitude
of stresses depends mainly on material propemigsrating conditions and the cell design
[130].

The other question is the mechanical stability &&FC/SOEC stack. The following effects

can affect the mechanical behavior, diminish etattemical properties or even kill the stack:

Variations or not homogeneous distribution of tleegical load
- Aggressive environment

- Coarsening of the electrolyte microstructure

- Creation of pores

- Local modifications of the composition

- Creation of insulating phases on electrode-eleg&ahterface

- Phase transformations

There are some research groups working on the meetdailure mechanism of cell stacks
by modeling approaches. Nakujo et al. [131] usedntio-electrochemical model and Weibull
statistics [132] to study the influence of varicaspects such as assembly, electrical load
shutdown, phases heat-up/cool down, current-voltageacterization and dynamic operation.
The probability of mechanical failure of SOFC statlas been calculated and procedures to
reduce it by controlling the operation conditiorsvé been proposed. The failure of gas-
diffusion layers, interconnect and other cell comgpads was estimated [133], [134].
Laurencin et al. [135] investigated the risk ofdee due to residual stresses and cracks arose
during manufacturing. A numerical tool was usedestimate the stress state and cell
degradation during operation for the planar celhfiguration. The thermal stresses
distribution can be characterized by finite elemanalysis (FEA) [136]—[138]. Lin et al.
[137] used FEA to model stresses in planar SOF€kstmcluding the effect of glass-ceramic
seals. The approach in the work of Anandakumat. §126] was different. They used FEA to
model thermal stresses and the probability of failin cells of NiO-YSZ/YSZ with single
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LSM and NiO-YSZ/YSZ with functionally graded CGO-C&. The results have shown that
the lowest probability of failure occurs for a falonally graded SOFC.

An performed a study of (P1Srh.3)MnOs3.5/8YSZ oxygen electrode before and after a 1000 h
durability test at 1000 °C using indentation, plagasile tests, four-point bending, ball-on-
ringand pressure-on-ring tests [138].

However, these studies used conventional macre-desting methods that require large
volume samples and machining operations, and dallmv assessing material properties but
sample (coating and substrate) properties instBagl.investigation of mechanical properties
of cell components is not without difficulties. Thmall size of electrode (from few to dozens
um) requires micro- or nano-scale techniques abtedts small volumes of material and with
little or no specific sample preparation. The usmizro- or nano-indentation testing methods
to evaluate the mechanical properties of this ypmaterials has been attempted by several
authors.

Xiang et al. [139] used nanoindentation to deteentime hardness and elastic modulus of a
non-reduced NiO-YSZ hydrogen electrode in a half@@nfiguration and proposes a method
to determine these properties based on the warkdehtation modified approach.

Li et al. [140] measured the elastic modulus andor@ardness for a wide range of CGO-
LSCF composites as materials for IT-SOFC, usingemation. The pellets and bars were
created by pressing and sintering a mixture of GB@® LSCF powders. Such samples were
mounted in epoxy resin and polished to achievediaface for indentation. Densities were
measured with Archimedes method and were in thgerd to 98 % of the theoretical
density. Such high densities indicated low porosiiction in the samples; however, the
preparation of the electrode for SOFC does notwab@hieving such high densities. The
values obtained for elastic modulus were 119 —GPa and 8.9 — 10.8 GPa for the hardness.
Elastic modulus and the hardness changed almestrlinwith density.

However, most of these studies are performed omnmaé with porosity levels under 30 %
and since porosity has been demonstrated to haugeainfluence on mechanical properties,
the results cannot be extrapolated to materials Wgher porosity.

Meille et al. [141] showed that the mechanical b#hrain compression of alumina with
porosity between 30 — 75 vol.% transited from laritdilure to a more damageable behavior
as the relative porosity increases above 60 %. mibehanical properties of materials with
high porosity could be described by models devaldpe cellular materials. These properties
are modeled using the properties and descriptiahefolid phase as an assembly of walls

and struts in a periodic microstructure [142], [L4Bhough the porosity of the coral

38



Chapter | — Introduction

microstructure developed in the present work is matible with a cellular structure, its

morphology is more typical of a columnar structurgvhich periodicity is hardly recognized.

39



Chapter | — Introduction

|.2. Experimental

1.2.1. Electrostatic spray deposition (ESD)
Electrostatic spray deposition is one of the maestjising chemical deposition methods for
fabricating porous electrodes as well as densetrelgies in solid oxide cells due to its
simplicity and low costs (Fig. I-15). Nowadays, maxide materials have been deposited by
ESD: NiO/GdOs-doped Ce® [144], LayxSKCo1.yFg035 [145], L&y .oSlh.1GasMgo 20287
[146], Lay.eShh.4Co Fen g0s5 [147], a composition of Sr-doped LaMgp@nd Y,O3 stabilized
ZrO, [148] for the electrode applications and doped-Z9], [150], Ce oGy 10195 [55],
[146], [151] for the electrolyte applications. lergeral, a liquid precursor solution is pumped
by the syringe pump into a stainless steel nozizke @nstant flow rate. An electrical field
generates an aerosol and directs it towards thstrsid. During the flight, the solvent
partially evaporate from the droplets. Droplets dngl decompose to create a solid layer that
adheres to the substrate surface. A proper coratemtrof precursor salts in the solution
guarantees a good stoichiometry of the componentthe deposited layer. Deposition is
carried out at relatively low temperatures randiragn 300 to 400 °C. A typical ESD setup
(Fig. 1-15) consists of a syringe pump, a syringejeedle, a heating plate, a high voltage
power supplier and a substrate. A precursor saluicept in a syringe which is connected to
a needle by silicon tubing. A syringe pump press#s the syringe at a constant rate causing
the solution to flow. A heating plate is surroundgdisolating material to provide the best
thermal control of the substrate. Moreover, thestalte temperature is calibrated by a K-type

thermocouple without the aerosol.

Heating Plate j
Power
Supply HT

Aerosol

Substrate ‘ -

Syringe }—\ ’—/
Pump ||- {

g

Fig. I-15. ESD setup.
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The first step of the deposition is the atomizatidrihe precursor solution. The electrostatic
field applied between the positively charged needllé the grounded substrate polarizes the
solution on the needle tip and creates the jet-aafled a Taylor cone. The next step is the
formation of a spray. The atomized solution movesde the Taylor cone to the top of the
cone. In that point, the electrostatic force isaqu higher than the surface tension of the
solution and causes spreading (Fig. I-16). Theysigraimed at the heated substrate. During

the flight, the droplets shrink from their initisize to their final size when reaching the target.

¥ = ¥ =F;

i

F.— the electrostatic force
v — solution surface tension
F,— the gravitational force
Q- solution flow rate

Spray/ -

Taylo
cone

Needle

Fig. I-16. Schema of the atomization during electrstatic spray deposition.

The main advantage of ESD is that one can obtaiida variety of microstructures with
good homogeneity and reproducibility. In principtee microstructure and thickness of the
coating depends on the droplet size which can rénoge a few nanometers to approximately
100 pum [152]. According to literature, studies hakeen focused on the electro-
hydrodynamic parameters that have an influencehersize of the droplets in this cone-jet.
Ganan-Calvo et aJ153] presented an equation where the droplets(dizes correlated to the
solution density £), vacuum permeabilitye§) (equal to 8.85 x I6% F.mi%), flow rate Q),

solution surface tensiom)(and solution electrical conductivity)( as the following:
1

d~ (p€°Q3)g (1-12)

Yo

The solvent is important as it influences the duatif the aerosol and droplet size. In this
regard, relatively low surface tension and visgoare required and conductivity values of the
solution may vary between #Gnd 10" S.cmi'. One fundamental characteristic is the boiling
point which limits the possible film morphologiesS@]. In addition to these parameters from
the Gafan-Calvo’s equation, the process conditfongzle-to-substrate distance, deposition

time, substrate temperature) also have an influendée coating microstructure.
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In general, the substrate temperature, the nopzbedbstrate distance and the flow rate
significantly change the microstructure of the ouat These three parameters have the
strongest influence on the size of the dropletsnwihey impact the surface of the substrate.
When large droplets arrive at the surface andtdréicuid, they tend to spread on the surface
and dry. Such mechanism leads to the formation @érsse, reticular or cracked coating. If
small droplets are used, they are completely drgrwheach the substrate then they are
electrically attracted by the closest curvatureshensurface of the substrate and create wide
open porous microstructures [155].

The microstructure of the deposited layer is a equence of the physicochemical properties
of the precursor solution combined with the depasitonditions.

The vast majority of film morphologies may be ob&d in conditions when the droplets are
still liquid upon impact. In this situation, theogets will dry and solidify in any of the
configurations illustrated in Fig. 1-17a resultiig film microstructures ranging from dense
(Fig. 1-17a-3) to reticulated (Fig. I-17a-6). Tharpcular case of reticulation occurs whenever
the simultaneous spreading and drying solidifydhaplet at the moment it reaches maximum
spreading [156]. Dense films require adequate amsoohliquid in the droplets in order to

avoid cracking due to stresses generated duririgglry

a)

® i
e

Fig. I-17. Spreading of a liquid droplet on a smodt surface (a) and film growth using solid particle§155].
Authorized reprinting. Copyright 2005 American Chemical Society.

After droplets of a given size are generated anthezle, other effects come into play causing
droplets to undergo dynamic changes in size dslieent evaporation occurring during the
flight between the nozzle and the heated substrathis regard, the effect of parameters such
as solution boiling point, nozzle-to-substrateahise and substrate temperature must be taken
into account when considering the desired morpholog

A wide variety of LSt 4Cop Fe 035 microstructures ranging from dense to porous, with

particular features such as reticulation and mpmsity, were obtained by varying the ESD
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deposition parameters: nozzle-to-substrate distarsmdution flow rate and substrate
temperature. The correlation between depositioarpaters and resulting microstructures was
systematically studied and put into evidence iniNa’s PhD thesis [6].

1.2.2. X-ray and focused ion-beam tomography

New tomography technique characterization usingyand focused ion beam allows for a
detailed three-dimensional characterization of riierostructure. These are powerful tools
that provide new insight into the ORR and anodaxtens as a function of microstructural
parameters. First, the materials of interest mastdrtioning into a stack of 2D pictures with
detailed information about microstructure. Thesages are then aligned and reconstructed to
produce a 3D model. The sectioning in X-ray tompgsais due to the 180 °C rotation and
collection of projection images series, while FIBMN pictures are taken by scanning the
surface with electrons, creating an image, and théling the surface away with ions to
reveal a surface at a greater depth. Image anasysised to remove artifacts, to segment and
to process the images [157].

The sample size is greatly dependent on whethe@wobiX-ray or FIB-SEM tomography is
used. The X-ray tomography setup allows analysisrgfe samples as well as small samples
in comparison with SEM where the sample size istéichby the chamber size. However, the
larger the sample, the lower the resolution. Néwaess, the preparation of small samples is
complex. The most common preparation is cutting@oighing of the impregnated sample to
the required dimensions. The impregnation by ep@sin helps keep the material together
and avoids detachment of material. However, therégupation itself may cause fractures of
the fragile material and may trap air bubbles ieghe structure, creating artifacts. To achieve
a 25 nm resolution in nanotomography, the recommesdmple size is 1Q0m x 100um X

5 mm. To ensure the right size, the sample wasnaltieely cut, infiltrated by resin and
polished down to the required dimensions from eshple’s side. The investigation of the
porous coating of the dense ceramics leads tordifteX-ray absorption rates, thus leading
noises especially at the interface. The alternatnethod for sample preparation is to cut
accurate sizes by FIB however this is expensivetiamelconsuming.

Sample preparation for FIB-SEM is simpler. It ofteguires infiltrating sample with resin
and polishing. The sample has the size allowaneedhe right spot can be observed before
tomography. Imaging must be conducted under theurac The resin is not transparent to
electrons and the deeper part of the sample isisible before starting the milling.
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The nanotomography was performed at the nano-irgagjval station (ID22NI beamline) of
the European Synchrotron Radiation Facilities (ESRFGrenoble. A schematic of the
tomography setup with marked characteristic dissan®1 — distance from focal plane to

sample, D2 — sample-to-detector distance) is pteden Fig. I-18.

X-ray beam

b | = Detector
D1,D1,D1; D1, D1+D2=705 mm

\ Axis rotation /

Fig. I-18. Schema of holotomography setup at the IZ2ZNI beamline in the ESRF, D1 indicates distance

between focal plane and the sample and D2 sample-detector distance [158].

The principle of holotomography is described elsene159], [160]. The beam energy was
fixed to 29.6 keV with a 1.6 % bandwidth. The regdibeam time for four samples including
scanning time, sample mounting and positioning ®4s. Achieved images were four
tomographic scans with different sample-to-detedistances used to create a stack of data.
The further operations require following steps:reotion of the image distortion, resizing and
alignment of the individual radiographs, phase ieeal calculation and tomographic

reconstruction [158].

1.2.3. Impedance spectroscopy

Based on [161], [162].

Impedance spectroscopy is a technique based ospange of an electrochemical system to
an applied sinusoidal perturbation (potential arent) for a wide range of frequencies at low
magnitude. The frequency range allows one to meamul recognize several electrochemical
reactions (charge transfer activation, ion andtedectransport, gas diffusion, electrolyte

resistance, etc...) that take place within diffefeaquency ranges. In general, by applying a
sinusoidal potential, the current response wilbdle sinusoidal with the same frequency but
shifted in phase and reduced in amplitude by tmep#ls resistance. According to Ohm’s

law, the impedance of the system is given by:

7 ((1)) _ V() _ Voexp(jwt)

10 Igexp(wi—g) |Z| exp(jp) =Z" +jZ" (1-13)
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Where:

w — radial frequency, as a function of frequencydf= 2rf

Z (w) — complex impedance as a function of radial fesoy @)

V (1), | (t) — potential signal and current sigaal a function of time (t)

Vs, Iy, — amplitudes of the potential and current

|Z| — impedance module

¢ — phase shift between potential signal and cunespgonse

j — imaginary numbefj= -1

Z',Z" —real (resistance) and imaginary (reactance)gjampedance

Impedance spectroscopy data are commonly presentadNyquist plot where the real part is
on the X-axis and the imaginary part on Y-axis. 8ptbts are also commonly used where the
first line is a relation between log(|Z]) - logéind the second line is lag) - log(f). Processes
that occur during impedance spectroscopy can begsepted as electrical circuit elements.

Common circuit elements and their impedance reiahs are presented below:

- Resistor (R - resistance) Zr =R (1-14)
- Inductor (L - inductance) Zy=jwl (I-15)
- Capacitor (C - capacitance) Z, = MLC (1-16)

1
Co(j w)P

Constant phase element (CPE).py = (1-17)
Constant phase element is a more complex elementammot be described by R, L or C. It
consists of a pseudo-capacity,f@nd an exponent (p) that ranges betweenpXk 1. When

p — 1, the element becomes an ideal capacitor, as @ it becomes an ideal resistor and
when p— -1 it becomes an ideal inductor. CPE is used tecrilge the imperfection of
standard elements mainly due to system inhomogeoethe dispersion of physical property
value.

However, very few electrochemical cells can be weelblained by single equivalent circuit
elements. Most must be modeled as a sum of sihgheemts connected in serial and parallel
combinations. Herein lies the difficulty with elemthemical impedance spectroscopy (EIS),
one spectrum can be described by many equivalentitcimodels. It is necessary to
understand and predict what kinds of processesroiccuhe electrochemical system to
simulate and fit the model. Different physical-chesh processes in the system during
impedance have different dwell times thus the respoof the system depends on the

frequency. The validity of the equivalent circuitbdel can be checked by comparing the
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element frequencies to different electrochemicalcpsses. The impedance spectrum for a

ceramic material is presented on Fig. I-19.

Z,‘i
Grains Grains Electrode
boundaries
m )
IWANANIVAN
VvV V/ \/

Fig. I-19. Characteristic impedance spectrum for aeramic electrochemical cell.

Fig. I1-19 shows three regions, the first in thehhigequency domain is related to grains (bulk
properties), the second region at intermediateugaqy range refers to the microstructure
(grains boundaries, pores, secondary phases, ednd.xhe last one in the low frequency
range relates to the electrode reaction itself [1&Xxygen transfer can be thoroughly

investigated by electrochemical impedance speatmsc

1.2.4. Mechanical characterization
ESD deposited electrodes were characterized fohamecal strength using indentation and
scratch testing. One of the requirements for thggem electrode is a high resistance to
mechanical stresses that could occur during cedraipn and especially at the electrode-
electrolyte interface that may cause degradatioth@fcell or even compromise its integrity.
Mechanical stresses originate from various soumigrences in thermal expansion between
the various components, pressure applied to ergod contact and from the weight of the
stack itself. Stresses depend on material progeltig also on process variables and use
conditions. As mentioned in the literature reviewark is being done on the assessment of
mechanical properties of materials used in SOF€ sthcks and also on their probability of
failure. However, most of the studies and modelioteons are based on relatively dense
materials (porosity levels under 30 %). In materiaith very high levels of porosity most of
the well-known mechanical property models for dalunaterials may apply. Most of these
models are based on the existence of a periodictste of cells with a known mechanism of
deformation under loading: elastic deformationdaled by buckling and bending of cell

walls, densification and fracture due to rupturecells [141], [142]. Nevertheless, the non-
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cellular and non-periodic nature of the structurthe film developed in the current work may
lead to a different micromechanical response.

The objective of this work is to investigate theama&nical properties and micromechanical
behavior of the coral microstructure of CGO-LSCHnpaosite film developed. Since the use
of conventional macro-scale testing methods iscoatpatible with the very thin and fragile
films deposited by ESD in the present work, the maedcal characterization was done using
micro-scale methods.

Intensive research has been carried out in theMastlecades on the use of indentation and
scratch testing methods to evaluate the mechapicglerties of thin films and coatings.
Standard tests have been developed (ASTM E2546,18837, ASTM C1624, 1SO 1071)
and these methods are now currently used. In tbgept work, instrumented indentation and
scratch tests performed at very low loads have bised to assess the mechanical properties
of the materials developed, in an attempt to undeds the respective deformation and

fracture behavior under loading.

[.2.4.1. Instrumented indentation

Indentation testing allows determining the hardn@dy of a material [164], [165]. In
principle, an indenter with a specific shape ofpac#fic material indents a sample material
under an accurately controlled force and for a ifipeamount of time. After removal of the
indenter the material recovers partially its defation and is left with a residual impression
(indentation) on the surface that can be measueaptical or atomic force microscopy. This
is the basis of a standard indentation test tHatval determining the hardness of a material
through the ratio of the applied load and the mesamsant of the projected area of the residual
indentation. However, in instrumented indentatibe equipment is provided with a depth
sensing system and the applied load is registesexdfanction of the penetration depth, thus
enabling the measurement of the loading and umgadisponse of the material during the
test. This type of test allows not only determinihg hardness of the material but also elastic
properties (like the Young's modulus), creep, frextoughness, etc...
The most commonly used indentation tip geometries spheres, pyramids (Vickers,
Berkovich, Knoop indenters) or cones.
Typical indentation testing can be described byfdhlewing steps:

a) Indenter is pressed into sample with controlled fexe (loading), penetration depth

is recorded
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b) The force is maintained for a specific dwell time

c) Indenter is removed from the sample leaving an nteteshaped expression
(unloading)

d) The contact area may be determined optically byson@ag the indentation diagonals

or using the penetration depth and indenter matenich shape.

Hardness, H, is a function of the test force (R) #re projected area of the indentation (A)
(Eq. 1-18):

P
H=- (-18)

Depending on the indenter used, the equation octimtact area calculation may vary.
Different types of indenters may be used (spheoaec pyramids). It the present case a
Berkovich indenter was used, which is a diamondetsided pyramid, with a phase angle of
65.03° and the same real surface area to depthastVickers indenter [165]. The tip radius
for a typical new Berkovich indenter is about 5000 nm and it usually increases to about
200 nm with use. For this type of indenter the @ctgd area (A) is related to the contact depth
(he) as:

A =~ 24.5h? (1-19)

with: he = hy, — 0.75 222 (1-20)

where R hn, S are the maximum load and the respective dampdhtlze contact stiffness,
respectively.

Fig. 1-20 shows a load-displacement typical curf@m elastic-plastic solid. An indentation
made using a Berkovich tip can be observed indpddft corner of Fig. 1-20. As the initial
region of the unloading curve corresponds to théenal’s elastic recovery, the respective
tangent is the contact stiffness (S) (Eq. I-21).
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Fig. I-20. Load-displacement curve for an elasticdastic solid. Top left corner: indentation made wih a
Berkovich indenter [166].

The response of the material during unloading alaetermining the reduced Young's

modulus E*) from the contact area and the stiffness (S):

_1arym
= S an Va (1-22)

However, since the stiffness includes the deforomabf the sample and the machine, the
reduced elastic modulus obtained includes coniohstfrom the indenter (&) and the
specimen (Ea). Knowing the Poisson’s ratios for the indent&gqf and specimenvfa) the

materials elastic modulus may be determined usmd-E3:

2 2
1 1-vjpg + 1-Vinat

— (1-23)
E Eind Emat

Usually, the contribution from the indenter to teeluced modulus is low, however in micro-
and nano-indentation tests performed at very load$p it becomes significant and the

correction is required.

|.2.4.2. Scratch tests

The scratch test is a standard method used toatkare the mechanical strength (adhesion
and cohesion) of a coating/substrate system [1688]. In principle, a stylus (indenter made
of diamond or hard metal) is moved across a coadunlace with a constant or linearly
increasing load for a specified distance. Duringiomy the normal forceH,) and tangential
friction force ;) as well as the depth profile are recorded. Oftée, scratch tester is
equipped with an acoustic emission sensor to derectuced sound during testing resulting
from coating damage. The critical loaB X (minimum load required to produce coating
damage) is determined by variations in the normdl tangential (friction) forces applied to
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the sample, acoustic emission or optical and sogneiectron microscopy. During scratch
testing, cracks concentrate at defect sites inct@ing or in the coating-substrate interface
causing coating failure. Failure may be cohesivaditesive. Cohesive failure is caused by
tensile stresses behind the indenter, leading raugh-thickness cracking. When through-
thickness cracks reach the coating-substrate adertthey usually propagate along the
interface. If these through cracks meet other thinetlnickness cracks it results in coating
spallation. Adhesive failure occurs due to compwesstresses and leads to coating separation
from the substrate by buckling or chipping.

Hardness can be evaluated from scratch tests petbrat a constant normal load. The
hardness is then given from the relation betweenntbrmal force (P) and the width of the
scratch V) (Eq. 1-24):

P
H=k - (1-24)

However, if the constant, is unknown, hardness can be obtained by comparisoa

reference material with a known hardness vatg)(

_ Ps (WRef 2
Hs = Hyer 5= ( = ) (1-25)

whereS andRefcorrespond to sample and reference material, césphy.
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II.1. Abstract

The goal of this work was to fabricate a composigsed on GaGdy10;:95 (CGO) and
LageSh.4CoFeps0ss (LSCF) as a porous and thin oxygen electrode fddherent to
(Zr02)0.904Y 203)0.08 (YSZ) substrate by Electrostatic Spray Depositi@$D) in order to
improve durability in solid oxide fuel cells oparag at intermediate temperature (IT-SOFC)
and solid oxide electrolyser cells (SOEC). A siran#ous gradient in composition and in
porosity of CGO/LSCF coatings has been successfaltyained by choosing proper
deposition parameters and physicochemical progedfethe precursor solution. Detailed
microstructural characterization was made by SEM@mpleted with 3D focused ion beam-
scanning electron microscope (FIB-SEM) tomogragte graded composition rich in CGO
close to YSZ and rich in LSCF at the electrode amefhas been investigated by Energy
Dispersive X-ray Spectroscopy (EDS) through linefike of coral microstructure. Only cubic
CGO and cubic LSCF perovskite were detected by XR[@eposited coatings after heat
treatment at 900 °C for 2 h.

Keywords: SOFC, SOEC, Electrostatic Spray Depositio, CGO, LSCF, Graded
Composition, FIB-SEM Tomography.
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[1.2. Introduction

The increasing world’s energy consumption demandsréate an advanced technology for
diversified energy supply and reduce pollution. iHigmperature solid oxide cells (SOCs)
can be reversibly operated as electrolyser cel®ESs) for water splitting or syngas
production [1] and as fuel cells (SOFCs). SOCsumed to produce energy created directly
from electrochemical processes between oxygen arel Wwhich can be hydrogen,
hydrocarbons or ethanol, named Solid Oxide FuelsG8IOFCs). The global researches on
SOFCs focus on improving the cells properties byelong operating temperatures from
above 900 °C to below 700 °C in so called Interrmediremperature Solid Oxide Fuel Cells
(IT-SOFCs).

Intermediate temperatures help to increase ovdif@lime and reduce operation and
fabrication costs. However, electrolyte ohmic I@sard electrode polarizations of the cell are
increased. Consequently, new materials have tardéded to follow investigation at lower
temperatures. In general, materials for SOFCs a3 MnOs;« (LSM) as an oxygen
electrode, yttria-stabilized zirconia (YSZ = 8 m86lY,Os-doped ZrQ) as an electrolyte and
cermet composition of Ni/'YSZ as a hydrogen eleardd IT-SOFC, alternative materials to
LSM electronic conductors are Mixed lonic and Hieeic Conductors (MIEC) such as
Lag 6Srh.4Cop oFey 035 (LSCF). Perovskite LSCF presents high electricalduictivity of 350-
400 Scnit at 600 °C [2], [3] and high ionic and electronanductivity of 10* and 16 Scmi*

at 800 °C, respectively [4]. Unfortunately, LSCFRacts with the most popular electrolyte
material YSZ to create insulating phases,fArgO; and SrZrQ) [5]. To avoid diffusion of
lanthanum and strontium to electrolyte, it is neeeg to separate them by creation of barrier
diffusion layer. As it was reported, dense,&&dy 101,95 (CGO) is a potential barrier diffusion
layer in between LSCF electrode and YSZ electro[gie [7]. Moreover, CGO has high
oxygen ion mobility at intermediate temperature§ fBurthermore, LSCF and CGO are
mechanically and chemically compatible. CGO overesrthermal stresses between LSCF
and YSZ which average thermal expansion coeffisieatue 13.4 x IOK™?, 17.5 x 1 K*
and 10.5 x 1§ K%, respectively [9]-[11]. Additionally, applicatiasf original composition of
graded CGO-LSCF in electrode can impede diffusiomfLSCF to YSZ.

Apart from components materials, morphology hasreatginfluence on the fuel cells
properties. Porous electrode microstructure enlsangggen exchange rates. Microporosity
and tortuosity expand reactive surface area fogemyto penetrate material, and create places
for oxygen to be adhered and ionized [12]. To usidexd well properties of porous

microstructure, quantity and distribution of potgsas well as tortuosity have to be defined.
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Due to important role of the surface in electrocloainreactions it is necessary to select
proper deposition method to achieve needed micrctsire in investigated layers.

Electrostatic spray deposition (ESD) is an innoxatinethod to produce porous as well as
dense coatings. Fundamentally, droplets in a fofraeposol are created by atomization of
precursor solution and are targeted to a heatedtrsid when the high voltage is applied
between the nozzle and the substrate. Depositioas carried out in relatively low
temperatures ranging from 300 to 400 °C. Duringptts flight caused by electrical field,
solvents evaporate to create solid layer with gadidesion to the grounded substrate. A wide
variety of microstructures with good homogeneity ¢e formed depending on the process
parameters (nozzle-to-substrate distance, depogitie, substrate temperature, solution flow
rate) and the precursor solution physico-chemicabgrties (boiling point, conductivity,
surface tension, etc...) which were studied in otofatory and it was reported in others
publications [13]. The droplet sizal)(in the spray is correlated to solution densjy, (
vacuum permeabilitys6) (equal to 8.85 x I8% F.m*), flow rate Q), solution surface tension
(y) and solution electrical conductivity)(regarding to Gafnan-Calvo’s equation (Eq. (ll-1))

[14]. Equation (1I-2) presents Gafian-Calvo’s relatincluding units.

d~ (%‘33)% (11-1)
1

[kgm™3][F.m™ 1] ([m3.s])3\e
[m] ( [Nm-1][s:m-1] )

(1I-2)

The microstructure of the deposited layer is tlseilteof the interaction between droplets with
a given liquid content and the combined effectsmtading and drying rates determined by
the substrate temperature at the moment of impeoe. advantages of the method are
simplicity of the equipment, overall low cost, aogocontrol of the microstructure of the
coatings with a good adhesion and a low depositemperature compare to traditional
depositions. Moreover the quantity of precursos solvents used during deposition is small.
This work reports the fabrication of graded porand thin CGO-LSCF electrode for SOFCs
and SOECs deposited on dense YSZ electrolyte by p®Dess. The investigation of the
microstructure in terms of controlled porous moiply is presented and completed with 3D

focused ion beam-scanning electron beam (FIB-SBkipgraphy.
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I1.3. Experimental

[1.3.1. Coatings preparation
Gradient in composition of k@Sl 4CopFe 035 (LSCF) and CeylGdy 101,95 (CGO) layers
were deposited on homemade YSZ substrates. YSZratdsswere prepared in the shape of
disks, 19 mm in diameter and 1 mm thick from TZ48wvder (8 mol. % ¥O3-ZrO,, Tosoh
Corporation), isostatically pressed at 250 MP&bfarin. and sintered in air at 1450 °C for 2 h
to get dense pellets (98 % of the theoretical dgndihe as-densified pellets were rectified to
become parallel and then polished to guaranteecatsnuniform surface before deposition.
Two LSCF and CGO solutions were prepared with altshlt concentration equal to
0.02 mol.. The precursor solution of LSCF consisted of lantim nitrate hexahydrate
(La(NGOs)3:6H,0, Rectapur Prolabo, 99.5 %), strontium chlorideamgdrate (SrGl6 HO,
Strem Chemicals, 99 %), cobalt nitrate hexahydi@®NGs),-6H,O, Merck, 99 %) and iron
(1) nitrate nonahydrate (Fe(NQ-9H,O, Sigma Aldrich, 99.99 %). Salts were weighted to
achieve proper stoichiometry of ¢.5604CayFegOss solution. In the same way
Cey.oGh 101,95 Solution was based on cerium nitrate hexahydi@eNQs)3-6H,0, Rectapur
Prolabo, 99.5 %) and gadolinium nitrate (Gd@\QAIldrich, 99.99 %). Adequate amounts of
salts were dissolved in distilled water and ethg@HsOH, Sigma-Aldrich, 99.8 %) in 5:1
volume ratio to create LSCF precursor solutionthdiene glycol monobutyl ether, well
known as butyl carbitol (CHICH,)3(OC,H,),OH, Acros Organics, 99 %) and ethanol in 4:1
volume ratio for CGO precursor solution. The filmwere deposited by electrostatic spray

deposition using vertical setup (Fig. I1I-1).
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Fig. lI-1. Schema of the ESD setup for gradient LSE/CGO deposition.

Depositions were made at a 35 mm nozzle-to-substlistance. Two syringes pumps (Sage
M361) with separated pipes were set to simultadgopsovide two separate precursor
solutions. In order to create graded compositibe, ftow rate of LSCF varied from 0 to
1 mL.h* (QLsch), while the flow rate of CGO varied from 1 to 0 thtt (Qcgo). Flow rates
were changed with 0.1 mL’hstep in every 15 min. The last part of the depmsit was
carried out using only LSCF solution with flow raqual to 1 mL.H for 30 min. A total flow
rate was kept constant to 1 mt.HThe values of solutions flow rates during depositime
are described in Table II-1. The substrate temperatvas kept stable at 400 °C, obtained
after temperature calibration by K-type thermoceuflhis value referred to as the surface of
the substrate facing the spray. A positive hightage from 7 to 11 kV was applied between
the nozzle and the grounded substrate to atome@ricursor solutions and to get a stable

cone-jet. The complete deposition time was 3 h.

Table 1I-1. Variation of precursor solutions flow rates during the deposition.

Qcco/ ML.AT 1 09 08 07 06 05 04 03 0.2 0.1 0
Quscr / ML.NT 0 01 02 03 04 05 06 07 08 09 1
CGO / mol % 100 90 80 70 60 50 40 30 20 10 0

Progressive time/h 0.25 05 0.75 1 1.25 1.5 1.75 2 2.25 25 3
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11.3.2. Coatings characterization
Microstructure morphology observations were inggged on samples post-annealed at
900 °C for 2 h in air using scanning electron mscapy with field emission guns, FEG-SEM,
(ZEISS Ultra 55) operating at the voltage equaBt&V and working distance 7 mm. A
platinum layer was deposited on each sample taastmarging of observed area.
Quantitative analysis was carried out using linefilg method on Energy Dispersive X-ray
Spectroscopy (EDS) combined to FEG-SEM microscdpgmple was put inside plastic
holder, filled up by the mixture of EpoFix ResindaBpoFix Hardener (Struers) and kept one
day for bonding. After that, outer parts of the pé&mwere cut and the sample was polished
and prepared for observation.
X-ray powder diffraction was performed on samplestgannealed at 900 °C for 2 h in air
using a Panalytical X’Pert Pro MPD diffractometettihe Bragg—Brentano geometry from 20°
to 120° in26 (0.017° in26 step with Cu K radiationl = 1.5418 A). Phases were identified
using EVA software.
FIB-SEM tomography was done using a dual columrugomn beam (FIB) (Ga) — field
emission gun scanning electron microscopy FEG-SEMYSMON 40 from Carl ZEISS. A
sequence of slices were obtained after using a/30. kK00 nA ion beam energy. Images were
collected using secondary electrons detector (8H)backscattered electrons detector (BSE)
with the accelerating electron voltage of 1.5 kVget two types of pictures on each slice.
Two samples were prepared: sample with 40 nm.pixel x-y-z resolution and sample
mounted in the resin with 20 nm.piXeh x-y-z resolution.

11.3.3. Electrochemical characterization
The electrochemical performances of coral micrastme of CGO/LSCF composite electrode
were investigated by Electrochemical Impedance t8psmpy. Measurements were done in
three-electrode configuration, where CGO/LSCF cuptiith area of around 2.0 éreerved
as the working electrode (WE). On the opposite sidihe YSZ substrate, there was painted
symmetrically to WE platinum paste to serve asdbenter electrode (CE). The reference
electrode (RE) was painted platinum paste arouedstibstrate. Platinum grids with 3600
mesh were used as current collectors for WE andAllEelectrodes were connected to the
external electric circuit by using platinum wireglwa diameter of 0.2 mm. Investigation was
performed between 550 and 700 °C in air at opesuitivoltage (OCV) using Solartron (Sl
1280B) potentiostat/galvanostat frequency respaanrsalyzer with a frequency range of
0.01 Hz to 20 kHz.
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Il.4. Results and discussion

11.4.1. Coatings characterization
A systematic study of the influence of depositi@rgmeters on the microstructure of pure
Lag.6Sh.4Coy oFe 80355 films deposited by ESD on CGO substrates was pusly reported in
our group by Marinha et al. [13]. The morphologytleé coatings was controlled by varying
the nozzle-to-substrate distance, the precursatisolflow rate and the substrate temperature
leading to different droplet sizes which impact theated substrate. Consequently, the
spreading and drying of the droplets on the sutestiee fully dependent on the droplets size
leading to different microstructures. The correlatibetween the studied parameters and
droplet size is significantly dependent on the etdht stages of the deposition: flow rate
determines the initial droplet size, the nozzlestibstrate distance and temperature determine
the dynamic change of the droplet size during tightt As far as distance and temperature
parameters are increased, drier droplets will beéal due to a larger evaporation rate of the
droplets to lead to porous films. Basically, draplan which solvents start to evaporate are
electrostatically attracted by the closest cunedwon the substrate. This mechanism is called
a preferential landing [15]. By changing the solveamposition, the layer morphology may
also be modified. Indeed, the droplet size is nyaopendent on the solution electrical
conductivity ¢) using low surface tension)(in order to get a stable cone-jet mode regarding
to Ganan-Calvo’s equation (Eg. 1l-1) [14]. ESD deipon parameters such as distance
nozzle-to substrate of 35 mm, a total solution flate of 1 mL.H and substrate temperature
of 400 °C were chosen to create coral microstrectith high reproducibility to prepare
CGO/LSCF composite with comparison to the previdat for the obtaining of pure LSCF
[13]. When using 83 vol.% #D and 17 vol.% EtOH as the solvent,is equal to about

50 uS.cm* and is high enough to favor the formation of srdadiplets.
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Fig. II-2. FEG-SEM pictures of gradient CGO/LSCF films deposited on YSZ pellets for 3h at 400°C with
a constant total flow rate of imL.h™* and nozzle-to-substrate distance of 35 mm using ESBchnique,

surface magnifications — 500x (a), 20kx (c) and css section magnifications — 1kx (b), 20kx (d).

It is worth to mention that a selected longer démostime of 3h has also resulted in an
increased roughness with comparison to laboratoeyipus work [13]. The creation of a
porous graded CGO/LSCF coating with high surfaceaarreferred to as a coral
microstructure has been obtained (Fig. 1I-2). FEEMSmicrographs show the presence of
corals in deposited layers ~20-30 um in thicknésg. (1I-2b) with two micrometric and
nanometric porosities. Typically, the microscopargs create very high surface area visible
on Fig. ll-2a. Due to precursor solution simultamgyg boiling and drying, deposited
particules are very small and stick to itself anelate second scale porosity — nanoporosity,
which can be observed on high magnification pid({Feg. I1-2c and 2d).

Additionally, SEM images have shown good adhesib@@O/LSCF film on YSZ whereas
the deposition temperature is quite low (Fig. 1):2BIB-SEM images were scanned on the
cross section of CGO/LSCF films deposited on YS#naunted with 40 nm pixel size and
mounted in epoxy resin with 20 nm pixels size (Rig8). A good adhesion between the
coating and the substrate is presented in the aimplolume of the sample (Fig. 11-3a).
Morover, images of sample mounted in epoxy reswehg&hown micrometric and very thin

nanometric porosity not only on the surface, bsbahside the corals (Fig. 1I-3b). A large
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part of the inner pores are connected to the sndiog and leads to an increasing surface

area with large percolation paths.

YSZ substrate with 40 nm pixel* size (a) and CGO/LSCF layer, sample mounted in epyp resin with 20

nm pixel™ size (b).

The CGO/LSCF gradient in composition was controligda progressive modification of the
flow rates of precursor solutions during the depositime [16] keeping constant the total
flow rate of 1 mL.H in order to get a similar average droplet sizeehSeonfigurations have
provided continuous change of the composition ie tayer, termed a graded CGO/LSCF
composition. Fig. lI-4 shows quantitative elemerataalysis made through oxygen electrode
layer cross section by EDS-SEM, starting from tI®CE surface and reaching YSZ pellet.
Quantity of LSCF elements is decreased and quaotitgGO elements is increased while
EDS analysis is reaching the substrate.

Moreover, providing with pure CGO precursor solntiat the beginning of deposition,
guaranties dense and very thin (100 nm) CGO filnckvis very important for two reasons. It
plays a main role as a barrier diffusion layer agaiLSCF elements diffusion to YSZ
avoiding chemical reactivity. Moreover, higher eteal performances can be achieved for
porous LSCF electrodes when the electrolyte was dmated by a LSCF thin (< 60 nm) and
dense interlayer as reported by M. Prestat etldl. LSCF interlayer was characterized by
great diffusivity which was explained by many graboundries in the dense layer

nanostructure [17].
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Fig. lI-4. EDS-SEM quantitative analysis of gradedCGO/LSCF films deposited on YSZ pellet for 3 h at
400 °C with a constant total flow rate of 1 mL.H and nozzle-to-substrate distance of 35 mm using BS

technique.

Profile line passing through the layer and esplctarough the corals is not a straight line.
Decreasing of CGO and increasing of LSCF elementdetgcies in the EDS result was
mainly because of fact that corals do not grow entigcal order but grow according to the
preferential landing. Different morphologies aretamed if complete solvent evaporation
occurs during flight, in which case the solute jgé$ precipitate into solid particles. Because
the surface of these particles is charged, theekearostatically attracted towards points in
the substrate with higher curvatures. This effedermed preferential landing and leads to the
formation of branched structures resembling corfilés same coral growth mechanism has
been published in zirconia coating focusing onitiigal stages by ESD [18], [19]. Moreover,
corals are hollow inside and EDS profile is notrgpihrough continuous materials leading to
values with large incertitude.

As-deposited coatings were found amorphous. Aftgesng at 900 °C for 2 h in air [20],
two CGO and YSZ crystalline phases have been astdny XRD (Fig. 11-5). Additionally,
neither secondary phases nor impurities were rohtittewas reported [10], [21]-[23] that
perovskite LaxSrCoiyFe, (where x, y change from 0 to 1), structure carhegitbe
orthorhombic, cubic or rhombohedral. Even smalfedénces in LSCF composition like

Lag 75500.28C 0 Fey 8035 Or Lay 46Slh 54000 oF&y 035 lead to changes of crystallization phase
from orthorhombic to rhombohedral respectively [24]
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Fig. II-5. XRD pattern of a gradient CGO/LSCF layer deposited on YSZ by ESD; (¢) YSZ, (*) CGO and
(#) LSCF.

I1.4.2. Electrochemical characterization
Fig. 1I-6 shows electrode polarization resistanakigs in a range of 550 — 700 °C presented
in Arrhenius plot. The activation energy, derivedni Arrhenius equation, was found to be
1.31 eV what is in good agreement with fitiblished for CGO/LSCF composite [25]-{32]
and pure LSCF electrode [26], [27], [29], [33], [34
Area specific resistance (ASR) value was equabte@nt at 600 °C (Fig. I1-6). However, it
is extremely difficult to make comparison of ASR dbready reported values even if the
stoichiometry of CGO and LSCF is the similar. Ohewdd be kept in mind, that preparation
method, sintering temperature and duration havaente on the microstructure and thus on
electrochemical performances. A concrete compaigsonbe made to the work of Marinha et
al. [34] where oxygen electrode presents similaralconicrostructure, but still ASR is
0.82Q.cn? at 600 °C what is 80 times lower than the valiesented in this work. Such great
difference is hard to explain even keeping in mihdt they did deposition of pure LSCF
coating on CGO substrate with the electrode aréa%Stnt in comparison here to deposition
of graded CGO/LSCF electrode on YSZ with the etelgrarea of 2.3 cmCGO ionic and
LSCF electronic phases may not fully percolateuchsfine nano-structuring. As an example,

if some LSCF particles are completely embedded BOarticles, a loss of percolation
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should be expected. In such a case, some regiawsnieeelectrochemically inactive within
the electrode leading to an increase of the p@taz resistance. One may also anticipate a
loss of contact in between CGO and LSCF due tgpthsence of traces of additional phases
not detectable experimentally. Specifically foraamnicrostructure the top part of the coating
is rough. This roughness limits contact with cutrenpplier therefore decreases current
collecting. Electrochemical data did not show adgitonal resistance due the formation of
an insulating phase such as,Zg0; and SrZrQ, what simply indicates that CGO barrier

diffusion layer efficiently separate LSCF from YSZ.
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Fig. 11-6. Electrode polarization resistances verssithe reciprocal temperature.

I1.5. Conclusions

This work demonstrates for the first time, that dgéh CGO/LSCF porous films were
successfully deposited on YSZ substrate by eldetiiosspray deposition to be used as
oxygen electrode in intermediate temperature salidde fuel cells and solid oxide
electrolyser cells. ESD is an interesting methog@rtmduce innovative porous electrode films
with good reproducibility. A simultaneous gradiémtcomposition was obtained by applying
two precursor solutions (CGO and LSCF) with différBow rates in one unique coating. The

combination of precursor solutions physico-chemmalameters with deposition conditions
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has led to the obtaining of two scale porositiemaiporous and micro-porous in so-called
coral microstructure. The successful producingasbkmicrostructure with high surface area
due to micro- and nanoporosity gives a positiveeetgqtion for optimizing electrochemical
reactions and transport efficiency for the oxygéectteode purpose. No reactivity between
LSCF and YSZ was detected by XRD after annealin@Qfi °C for 2 h in air with the
presence of CGO and LSCF phases in the electrgge. IaD reconstruction based on FIB-
SEM tomography and porosity computing is in progrés better understand the coral
microstructure.

First electrochemical impedance spectroscopy reswdte presented in order to show the role
of the chemical gradation in the electrical perfantes of this original porous CGO/LSCF
electrode. ASR values are relatively high compatongthers works. Further electrochemical
analysis is now in progress to improve electrodanmation resistance by printing additional

LSCF current functional layer to unanimously dediteinfluence of graded composition.
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l1l.1. Abstract

Graded and homogeneous CGO-LSCF composite elestaemsited by Electrostatic Spray
Deposition on YSZ substrate were studied with anthout screen-printed LSCF current

collector. Impedance spectroscopy measurements per®rmed in air at open circuit

potential at temperature range of 450 to 700 °Ccamohg isothermal treatments at 600 °C for
200 h and at 800 °C for 12 h to estimate the relesaof such oxygen electrode for
intermediate temperature solid oxide fuel cellsPDFCs). A thin and dense CGO layer was
firstly deposited to avoid any chemical reactionwsen LSCF and YSZ. No significant

increase of the polarization resistance was eveltraduring isothermal test at 600 °C for
200 h, proving a good stability of the electrodsirlg a LSCF current collector layer (CCL)

the polarization resistance decreased by 1.5 aflenagnitude compared to samples with
single cathode functional layer (CFL). The eledwemical results did not unanimously

indicate which composition presents lower polarcraeffects.

Keywords: IT-SOFC, CGO-LSCF, Composite electrode, Electrostat spray deposition,

Impedance spectroscopy.

[11.2. Introduction

The global research is focused on finding cheap @adn energy. Solid oxide fuel cell
(SOFC) is a promising technology for productionpafre electric energy with zero GO
emissions. However, working at temperature of 1@@ields high costs for the application
and decreases the life span. The great opportwgtyes with so called intermediate

temperature SOFC (IT-SOFC) operating below 700 T@e most common electrode
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materials are LSM-YSZ composite and Ni-YSZ cermad are not suitable at intermediate
temperatures range due to increased overpoterdiads high electrolyte ohmic losses.
Lag 6Srh.4CopoFeyg035 (LSCF) can successfully replace LSM as a cathodeemal in IT-
SOFCs. Moreover, undesirable reaction between L&@FYSZ [1]-[4] can be eliminated by
insertion of a dense gg5d 10,5 (CGO) barrier diffusion layer [5]-[7]. CGO is chemally
compatible and mechanically with LSCF and YSZ beeaof close thermal expansion
coefficients [8]-[10] at the intermediate temperatuThe electrode based on CGO-LSCF
composite, presents mixed ionic-electronic conditgtitogether with catalytic properties
from LSCF and enlarged ionic conductivity by CGO.

The other issue influencing the SOFC performancesthe electrode microstructure.
Electrostatic spray deposition (ESD) is a cheap @mdatile technique to create dense or
porous coatings with a good adhesion to the substta general, precursor solution is
atomized to a spray when the high voltage is sevden the nozzle with precursor solution
and the heated substrate. Droplets inside the spmayduring the flight and create solid
coating on the grounded substrate. Depositionmérolbed by process parameters (nozzle-to-
substrate distance, deposition time, substrate @emtyre, solution flow rate) and the
precursor solution physico-chemical properties l{bgipoint, conductivity, surface tension,
etc...). Deposition is performed at relatively lownigerature (300 — 400 °C) combined with
post-annealing at temperatures lower than 1000 °C.

This work describes preparation and electrochencicatacterization of composite electrodes
built of Ce ¢Gdy 1025 (CGO) and LgeSr 4L Fe 8035 (LSCF) with a coral microstructure
(high porosity for gas access) deposited on 8 m@;-ZrO, (YSZ) pellet by ESD. A thin
and dense CGO layer was firstly deposited on YSoroter to separate LSCF and YSZ.
Homogeneous and graded compositions of CGO-LSCFtumeixthroughout composite
electrodes were studied in order to see the intefe€GO insertion on the performances.
Moreover, the relevance of screen printed LSCFeturcollector onto coral microstructure

was also investigated.

[11.3. Experimental

[11.3.1. Oxygen electrode preparation

Two types of electrode were investigated: 1) shigyered: CGO-LSCF composite as a
cathode functional layer (CFL) without any currentlector layer, 2) double-layered: CGO-
LSCF composite as a CFL and a screen-printed LS@E€m@ collector layer (CCL).
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[11.3.1.1. Cathode functional layer

Coral CGO-LSCF composites were deposited on homenY&lZ disk shaped substrates,
19 mm in diameter and 1 mm thick. Dense electrghgéets were polished to provide smooth
and uniform surface before the deposition. LSCF @& solution were prepared with a
total salt concentration of 0.02 mofL The precursor solution of LSCF consisted of
lanthanum nitrate hexahydrate (La(By$6H,O, Rectapur Prolabo, 99.5 %), strontium
chloride hexahydrate (Sr&¥H,O, Strem Chemicals, 99 %), cobalt nitrate hexaltgdra
(Co(NGy),6H,0, Merck, 99 %) and iron (lll) nitrate nonahydrgtee(NQs)s-9H,0, Sigma
Aldrich, 99.99 %), weighted to achieve proper dtmmetry of LaeSrh.4CopFeng0ss
solution. The precursor solution of £6d, 10195 was based on cerium nitrate hexahydrate
(Ce(NG)3'6H.0O, Rectapur Prolabo, 99.5 %) and gadolinium nitr@del(NGs),, Aldrich,
99.99 %). Salts were dissolved in distilled wated aethanol (gHsOH, Sigma-Aldrich,
99.8 %) in a 5:1 volume ratio to create LSCF preoursolution, and in diethylene glycol
monobutyl ether (butyl carbitol (GHCH,)3(OC,H2).OH, Acros Organics, 99 %) and ethanol
in a 4:1 volume ratio to create CGO precursor smhut

Depositions by ESD were carried out in air at axBb nozzle-to-substrate distance (Table IlI-
1) by using two syringes pumps (Sage M361) withasaed pipes to simultaneously provide
two precursor solutions. Thus, graded and homogen&@GO-LSCF composite electrodes
were prepared. The deposition procedure considtdoosuccessive steps: 1) deposition of a
thin CGO buffer layer, 2) deposition of CGO and IES@ graded composition was deposited
by varying the flow rate of LSCF precursor solutiam 0 to 1 mL.H (Qsce), while the
flow rate of CGO was varied from 1 to 0 mI:H{Qcso). Flow rates were changed with
0.1 mL.K* step in every 15 min (Table 111-2).

Table I11-1. ESD deposition parameters.

T(C) d(mm)  Quow (MLh™) t(h) Vv (kV)
400 35 1 3 7-11

A homogeneous composition was deposited by keeflowy rates of CGO and LSCF
precursor solutions equal to 0.5 mt,te.g. a total flow rate equal to 1 mL.KTable I1-2).
The substrate temperature was kept stable at 40@dlbrated before the deposition by K-
type thermocouple. A positive high voltage applieding the deposition ranged from 7 to 11
kV. Layer was deposited in a disk shape with a dt@mof ~ 17 mm. After the deposition, all
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CGO-LSCF electrodes were annealed at 900 °C forwdth a heating/cooling rate of
3 °C.mir* in air.

Table 111-2. Variation of the solutions flow rates during deposition to create graded composition [11]

Qcco/ mL.h! 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Quscr / mL.h™? 0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
CGO/ mol % 100 90 80 70 60 50 40 30 20 10 0

Progressivetime/h 0.25 0.5 0.75 1 1.25 15 1.75 2 2.25 25 3

[11.3.1.2. Current collector layer

Current collector layers were screen printed eigttdtcole Nationale Supérieure des Mines de
Saint-Etienne (ENSMSE) in France and or at Karlerustitute of Technology (KIT) in
Germany, respectively. Thus, the samples will beremced hereafter by ENSMSE or KIT.
Samples referred to as LEPMI presented CGO-LSCAHI aarcrostructure without current

collector layer.

The CCLs from ENSMSE were circular with a diamedér 17 mm accurately matched to
the coral structure. For these samples, the sgeeting was carried out only on one face of
the YSZ pellet. Four successive printings, eaclkeddfior 15 min at 115 °C in air, were
performed to achieve a total current collector kh&ss of 45um. Then, the CCLs were
heated up at high temperature in air to sinteddlger and remove binders from the layer. To
completely debind organic components, a heating wats 0.5 °C.mih up to 600 °C, after
this stage a heating up to 900 °C was performel avitate of 3.0 °C.mihand followed by a
final cooling to the room temperature at 3.0 °C.fiffhe CCLs from KIT were screen
printed in both faces of the electrolyte substrain 10 x 10 mrf area. The printed layer
thickness was 4nm. After printing, samples were dried at 60 °C 1@ h and then kept at

300 °C for an hour in order to burn out the binder.
[11.3.2. Microstructural characterization

Microstructure morphology was observed using saaprelectron microscopy with field
emission guns, FEG-SEM, (ZEISS Ultra 55). A platmlayer was deposited on each sample
to avoid charging of observed area. Surface andgscsections of single and doubled layer
electrodes were observed before and after ele@micial measurements.
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[11.3.3. Electrochemical characterization

Impedance Spectroscopy was used to characterize-I(3&P composite electrodes in air.

The sample configurations are showed on Fig. IlI-1.

al b

|IIIIWHHWIHIII )

Pr-mezh

EE

" I Electrolyte
wgmeer Pt-CE
m CCL

c)

I |.|||II

Fig. llI-1. Sample configurations: a) symmetrical br KIT samples, b) ENSMSE sample and c) for LEPMI

samples.

The upper part of the electrode was connected avglatinum mesh (Heraeus, mesh 3600) of
accurate size as a function of the sample (10 m6 or 17 mm in diameter) (Fig. lI-1).
Considering the symmetrical cells from KIT, impedarmeasurements were performed in a
two-electrode configuration. The electrical chagazation of samples from ENSMSE was
carried out in a three-electrode configurationngSCGO-LSCF composites as the working
electrode (WE). Platinum paste (Metalor) was parggmmetrically opposite to the WE to
serve as the counter electrode (CE). The referelemtrode was painted as a ring around the
YSZ pellet. Platinum paste was annealed at 800fQ h in air. Similar measurements were
performed on single-layered CGO-LSCF compositeteddes (referenced as LEPMI) to
study the effect of the LSCF current collector be tecorded responses (Fig. IlI-1). Same
surface areas from WE and CE were chosen to imptbeereliability of impedance
measurements. The electrochemical response of C&CTFLcomposite electrodes was
investigated in air between 450 and 800 °C at apeit potential (OCP) using a Solartron
potentiostat/galvanostat frequency response ana($t€1280B) within a frequency range of
0.01 Hz to 20 kHz and between 250 and 650 °C at Q€df) a Hewlett Packard Impedance
Analyser (4192A) with a frequency range of 5 Hz1® MHz. The magnitude of the AC
signal was chosen lower than 50 mV to ensure tieatity of the recorded responses. The
isothermal stability tests were carried out at 6G0for 200 h and at 800 °C for 12 h in air,

respectively.
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I11.4. Results and discussion
I11.4.1. Microstructure

The ESD parameters were chosen in order to crégiiéyporous microstructure called coral
microstructure previously studied for single layet&SCF electrode [11], [12]. The deposition
parameters were used to enlarge the solvent euapomocesses during the droplet flight by
increasing nozzle-to-substrate distance and thetisaie temperature while lowering the
precursor solution flow rate in order to yield slealdroplets drying faster. Droplets are
electrostatically attracted by the closest cuneduon the substrate surface or on already
deposited particles. This process is called pretexelanding [13]. Finally, accumulation of
the material on the YSZ pellet generates porougttre presented in Fig. 1ll-2. Thickness
varies from 15 to 2um. High magnification pictures (Fig. llI-2b and shiowed nanoscale
porosity on the corals surface. Detailed informatod the coral microstructure with graded

CGO-LSCF composition can be found elsewhere [11].

Fig. IlI-2. Pictures of CGO-LSCF coral microstructure sample before electrochemical characterization,

a), b) surface views and c), d) cross section viefld ].

A good contact between CFL and CCL was observeagusEG-SEM. The CCL surface is
much flatter than coral. Fig. 1lI-3 shows the iféee between a coral CGO-LSCF layer and a
current collector layer screen printed in ENSMSH &dT. It can be observed that CCL
penetrates through the coral microstructure. Howetere is still some gap providing active
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zones for oxygen transport. Depending on the gpetthickness of the functional layer is
ranging from 5 to 1@um. The top part of corals is fully penetrated aodsequently, it is hard
to recognize elements of corals.

Fig. 111-3. Cross section pictures showing coral C@®-LSCF layer with LSCF current collector layer
screen printed in a), b) ENSMSE, c), d) KIT.

111.4.2. Electrochemical Characterization
111.4.2.1. Series resistance

Regardless of the sample configuration (Fig. Ill-dne can deduce the electric response of
YSZ grains and internal interfaces from impedaneasarements performed below 450 °C in
a two-electrode configuration between WE and CEthi chosen experimental conditions,
the impedance diagram is always composed of twtriboitions referenced as HF and LF for
high and low frequencies, respectively. As showikiop IlI-4, the apex frequencies of both
contributions belong to two well separated famili€se capacitance of the HF contribution
ranges between 2 x band 1 x 13° F.cm? and the capacitance of the LF response varies
between 8 x 1®and 2 x 10 F.cm?. At this stage, the HF contribution can be relatethe
ionic transport within YSZ grains. The LF contrilmut represents the blocking effect of
charge carriers at grain boundaries in polycryis&alYSZ and at internal interfaces.
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Fig. IlI-4. Arrhenius plots of the apex frequenciesfor HF and LF contributions.

Between 250 and 450 °C, the activation energy @& tbtal conductivity (which is
proportional to the opposite of the series reststdR), calculated from linear dependencies in
Arrhenius plots (Fig. 1ll-5) varies from 0.78 td1.eV, in agreement with literature data [14]-
[16]. The recorded variations on total conductivétye not mainly due to microstructure
differences in sintered pellets since these pellsse elaborated from the same batch of
powder. These variations are likely to originatenir heterogeneous distributions of current
lines [17] and cannot be related to poor contaeta/&en the platinum grid and LSCF current
collector [18]. Indeed, if one refers to the flata®f the CCL (Fig. IlI-3) and the roughness of
the CFL (Fig. llI-2), one could anticipate a higbntact area between the platinum grid and
current collector, and thus a more homogeneoushiition of current lines throughout the
CFL. The higher conductivity values recorded foadgd electrodes (samples ENSMSE and
KIT2) support this assumption. Nevertheless, sorakies deduced from measurements
performed with a screen printed LSCF layer (samiglédd and KIT4, for instance) are nearly
similar to those recorded without any CCL (samplE®MI). At this stage, the differences
are likely to be due to constriction of currentelnat the electrode/electrolyte interface or at
internal interfaces between CGO and LSCF [19].
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Fig. IlI-5. Arrhenius plots of the total conductivity.

I11.4.2.2. Polarization resistance

Fig. 1lI-6 shows Arrhenius plots of the polarizatioesistance [ for all electrodes. By
assuming a linear dependence gf Rersus the reciprocal temperature, one can cadctia
corresponding activation energy. Between 450 and °0, the activation energy varies
between 1.1 and 1.4 eV. These values are in tigerahthose reported for pure LSCF [20]-
[24] and CGO-LSCF composites [25]-[29]. The firglcpliar feature is that adding a LSCF
screen printed CCL significantly improves the alechemical performances of coral
functional layer. For instance, the polarizatiosise&ance of graded and homogeneous CGO-
LSCF composite electrodes decreases by a fact2® ahd 60 at 600 °C, respectively, which
agrees with the results of a previous study [3@]s Tesult indicates that the electrochemical
active area of the CFL is enlarged by using an@ppate current collector, yielding a more
homogeneous distribution of current lines in theCESbased electrode. Another peculiar
feature is that grading of the composition in thELQloes not significantly improve the
polarization resistance for a given current cotdecEor all KIT samples, 3 varies between
1.3 and 2.32.cnf at 600 °C (Fig. l1-6). For a graded CGO-LSCF dlede, Ry is slightly
lower when using a CCL printed in KIT. This coule belated to the more porous
morphology of the layer yielding a better accesslie gas phase to the active sites (Fig. IlI-
3).
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It is worth noting that such resistance values @ose to some previously reported in the
literature [20],[25],[26] but do not correspondttee lowest ones for CGO-LSCF composite
electrodes [21],[27],[29]. But one must keep in chihat comparison with literature data is
rather complicated because of different electroderastructures and particle sizes.
Nevertheless, the lowest as-measurggl iR twice higher than that recorded for a pure LSCF
coral electrode, deposited by ESD on a CGO peli#hg a CCL printed in KIT (0.8.cn¥ at
600 °C) [30]. At this stage, the origin of the resd difference remains still unclear. This

could be due to low contacts between CGO and LSg€fcfes in the electrode volume.
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Fig. IlI-6. Arrhenius plots of the polarization resistance.

[11.4.2.3. Isothermal agings

In order to check the stability of investigated céledes, both series and polarization
resistance were recorded during isothermal te®89@&tC for 200 h in air. The corresponding
results are shown in Fig. llI-7. No significant wdion of the series resistance Ras

recorded within the experimental accuracy.viaries only between 1 and 6 % after 200 h.
This suggests that internal interfaces are notealtén the chosen experimental conditions.
This also indicates the effectiveness of the CGrlayer deposited on YSZ before
depositing CGO-LSCF composites. The polarizatiagistance of a graded electrode from
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ENSMSE increases by 27 % for 200 h (Fig. Ill-7n&& R, remains nearly unchanged for
the sample without any CCL, the recorded increaset likely to be due to any degradation
of the CFL microstructure. For samples from KlTe thighest increase is only of 5 % for a
graded electrode while the polarization resistaavan decreases for homogeneous electrodes
(up to 39 % after 200 h). A similar monotonic desre of B, was reported by Marinha et al.
[30] for a pure coral LSCF electrode at 600 °C wgriL40 h in air. The decrease of the
polarization resistance can be explained by aalasintering between CFL and CCL during

isothermal ageing.
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Fig. IlI-7. a) Series resistance and b) polarizatio resistance versus ageing time at 600 °C in air.

98



Chapter Ill. — Electrochemical properties of graded homogeneous CGO-LSCF composite
electrodes for IT-SOFC

To go further in the characterization of the sigbibf composite electrodes, a subsequent
annealing at 800 °C for 12 h in air was performiédrasothermal ageing at 600 °C. This was
carried out only for two electrodes (Fig. IlI-8h &dgreement with the responses at 600 °C, the
series resistance is not altered at a higher teatyrer, further suggesting a good thermal
stability on internal interfaces. For both elecesdthe polarization resistance increases at
high temperature, but the variation is lower th@rf2 It is worth mentioning that the lowest
increase is recorded for the homogeneous electvdueh rather well agrees with the
behaviours evidenced at 600 °C (Fig. llI-7).
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Fig. IlI-8. a) Series resistance and b) polarizatio resistance versus ageing time at 800 °C in air.
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[11.5. Conclusions

Homogeneous and graded compositions of CGO-LSClgexlectrode were successfully
deposited on YSZ substrate by ESD. The isotheresas tcarried out at 600 °C for 200 h and
800 °C for 12 h did not show any high increasenhefpolarization resistance. The dense CGO
buffer layer can effectively impede ion migratioetween LSCF and YSZ and can stop
creation of inhibitors for oxygen transfer. The Es¥ R values were achieved for the
samples with LSCF current collector layer, where thinimum ASR value at 600 °C of
1.3Q.cn?, which is 1.5 order of magnitude lower than tha bne without CCL. Flat and
homogeneous surface of the screen-printed layeromes current collecting. However, the
polarization resistance of CGO-LSCF composites mesnhigher than that of a pure LSCF
electrode. It means that presence of CGO in theodat volume does not improve electrode
performances. Moreover, the electrochemical datasad allow distinguishing the influence
of the composition on the electrochemical procesRgsvalues for graded and homogeneous
composition lie too close to each other to unanishoudliscriminate which composition is

more appreciated.
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IV.1. Abstract

Notwithstanding the importance of material comporit microstructure also plays a
significant role in performances of solid oxidelseK-ray nanotomography with a voxel size
of 25 nm was used to image the microstructure 6G&®-LSCF composite oxygen electrode
obtained by electrostatic spray deposition (ESDe Stack of data after image processing
was used to create a 3D model. Two volumes werectgel from the 3D model and
microstructural parameters such as porosity, seréaea, percolation path and tortuosity were
computed in order to quantify the microstructuréeTinfluence of the applied threshold
values on the parameters was investigated. Congpadkthese parameters with previously
reported data has shown significant differenceg. @drosity of CGO-LSCF oxygen electrode
varied from 67 to 87 vol.%. Such a high porosityelemakes this ESD microstructure unique.
The microstructural parameters were used to deterrtiie electrode polarization by ALS

model. Model polarization resistance was in an@gent with experimental data.

Keywords: Solid oxide cells, CGO-LSCF, nanotomogrdpy, oxygen electrode, coral

microstructure, electrostatic spray deposition, 3Dreconstruction.
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IV.2. Introduction

Solid oxide cells (SOCs) are a potential cleannetdgy for energy production as solid oxide
fuel cells (SOFCs) and for water splitting or sysigaoduction as solid oxide electrolyser
cells (SOECs). Moreover, SOCs can reversibly openatboth fuel cells and electrolysis
modes providing electrical energy or gaseous hyatrolylixed ionic and electronic conductor
(MIEC) material such as baSr CoFey 035 (LSCF) [1]-[3] has generated much interest
as an alternative to the widely used;JarMnOs (LSM), an oxygen electrode in SOC.
LSCF exhibits much higher ionic and electronic amtivities than LSM due to relatively
sparse surface oxygen vacancies and is a prefexsagen electrode material for intermediate
temperature SOFC applications [4]-[6]. The insertad a thin and dense €&5d 10195
(CGO) barrier diffusion layer [7], [8] in betweehet YSZ electrolyte and LSCF electrode
avoids the creation of insulating phases [9]. Papeave shown that electrochemical
properties of the LSCF electrode can be improvethtpducing CGO in the electrode bulk
to increases the ionic conductivity [10]-[13].

The development of the oxygen electrode for satid® cells should not only focused on new
materials but should also rely on the improvemdrthe electrode microstructure [14]. The
electrochemical performances, the reactions andptibeesses occurring during the cell
operation are strongly related to the microstrie{ds]. Parameters such as porosity, surface
area, percolation path and tortuosity are the mgstal parameters to consider in order to
accurately describe the morphology of the electro@® and 3D microstructural
reconstructions are well suited for their determora The optical microscopy is
advantageously replaced by advanced techniques bas¥-rays and electrons emission. X-
ray tomography and scanning electron microscopyM)Séombined with focused ion beam
(FIB) tomography differ from each other. The maiffedences are (i) the destruction of the
sample during the FIB analysis. The ion beam in-SBM mills the material then slices it to
get deeper sections. Thus the sample is repeatiedityoyed. X-ray tomography is a non-
destructive technique in which X-rays get throuig tested material and the reconstruction is
made on detected projections. (ii) the typical woduthat can be reconstructed with FIB/SEM
is much smaller (10 x 10 x 10 jfmwith as low as 10 nm voxel resolution [16] thée t
volume with X-ray nanotomography where a volume56fx 50 x 100 prhwith a 50 nm
voxel resolution can be expected. Both techniquesamplementary for a complete analysis
of the electrode morphology. However since the sizthe large pores that dictate gas flow
properties are typically larger than 10 um in thectode material, X-ray nanotomography

seems to be more appropriated. For example, nanogi@phy has been used recently to
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reconstruct a commercial cermet anode (Ni-8YSZ) endompute porosity and tortuosity
parameters [17].

The microstructural characteristics have been detexd recently by X-ray nanotomography
on LSCF [18], [19], LSCF-SDC [20], LSM-YSZ [21], G&LSM [22] oxygen electrodes and
Ni-8YSZ hydrogen electrode [17], [23].

In this work X-ray nanotomography was used to g&Damodel of a graded CGO-LSCF
oxygen electrode deposited by electrostatic spegosition for application in solid oxide
cells. The image analysis was performed on thekstalumes in order to prepare it for the
computing. The microstructural parameters suchaesity, surface area, percolation path
and tortuosity were extracted and calculated uBimigpDict module of GeoDict software [24].
The software determines open and closed pores wparcentages which sum gives the total
porosity volume percentage. Open pores are descriage extensive networks of
interconnected pores while isolated pores as clgegds. Surface area is estimated by a
statistical approach and not by simply adding up Woxel surface. Percolation path is
determined as the shortest possible path that mamiciameter of a spherical particle can
travel through the matter. Tortuosity is definedles ratio of pore effective path length from
one to another sample side to the sample length T2t influence of threshold values on
these parameters was investigated. Adler-Lane&té&LS) model [26] was used to
determine the electrode polarization,{Rbased on the microstructural parameters achieved
from nanotomography. Modeled,jRwas compared to experimental electrode resistooe

Electrochemical impedance spectroscopy (EIS).

IV.3. Experimental

IV.3.1. Deposition of CGO-LSCF coral microstructure
The composite with a gradient in composition of (§8h 1095 (CGO) and
Lap 6Sr.4Cap oFey 035 (LSCF) oxygen electrode was deposited on a YSK shape substrate
by Electrostatic Spray Deposition (ESD) [27]. Themtemade substrate was 19 mm in
diameter and 1 mm thick. Two precursor solutionsewwepared to have a concentration of
0.02 mol.L* based on nitrate and chloride salts. The salts @issolved in a mixture of butyl
carbitol and ethanol in 4:1 volume ratio for CGQusion and in a mixture of distillated water
and ethanol in 5:1 volume ratio for LSCF solutidhe deposition was performed at a 35 mm
nozzle-to-substrate distance. CGO barrier diffudayer was deposited as a first step of the
deposition. Graded composition was achieved byingrhe precursor solution flow rates but

keeping the total flow rate stable to 1 mt.The substrate temperature was fixed at 400 °C.
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As-deposited coatings were found amorphous by Xdieisaction and then sintered at 900 °C
for 2 h. The detailed description of the graded CKETF oxygen electrode deposition can be
found elsewhere [27].

IV.3.2. Sample preparation for X-ray nanotomography
The YSZ disk was coated by a gfn thick graded CGO-LSCF composite. The whole was
embedded in a mixture of EpoFix Resin and EpoFixdeaer (Struers) in a volume ratio of
8:1. Due to the very absorbent properties of theerias, it is necessary to obtain thin
samples (typically less than 2fnfn). Thus, after bonding, the sample was alternatetyand
polished to obtain a needle shape. The final saimudea height of 5 mm with a cross section
of around 100 x 10@m. This sample was glued to the metallic suppdawahg rotation
during the nanotomography at ESRF (The Europeant8gtron Radiation Facilities).

IV.3.3. X-ray nanotomography
The experiment was performed at nano-imaging eatebstID22NI of the ESRF in Grenoble.
A schematic of the holotomography setup is preseimté&ig. 1V-1.

/ D1 D2 \

1
Focal plane !

X-ray beam

Detector

D1,D1,D1; D1, D1+D2=705 mm

\ Axis rotation /

Fig. IV-1. Schematic of the holotomography setup ahe ID22NI beamline in ESRF. D1 indicates distance

between focal plane and the sample and D2 sample-detector distance [21].

The detailed principle of holotomography is desedilelsewhere [28], [29]. The beam energy
was fixed to 29.6 keV with a bandwith of 1.6 %. Tieeuired beam time for one sample
including scanning time, sample mounting and paositig was 6 h. Distance between focal
plane and the sample (D1) was varied from 24 tor8@@ The resolution was ranging from
25 to 320 nm leading to the determination of tleddfiof view from 50 to 65@m, by varying
the position of D1. Achieved images were four tonaphiic scans with different sample-to-
detector distances used to create a stack of 8absequent processing required the following
steps: correction of the image distortion, resiang alignment of the individual radiographs,

phase retrieval calculation and tomographic recanson [21].
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IV.3.4. Data treatment
The stack of data acquired right after nanotomdgrapquired further treatment to be ready
for microstructural parameters analysis. It wasessary to remove noises and artifacts that
unavoidably come with nanotomography. Defects endhta stack originated from the strong
difference between absorption indexes of dense M#’trate and highly porous CGO-LSCF
oxygen electrode. Moreover, local melting of theimemay have occurred due to the use of a
high X-ray energy. The microstructural parametelcidations were performed for two
selected small scale reconstructions. Two seleatéemes were described as volume 1 and
volume 2. The next step was consisted of applyhey median filter and three different
threshold values to each volume. All data treatmexst performed using a public software for
image processing and analysis in Java ImageJ [30].

IV.3.5. PoroDict of GeoDict
PoroDict module of GeoDict software was used toingge various microstructural
parameters from three-dimensional porous modelsodiy (open and closed), specific

surface area, percolation path and tortuosity fagere computed [25].

IV.4. Results and discussion

IV.4.1. Microstructure by SEM
The graded CGO-LSCF composite oxygen electrode suasessfully deposited on a YSZ
substrate by ESD. The layer presented highly porouisrostructure called coral
microstructure previously reported for single LSElEctrode [31]. The thickness of CGO-
LSCF layer was varied from 15 to 2Bn. SEM observations (Fig. 1V-2) showed two-scale
porosities. The large pores between corals wereomicin size and are the main contribution
of the composite porosity. High magnification migraphs (Fig. 1V-2b and d) demonstrate
the existence of some nanoscale porosity on thelseurface. A detailed description of the
CGO-LSCF graded composition can be found elsew2&ie
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Fig. IV-2. Pictures of CGO-LSCF coral microstructure sample before electrochemical characterization,

a), b) surface views and c), d) cross section viey&¥].

IV.4.2. 3D reconstruction of coral microstructure
A tomography reconstruction stack file was sucedlysfachieved after X-ray nano-
holotomography with a voxel size of 25 nm and &lfef view of approximately 5am. The
separation of CGO, LSCF and YSZ phases on a 3D Invaake not possible due to a similar
phase modulation. Images collected during nanotoapby presented strong contrast only
between two features discriminated as solid (CG@ESor YSZ) and pores. The
reconstructed volume 1 and volume 2 are presentéd)i 1V-3 and Fig. IV-4, respectively.

Table IV-1. Dimensions and volume of the volumes

Volume Dimensions (X X y X z am) Volume (um°)
1 22.5x13.8x16.5 5123.3
2 14.1 x9.4x15.8 2094.1

The size of volume 1 was 898 x 550 x 661 pixel 86d x 376 x 631 pixel for volume 2. The

rescaled dimensions and volumes of volume 1 anghwel2 are presented in Table IV-1. The
first selected volume was larger in all dimensiamsl the three dimensional reconstructed
volume showed two corals without the substrate. Jémnd selected volume presented just

one full coral and some small portions of otheratdop parts. Moreover, almost all the
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volume bottom portion was covered by the substramdarging the matter volume
Interestingly, it was found that all corals werdldm. The empty space between corals
considered as porosity and was added to the totalyolume

Fig. IV-4. Three dimensional reconstructed volume of volume
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IV.4.3. Microstructure analysis by PoroDict
The data treatment has a significant influence lo& quantification of microstructural
parameters such as porosity, specific surface togapsity and percolation path. However, it
is worth noting that each coral is different inatedn to its height, width and porosity. Thus
each selected volume is unique. Standardizatiorcamgparison of the volumes to each other
is difficult.
Two volumes were chosen from the stack contain@tQlslices. The selected volumes did
not overlap. Each individual image was built ofg&in different grayscale levels described
in values from 0 (black) to 255 (white). Such amge cannot be used to distinguish the
microstructural parameters. It is necessary to operf a segmentation stage called
thresholding to assign pixel (voxel) as a poreosalid [32]. In order to study the influence
of thresholding on porosity, three thresholdingueal were selected for the same volume of
interest. The ‘correct’ threshold value was chobased on the best match with a simple
observation of the microstructure. This value wasglemented by two others by simply
adding and subtracting a reasonable deviation. ffreshold levels of volumes are

summarized in Table IV-2.

Table 1V-2. Different threshold levels applied to he volumes.

Volume Threshold level
1 110 120 130
2 116 123 131

IV.4.3.1. Open and closed porosities
Porosity is an important microstructural parametgrce it affects the oxygen electrode
mechanical and electrochemical properties. In teah®xygen electrode, isolated pores
referred to as closed pores are undesirable fomtiigen reduction reaction. They are trapped
inside corals and remain inactive for oxygen transfa the electrode. Moreover, mechanical
strength is reduced and electronic and ionic patol paths are increased. Fig. 1V-5 shows
variations of the open and closed porosities fduwme 1 and volume 2 in relations to the
threshold value. The total porosity (sum of oped elosed porosities) was at least 80 vol.%
for volume 1 and 67 vol.% for volume 2. The diffece between porosities of the selected
volumes was 12 %. This difference was stable fothaéshold values. This indicates that it

arises from the specification of each volume ant fram the data treatment. For both
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volumes, the closed porosity did not exceed a lmhiD.7 vol.%. Importantly, such a low

value for the closed porosity indicates that théolo parts of corals are connected to the
large pores surrounding corals and should not msidered as closed pores. The closed
porosity can be considered as negligible. volunm@d. higher open porosity and lower closed
porosity in comparison with volume 2. Fig. IV-5 iodtes that for both volumes, the open
porosity is decreasing with increasing thresholtbes while closed porosity is increasing

with increasing threshold values. This tendency mmaynterpreted by the fact that for higher
threshold value, more pixels are assigned to thd,gbus decreasing the calculated porosity.
Reversely, for closed porosity the solid fractioaswgetting thicker with increasing threshold

since more pixels were selected as solid and tnapptxels assigned as pores inside the

material.
90 —0O— Volume 1
E D\D —O— Volume 2
80 ) T
Open porosity 4
| —_
70 O\
i ]
60 |
S
@
o
S 0.8
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i o
0.6 o
o4.] Closed porosity O/
O
- l:‘/
0.2 T
0.0 T T T T T T T T T
110 115 120 125 130

Threshold values

Fig. IV-5. Open and closed porosities for volume &nd 2 for different threshold values.

The variations of the open and the closed porasitglation to the volume height are shown
in Fig. IV-6 and Fig. IV-7. The lowest open porgsitas noticed at the coral height of almost
13 um for all threshold values for volume 1 (Fig. IV-@) is in accordance with the coral
shape in the selected volume presented in Fig.. XtZuch height the material/pore ratio is
the highest. Still, the variation of the open pdgoagainst the volume height is rather small
(approximately 4 vol.%). This confirms that corale very porous, all along their heights.
The closed porosity was found negligible at thetdoot of the volume (below 11.pm).
Above 11.5um, the closed porosity increased to the highestievadt the height of
approximately 13um. Above this height the closed porosity was dessnggagain. The closed
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porosity percentage seemed to increase with thiel $@ction. At 13 um the material

concentration was the highest together with théadsg concentration of pores trapped inside

the material.
100
907 D\D\D\D-D’/H
3 [ S e a—; ——
70 4 Open porosity
- 60 —O— Threshold 110
O\O —O— Threshold 120
T 50l —— Threshold 130
> z-
‘0 i
o
5 0.4
o |
0.3
0.24 Closed porosity
0.1
00— =TT T T T T T T T 1

Volume height (um)

Fig. IV-6. Open and closed porosity changes for veine 1 in relation to the volume height for threshal
values of 110, 120 and 130.

The shapes of the corals are different in volumandl 2 (Fig. IV-4). On volume 2 the

extensive presence of the substrate on the bottoluces relatively small porosity values.
Below 1um height the porosities are 44, 35 and 24 vol.%Herthreshold values of 116, 123
and 131, respectively (Fig. IV-7). Moreover, thergmity at each height was consistently
lower for all threshold values in comparison witilume 1. The open porosity was increasing

with increasing height for all threshold values.
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Fig. IV-7. Open and closed porosity changes for veine 2 in relation to the volume height for threshal
values of 116, 123 and 131.

Thresholding did not change the tendencies of thregaty evolution regarding the volume
height but had an influence especially on the numbgixels assigned as solid or as pore.
The high porosity level for the CGO-LSCF coral élede can be compared to the porosity
level for the LSCF coral electrode published presig by Marinha et al. [15] using the same
ESD process. The porosity in both microstructuras the result of simultaneous macro- and
nano-porosities. The macro-porosity in the ordemadrometer scale was characterizing the
space between corals and the large pores insidediss. The nano-scale porosity was
observed on the internal and external coral sustaPeres smaller than 25 nm may exist
inside the coral or on its surface. However, theyeannot detected by nanotomography due to
the limited resolution. It is worth mentioning ththe porosity measured here is much higher
than the porosity for the oxygen electrode publisinethe literature. For example, porosity of
around 34 vol.% and 50 vol.% for LSM-YSZ [33], [3%D vol.% for LSM [35], 22 vol.% and
48 vol.% for LSCF [36], [37], and 5 — 10 vol.% fioc8CF-SDC composite electrode [20] were
reported in the literature. The comparison of thhggen electrodes microstructures whose
porosities vary more than 30 vol.% is challenging.
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IV.4.3.2. Specific surface area

The specific surface area (SSA) values were calmilas the ratio of the surface area to the
volume of a selected volume. The algorithm usdéaroDict to estimate surface area is based
on statistical methods and not only on voxel swfealculation. A larger surface area leads to
an increase in the number of sites for the oxygssuction reaction. SSA was slightly
increasing with threshold value for the volumeg(FV-8). SSA for volume 2 was higher by
20 % than for volume 1. The calculated specifidae areas vary from 0.56 to 0.861"
which is small in comparison to previously publidiagata for other oxygen electrodes [34],
[36]-[38]. For instance, a composite of LSM-YSZ ibited SSA of 3.0 — 4.5m™ [34] and

of 7.2 — 9.3um™ [36] and LSCF electrode of 6.6 — Q1™ [37], [38]. The difference can be
explained not only by specification of the microsture and preparation technique but also
by method of calculation. In this work, the emppase between corals was considered as
pores thus decreasing the specific surface area.pHnticular comparison of the oxygen
electrode/pore interface surface area normalizedhbycross-sectional area of the support
calculated in this work can be done with the LS@Fatmicrostructure deposited by Marinha
et al. [15]. In their work, the normalized surfamea for coral sample was more than twice

higher than the one presented here.

1.0

—m— Volume 1
—e— Volume 2

0.9 4

0.7 4

0.6—- ./

0.5+

Specific surface area (um'l)

0.4 , . , . , . , . ,
110 115 120 125 130

Threshold values

Fig. IV-8. Specific surface area for the volumes fadifferent threshold values.
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IV.4.3.3. Percolation path
The percolation path describes the shortest path &pherical particle to travel through the
whole sample in a given direction. The percolafath was calculated from the top of the
coral microstructure to the bottom (dense YSZ gabsy The percolation path of the
electrode material indicates both the electronicqlation path to electrochemically active
zones and percolation path of the oxygen ion thndhg electrode. The electronic percolation
is predominant and supports all electrode volunme dxygen ion percolation path should be
short to facilitate oxygen transfer through thecetade [39]. The percolation path calculation
was determined at height of 16.06 and of 12.7&m for volume 1 and at 14.9om and
12.20um for volume 2. Fig. IV-9 shows percolation patlascalated for volume 1 at different
threshold values, the horizontal lines indicatettbght of the volume. Percolation paths were
just a little longer than the height of the voluriidis means that the percolation paths were
almost a straight line from the top to the bottofrite selected volume. Furthermore, the
threshold value did not have any influence on teeegation path length. Table IV-3 shows
the maximum diameter of the spherical particle taet move through the percolation path for
volume 1. A patrticle diameter larger thamu@ means that a rather thick percolation path

exists for all threshold values.
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< 15.8
5 j
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S 134
8 <
= 13.2 1
]
S j
© 13.04
)
& j
12.8 [ — — & — —@
] 12.78 pm
12.6
T T T T T T T T T T T 1
105 110 115 120 125 130 135

Threshold value

Fig. IV-9. Percolation path length for volume 1 athe volume height of 16.03um and 12.78um for

different threshold values.
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Table 1V-3. Maximum diameter of a spherical particle that can move through the percolation path

calculated at 16.03 and 12.78m heights for volume 1.

Diameter of particle (um) for threshold of:
Area height (um)
110 120 130
16.03 8.7 8.5 8.3
12.78 8.7 8.5 8.3

The percolation path length for volume 2 is presénh Fig. IV-10. The height, width and
length of volume 2 are lower than these of volum@&His is the reason for selecting smaller
heights at which percolation paths were calculdéed/olume 2, as compared to volume 1.
Percolation paths were clearly higher than the meltheights. The percolation path lengths
had almost the same value for the threshold vaties?3 and 131. The highest porosity
recorded for threshold value of 116 leaded to aremse of the percolation path length. The
path length was around 11 — 15 % longer in compangith higher threshold values. A low
threshold value caused path breaking at some poidtrequired to find other way for the
path. Table IV-4 shows the maximum diameter of spbere that can move through the
percolation path for volume 2. Diameters for thetipke were around 2m, four times lower
than for volume 1. It means that the percolatiotin peas much thinner than percolation paths

for volume 1.

Table 1V-4. Maximum diameter of a spherical particle that can move through the percolatin path

calculated at 14.95 and 12.2(m heights for volume 2.

_ Diameter of particle (um) for threshold of:
Area height (um)
116 123 131
14.95 2.2 2.0 1.7
12.20 2.2 2.0 1.7
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Fig. IV-10. Percolation path length for volume 2 athe volume height of 14.9mm and 12.20um for

different threshold values.

IV.4.3.4.Tortuosity factor

Usually, tortuosity is defined as the ratio of #féective path length divided by the length of
the sample. The higher the ratio, the longer thgtle of the path is for a particle to pass from
one side to another side. In this work the tortiyos described as a pore tortuosity. The
tortuosity was calculated in x-, y- and z-direcidmecause oxygen can diffuse to the oxygen
electrode from all three directions. The tortuo$étgtors in relation to the threshold value for
volume 1 and 2 are presented in Fig. 1V-11. Vol@rexhibits higher tortuosity factors in all
directions than volume 1. The tortuosity factorsecfrom 1.1 to 1.3 for volume 1 and from
1.3 to 1.4 for volume 2. The tendencies of increg$actors with the threshold values were in
accordance with the coarsening of the material meluHigher threshold values are at the
origin of a larger volume fraction thus the effgetpath length for one oxygen gas molecule
as an example, was getting longer to encircle tatenal. The highest calculated factor was
in y- and the lowest in z-direction for volume t.dase of volume 2, the highest factor was in
the z-direction while the lowest was in x-directidtevertheless the representative volumes,
the calculated tortuosity factors were lower thactdrs of 1.6 for LSM-YSZ [34] and of 2.7
and 2.0 for LSCF [36], [37] electrodes that canftwend in the literature. Low tortuosity
factors indicated easy oxygen gas access to th@striacture and short gas channels through

the microstructure to electrochemically active Zone
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Fig. IV-11. Tortuosity factors for volume 1 and 2 i x-, y- and z-direction for different threshold vdues.

I\V.4.4. Electrode polarization
ALS model describes the polarization resistancedas the material and the microstructural
parameters (Eq. IV-1) [26]. Tortuosity factomporosity fractiore, and specific surface araa

where calculated by PoroDict module.

R,, = KT : V-1
pol = o2 (1- €)a D*kC? (V-1)

The parameters were chosen for threshold valu€ffdar volume 1 and threshold value of
123 for volume 2 as these values were the ‘cortbot'shold values. The tortuosity factors for
Rpol calculation were used as average factor from x-and z-directions. The parameters

values are listed in Table IV-5.

Table IV-5. The microstructural parameters used forRpol calculation for volume 1 and 2.

Volume () a(um™) e ()
1 1.19 0.60 0.84
2 1.35 0.76 0.72

The surface exchange coefficiekt,and the self-diffusion coefficienf)’, were taken from

Esquirol et al. [40] and were equal to 1.9 x21n.s" and 6.3 x 10" cnf.s?, respectively at
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500 °C for CGO-LSCF composite. The oxygen concéntraC,, measured by Fukuda et al.
[41] was 0.084 mol.ciiat 500 °C for LSCF composition and was used ireteation.
Polarization resistances of 132 and®@%nt were calculated for volume 1 and 2 at 500 °C.
The polarization resistance measured for homogen€@&O-LSCF oxygen electrode at open
circuit potential at the same temperature by EIS ®88 Q.cnt (see Chapter Ill). The
difference between these values could be explaimedadditional contribution at high
frequency range coming from the charge transfetherelectrode/electrolyte interface which

is not included in ALS model.

IV.5. Conclusions

In this work, the coral microstructure of graded @GSCF oxygen electrode for SOC was
examined. 3D models were reconstructed based oX-tg nanotomography data collected
at ESRF Grenoble (ID22NI). The microstructural paeters such as open and closed
porosity, specific surface area, percolation patld #ortuosity factor were computed by
PoroDict module of GeoDict software. Moreover, tariation of those parameters was
discussed. The total porosity was much higher thase reported in the literature. Specific
surface area and tortuosity factor were relatively. One should keep in mind that the coral
microstructure has a unique morphology and a fammgarison with other microstructures is
difficult. The microstructural parameters presentede are meaningful only for the volume
that was taken into consideration. Based on theusomes, it is hard to generalize and to
propose parameters that could describe the coraostructure as a whole since the two
selected volumes show just few corals. Still, wkebe that the present study offers a useful
view of these complex coral structures. The el@gnesistance calculated form ALS model
was coherent to experimental value achieved frold #Ir CGO-LSCF composite with
homogeneous microstructure.

Due to the specification of the coral microstruetunighly porous corals deposited on dense
ceramic substrate, the presented work was complexe sample preparation for
nanotomography took much longer than typical LSMZY&8ectrodes. Moreover, on each
preparation step the chance for sample failure higis. The nanotomography itself provided
a lot of artifacts to the stack of data mainly doe strong contrast between porous electrode
and dense electrolyte. Imperfections could notdraptetely removed from the stack. Finally,
the comparison of the microstructural parametethdse in the literature was challenging.
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V.1. Abstract

The goal of this work is to investigate mechanjmalperties of CGO-LSCF composite as a
potential oxygen electrode for SOFC and SOEC. Tketrede is characterized by highly

porous morphology called coral microstructure. Thechanical behavior was analyzed by
scratch and ultramicroindentation tests. Insteadrafturing and detachment as a typical
behavior for a brittle material under loading, detareak in three-stage regime under loading
similarly to powder densification. Firstly, the tpart of corals are broken and fall down on
the surface, then the material is compacting imaonareasingly denser layer, and finally, in

the material is almost fully compacted. The saneaking mechanism was found for both

tests. The mechanical parameters such as hardméssoang’s modulus were determined in

each regime by ultramicroindentation test. The ienagalysis showed a porosity decrease
from 60 to 5 vol.% during loading. The parameteatugs were increasing with decreasing

level of the porosity in the coating during the imaaical tests.

Keywords: Solid oxide fuel cells (SOFC), Solid oxwel electrolysis cells (SOEC), Oxygen

electrode, scratch test, indentation test, mecharatproperties.

V.2. Introduction
Nowadays, fuel cells technologies are mainly foduse hydrogen production as a potential
fuel (Solid Oxide Electrolyser Cells) as well asmoduction of the electricity directly from

electrochemical reaction between fuel and oxygenlidSOxide Fuel Cells). The current
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research in solid oxide cells focuses on the redaf the total resistance of the cell. It can
be achieved by reducing the electrolyte thicknessse the cell resistance is proportional to
the electrolyte thickness (distance for oxygen itngansfer from one side of the cell to the
other). However, requirements for the electrolyteitl further decreasing of the thickness.
The electrolyte has to be dense to avoid fuel-omyméxing. The further decrease of the cell
resistance by increasing the oxygen gas diffusivaguires the development of new oxygen
electrodes with highly porous microstructures. Aaraple of such microstructure is a coral
microstructure characterized by a two-scale poydsivel in which macroscopic porosity
exists between corals and nanoscale porosity onctrals surface and inside corals,
increasing the total available surface area. Suotosity facilitates, on one hand, the
adsorption process and provides a high active Zon®xygen reduction reaction. On the
other hand, a total volume porosity of 75 % dea@eathe mechanical strength of the
electrode. In highly porous materials (above 50%aqborosity) the mechanical properties are
controlled by the distribution of the solid phasalike denser materials (below 50 vol.%
porosity) where the mechanical properties are ollatt by the presence of isolated pores [1].
During cell operation, the mechanical stresseshenelectrode result from: the differences
between components thermal expansion, the mechdo@ds applied to ensure a good
contact of the cell components and, especiallyterstack, its own weight. For example, the
reduction of the most common fuel electrode makteiizkel oxide to metallic nickel leads to
an important shrinkage of the electrode volume. dXygen electrode has a minor influence
on the stress, but its mechanical failure (delatonacracking) cuts the ionic and electronic
conduction paths. The mechanical properties obiygen electrode may be evaluated by the
materials hardness, elastic modulus and thermapaobhility. In this work, the mechanical
properties of a CGO-LSCF oxygen electrode with aalconicrostructure developed by
Electrostatic Spray Deposition were investigated ingis micro-scratch  and
ultramicroindentation tests. The mechanical behaofahis material was evaluated and the

mechanisms of material deformation under loadingevemalyzed.

V.3. Experimental

V.3.1. Electrode preparation
Coral microstructure of CGO-LSCF composite was ddpd by electrostatic spray
deposition on a homemade YSZ substrate in a disk fath a diameter of 19 mm. Precursor
solutions were prepared based on: lanthanum nitetahydrate (La(N§)s-6H,0), strontium
chloride hexahydrate (Sr&$H,0), cobalt nitrate hexahydrate (Co(©6H.0) and iron (I11)
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nitrate nonahydrate (Fe(NJ@9H.0) for Lay ¢Sly.4CayFeys0s5 solution and cerium nitrate
hexahydrate (Ce(N£)k-6H,0) and gadolinium nitrate (Gd(N) for Ce) ¢dGdy 101 95 SOlution.
Adequate amounts of salts to prepare a total carat@n of 0.02 mol.[! were dissolved in
distilled water and ethanol in 5:1 volume ratiocteate LSCF precursor solution; diethylene
glycol monobutyl ether, well known as butyl carbiGH3z(CH,)3(OC;H),OH) and ethanol in
4:1 volume ratio for CGO precursor solution. Figl\presents schema of the ESD setup.
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Fig. V-1. Schema of the ESD setup used for coral GELSCF deposition

The deposition parameters are listed in the TalMé. IThere were prepared graded and
homogeneous composition of CGO and LSCF by chanfipmgrates of precursor solutions.
The deposition was divided in three steps. Firstposition of single CGO to create a barrier
diffusion layer, then deposition either graded omlegeneous composition of CGO-LSCF
and finally deposition of LSCF. The substrate terapee was 400 °C calibrated by
thermocouple. The positive high voltage appliedwieein the nozzle and the grounded
substrate ranges from 7 to 11 kV. The depositedirgpavas in a shape of disk with a
diameter of 17 mm. After the deposition, the hesatment was performed at 900 °C for 2 h
with a rate of 3 °C.minin air.

The particular microstructural description of comaicrostructure can be found in Chapter Il
[2] together with electrochemical properties of log®neous and graded CGO-LSCF corals
Chapter Il.
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V.3.2. Mechanical characterization
V.3.2.1. Microscratch tests

The microscratch tests were performed in EMPA —sSwiederal Laboratories for Materials
Science and Technology, Thun, Switzerland usingT&&MP Nanoindenter equipment. The
indenter used was a WC sphere with a diametersofrin. The tests were made on the top
surface of the samples glued to the holder usihgrspaste. In order to try to assess the
coating-substrate adhesion resistance, some pnalignitests were carried out under
progressive loads up to 40 N, along a distance ofms. To investigate the mechanical
behaviour at microscale the scratch tests were miader progressive loading from 0 to
50 N, to 200 mN along a distance of 1 mm and to ®00 along a distance of 5 mm, at a
speed of 10 pmi’s

V.3.2.2. Instrumented indentation tests

Ultramicroindentation tests were performed with ng&adzu DUH211S ultramicroindenter

using a Berkovich indenter. The tests were madéhertop surface of the samples, using a
load-creep-unload-creep cycle. The creep stagesahdwration of 15 s. Initially, the tests

were carried out up to a maximum force of 500 mN.lgast 5 tests were carried out in

different regions of the sample and the resultsseed are the average of those
measurements.

The indentation hardness was determined from irdient depth according to Eq. 1-18. The

elastic modulus was determined from the unloadiag pf the load-displacement curves,

based on the contact stiffness and the indentahdépe results for hardness and Young's

modulus presented are the average of 5 measurements

V.3.3. Microstructure analysis
After the indentation and scratch tests the surtddbe samples was analyzed by FEG-SEM
in order to characterize the morphology of the &ttmal features produced that will allow
understanding the mechanisms of materials defoomaind fracture occurring
Image analysis was performed on several images#fereht regions along the scratch length

using imageJ software package [3], [4].
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V.4. Results and discussion

V.4.1. Microscratch tests
A full scratch performed using progressive loadiuqg to a maximum force of 40 N is
presented in Fig. V-2. The width of the scratchr@éased progressively as the load increases.
Contrary to the expectations, no fracture of thatiog was observed and it was not possible
to determine the coating/substrate adhesive resistdnstead, it is clearly visible from SEM
images (Fig. V-3) that since very early stagesosatshing (relatively low values of normal
force), there is a relatively smooth compact lagematerial that forms and that becomes
smoother and less porous towards the end of thetchcin the high load regions. The
beginning of the scratch (region A in Fig. V-2)feemed of aggregated particles of the coral
structure fractured by the tip during contact. As toad increases, this particles aggregate
even more and start to form a relatively dense rlaykich porosity rapidly decreases
originating a densified coating that does not fueetnor detach form the substrate, at least up

to the maximum load used (40 N).

(l) 0.6 1.3 1.9 2.5 32 38 44 5.0 Distance (mm)

[
| I
Load (N) 0 5 10 15 20 25 30 35 40

Fig. V-2. Scratch made with progressive loading up 40 N.
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Fig. V-3. Evolution of coating structure along thescratch length made with increasing load up to 40 Mf

Fig V-2; a) region A; b) Region B; c) region C; dregion D.

This is confirmed by EDS analysis results performaédhe end of the scratches (region D)
that showed that the scratch contains La (Fig. Y&id Sr (Fig. V-4c) and a negligible
amount of Zr (Fig. V-4d), what indicates that theating material is still present in the
scratch. The scratch test did not remove the ddmalfrom the YSZ substrate, but pressed it
into a compacted layer, instead, demonstratingaisence of brittle fracture behavior that is
commonly observed in ceramic materials.
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100Em Zriat

Fig.V-4. EDS mapping at the end (40 N side) of thecratch performed with a progressive load up to 40:
a) SEM image; b) La (La,) distribution map; c) Sr (L a;) distribution map and d) Zr (L a,) distribution
map.

In order to try to understand the behavior of thating before compaction microscratch tests

were also carried out at significantly lower maximloads.

A displacement depth-distance curve obtained fetstearried out up to a maximum load of
500 mN is presented in Fig. V-5. Though there mewariability of the results obtained in

scratches made in different regions of the samaleo(due to heterogeneity in the sample
structure), all curves present evolution of theplisement depth along the length. Three

regions can be distinguished corresponding to mdiffeslopes in the curve.
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Fig. V-5. Depth and normal force variation with scratch distance in test made with progressive loadin
from 0 to 500 mN.

Though the limits of each region vary frctest to test, in all cases region | occurs in t —
400 um of the scratch length to up where the foeaehes about 40 mN while the de
increases up to 104 um. It is characterized by a sharp increase of depth small scratc
distance. Region lIsicharacterized by a smoother increase of the dépth region extenc

up to about 334@m of the scratch length, corresponding to normedds around 340 m
and maximum depths of 18 um.

Table V-1. Values of scratch length, force and depth for #athree regions detected during scratching witt
progressive loading from 0 to 500 mN.

Region Scratch length @m) Force (mN) Depth fum)

I 0—400 0-42 0-14
Il 400 - 3340 42 — 340 14 -19

11 3340 — 5000 340 — 500 19-15
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This region corresponds to the densification statiewing region 1. In region lll, the scratch
distance and force continue to increase up to ithed alues of 500Qum and 500 mN,
respectively, before unloading. In this region tlepth decreases from the maximum value
attained at the end of region Il to aboutylb. This last region corresponds most probably to
a high level of material densification where matkbiuild up in front of the scratch tip occurs.
This effect is not observed in scratch tests cdrost at lower loads, where a continuous
increase in the depth is observed with increasiag blong the scratch length (Fig. V-6). This
confirms that material pile-up in front of the tgcurs only in region Il after considerable
densification of the material and that this regstarts at loads higher than 200 mN. Table V-1
lists values of scratch length, force and depthtli@r three regions during scratching with
progressive loading from 0 to 500 mN.

-10 4
-12

.14

Depth (um)

-16
-18
-20 4

-22 4

-24 T T T T T T T T 1
0 200 400 600 800 1000

Scratch distance (um)

Fig. V-6. Depth variation with scratch distance dumg microscratch test with progressive loading fromD
to 200 mN.

The FEG-SEM observation of the surface of the shest in each region has allowed
understanding the mechanism involved in each ohtHemages of the scratch in region | are
presented in Fig. V-7. The material in this regpasents very little damage and most of the
corals seem intact. However, the high magnificatroages show that some of these corals
(probably the tallest) have fractured and their temface show the open porosity
characteristic of its inner structure. Some craulkeseven observed in the base of surrounding
corals. The indenter is far from the substratetandhes only the tops of a few corals. Broken
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parts of corals fall down on the surrounding af&iace the density of the material at the top
part of corals is low, despite the force being viemy, it results in a relatively high contact

pressure at those tips that easily breaks the <ofdlis occurs even for very small loads
between 0 — 10 mN. In this case, the increaseroefis small and the depth increases rapidly.

Fig. V-7. FEG-SEM pictures at the beginning of regn | formed during a microscratch test up to 500 mN

Further loading leads to fracture of some coradengs closer to the top, others closer to the
base as seen in Fig. V-7) and the fractured fratgnstart filling the empty spaces in the
structure. Fracture of the corals continues asrobdein the serrations present in the curve
that correspond to the several coral fracture evirdt occur. As the density of the material
becomes larger in this region (due to the fractdragments), the indenter starts compacting
the material into an increasingly denser layerthia compacting stage the force increases in
less pronounced than in region | due to a higlestion of material under the contact tip. Fig.
V-8 shows FEG-SEM pictures of the surface of theatst in region Il, where compacted

fragments can be clearly seen.
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Fig. V-8. FEG-SEM pictures of region Il formed during a microscratch test up to 500 mN.

Fig. V-9 shows the surface of the scratch corredpanto region Ill. This surface presents a
high level of compaction with some residual porpsiting detected between the compacted
fragments. The densification level is, however, dowhan that observed in the scratches in
Fig. V-3d produced at much higher load. In thisiwegthere is a decrease in depth with the
increasing force, that probably corresponds to lib#d-up of material at the end of the
scratch that sometimes occurs.

Image analysis performed on images of this surfatlesv estimating an areal fraction of
solid material that increases from about 40 % @ittitial surface to about 65 % in region Il

and about 90 % in region 11

Fig. V-9. FEG-SEM pictures of the region Ill formed during a microscratch test up to 500 mN.

The mechanism of mechanical deformation of thelcsiracture under loading is illustrated

in the schematics presented in Fig. V-10.
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= =)

Fig. V-10. The mechanical deformation of the coraticrostructure under loading

Fig. V-11 presents a cross sectional view of a cmtgd layer in a fractured sample of a
scratch produced up to 50 N. A layer of fully densaterial with a thickness of aboutuéh
detached from the sample most probably due to tlopagation of subsurface cracks
developed in the coating (visible) parallel to theface. This indicates that the fracture
mechanism of the material after compaction haslesige nature instead of the adhesive
nature that could be expected for this type of nelte

10 um

I;Tm

Fig. V-11. Cross-section of a fractured compact layr in a sample with a scratch up to 50 N.

The coral microstructure behaves in a particuladenonder the load during scratching. The
microstructure is significantly open and considtsarals growth from a substrate, similar to
pillars but with a relatively high degree of nanggsty. Under loading, each coral acts like
an isolated column. The stresses are most probatigentrated on the existing pores
generating cracks. When the stress reaches aatutitue they propagate through the coral up
to its free surface causing its fracture. Crackome coral have very little probability of
propagating into the next one since there is ldtianection between them.

141



Chapter V. — Mechanical tests on coral microstmecttf CGO-LSCF oxygen electrode for
SOFC and SOEC

V.4.2. Instrumented microindentation tests
To qualitatively evaluate the mechanical propentiethe coatings structure static indentation
tests were carried out in a wide range of loadsesponding to the different regions detected

previously in the scratch tests.

V.4.2.1. Indentation tests at 500 mN

Indentation is a technique similar to scratch testperformed with a tip that is limited to
displacements in the z-direction. Ultramicroindéntatests were performed using Berkovich
tip with a maximum load of 500 mN. Fig. V-12 showse of the loading/unloading curves
and the residual indentation left on the sampléasarafter unloading. Similarly to what was
observed in the scratch tests it is possible teaeteveral regions in the loading curve with
different slopes, though the transitions are mwss lobvious. The values extracted for the
transitions are presented in Table V-2. Thoughrduesitions between the different regions do
not occur for the same levels of load, these reglave the same origin as in the scratch test.
The differences are however predictable in vievthef different indenter geometries being
used in both tests that result in different congaet functions and stress distributions. This is

especially significant in the lower load region,esb the discrepancy is higher.

Table V-2. Values of depth and force for three regins during ultramicroindentation with a maximum
load of 500 mN

Region Depth (um) Force (mN)

Il 7.4-8.7 78 — 230

1] 8.7-94 230 - 500
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Fig. V-12. Loading-unloading curve for CGO-LSCF coal coating with a maximum loading force of

500 mN using a Berkovich tip a), and the indentatio left on the sample surface.

A Young's modulus of 18.4+1.3 GPa and a hardnessevaf 99.2+8.5 MPa have been
obtained from these tests. These values are signtfy lower than those obtained by Li et al.
[5] for a CGO-LSCF composite with 98 % of the thetaral density produced by pressing and
sintering of CGO and LSCF powders (135 GPa and3R4, respectively). This difference
may be due, on one hand, to the lower densityettmpacted CGO-LSCF structure, on the
other hand, to the fact that the current structureie heat treated at 900 °C while those of Li
et al. [5] were sintered at a higher temperaturédioger time.

Indentation tests performed with loads of 500 mivetd a compacting mechanism of the
coral microstructure confirming the results obtdimpeeviously in the scratch tests. To assess
the properties of the coral structured coatindfiisglentation tests were carried out at much
lower loads, corresponding to values in regionad H identified previously. This approach
allowed also a finer determination of the transiidbetween the different regions and the
corresponding material behavior. The results obtin the various tests performed at loads

from 2 to 40 mN are presented and discussed asviwll

V.4.2.2. Indentation tests at low loads: 2 — 40 mN
The further indentation tests were done with reduoads in order to investigate the first
stages of coral cracking corresponding to regi@nd the eventual transition to region II.
With this purpose, indentation tests were done wigximum forces up to 2, 5, 10, 20, 30 and
40 mN. Fig. V-13 presents the indentation curvetiobd at maximum forces from 2 to
40 mN.
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The load-displacement curves in Fig. V-13 confirne ttransitions between the different
regions found in the scratch tests. It is cleat tiha curves at loads up to 20 mN correspond to
indentations of the coating in region I. The cura¢s/ery low loads present serration with
plateaus that correspond to interaction of thewtit individual or only a few corals. The
plateaus correspond to the collapsing of the cstralcture by fracturing of the solid phase.
When the indenter contacts the material the cracleated progressively propagates through
the coral causing a large displacement at relgtivehstant load. In the curves corresponding
to 30 mN and 40 mN it is already clear the traositirom region | to region Il occurring at

loads of 15 and 20 mN, respectively, in accordamite the results of the scratch tests.
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Fig. V-13. Loading/unloading curve for CGO-LSCF coal microstructure with a maximum force of a)
2 mN, b) 5 mN, ¢) 10mN, d) 20 mN, e) 30 mN and fp4nN.
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The values of hardness and Young's modulus detethimthese tests are presented in Table
V-3 as a function of the maximum load used. Thei@glincrease significantly with the load.
Nevertheless, one must be aware that tests dotiee axtremely low values of maximum
force have a significant influence of factors litkee surface conditions (humidity, adsorbed
species), indenter geometry defects, etc, whiclribmtion to the overall result are very high.
Another factor contributing to the high variability results is the low scale of the contact that
occurs at this level of forces. This contact is @imat individual level and the contact area
geometry may change. Besides, at very low forceh @alentation corresponds almost to a
different material thickness and density. Therefthe values of the Young's modulus and
hardness obtained from the lower load curves shoeldken with appropriate care (Table V-
3).

Table V-3. Hardness (H) and Young's modulus (E) okined from indentation tests with maximum forces
from 2 - 500 mN

Max. Load (mN) H (MPa) E (GPa)
2 21+0.8 1.1+0.3
5 2813 2.7+0.6
10 6.6 +2.3 51+1.0
20 6.7+0.5 6.6 +0.6
30 12.8+2.7 8.8+1.4
40 195+47 11+2
500 99.2+8.5 18.4+1.3

G. Pecanac [6] investigated the mechanical pragsedf pure CGO and LSCF using 3-point
bending tests and found a linear relation betwherybung's modulus of CGO with porosity.
The value for dense CGO was about 192 GPa andadstt¢o about 50 GPa for the material
with 40 % porosity. A similar trend was found fourp LSCF which value of Young's
modulus decreased from 48 GPa for the dense maierd® GPa for the material with 46 %
porosity.

Given the fact that the coatings developed in tiesgnt study are CGO-LSCF composites the
values obtained in the present study using indemtahethods are well compatible with those
measured by G. Pecanac [6] using macrotechniques.th® other hand, since in the

deposition process the last material to be degbsst@ure LSCF, it is not surprising that the
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values of Young's modulus measured with lower Idhds affect a thinner layer of material,
are closer to those of LSCF than those measurkjla¢r loads that affect a higher thickness
of material where the fraction of CGO is higheru$hin the present material a variation of
properties along the depth may be expected, orhand, due to the variations in composition
of the coating and, on the other hand, due to #r@tons in porosity (material density) that

occur during indentation.

V.4.3. Calculation of the contact pressure
According to Hertz theory, the elastic contact lestw a sphere and a plane (Fig. V-14) under

a normal forceK), the area of contacd] is given by:

%
A=ra’ = n(BFR] (Eq. V-1)

where R is radius of curvature of the sphexrehe radius of the contact area agdthe
reduced Young's modulus defined by Eq. I-20 (Chdpte

Fig. V-14. The sketch of the elastic contact betweea sphere and a plane.

The average compressive stress is then given by:

%
_2(6FE?Y* ]
P, _3(773R2J (Eq. V-2)

In the case of a discontinuous material, as ocaurghe present structure, the load is
distributed among the coral surfaces in contach whe tip and the real contact pressure is
given by:
F
=— Eq. V-3
vy (Eq. V-3)
where Ar is the real area of contact between tharid the corals.
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SinceA; < A, the real average pressuRg)(could be significantly higher tharp Bnd may be
determined by (Eq. V-4):

A f (EqQ. V-4)
wheref = A/ A
This method was used to estimate the real contadspre evolution along the scratches
performed up to 500 mN.
The evolution of the contact pressure as a functiaine applied load is presented in Fig. V-
15. Both the nominalRp) and the realHr) contact pressure curves are presented. The real
contact pressure variation has been determined &sjn V-4 by considering the real contact
area estimated from the different levels of comipadin each region that were determined by

image analysis in section V-4.1.
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Fig. V-15. Variation of the real and nominal contat pressures as a function of the normal force appd

during loading up to 500 mN.

From this it is possible to express the transitioh§able V-1 in terms of contact pressure

instead of normal force (Table V-4).
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Table V-4. Contact pressure values corresponding tihe transitions between the three regions detected

during scratching with progressive loading from 0 6 500 mN

Region Transition Force Nominal contact pressure Real contact pressure
(mN) (MPa) (MPa)
I 10- 20 100 £ 15 250 + 20
Il 250 - 300 280 + 12 380+ 10
1 500 344 + 13 362 +10

It is well known (Tabor's relation [7]) that, duginndentation, the mean pressure between the
indenter and the specimen (hardnid$ss directly proportional to the material’s yiedttess in
compressiondy), and can be expressedts: 3 gy. Therefore, from indentation tests, at least
an estimate of the material's yield stress in casgion may be obtained.

Using this criterion and considering that mateg@ld occurs in the transition between
regions | and Il, a value of 83 MPa is obtainedtfar yield stress. Since the fracture of the
corals starts in region |, considering that thacfure occurs right after yielding, as is typical
of materials with very narrow plastic regime, onayntonsider that the fracture strength of
the coating developed in the present study is dimsieis value.

This value is only slightly higher than that obtdnby Huang et al. [8] for sintered LSCF
(70 MPa) and by Pecanac [6] for sintered CGO (6aMIPlowever, the yield stress value
obtained in the present study is significantly lowlean that calculated from the hardness
value (8.9 GPa) obtained by Li et al. [5] using dibcriterion £ 3000 MPa).

At first, one could attribute this discrepancy te tfact that the samples of Li et al. were
sintered at temperatures higher than the mated@leloped in the present study. However,
the same applies to the samples in the studiesuahglet al. [8] and Pecanac [6] where the

results obtained are closer to the ones in theeptestudy.

V.4.4. Comparison with powder pressing
The coral microstructure is a unique structure eigfig in solid oxide fuel cells technology.
It is hard to find accurate equivalent for thisusture to make sufficient data comparison.
However, it was possible to find similar crackinghlavior under applied load [9]-[12]. The
mechanism presented in this study for the mechbbetzavior of the material under loading
based on a 3-stage model that involves fractursirgfle corals followed by compaction is
similar to the mechanism observed during compaaifqguowder materials. The characteristic

steps observed during powder pressing are usuathed [12]:
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i) Particles reorientation: first short step with nfluence on densification

i) Particles plastic deformation: flattening of thertjgdes and creating a contact
between them

iii) Impinging of particles: final step that creates atenial that is harder and more

resistant

Chen et al. [9] and Poquillon et al. [10] used pergdwith morphologies that could be
somehow related to the coral microstructure. Thaliructure deposited by ESD is built of
CGO and LSCF particles. Each coral should be censitias a cluster of agglomerated
particles. During loading, the corals firstly craak the top or near the interface with the
substrate since at the upper coating part thesiesimall contact with the indenter, thus a very
high contact pressure is produced. Secondly, tredand respective fragments are fractured
into small particles (powdering) filling up the etypspaces on the coating. The small
particles (powder) start compacting into an indreglg denser layer. This mechanism that
occurs during both the scratch and the indentatestis of the coral microstructure is

equivalent to what occurs during the densificapoocess of a powder.

V.5. Conclusions

This work has allowed studying the mechanical bahaef the CGO-LSCF coating with a
coral microstructure under compressive forces efpli during scratch and
ultramicroindentation tests. It was found that th&terial does not behave like a typical brittle
coating that fractures and detaches from the sthstduring the tests. Instead, the
deformation behavior during loading involves a #éstage regime. In the initial stage of
contact, at low nominal stresses (0-100 MPa), iddial corals start to fracture and the
structure starts to disintegrate. As the stresee@ses up to 280 MPa the material enters a
stage of compaction of the fragments into an irsinggdy denser layer. In the final stage, the
material may reach an almost fully dense layerctvldensity may vary from 95 to 100 %
depending of the maximum load applied. At a nomauadtact pressure of 344 MPa a 95 % of
the material was obtained dense. In the last stagematerial behaves like a compact solid.
The material pile-up in front of the tip what magcar even during scratching. This
mechanism of corals cracking and densificationnslar to that observed in the densification
of powders. The mechanical properties (hardnessYadig's modulus) of the coating in the
different stages of deformation were determinedilinamicroindentation tests at loads in the
different regimes. The values of hardness and Ysumgdulus increase with the decrease in
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the porosity level that occurs during testing daedénsification. Hardness increases from
about 2 to 99 MPa, while the Young's modulus vanethe range 1-18 GPa as the levels of
porosity decrease from 60 to about 5 %. Calculatiohthe real contact pressure during
loading have allowed estimating a yield stressMBPa that can be considered as a low limit
for the materials fracture strength. The propertiegermined in the present study show the
same order of values measured by other authorg usacroscale testing methods and the
trends found with porosity levels are similar. Teigws that microscale testing methods like
indentation and scratching may be used to evalhatenechanical properties of this type of
materials. The material behavior under loading ndeustood and the tests are carried out

within the boundaries of transitions that occur.
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VI.1. Abstract

This work presents 790 h durability test perfornwed solid oxide cells (both SOFC and
SOEC). An innovative CGO-LSCF oxygen electrode wibhal microstructure was deposited
on SOFC anode supported with 8YSZ electrolyte. iitnal cell voltage was found 817 mV at
773 °C under synthetic air on the oxygen electiside and pure hydrogen (500 mL.Mjron
the hydrogen electrode side under 0.5 A2ararrent density in SOFC. An initial cell voltage
in SOEC was 1200 mV at 773 °C under synthetic airtlee oxygen electrode side and
mixture of steam — hydrogen (80 % - 20 %) on thdrbgen electrode side under -0.75 and
-0.5 A.cm? current density. The cell resistance was incregdirring the durability test. The
increase at high frequency range was mainly resplenfor an increase in the total cell
resistance. This frequency range was associated twé blocking effect on the oxygen
electrode/electrolyte interface. U-j curves showewdersibility of the current loading from
-0.75 to 0.5 A.ciif. Post-mortem SEM observations showed cracks inZ8¥8ctrolyte, the
lack of CGO barrier diffusion layer and the detaehmof the oxygen electrode from the
substrate.

Keywords: CGO, LSCF, oxygen electrode, SOFC, SOE@urability, degradation.
VI.2. Introduction

The great interest in high temperature solid oxigdls (SOC) comes from its reversible
operation in solid oxide fuel cell (SOFC) and sadidde electrolysis cell (SOEC). In SOFC,
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the electricity is produced directly from electreahical reaction between gaseous hydrogen
and oxygen. In SOEC (inversely to first), hydrogersyngas is produced by splitting® or

a mixture of HO with CG. Commercialization of SOC is troubled by the mateand
fabrication costs. However, the continuously exiegdifetime of the cell stack is reaching
the acceptable value of 50000 h or around 6 yddrsThe current research in the domain of
SOFC and SOEC is to increase durability and perocas. The main cell degradation
problems are reported to come from: grain coarsgeflh) particle smoothing/coarsening [3],
[4], kinetic demixing and formation of Kirkendalbids or micropores [5], [6]. Furthermore,
the cell stability and performances are diminish®d phase instability [7], interfacial
segregation [8]-[10], evaporation [1], [11], accuation of impurities at active zones [12],
[13], interdiffusion [14], delamination and the mostructure degradation of the
electrolyte/oxygen electrode interface [15]—[19].

Comparison of voltage degradation rates is diffitalrealize due to different experimental
conditions. There are no standardized test comditend test features. In addition, the cell
itself can also vary by the used materials, thagdeshe area, and the thickness. Thus a
particular comparison between the fuel cell andelleetrolysis mode of operation is required.
The current density (j) flow in the circuit depenaisthe operating mode and is generally
described as positive in the fuel-cell mode andhtieg in the electrolysis mode. Cathode and
anode reverse their role depending of the workingden To unify terms, the hydrogen
electrode is the electrode on which fuel is consuf®0OFC) or produced (SOEC) and the
oxygen electrode is the electrode on which oxygeroduced (SOEC) or consumed (SOFC).
Cells based on Ni-YSZ hydrogen electrode, 8YSZtedte and LSCF oxygen electrode
were tested in fuel cell and electrolysis modesdésriuel cell operation conditions, such cells
achieved a voltage degradation rate of 0.9 — 1808 h' at 750 °C under 0.5 A.cfmover
long test duration between 2000 and 5000 h. [2®]]).[Voltage degradation rates in the
electrolysis mode were noticed to be higher thaiénSOFC mode. Low voltage degradation
value as 3.2 %.khwas found for metal supported cell with an areal®f cnf under -
0.3 A.cm? at 800 °C during 2000 h [22]. Voltage degradafiates are reported to start from
5 %.kh' and to stabilize at the final stage of the tes® &.kh' by Hauch et al. [13] for
16.5 cnf anode supported cell under current density of Adn? at 850 °C during 600 —
700 h. Also similar degradation rate of 3 %'klias found in 1000 h long test on 45%cel|
[23]. Schefold et al. [24] reported the initial lakegradation of 2.5 %.Khup to 5600 h (even
1.7 %.kh" between 2000 h and 5600 h) and a total degradafich8 %.kA for 9000 h
durability test for 45 chanode supported cell at 780 °C and -1 A?aurrent density.
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This work presents durability tests on the fulll sebrking in the SOFC and SOEC modes.
These durability tests were performed as a finat @ PhD project after successful

fabrication of CGO-LSCF oxygen electrode (Chaptgrdlectrochemical tests by Impedance
Spectroscopy (Chapter IIl), microstructural (Chapt§ and mechanical (Chapter V) analysis
of coral microstructure. Impedance spectroscopyuwsasl to investigate the cell kinetics. The
ohmic resistance, the electrochemical and gasipatamn resistance were de-convoluted and

confronted with the post-mortem microstructural ahdmical analysis.

VI.3. Experimental

VI.3.1. Oxygen electrode preparation
A circular anode-supported SOFC with an area afmfbwas from Forschungszentrum Jiilich
on which the up-scaled oxygen electrode was deggbby ESD in LEPMI. On 1.5 mm thick
Ni/YSZ substrate a &m thick Ni/YSZ cermet served as the hydrogen ebeletr 8 mol.%
yttria-stabilized zirconia (8YSZ) was used as asdeelectrolyte with a thickness of .
Processing details of Ni/YSZ electrode with 8YSEZatlolyte can be found elsewhere [25],
[26]. The oxygen electrode was made of coral fumi layer (CFL) deposited by
electrostatic spray deposition (ESD) and currenkector layer (CCL) printed by screen-
printing. A homogeneous composition of (@dy 10,5 and La eSiy.4CoFey g0z (CGO-
LSCF) as CFL and CGO as barrier diffusion layer desosited prior printing LSCF as CCL.
The parameters for ESD were chosen to create higbigus microstructure called coral
microstructure [27] adjusted to the large scaléhefsubstrate. As a first part of deposition, a
dense and thin CGO barrier diffusion layer was dépd by ESD for 45 min (see Chapter II)
[28]. The next step was the deposition of CGO aB€E with 1:1 molar ratio for 405 min.
The last step was coating of pure LSCF for 90 riAmx-y moving substrate holder was used
during to cover the full surface and guarantee dgommogeneity in the coating thickness. A
precise description of CGO-LSCF composite productwas presented in [28]. A post-
annealing treatment was performed at 900 °C foirRdir to ensure the crystallization. LSCF
CCL was screen-printed onto sintered coral micuastire in two cycles. The sample was
kept for 1 h drying at 60 °C between printings.ekfthat, the sample was heated up to 600 °C
with a rate of 0.5 °C.mihto burn out the binder and then sintered at 90@otC h with a
heating/cooling rate of 3 °C.min
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VI1.3.2. Durability test in the SOFC and the SOEC mdes
The durability test and other electrochemical tegtse performed in SOFC test bench from
ECN (The Netherlands) adapted for both SOFC and GGQésting at EIFER. The

experimental setup with the cell is presented @ Wi-1.

a)
Al,O5 housing \

Oxygen electrode
current collector ™~ !

b)

Oxygen electrode

(sweep gas) g

current collector ﬂ
\ ALO; housing

power l(
Uueli
supply

H .A«-:
Steam/hydrogen : SRR,
electrode - K
current collector

Al;O3 housing TC1 TC2

(thermocouples)

Fig. VI-1. The test bench, a) schema of the experental test setup, b) mounted cell.

The cell was placed in between two alumina plategchvserved at the same time as gas
distributers. Pt-grids were used to provide curreoitecting for the electrodes. The cell
voltage was measured with Pt sense wires weldedetgrids. Moreover, 2 kg weight load
was used to ensure a good grid-electrode conthetsWweep gas was synthetic aip €0d N)

on the oxygen electrode side. The total gas flove Wwept stable of 1500 mL.min The
hydrogen electrode was supported iy N; and HO. The exact gas flows were varying with
the experiments (see Result section). Steam wakiped from de-ionized water preheated by
upstream tubing. In addition, external heating waaranteed by a ceramic heating element.
One should keep in mind that the setup was operatiopen housing, Hvas burnt out at the
rim of the cell. This may increase the cell tempeeif the gases flow is not adapted. Three
thermocouples were set in the setup, one in the cagiter (corresponding to the cell
temperature) and the two lasts on the cell edgé® dlectrometer of Solartron 1287
potentiostat was used to measure the cell volfBlge.overvoltage protection was used to cut
the current density in case of steam lack. The dapee spectroscopy spectra were measured
using Solartron potentionstat/galvanostat frequeanglyzer (SI 1255) within frequency
range of 0.1 Hz to 40 kHz. The frequency limit Brmeasurements was about 10 kHz due to
an electromagnetic coupling between the currentlh@doltage sensing cables at the cell and
shunt. It affected the measurement of low impedaumtehe range of @ [29]. A maximum

AC current density of the frequency analyzer wasr8Bcm. Details about the setup and

about the testing can be found elsewhere [24], [3Q].
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VI.3.3. Post-mortem microstructure observations
Energy dispersive X-ray spectroscopy and FEG-SEKweed to observe changes in the cell
microstructure and the compositional fluctuatioheTcell was embedded and infiltrated with
epoxy resin. After one day of resin curing, thd wels cut in small pieces in order to observe

cross section of the cell components. Finally,abléwas polished to achieve flat surface.

VI.4. Results and discussion

The cell was tested for the total time of 790 he Tell was working in SOFC mode for more
than 350 h and more than 430 h in SOEC mode. Qudemsities and temperatures during
durability test are listed in (Fig. VI-2). Firstlythe cell operated in SOFC mode under
0.5 A.cmi® load with a H gas flow of 500 mL.mitl at the hydrogen electrode and with a
mixture of 300 mL.mift O, and 1200 mL.miti N, (synthetic air) at the oxygen electrode for
125 h. The oxygen electrode was fed with the saasegfor all the experiments in fuel cell
and electrolysis mode. The cell was operating ilcS@nder conditions listed in Table VI-1.

Under electrolysis mode, it was noticed that thk weltage increased from 1090 mV to

1187 mV by changing the [j| from 0.5 to 0.75 ATm

1.50

774.0C L LﬂM.sr 795.1C
1.25 772.9C v e

%—*-3.75 Alcm? 80% steam SOEC -0.75 Alcm? 50% steam SOEC

L 770.3C

-0.5 A/lcm? 80% steam SOEC

E (Volts)
o
o

773.5T
R 777.7C

777.4C
0.75 |95 Alcm2 SOFC T —

0.5 Alcm? SOFC

0.50 ] | ] | ] |
0 250 500 750

Time (Hours)

Fig. VI-2. The cell voltage changes during durabity test of 790h for the cell working in SOFC and S@C.
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Furthermore, high current density provided the ddwdating to the cell due to ohmic losses in
the cabling in the cell housing. Finally, the ceths operating back in SOFC mode under
initial conditions. OCV for SOFC conditions was 410V at around 774 °C under pure
hydrogen and 0.871 V at around 770 °C and 80 vstéam to H ratio at the H electrode
side.At this point, it should be kept in mind that othiesearchers skip the first few hundred
hours of the cell operation since the cell is ndlyfstable in thermo-chemical conditions.
This work shows the complete cell voltage evolutiast after reduction of NiO to metallic
Ni.

Table VI-1. Cell conditions operating in SOEC mode.

Gases on hydrogen electrode

Time (n)  Load (A.cm?) H20 — H, (%)
H, (mL.min®)  H,0 (g.h")
16 -0.5 146 28 80-20
388 -0.75 146 28 80— 20
20 -0.75 582 28 50-50

VI.4.1. SOFC mode
VI.4.1.1. Cell voltage degradation

The cell was operating in SOFC mode at the begin(finst 125 h) of the durability test and
after the SOEC mode. The initial cell voltage wag &V under 0.5 A.cifi The cell voltage
degradation rate was found from the slope of theal fit to the cell voltage data. The total
potential degradation during time for SOFC was iM6.kh* (14.3 %.kH" in relation to the
initial potential value). However, variations ofetldegradation were scanned. The highest
degradation was at the beginning of the test of mB6kh™* (20.4 %). When the cell was
switched back to SOFC after operating in electis]ythe cell degradation was stabilized
from 127 mV.kR' (15.5 %) to 50 mV.kh (6.2 %). The detailed cell voltage degradation is
presented in Fig. VI-3.
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Fig. VI-3. The cell voltage changes during durability tesvf the cell working in the SOFC mode

VI1.4.1.2. Cell resistance
The impedance spectroscopy was performed regularbrder to see the evolution of ¢
resistance (Fig. VI¥% The cell was under 0.5 A.* current density with applie
500 mL.min" of H, on the hydrogen electrode side and air on the axgdectrode side. Tt
cell resistance was increasing with time, everr afperating in the SOEC moit The moment
of switching from SOFC to SOEC mode is indicatedabxertical line in Fig. \-4. The initial
cell area specific resistance was 37@.om? and increased by almost 35 % 1 final value of
508 m.cnt. The impedance data wertted by using equilent element circuit consisted
three constant phase elements (CPE). Contributwitts characteristic capacitances ¢
frequencies were described as a low frequency rélnigeascribed to themass transfer, a
medium frequency range (Mitypical of chage transfer and a high frequency range (
responsible for the blocking effect of the oxygransfer on the oxygen electrdelectrolyte
interface. The graph in Fig. -5 shows the changes e&ach contribution with time. The lc
and medium frequency ctiibutions remained stable over the duration oftdst. The sme
measured_.F and MF resistances evolutiwere negligible in comparison withe large HF
one The high frequency part significantly increased avas mainly responsible for t

growth of he cell resistance. HF contribution increased byo/8om the initial value to th
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final one of 296 r.cnt. The explanation of this phenomenon came frondedamination of
the oxygen electrode and creation of horizontalsa@n the electrode/electrolyte interface.
Frequencies of each contribution were describedymsx frequencies which ranged 1.22 —
1.51 Hz, 117 — 174 Hz and 2.28 — 28.9 kHz for LF; ®hd HF, respectively. In the same
time corresponding capacitances were 1.25 — 1.48n%.0.012 — 0.021 F.ct and
2.36x 10 — 1.66 x 1d F.cm? for LF, MF and HF, respectively. Small differencies
capacitances and apex frequencies indicated thae telements were correctly fitted.
Moreover, capacitances and apex frequencies waipéesduring the operation time (Fig. VI-6
and Fig. VI-7).

500 + [ ]

450 +

400

Cell resistance (mQ.cm?)
[ ]

350 4

‘ m_ Cell resistance

300

T T T T T T T T T T T T T ]
0 50 100 150 200 250 300 350 400

Time (h)

Fig. VI-4. Evolution of cell resistance operatingn the SOFC mode versus time at 0.5 A.cfcurrent load.

Vertical line indicates the moment of switching tc(SOEC mode.
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Fig. VI-5. Evolution of the resistance for high fregquency, medium frequency and low frequency elements

versus operating time in the SOFC mode. Vertical fie indicates the moment of switching to SOEC mode.
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Fig. VI-6. Capacitances for LF, MF and HF contributions versus operating time in the SOFC mode.

Vertical line indicates the moment of switching tc(SOEC mode.
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Fig. VI-7. Apex Frequencies for LF, MF and HF contibutions versus operating time in the SOFC mode.

Vertical line indicates the moment of switching tc(SOEC mode.

VI.4.1.3. Influence of G gas flow change
The behavior of electrodes is difficult to determutue to the superposition of the impedance
responses. One solution to separate the electomdsbutions was to change gas flows on
each electrode side and perform impedance specpysanalysis. The contribution of the
oxygen electrode was investigated by changing ¥ygen and the nitrogen gas flows on the
oxygen electrode side. The total gas flow was kéatle at 1500 mL.mih The oxygen flow
was varied from 150, 300, 500 and 1000 mL:fithe rest of the gas was compensated py N
to achieve the total flow. During the test, thd vels under the current density of 0.5 Atm
When the oxygen gas content was increased, thevokfige was increased and the cell
resistance was decreased. Changes of the cellaresesand the cell voltage are described in
Table VI-2. Moreover, the change of oxygen gas fload no influence on the cell
temperature itself. A small increase of the cathperature was recorded for an oxygen gas
flow of 1000 mL.mif* due to the burning of hydrogen at edges of theresllted from the
open housing. The R was decreased when the oxygen gas flow was ireatedsis is in
good agreement with the typical behavior of thegexyelectrode while changing the oxygen
partial pressure as previously reported for LSC¥ger electrodes [32]-[34].
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Table VI-2. Changes of the cell resistance and theell voltage by varying the oxygen gas flow.

O, (mL.min™) 150 300 500 1000
R (mQ.cm?) 603 501 479 451
Cell voltage (mV) 698 750 769 792

Three contributions were selected from fitted ingrexk spectra. The significant increased of
the cell resistance was noticed at the low frequerange responsible for mass transfer.
Furthermore, capacitances and apex frequenciesalidhow main changes versus different
oxygen flows suggesting the absence of additiooatributions (Fig. VI-8 and Fig. VI-9).
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Fig. VI-8. Capacitances for LF, MF and HF contributions in different oxygen flows on the oxygen

electrode side in the SOFC.
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Fig. VI-9. Apex frequencies for LF, MF and HF contiibutions in different oxygen flows on the oxygen
electrode side in the SOFC.

V1.4.1.4. Influence of H gas flow change
The hydrogen electrode was investigated by chanijiedhydrogen gas flow. The hydrogen
gas flow was varied from 250, 500 to 1000 mL.thimder current density of 0.5 A.&mlf
the hydrogen gas flow was lower than 500 mL:fibwas compensated by,Nn the case of
higher flow than 500 mL.mih pure hydrogen was applied. It is worth to mentibat by
changing the hydrogen gas flow, the cell tempeeatwas meaningfully changed. The
hydrogen was applied on the cell center but stlirge part of the flow went to cell edges
where was burned out heating even more the cepedtance measurements were quickly
performed to avoid longtime waiting for the temgera stabilization. In such case the cell
was not in isothermal conditions but still stabbedo the impedance without points with
frequencies below IDHz. Similar to changes of the oxygen gas flow, ¢k resistance and
the cell voltage were decreased when hydrogen osbm@s increased on the hydrogen
electrode side. Fig. VI-10 shows changes in capacés for LF, MF and HF ranges. Changes
in capacitances can be explained by not stablendderonditions. Moreover, the shift of the
theta peak to higher frequency was registered ifgiteén hydrogen gas flow at LF range (Fig.
VI-11).
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Fig. VI-10. Capacitances for LF, MF and HF contribuions in different hydrogen flows on the hydrogen

electrode side in the SOFC mode.
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Fig. VI-11. Apex frequencies for LF, MF and HF contibutions in different hydrogen flows on the
hydrogen electrode side in the SOFC mode.
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VI.4.2. SOEC mode
VI1.4.2.1. Cell voltage degradation

Fig. VI-12 presents the cell voltage changes dutimg operating in the SOEC mode under
-0.75 A.cm? with 80 % steam on the hydrogen electrode sidesgnthetic air on the oxygen
electrode side. The cell was switched to the SOE@erafter almost 125 h working in the
SOFC mode and after next 400 h switched back. mhrli cell voltage was 1200 mV at
773 °C. Pulses of the cell voltage were causeddnyufbations in the steam supply (resulted
in change of the voltage of 5 — 9 mV). The voltaggradation rate was calculated as a slop
from the linear fit to the cell voltage changeghe time. The cell voltage was increasing with
time. The total cell voltage degradation was 130.khV that was corresponding to the drop
of the initial SOEC cell voltage of 10.8 %:khHowever, at the beginning of the operation the
cell voltage degradation was as high as 353 mV.{9.7 %.ki) for a longer time than
127 h. Then, the cell voltage was stabilized t@gyVow value of 2 mV.kf (0.2 %.kA") and
stayed stable for the rest of the operation. Iwimth to mention that the cell voltage
degradation rate became so low after the cell gelfgeak. The punctual increase in the cell
voltage was caused by temporarily lack of steansulth case the cell was swept only by pure
hydrogen on the hydrogen electrode side. This edetteased the high degradation rate. The

same event happened at 177 h.

1.50

774.0C | J 774.5C

Ll |
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772.9C '
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N, O NmL/min
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Fig. VI-12. The cell voltage during durability testof the cell working in the SOEC mode.
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VI1.4.2.2. Cell resistance
The durability test in the SOEC mode was performeder -0.75 A.ci, the electrodes were
supplied by air on the oxygen electrode side an@88,0 on the hydrogen electrode side.
Similarly to durability test in the SOFC mode, tbell resistance was increasing with the
operating time presented in Fig. VI-13. There canseveral reasons for increasing cell
resistance: decreasing of the ionic conductivityhia electrolyte, decreasing of the electronic
conductivity in the electrodes, electrodes deatibmaand delamination, and formation of low
conductive layers in the electrodes [35]. The m=istance at the beginning of the electrolysis
mode was 465 @.cm”and increased by 26 % to the final value of 583.cmi. According
to the principle, the ohmic resistances in SOFC @& C modes remain equal. However, the
cell resistance is higher in electrolysis due tghbr electrodes polarization resistances.
Indeed, higher steam content requires higher aaiv@olarization of the hydrogen electrode
[22]. The equivalent circuit for impedance spectitawas consisted of constant phase
elements similar as in the SOFC mode. Contributese characterized by mass transfer
(LF), charge transfer (MF) and blocking effect tve bxygen electrode/electrolyte interface
(HF). Fig. VI-14 shows changes ini/iR Ryr and Ry during the operating time. The HF
resistance was the main contribution of the calistance and showed the highest growth over
time. An increase of i was also observed by Tietz et al. [35] in a catking for 9000 h in
electrolysis. The post-mortem SEM analysis showéaka in granular contact area and pore
formation on the oxygen electrode/electrolyte ifastee. Moreover, an increase of the
contribution above 300 Hz was clarified by the cosiponal fluctuation and the
morphological changes in the oxygen electrode plingia loss of catalytic activity.
A small increase of R was noticed while R was decreased. Capacitances and apex
frequencies calculated for each contribution weable excepted for the capacitance at MF
which was increased (Fig. VI-15 and Fig. VI-16).p@eitances were found equal to 1.01 —
1.42 F.crif, 0.027 — 0.225 F.cfand 4.68 x 18 — 1.30 x 10 F.cni® for LF, MF and HF
contributions, respectively. Apex frequencies weeagied from 1.41 to 1.52 Hz, 42.8 to
97.6 Hz and 884 to 1130 Hz for LF, MF and HF cdnttions, respectively.
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Fig. VI-13. Evolution of cell resistance operatingn the SOEC mode in time.

350 m HF SOEC
® MF SOEC
- A |FSOEC
300 - " om
[ |
250 n
—~ 200 .
NE - []
O
(@]
£ 150 u
D: [ ]
A
100 - A A A A
A A 4 4
° [ )
50 °
[ J
[ ] [ ) ° ° )
0 T T T T T T T T
100 200 300 400 500
Time (h)
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versus operating time in the SOFC mode.
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Fig. VI-15. Capacitances for LF, MF and HF contribuions versus operating time in the SOEC mode.
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Fig. VI-16. Apex frequencies for LF, MF and HF contibutions versus operating time in the SOEC mode.
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VI1.4.2.3. Influence of G gas flow change
During the durability test the influence of diffateoxygen partial pressure on the cell was
investigated. The oxygen gas flow on the oxygentedde side was changed from 0, 150, 300
to 500 mL.mift. The rest of the gas flow was compensated btoNichieve a stable gas flow
of 1500 mL.mift. The current density was -0.75 A.énTable VI-3 shows the changes in the
cell resistance and the cell voltage by changimgakygen gas flow. The cell resistance was
decreased when the,@low was increased. The same tendency was nofcedhe cell
voltage with an exception for 300 mL.rffirwhen the cell voltage was reached a minimum
value of 1253 mV. The cell temperature was const@apacitances (Fig. VI-17) and apex
frequencies (Fig. VI-18) remained stable by varyiimg oxygen gas flow leading to no effect
on the contributions.

Table VI-3. Changes of the cell resistance and theell voltage by varying the oxygen gas flow.

O, mL.min™ 0 150 300 500
R (mQ.cm?) 648 603 583 575
Cell voltage (mV) 1288 1263 1253 1258
1 A ~ A A
e °
13 o —=— HF SOEC
N’E‘ —e— MF SOEC
S —A— LF SOEC
L
S o0.014
% ]
o
©
O
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] - —= - —a
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Oxygen flow (mL/min)

Fig. VI-17. Capacitances for LF, MF and HF contribuions in different oxygen flows on the oxygen
electrode side in the SOEC mode.
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Fig. VI-18. Apex frequencies for LF, MF and HF contibutions in different oxygen flows on the oxygen
electrode side in the SOEC mode.

V1.4.2.4. Influence of H gas flow change
The influence of Hgas flow change applied on the hydrogen electsidie was investigated
at the end of the SOEC durability test. It was dedito do it as a last test because the change
of the flow had great effect on the cell tempemtilnus the cell voltage and resistance. After
such change the cell needed long time to stahbitizeew conditions. Moreover, the;H H,O
ratio was changed requiring an adjustment of tmeperature of the evaporator. It was
decided to keep water supplied at the same lev28af h* and modify only the hydrogen gas
flow to get 50 or 80 % steam to hydrogen ratio o less difficulties for the evaporator
stabilization. In such case the total gas flow wiferent. The cell was under -0.75 A.ém
current density. Variations in the cell resistanadtage and temperature while changing-H
H,O ratio are presented in Table VI-4. While incregsthe hydrogen content the cell
resistance was decreasing and the cell voltagengesased. Even an elevated temperature on
21 °C did not compensate the increasing cell velt@g a result, there was lesgHapplied
to the cell and the reaction of water splitting wasderated. Moreover, one could notice the
same trend in the apex frequency for LF contributibhe apex frequency shifted to higher
value from 1.42 Hz to 2.69 Hz by lowering theQH- H; ratio.
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Table VI-4. Changes of the cell resistance, voltagad temperature versus varied the H— H,O ratio.

H, — H,O (mL.min™ — %) 146 — 80% steam 582 — 50% steam

R (mQ cm?) 583 544
Voltage (mV) 1253 1273
T(°C) 774 795

V1.4.3. Current voltage behavior
The reversible U-j curves for the cell are showrkig. VI-19 and the cell conditions in Table
VI-5. The cell was measured in 50 and 80 % @OHdbn hydrogen electrode side and air
composition on oxygen electrode side. The generpbthn was done on 07/04/2014 at the
current density range of -0.75 — 0.50 A’tand the same gas conditions in all current density

range. A clear reversibility of the current loadwgs scanned for the SOFC and the SOEC
modes.

Table VI-5. The cell operating conditions during U} scans.

Day Teat (°C)  Mode H,O (g.h™) H, (mL.min™)  H,0 - H, (%)

02/04/2014 774 SOFC - 500 =
03/04/2014 773 SOFC - 500 -

SOFC 24 500 50 - 50
07/04/2014 773

SOEC 24 500 50 - 50
08/04/2014 770 SOEC 28 146 80 - 20
14/04/2014 773 SOEC 28 146 80 - 20

SOFC - 500 =
25/04/2014 794

SOEC 28 582 50 -50

The slope (ASR) was varied from 339 to 55@en?. The highest ASR value of
550 m.cn? was found for a scan performed on 14/04/2014, spoeding to a short event
(less than 10 sec) where the cell was not suppartesteam. As a result, the voltage
drastically raised up to 2.07 V and temperaturetauZ76 °C. After the event, the cell
recovered the stability. The lowest ASR value 0B 38Q.cn? was obtained for a scan
registered on 25/04/2014, such value is explaired higher operating temperature due to the
burning of an increased quantity of hydrogen. ThHiemknces in slope originated from the

operating temperature, gas flows (especially orhglteogen electrode side) and also from the
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day of the measurement. The cell voltage was degdrddring the durability test that raised
the U-j curve slope. In SOEC current density rat@e75 — 0 A.crif), there is a critical
current density point (-0.4 A.cf below which the cell voltage was found lower Fogher
steam content, this behavior is reversed above dfiigal point. Moreover, higher ASR
values were found for higher steam content. Thewstage was recorded to be higher in
current density range from 0 to 0.5 Aémwhen hydrogen gas flow was increased on the
hydrogen electrode side.
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03/04/2014 sofc B
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Fig. VI-19. U-j behavior of the cell operating in he SOFC and the SOEC modes for different days and

conditions. Detailed conditions are described in Tide VI-5.

VI.4.4. Post-mortem microstructural observations

Fig. VI-20 shows the polished cross section of bk microstructure after durability test in
the SOFC and SOEC modes. The thickness of CGO-L&@&Is was around 2Qm.
However, a large part of corals was infiltratedUSCF current collector. The total thickness
of the oxygen electrode was around60. The oxygen electrode layer was not continuous
with places in which the layer was cracked givihg aiccess to deeper part of the electrode
even up to 2Qum in depth. These cracks were created during drginthe CCL just after
printing or sintering before the durability teshel coral functional layer, the part of corals
free of LSCF current collector, had varying thickedrom 0 — Qim depending on the spot.
The CGO barrier diffusion is not visible at low mgfgeation picture. The high magnification
pictures showed that CGO barrier diffusion layeswanged between 200 — 500 nm (Fig. VI-
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21). There were also some places where CGO badliffesion layer was not presented. The

reason of this absence is not clear.

| LSCF
CGO-LSCF

8YSZ
NI/8YSZ

Ni/8YSZ

Fig. VI-20. Microstructure of the cell after durability test. The cell consisted of LSCF-current colletor
layer, coral CGO-LSCF with CGO barrier diffusion layer, 8YSZ electrolyte, Ni/8YSZ hydrogen electrode
and Ni/8YSZ substrate.

One explanation could be that during the ESD déposithe substrate surface was not fully
and/or not properly covered due to a certain roeghnAnother explanation could be that
during the test, the CGO layer cracked and theva# easier to remove it from the substrate
during the cell preparation for microscopy analyss vertical gap was found on the

electrolyte/oxygen electrode (Fig. VI-21b). The gaas also noticed for a reference sample
which was not operating but the intensity of the gad its length was lower. It can indicate
that the contact between the electrolyte and thygex electrode could give rise to the
mechanical and thermal stress from very beginninfe cell durability test and could affect

the polarization resistance value.

200 nm

Fig. VI-21. Image of the interface between the CG®arrier diffusion layer and the 8YSZ electrolyte.
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The 8YSZ electrolyte was cracked after the durghiést (Fig. VI-22). A comparison of the
electrolyte before and after the test showed thddoth cases the electrolyte was cracked. It
was explained by the cell preparation for SEM. Témn infiltrating the cell protected it from
detachment of particles and layers, but also pexichechanical stresses during the curing.
The electrolyte seemed to be more fragile and easseked during the resin curing after
790 h of the cell operation. A similar behavior viasnd by Tietz et al. [35]

Fig. VI-22. Image of the 8YSZ electrolyte a) at 2Xxmagnification, and b) at 10 kx magnification.

The EDS line profile performed on the distance %fuéh contain all cell components (Fig.

VI-23). The analysis was done starting from the gety electrode and finishing on the

hydrogen electrode. The Zr element was removed frengraph due to much higher intensity
of this element (Fig. VI-23a). La, Sr, Co and Fedtically drop on the interface between
corals and CGO barrier diffusion layer, while Ced&@d are only presented in the line
distance related to the CGO barrier diffusion latygckness. Yttrium could be visible in the

8YSZ electrolyte and also in the Ni/8YSZ. It is ionfant to remember that the cell is mostly
consisted of porous layers which give rise to aoiohoises. Sr was detected in the 8YSZ
electrolyte and in the hydrogen electrode. Thisnpheenon occurred due to superposition of
Zr (Ly = 1.792 eV) with Sr (L = 1.805 eV, l = 1.807 eV). No secondary phases were
detected.
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Fig. VI-23. EDS line profile performed along the ck cross section starting from the top to the bottm, a)

elements intensity along the profile line, b) SEMmage of the investigated area.

VI.4.5. Discussion
As it was previously mentioned, a comparison ofteteehemical properties of this cell based
on CGO/LSCF oxygen electrode, 45%in active area, with other ones reported in the
literature is challenging due to different test ditions and cell features. The initial cell
voltage was found 817 mV for SOFC mode at 773 iGynthetic air on the oxygen electrode
side and pure Hon the hydrogen electrode side, under 0.5 A.corrent density. The initial
cell voltage was recorded 1200 mV for SOEC mod&¥at°C, in synthetic air on the oxygen
electrode side and in a mixture 80 : 20 % of stedsmn the hydrogen electrode side, under
-0.75 A.cn¥ current density. Such cell voltages were in agesenwith those previously
reported [20]-[24], [36]-[39].
The total cell voltage degradation was found t@geal to 14.3 %.khafter 350 h for the cell
operating in SOFC mode. Then it was decreased 2d6&h* at the last 100 h of the
durability test. Typical degradation rates for lenglurability tests have been found in the
range from 0.2 to 1.4 %.Kh[20], [36]-[40]. Those values are much lower thiwe one
presented in this work. However, Gemmen et al. [8&]e reported a continuous decrease of
the average degradation value during the test.iffitiel degradation as high as 23 %h
decreased to 5 %.Khduring first 1000 h, and was decreasing duringrerturability test
(6000 h) to a final value of 1.4 %X&hThis PhD work represents only one tenth of the
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durability test from Gemmen et al. [37]. So it iffidult to predict the behavior of our cell up
to 6000 h since different degradation processe®ceainr.

The total cell voltage degradation for SOEC modes faund 10.8 %.kh, for the cell
working at 773 °C under -0.75 A.6mSuch value is much higher than those reportettién
literature [13], [21]-[24]. However, one should keén mind that after the high initial
degradation (29.7 %.Kh first 130 h), it was stabilized at 0.2 %XtHor 300 h of the
remaining time. Such low value is lower than thiveen most of works even than those with
lower current density load. Moreover, it can be pamed with the degradation rate of
2 %.kh' recorded at higher temperature of 850 °C, undeetaurrent density of -0.5 A.cfn
and during 1300 h [13]. Other durability test aOD8& for the total time of 1000 h under
-0.5 A.cm? current density has shown the cell voltage dedi@uaf 3 %.kA" [23)].

The high initial degradation in SOEC was also obseérfor other cells [13], [22], [24]. The
degradation of 2.5 %.khat 780 °C was observed during the first 1000 (Sbigefold et al.
[24] for the cell under -1 A.cih then stabilized at 1.7 %.Rhfrom 2000 to 5600 h.
Additionally, in the literature, one reports thatsome cases the high initial degradation is not
taken into account and the durability test staiftesr @n initial time explaining that during this
time the cell was not under stable thermo-chendoaditions. As an example, Schiller et al.
[22] started the durability test after 396 h of @i®n and the strongest change in overall
polarization was observed after 400 h. The durghiéist presented in this work was started
just after reduction of the hydrogen electrode. é8asn this durability test, it is hard to
estimate a long stability of the cell with a coralcrostructure. Nevertheless the final
degradation rate of 0.2 % Kitlassifies the cell as a potential material fattfar analysis.

The high voltage degradation of this work was alteshich can be interpreted mainly as an
increase of the polarization resistance. The impeglapectroscopy has shown that the largest
influence on the polarization resistance origindtedn an increase of the resistance at high
frequency range that was regarded as a blockiregtedin the electrode/electrolyte interface.
The proof of this phenomenon comes from the micuattral observations by SEM.
Microstructural observations performed after theability test have shown that the 8YSZ
electrolyte was cracked with a lack of CGO bardédfusion layer in some parts on the
oxygen electrode/electrolyte interface. Conseqyeatbetachment of the oxygen electrode
from the electrolyte was deduced. The same phenamene often observed [22], [35], [40].
Despite the fact that CGO layer was found discatirs, the presence of secondary phases
was not detected. Tietz et al. [35] have foundrgddormation of SrZr@on the 8YSZ/CGO

interface in places in which CGO barrier diffusiteyer was interrupted, after 9000 h
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operating in SOEC mode. The absence of secondasephn tested cell may be due to still
sufficient dense CGO buffer layer in between LS®@H YSZ and/or too short operation time
to create SrZr@ By the limited time and availability of the tdsgnch, the total durability test

was finished after 790 h but the positive pointhat the cell withstood and was improved

with time.

VI.5. Conclusions

The durability test of an anode supported cell,c#8 in the electrode active area was
performed using an innovative CGO-LSCF oxygen ebglet with a coral microstructure,
operating in the SOFC and the SOEC modes. A taiti@tbn of the test was 790 h, more than
350 h operating in the SOFC mode and more tharh4d@ferating in the SOEC mode. The
main results are as the following:

- Aninitial Ugey = 817 mV at 773 °C under synthetic air (1500 miofyion the oxygen
electrode side and 500 mL/min pure &h the hydrogen electrode side in the SOFC
mode under 0.5 A.cthcurrent density,

- Aninitial Uee = 1200 mV at 773 °C with applied air (1500 mL.Mjron the oxygen
electrode side and a mixture of®i— H, to give a ratio of 80 % - 20 % (24 ¢.water
— 500 mL/min hydrogen) on the hydrogen electrode sn the SOEC mode under -
0.75 A.cn¥ current density,

- A total cell voltage degradation of 116 mVkh14.3 %.kA), 166 mV.kh*
(20.4 %.kH") up to 115 h, and 50 mV.Rn(6.2 %.kH") in the last 100 h, in the SOFC
mode,

- A total cell voltage degradation of 130 mVkh10.8 %.kA), 353 mV.kh'
(29.7 %.kHY) up to 127 h, and 2 mV.kh(0.2 %.kR") in the remaining time, in the
SOEC mode,

The increase of the cell resistance during theviest explained by the main increase of HF
contribution responsible for the blocking element the oxygen electrode/electrolyte
interface. Finally, U-j curves showed reversibilby the current loading for fuel-cell and
electrolysis. During SOEC operation, there were @vents characterized by a peak in the
cell voltage blocking the steam gas supply. Consetly, the cell was in an electronic
conducting mode. Post-mortem observations have eth@nacks in 8YSZ electrolyte, a lack

of the CGO barrier diffusion layer in some partthat CGO/8YSZ interface and a detachment
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of the oxygen electrode from the electrolyte. Thelkservations confirmed that the greatest

increase of the cell resistance was due to increfade resistance at HF range.
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General conclusions and prospect
General conclusions
This project has been focused on the fabricatiorelegtro-spraying, physico-chemical and
electrochemical characterizations of original al&éive homogeneous and continuous graded
electrodes encompassing mechanical testing tecksiguorder to improve durability of solid
oxide fuel cells (SOFCs) and solid oxide electretysells (SOECSs) operatireg 700 °C and
850 °C respectively in air.

The first objective of this work was to design newface architectures and microstructwes
an advanced oxygen electrode based on a compds@&0 and LSCF with graded and
homogeneous compositions. The main advantage ofrgasite is to sum up the high ionic
conductivity of CGO with the electrical propertiesthe mixed ionic-electronic conducting
(MIEC) LSCF material in one electrode volume. Te different composites with a variable
composition were able to be produced using ESD. ddminuous gradient in composition
was achieved by the use of two precursors solutitisvaried flow rates. The mechanism of
ESD film formation and the resulting microstructdiepend mainly on the size of the droplets
impacting the hot substrate.

First, an optimization of the ESD parameters, byywa technical parameters (nozzle-to-
substrate distance, the precursor solution flow wtd the substrate temperature) and by
varying the physico-chemical parameters of theymsar solution (surface tension, viscosity,
boiling point and conductivity) has been performedrder to deposit highly porous CGO-
LSCF microstructure. In this regard, large nozplesuibstrate distance, low precursor solution
flow rate, high substrate temperature, relativedy Isurface tension and viscosity, high
boiling point are required with high conductivitalues of the solution of about 5l($.cml.
The size of the spread droplets in the high paériield was decreased due to solvents
evaporation and decomposition. Dried and small létepwere attracted by the already
deposited material creating corals. The CGO-LSOfalamicrostructure is characterized by
widely open morphology with two scale porositieana-scale porosity on the coral surface
and micro-porous as a space between corals. Intlednicrostructure of a MIEC electrode
is directly related to its performance as a lasygface area facilitates the ORR by increasing
the number of active sites. As the first step qfadgtion, a dense and thin layer of CGO was
deposited to serve as a barrier diffusion layesdparate LSCF from YSZ components and
avoid reaction between them. The energy dispepsivay spectroscopy analysis proved the

graded composition, the electrode is rich in CG@elto YSZ substrate and rich in LSCF at
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the surface. As-deposited coatings were found ahowp and a sintering at 900 °C for 2 h in
air was found sufficient to reach the crystalliaatof the electrodes with the presence of the
cubic LSCF perovskite and cubic CGO phases witsaemndary phases. Grain size of 50 nm
was obtained and the coating thickness was rarfging 20 to 3Qum.

Two batches, the graded and the homogeneous cG@HGSCF coatings were considered as
functional layers for electrochemical impedancecspscopy in two configurations: using
single corals as oxygen electrode with platinund gimd using additional 4om thick LSCF
layer as a current collector screen-printed oncbrl microstructure with the Pt grid. The
role of LSCF current collector is to improve thentaxt between the CGO-LSCF electrode
and the grid, and improve the pathway for electrding electrode resistances were evaluated
at OCV between 450 and 700 °C in air. Moreover, tsathermal tests were performed at
600 °C for 200 h and at 800 °C for 12 h. The paktion resistance for sample without
current collector was found 65¢2cnt at 600 °C that was much higher than for samplés wi
additional LSCF layer which was 1@3.cnf at 600 °C. The electrochemical performances
were constant during durability tests performe®@Q@ °C for 200 h, proving the stability of
the electrode. A dense and thin CGO barrier diffadayer stopped La and Sr ions migration
and avoid the formation of insulating phases on ESGSZ interface. Even for sample with
LSCF current collector layer, the electrode pokian resistance remained larger than that
for a pure LSCF coral microstructure. The intergtienh of this phenomena was based on the
fact that the distribution of CGO phase could sumnaand trap some part of LSCF phase thus
making it electrochemically inactive. In such wagth ionic and electronic pathways are cut
at some point. No significant difference in polatian resistances between graded and
homogeneous composition was found.

The electrochemical properties of such CGO-LSCEtrldes have to be related to a careful
investigation of the electrode microstructure. Hygporous morphology with high surface
area have led to an improvement of the ORR andecp®ently to a reduced electrode
resistance.

In this order, FIB-SEM and X-ray nanotomography evesed to create a three-dimensional
model of CGO-LSCF composite. FIB-SEM has provedadgadhesion of the CGO-LSCF
coating on the YSZ substrate and has shown thatscare hollow. A more specific analysis
was possible to achieve by X-ray nanotomography déposition of highly porous coatings
on dense YSZ caused difficulties for tomographdekd, the different X-ray absorption rates
for YSZ and CGO-LSCF coatings have led to the aweabf inevitable artifacts which

required advanced image processing. Based on ragiog, two data volumes were chosen
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from the data stack to calculate the microstru¢tpa@ameters such as open, closed porosity,
surface area, percolation path and tortuosity. Trifeience of threshold value on the
parameters was also investigated. The evaluateineders were different in comparison to
the most common electrode presented in the litexafthe total porosity in range of 67 — 87
vol.% placed such oxygen electrode as an uniquarapa. Comparison of the microstructure
parameters to other electrodes is challenging. fdrameters were also used to calculate
electrode polarization from ALS model. Modeleg,Rralue was coherent with the value
achieved from impedance spectroscopy for singlalcoicrostructure giving an evidence that
microstructural parameters were correctly estimated

In parallel to the electrochemical properties, thechanical strength remains an important
issue for the durability of the oxygen electrodeeSses in the cell may be provided during
the manufacturing and then should be amplified rduroperation by oxygen activity
gradients, redox cycling, external mechanical laad not homogeneous distribution of the
temperature. From one side, the existing mechampicgberties of the cell components are
originated mainly from the nature of the bulk meteand in minority from the form as
materials are present in the cell components. @rother side, many researchers use thermo-
electrochemical and finite element analysis to méue probability of the mechanical failure
for the single cell as well for the stack. In thisrk, the mechanical behavior of CGO-LSCF
coral microstructure was investigated by scratcht tand ultramicroindentation. The
indentation using atomic force microscope was maipged because the height of the corals
was too high for the tip to be measured. The brepkiechanism of corals was fully new and
ran in three steps: particles reorientation, plagicplastic deformation and impinge of
particles. This mechanism was found for both sbratied ultramicroindentation tests. The
similar compaction behavior was found for a powcmnpaction during pressing. At the first
step during tests, the contact pressure was hitifedieginning of loading during scratch and
indentation tests due to low concentration of malet the top part of coral microstructure.
Finally, the durability test in SOFC and SOEC modes performed on anode supported
SOFC cell at larger scale of a electrode activa afe45 cmi. A homogeneous CGO-LSCF
oxygen electrode with an active area of 45 evas deposited on Ni-YSZ cermet with it
thick YSZ electrolyte. A CGO barrier diffusion laywas introduced between YSZ and LSCF
as a first step of the deposition. The total duitgliest was as long as 790 h, more than 350 h
operating in SOFC and more 430 h in SOEC. Theaingell voltage degradation in SOFC
mode was 166 mV.kh(20.4 %.kR) during 115 h, and stabilized to 50 mVkh6.2 %.kH)

in the last 100 h, giving a total cell voltage dmgation of 116 mV.kh (14.3 %.kR"). For
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SOEC mode, the cell voltage degradation was 35%hi\(29.7 %.kR") at first 127 h after
this time the cell voltage stabilized at 2 mV{0.2 %.kh") of the remaining time. This gave
a total cell degradation of 130 mV:kH10.8 %.kR"). The cell resistance was increasing in
during operation. The main increase ofRvas noticed at the high frequency range. The
contribution linked to this range was responsilbe the blocking effect on the oxygen
electrode/electrolyte interface. The current-vadtagans performed during analysis indicated
reversibility of the current loading for fuel-calhd electrolysis. The significant change in low
frequency resistance was noticed when hydrogenflgas was modified at the oxygen
electrode side during SOFC and SOEC mode. Therpodem SEM observations showed
cracks in the electrolyte layer, lack of CGO bardéfusion layer in some part on YSZ
electrolyte, and detachment of the oxygen electfoda the substrate.

To conclude, this positive international work is rywefruitful since complementar
investigations in different domains and differentiotries have brought new experiences. At
the same time it is quite difficult to manage thigye work into deep understanding in only

three years.

Prospect

The main disadvantage of this CGO-LSCF "tree” likeorphology or 3D coral-like
microstructure is that the electronic and ioniccpéation paths are not continuous mainly due
to the distribution of nanoscale grains in the tetate volume. One possible extension of this
work could be to perform a long-term sintering leé toral microstructure at high temperature
for example at 900, 1000 and 1100 °C for severarh@n air. The sintering step would be
expected to increase the size of the CGO and LI3@Eeparticles and the density of the
oxygen electrode. Consequently, a larger percolap@th and better mechanical and
electrochemical properties should be expected.

In such a way, it would be possible to distinguismposite phases in X-ray nanotomography
whose resolution limit is 25 nm. The coral micrasture would gain new gas channels by
shrinkage of the coral.

A proposal for an alternative microstructure fog #lectrode could be an electrode built from
large columns as a next possible morphology whaticcbe obtained by electrostatic spray
deposition. The space between columns would ses\gaa channels distributing oxygen to
the active zones. The electrical performances laevery dependent on the roughness of the

electrode surface and consequently on the cont#ttttine current collector. Since the surface
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of columnar microstructure is much flatter than skieface of the corals, a much better current
collection would be expected.

The particular link between microstructural, meagbahand electrochemical properties could
give better description of the CGO-LSCF corals emerest of using it as an oxygen electrode
for SOFC and SOEC. The first approach was donkigwtork however, it did not fill-up the
topic.

Finally, the complexity of the coral microstructusehigh since the quantity of matter is low.
Microstructural, mechanical and electrochemical rabirizations and comparison of
achieved results with literature were challengimg these conditions. Moreover as a
consequence, the difference in the electrical ptmse of gradient and homogeneous
compositions of CGO-LSCF electrodes could not Ber@ninated.

Since there is little control of the influence obsp-mortem characterizations on the
degradation of the components in solid oxide céllsjould be worth to propos& situ or
operandoexperiments in order to understand the electrogtgmof the solid oxide cell
operation. Structural properties of the materiadd atrains at the electrodes/electrolyte and
electrode/environment interfaces could be extractading Raman spectroscopy
simultaneously coupling with impedance spectroscopyget electrical properties in a
controlled atmosphere versus time. These procdsmes to be clearly understood at the

atomic scale if optimized, high performance, lowgtcsolid oxide cells are to be produced.
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RESUME (FR)

Motivations

L’augmentation de la demande en énergie et I'@muét des combustibles fossiles,
nous poussent a trouver de nouvelles solutiongfteh I'énergie provient majoritairement de
I'utilisation du pétrole, du charbon et du gaz metuRécemment, 'administration américaine
de I'énergie (the US. Energy Information Adminisima) a montré que la demande en
énergie devrait augmenter de 56 % dans les trenteh@ines années (Fig. 1) [1]. Cette forte
croissance est essentiellement die au développaieenpays émergents comme la Chine,
'Inde et le Brésil. Dans un futur proche, la protion d’énergie se concentrera de plus en
plus sur des sources d’énergie alternatives. Leaglyztion devra se faire de facon propre,
c’est-a-dire sans émission de gaz nocifs pour limenet I'environnement, et leur colt de
production devra rester compétitif pour pouvoir aliser avec les sources d’énergie
traditionnelles. Une des solutions envisagée, foproduction de chaleur et d’électricité, est
I'utilisation des piles a combustible ainsi que dectrolyseurs a oxydes solides [2] (SOFC et
SOEC).

L'un des problemes majeurs limitant le développenses piles a combustibles et des
électrolyseurs est l'utilisation a haute tempémtude I'ordre de 1000 °C. Cette haute
température entraine I'utilisation de matériauxteak et conduit également a la réactivité
entre les différents composants, diminuant la ddeégie des systemes. La diminution de la
température de fonctionnement aux environs de 80Qpermettrait de réduire ces

phénomenes (IT-SOFC) [3]. Cependant, cette dinonutbnduit a 'augmentation de la chute

ohmique de I'électrolyte et des surtensions d'ébeles, réduisant les performances. Un autre
verrou technologique pour le développement destrélgseurs a haute température est le
décollement de I'électrode a oxygene lors du famctement [4]-[6]. Pour pallier cette

faiblesse mécanique, de nouvelles électrodes dbatem développées ainsi que I'évaluation

fine des interfaces électrodes / électrolytes.
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Fig. 1 Consommationénergétique mondiale en quadrillion British thermalunit (10 Btu) [1].

Ce travail a été effectué au sein de I'école dadtomnternationale Matériaux fonctionnel
pour I'énergie, la technologie de l'information let sant » (IDS+unMat) financé pi le
programme ERASMUS MUNDUS 11 (20+2013) de I'Union Européenne, référencé z-08
(EM). L’école IDSFunMat offre des bourses pour des projets de daicem science de
matériaux fonctionnels, réalisés er-tutelle entre deux universités d’'un consam de neuf
institutions participantes et d’'un partenaire irtdak Les neuf institutions du consortit
issues de cing pays sont :

- 'Université de Louvain et de Liége, Belgic

- 'Université de Waterloo, Cana

- 'Université Bordeaux 1, Grenoble P, I'Université de Caen Bas-Normandie et

I'Université Pierre et Marie Curie, Frar

- Technische Universitat Darmstadt, Allema

- Instituto Superior Technico, Portu

Le projet est intitulé #nterfaces et durabilité d’électrodes innovantesrg@nergie (piles i
combustible et électrolyseurs solides). Il a étisé au sein du Laboratoire d’Electrochir
et de Physicdzhimie des Matériaux et des Interfaces (LEPVMR 5279, Grenoble) sous
direction du Pr Elisabeth DJURADO (Grenoble INR)aa sein de I'Instituto de Ciencia

Engenharia de Materiais e superficiaire (ICEMS, Lisboa, Portugal) sous la direction
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Pr Amélia ALMEIDA (Instituto Superior Technico) etn collaboration avec [I'Institut
Européen de recherche sur I'énergie (EIFER, Kanksrdllemagne) sous la responsabilité du
Dr Annabelle BRISSE.

Objectifs

L’objectif de ce travail a été de réaliser unecttede a oxygene composite, a base de
Cey dGh 101,05 (CGO) et de LasSh 4Cop Fey 035 (LSCF), mince et poreuse déposée sur
(ZrO2)0.0AY 203)0,0s (YSZ), par atomisation électrostatique (Electrist®&pray Deposition,
ESD). Cette électrode permettra d’améliorer la bilitd des piles a combustible a oxyde
solide fonctionnant a température intermédiaire ROFC), et des électrolyseurs a oxydes
solides (SOEC). Une couche barriére, fine et mideeCGO a été insérée entre I'électrode

(CGO-LSCF) et I'électrolyte (YSZ), pour limiter téaction chimique entre LSCF et YSZ.

En dehors des techniques de caractérisation dless{gnicroscopie électronique a balayage —
field emission gun (MEB-FEG), analyse dispersivecarrgie (EDS), diffraction des rayons
X (DRX)) utilisées pour I'analyse de la microstue d’un film, une attention particuliére
sera portée a l'utilisation de la nanotomograples yons X a 'lESRF Grenoble (European
Synchrotron Radiation Facility) et de la reconginrc 3D par microscopie FIB-MEB (Focus

lon Beam) en collaboration avec le laboratoire SPM@renoble INP).

L'influence de la composition de I'électrode comipwsCGO-LSCF, de composition
homogene ou a gradient en épaisseur, sur la néséstde polarisation de I'électrode, sera
analysée par spectroscopie d'impédance (Sl) eniguwafion demi-cellule. Egalement,
l'intérét de linsertion de la couche barriere d&G@ sera étudié par spectroscopie
d'impédance lors d’essais de durabilité. Ces difié¥s analyses ont été réalisées au sein du
laboratoire LEPMI. Les propriétés mécaniques déed®¥ode composite, basées sur des
mesures d’indentation et de scratch test, ont étérmiinées au sein de l'institut ICEMS.
Enfin, les performances de I'électrode compositeOAGSCF, du surface de 45 &men
configuration mono-cellule seront étudiées a la feh mode SOFC et SOEC au sein de
linstitut EIFER.
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Ce travail résume les résultats obtenus au coutmteannées de thése réalisées au sein de
deux institutions académiques (France et Portugaly'un partenaire industriel (EIfER,
Allemagne), selon un calendrier présenté dandleda 1.

Tableau 1. Programme de mobilité au cours de la tise

Année de thése Dates Durée Lieu
10/2011-06/2012 9 mois LEPMI, Grenoble
2011-2012
07/2012-09/2012 3 mois ICEMS, Lisbon
10/2012-06/2013 9 mois LEPMI, Grenoble
2012-2013
07/2013-09/2013 3 mois ICEMS, Lisbon
10/2013-11/2013 2 mois ICEMS, Lisbon
12/2013 1 mois LEPMI, Grenoble
2013-2014 _
01/2014-06/2014 6 mois EDF-EIfER, Karlsriihe
07/2014-09/2014 3 mois LEPMI, Grenoble
Chapitre |

Structure de la thése de doctorat

Le premier chapitre de cette thése présente lxtnglobal de cette étude. Aprés une
présentation du principe de fonctionnement dess@lecombustible et des électrolyseurs a
oxydes solides, ainsi que les différents types @eérraux utilisés, les spécificités liees a
I'électrode a oxygéne sont décrites. Ensuite, urgeription non exhaustive des techniques
expérimentales, utilisées dans ce travail, esteptés. Les cing chapitres suivants sont écrits
sous forme d’articles scientifigues. Chaque chamitmtient un résumé, une introduction, une

partie expérimentale, les résultats et une corausi

Le second chapitre est consacré a I'élaborationelélectrode a oxygéne composite
poreuse et mince, pour IT-SOFC et SOEC, par atdimis&lectrostatique. Les propriétés
physico-chimiques de cette couche poreuse, appel&mrail », ont été déterminées par

diffraction des rayons X et par microscopie életijae a balayage.
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L’étude des propriétés électrochimiques des @des composite CGO-LSCF, de
composition homogéne ou a gradient en épaissearpsésentée dans le troisieme chapitre.
Deux configurations ont été étudiées pour mettré&wdence I'importance du collectage de
courant. La premiére configuration comporte le salbsd’électrolyte (YSZ), la couche
barriere de CGO, la couche corail CGO-LSCF et uile gle platine comme collecteur de
courant. Pour la deuxieme configuration, une couthd SCF, déposée par sérigraphie est
intercalée entre la couche corail et le collectdicourant. Ensuite, I'étude de durabilité de

I'électrode a oxygene a éteé réalisée a 600 °C penda0 h.

Le quatrieme chapitre traite de I'extraction desametres microstructuraux, de la
couche poreuse dite corail, a partir d’'un modelec®Benu par nanotomographie des rayons
X. Ces parametres ont ensuite permis de calcule¥destance de polarisation de cette

électrode, calcul basé sur le modeéle Adler-LanelStALS model).

Le comportement mécanique de I'électrode coraillsschargement, sera traité dans le
cinquiéme chapitre. Des essais de micro-ultra itedem et de scratch test ont permis de
déterminer les propriétés mécaniques de cetter@étlectporeuse, telles que le module de

Young ainsi que la dureté.

Le sixieme chapitre est consacré au test de ditéatdes monocellules, dans les deux
modes de fonctionnement, pile a combustible ettr@ligse. Des observations post-mortem

ont été menées pour déterminer les mécanismegydadaéion des monocellules.

Enfin, une conclusion générale a permis de réswe®travaux de these et de donner

guelques perspectives.

Les travaux présentés dans le chapitre Il ontpéésentés sous la forme d'une
communication par affiche lors de Id" Snternational Conference on Fundamental &
Development of Fuel Cells (FDFC 2013) qui ont ew ldu 16 au 18 Avril 2013, a Karlsruhe
en Allemagne. Ces travaux furent récompensés pai{elu meilleur poster dans la catégorie
Fuel Cells and Electrolysers Materials. Le procegda été ensuite sélectionné pour étre
publié dans le journal Fuel Cells - From Fundamsnia Systems, publié par Wiley-VCH.
Les travaux du chapitre Il ont été présentés $ome d’une communication orale lors du

15th Topical Meeting de The International Societykectrochemistry qui a eu lieu du 27 au
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30 Avril 2014 aux Chutes du Niagara, Canada. Lagatrx des chapitres trois a six ont été ou

seront soumis dans des revues avec comité dedectur

Piles a combustible a oxyde solide (SOFC)

La pile a combustible a oxyde solide est un géaaraélectrochimique permettant la
conversion directe de I'énergie chimique en énegtgetrique et thermique. La conversion de
'énergie des réactions chimiques se fait par &@toan d’'un gaz combustible, dans le
compartiment anodique, et d'un gaz comburant damscompartiment cathodique.
L’étanchéité entre ces deux compartiments est @squar un électrolyte solide. Celui-ci doit
étre un bon conducteur par les ions oxygene etéimt également isolant électronique. Les
ions oxygene sont formés par réduction de l'oxygdeel’air, c6té cathodique. Puis ils
traversent I'électrolyte solide via les lacunesxg@ene dans le réseau cristallin et rejoignent
'anode, ou I'hydrogéne est oxydé pour former deali avec libération d’électrons. Ces
derniers sont collectés a I'anode et alimententiocuit électrique extérieur et participent
ensuite a la réduction de I'oxygene de l'air a d&hode (Fig. 2). En conclusion, la réaction
globale engendre la production d’énergie électrigu¢hermique ainsi que la formation de
vapeur d'eau, a partir de I'oxygéne de l'air etydllbogene gazeux. La température de
fonctionnement d’'une SOFC est généralement compeisiee 800 et 1000 °C. Cette
température élevée est nécessaire a l'activati@ngétique des processus de transport de
charge et catalytique, requis pour que les maténidilisés atteignent les valeurs souhaitées.
Des températures de fonctionnement plus basseagpy'gu600 °C, permettraient de diminuer
les contraintes thermomécaniques et d’augmentstalalité chimique entre les composants
du systeme, diminuant ainsi les colts d’exploitated de maintenance. Dans les deux cas
(haute et basse température), cette températuferndionnement permet ['utilisation de
différents types de combustibles, tels que I'hyérmg pur ou des hydrocarbures par
reformage interne, en s’affranchissant de l'utilma de catalyseurs onéreux. L’avantage
principal des SOFCs par rapport aux autres typesils a combustible réside dans
I'utilisation d’un électrolyte solide. L'utilisatio d'un électrolyte solide permet de s’affranchir
des problémes liés a la corrosion seche et auasfuite rendement des SOFCs est supérieur
aux autres types de piles et peut atteindre 80]9d.01. En effet, la chaleur produite pendant
le fonctionnement peut étre utilisée pour la cogéign par combinaison avec une turbine a

gaz.
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Fig. 2 Représentation schématique d’'une SOFC [11].

Il existe plusieurs types de configurations pas SOFCs qui peuvent étre classées
principalement en quatre catégories : la configomatubulaire, planaire, monolithique et
monochambre [12]-[13]. La configuration planairé ase configuration plus récente, elle
permettrait |'utilisation de température de fonntiement vers 600 °C, ceci est engendré par
I'utilisation de composant de faible épaisseur. diiérenciation des différents types de
géométrie planaire se fait par I'élément assuransupport mécanique, électrolyte, anode,
cathode ou métal support. La pile a combustible asistituée d'un assemblage de
monocellules montées en série et/ou en paralleleutdisant des plaques bipolaires
(interconnecteurs), suivant la puissance envisdgégysteme final. Cet assemblage est appelé
« stack ». La figure 3 montre une configuratiomplee avec une mise en forme circulaire des
eléments. Le combustible arrive par le centre dedaocellule et I'air provient de I'extérieur,
les plaques d’interconnexions jouent le rble detjdiétanchéité. L'un des problémes majeurs
qui limite le développement des piles a combustiblexyde solide est le colt encore trop
éleve des matériaux constitutifs et des méthodéaldeation.
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Fig. 3 Assemblage de cellules dans la configuratigutanaire Hexis [14]

Electrolyseur aoxydes solides (SOE)

L'utilisation de I'hydrogene comme vecteur énergéé a grande échelle fait partie
contexte actuel de développement de I'énergie prdm technologie de I'électrolyse a ha
température permet la production massive d’hydre, sans émission de gaz carbonés
combustible le plus efficace utilisable dans ldsgpa combustible reste I'hydrogéne. En e
I'énergie chimique atteinte pour un kilogramme dilggene est de 3¢kWh, ce qui est troi
fois plus élevé que celle tenue a partir d’autres combustibles (:kWh pour les
hydrocarbures liquides). La technologie des élgaenrs a oxydes solides (SOECS)
directement issue des développements de la pilendbustible SOFC. Cependant, ¢
principe de fonctionnementt diamétralement opposé a celui des piles, utiligamprocede
d’électrolyse de I'eau pour créer de I'hydrogenelet’oxygéene. Les SOECs sont constit
donc d'une électrode a oxygene (anode), d'une réldeta hydrogéne et vapeur d’e
(cathode) sépaes par un électrolyte [1-[16]. Les ions oxygéne sont formés par réductio
l'eau coté cathodique. Les ions oxygene traverd@htctrolyte solide via les lacun
d’oxygéne et rejoignent 'anode. L’hydrogene egiduit coté cathodique. Ensuite, lens
oxygeéene sont oxydés pour former du dioxygéne cotéligue (Fig. 4). L'électrolyse de I'e:
est donc la réaction de dissociation de la molédidau soumise a un courant électric

suivant la réaction globale:

H,0 - H, +1/50,

avec une enthalpieeddissociation de I'ei : AH = 285 kJ.mot
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Fig. 4 Cellule a oxyde solide fonctionnent en tamju’électrolyseur (gauche) eentant que pile a
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La température de fonctionnement des électrolysestsgénéralement autour

800°C afin d’assurer une conductivité suffisante deeté&olyte. La réaction d’électrolyse
'eau est une réaction endothermique. Plus la teatyee de fonctionnement est élevée, |
la réaction est endothermique (Fig. 5). Cette pdedechaleur peut ée compensée par
chaleur produite, par effet Joule, lors du passageourant électrique a travers la cellule.

potentiel thermique pour lequel la chaleur nécessail maintien de la température de

cellule est compensée par la chaleur produiter effet Joule, est nhommé potent

thermoneutre. Cela permettrait également de dimileueolt de production de I’hydrogée

Energy (kJ/mole)

Energy demand for IO electrolysis at 1 atm

Electric o
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e
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nergy demang AG
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Fig. 5 Propriétés thermodynamiques de LO pour une pression de \atm [17].

Electrode composite CGOLSCF

L'objectif de cette partie est de réaliser une tétele a oxygene composite

microstructure et a composition contrélée, pol-SOFCs et SOECs. L'électrolyte compo:
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est basé sur l'utilisation d’un conducteur mixten{que et électronique, MIEC), LSCF, et
d’'un conducteur ionique, CGO. L'ajout de CGO awns#une électrode de LSCF présente
plusieurs avantages. Tout d’abord, l'introductien@GO permet d’augmenter la conductivité
ionique de I'électrode composite, car CGO possede eonductivité ionique élevée. Le

transport de I'oxygéne d’'un matériau peut étrestli@ par deux mécanismes : la diffusion au
sein du matériau est décrite par le coefficiendiffesion (D*) et I'échange a la surface décrit
par le coefficient d'’échange de surface (k). Leffatient D* détermine la capacité du

matériau a transporter les ions oxygéne. Le coeffic k caractérise les propriétés
électrocatalytiques du matériau, c’est-a-dire lpacétéé du matériau a réduire I'oxygene a la

surface du matériau.

Tableau 2 Coefficients d’échange de surface (k) de diffusion (D*) pour CGO, LSCF et YSZ.

Matériaux k (cm.s? D* (cm®s')  Température (°C)  Pg (mbar) Réf
CGO 8x10° 1x10° 900 200 [18]
LSCF 5,51x10° 4,18x10° 800 880 [19]
YSz 3x10° 1x10’ 900 200 [20]

CGO est caractérisé par un coefficient de diffugie 'oxygene (D*) élevé et par un
coefficient d’échange de surface (k) faible pap@apa LSCF et YSZ (Tableau 2). Esquirol et
al. [18] ont montré gu’'une électrode composite CIGEEF possede un coefficient D*
supérieur et un coefficient k semblable & une édetde LSCF (Fig. 6).
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Fig. 6 Diagramme d’Arrhenius des coefficients de ffusion (D*) et d’échange de surface (k) pour LSCF,
CGO et pour un composite CGO-LSCF [19].

Une électrode composite CGO-LSCF posséde dongugsiétés électrochimiques
plus importantes que pour une électrode de LSCE. pmpriétés électrochimiques du
composite CGO-LSCF ont déja été étudiées en famchiopourcentage massique de CGO, de
20 a 70 % [21]-[24]. La résistance de polarisaifBg,) d'une telle €lectrode a été obtenue
pour des valeurs allant de 0,17 & QBénT & 600 °C, avec un électrolyte de CGO [21]-[23].
Des résistances de polarisation de 0,33 et .60f & 600 °C ont été mesurées sur un
électrolyte de YSZ [22], [24]. Des valeurs dg,Rle 0,1M.cnt & 600 °C, ont été obtenues
sur un électrolyte de YSZ avec une couche barnénee de CGO intercalée entre I'électrode
et I'électrolyte, pour éviter la réaction entre UIS€t YSZ [22]. Ces résistances de polarisation
de I'électrode composite CGO-LSCF sont six foisspiaibles que celles obtenues pour une
électrode de LSM (conducteur électronique), udliseomme électrode a oxygéne. La
composition optimale entre CGO et LSCF est encorgroversée. Différentes études ont
montré des valeurs deydrles plus faibles pour des compositions differetesCGO et de
LSCF, comme par exemple pour 60/40 %m. [21], 50480. [22], [24] ou bien 30/70 %m.
[23]. Cependant, une résistance de polarisatiotrgdigis plus faible a été obtenue avec une
composition de 36 %om. en CGO [23]. Néanmoins, $&rithution de chaque phase au sein du
composite n'est pas été prise en compte, ce qui @enir un effet prédominant sur les

propriétés. Une mauvaise conception, en termes ideostructure, de composition ou de
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distribution de phase, peut entrainer des propriélgctrocatalytiques, thermomécaniques et
une stabilité chimique médiocres. Pour obtenipkepriétés les plus élevées, la région proche
de I'électrolyte doit étre riche en CGO, permettanttransfert ionique a I'électrolyte éleve.
Dans le méme temps, la partie supérieure de Iréléetdoit étre riche en LSCF, offrant une
activité électrocatylique a la surface importarAgres la réduction de I'oxygene, dans la
partie supérieure de I'électrode, sa diffusionraudrs de I'électrode devrait étre accélérée par
la présence de CGO. Sur cette base, nous avonssgugp’une électrode composite CGO-
LSCF a gradient de composition combinerait les pétgs de conduction ionique de CGO et
les propriétés électrocatalytiques de LSCF. Ceeraieétre effectué tout en conservant une
porosité importante de I'électrode, facilitant kngtration de I'oxygene gazeux. L'utilisation
d’une électrode composite nanostructurée semtdeuéi solution prometteuse. De hombreux
travaux mentionnent [l'utilisation d’électrode comsfie CGO-LSCF, mais aucun ne

mentionne l'utilisation d’'une électrode compositgradient de composition.

Chapitre 11

Le chapitre Il décrit la réalisation d'une éleckeoa oxygéne composite a base de
Cay oGty 101,95 (CGO) et de LaweSiy 4Cap oFen g035 (LSCF) poreuse et mince, sur un substrat
de (ZrQ)ooAY203)00s (YSZ), par atomisation électrostatigue (ESD Elesttitic Spray
Deposition). La realisation de cette électrode ocmsitp a pour objectifs d’améliorer les
performances et la durabilité des SOFCs et des SOBQ® électrode composite CGO-LSCF
poreuse, a microstructure « corail », homogéne @tadient de composition a été obtenue
avec succes. La microstructure de I'électrode caitpoa €té mise en évidence par
microscopie électronique a balayage et par tombigapLe profil de composition de
I'électrode a gradient, riche en CGO proche dettblyte et riche en LSCF a la surface, a
été étudié par analyse dispersive en énergie (E&8}s un traitement thermique a 900 °C
pendant 2 h, les diffractogrammes réalisés paradifion des rayons X, montrent uniquement
la présence de deux phases cristallines, correapbaaix structures cubiques de CGO et de
LSCF.
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Chapitre 111

Les performances électrochimiques des électrooiepasites CGO-LSCF, homogéne
et a gradient de composition, ont été étudiées avvsans une couche de LSCF, déposée par
sérigraphie, jouant le r6le de collecteur de courdes diagrammes d’'impédance ont été
enregistrés sous air, de 450 & 700 °C et a I'abafige = 0 A). Des mesures de durabilité ont
été effectuées a 600 °C pendant 200 h puis a 8q@AGant 12 h. Une couche de CGO a été
intercalée entre I'électrolyte YSZ et I'électrodengposite CGO-LSCF pour prévenir de la
réactivité entre ces deux composants. Aucune augman significative de la résistance de
polarisation de I'électrode composite n'a été n@setvidence lors des mesures de durabilité.
L’ajout de la couche de LSCF, collectrice de cotyrarpermis une diminution de la résistance

de polarisation de 1,5 ordre de grandeur.

Chapitre 1V

La microstructure de ['électrode joue également nite important dans les
performances des SOFCs et SOECs. La nanotomogrpphieayons X, avec une taille de
voxel de 25 nm, a été utilisée pour déterminer ler@structure de I'électrode composite
CGO-LSCF. Les données extraites apres un traitediiemages ont permis la réalisation d’'un
modele 3D de cette microstructure. Deux volumetedtgodes ont été sélectionnés, a partir
du modele 3D, pour calculer les paramétres miarogtraux, tels que la porosité, la surface
spécifique, les chemins de percolation et la t@itéo L'influence des valeurs de seuils
d’'image appliquées au calcul des parametres a@é&é. La comparaison de ces parametres
avec les données précédemment reportées a monstdifideences significatives. La porosité
de I'électrode composite CGO-LSCF varie entre 6B8##®8o6vol. Un tel niveau de porosité
rend cette microstructure unigue. L'extraction gasameétres microstructuraux a permis de
calculer la résistance de polarisation de I'élatgr@a I'aide du modele ALS (Adler-Lane-

Steele). La résistance de polarisation calculéereaccord avec les données expérimentales.
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Chapitre V

Le comportement mécanique de I'électrode CGO-LSCjcrostructure corail, a été
étudié par ultra-microindentation et par scratcht.téu lieu d’'une fracturation et d’un
décollement de la couche, comportement typique diatériau fragile sous chargement, les
coraux se brisent en trois étapes sous charge.dlaoord, la partie supérieure des coraux se
brisent et tombent a la surface. Puis, I'électredalensifie et enfin, le matériau est presque
totalement compacté. Le méme mécanisme de ruptete identifié pour les deux essais. Les
parametres mécaniques, tels que la dureté (H)rabtiule de Young (E) ont été déterminés
dans chacun des trois régimes. Durant le chargenaeporosité de I'électrode passe de 60 a
5 % vol. La valeur des paramétres mécaniques augnmersque la porosité de I'électrode

diminue durant les essais mécaniques.

Chapitre VI

Le chapitre VI présente un essai de durabilitene’ulurée d’environ 790 h, de la
monocellule travaillant dans les deux modes de tioncement SOFC et SOEC. La
monocellule est composée d’'une électrode a hydeogapport de Ni-YSZ, d’'un électrolyte
de YSZ, d’'une couche barriere de CGO et d’'une &ldeta oxygene composite CGO-LSCF.
La tension initiale de la cellule est de 817 mV @ 7C sous air synthétique ducété de
I'électrode a oxygéne, et sous hydrogéne pur dié ad I'électrode a hydrogene,
(500 mL.minY), sous une densité de courant de 0,5 A.em mode SOFC. La tension initiale
de la cellule est de 1200 mV a 773 °C, en mode SGi60s air synthétique et sous un
mélange vapeur d’eau/hydrogéne (80:20) sous unsitdede courant de -0,75 et -0,5 A.tm
La résistance de la monocellule a augmenté loies®ai de durabilité. Cette dégradation est
principalement liée a 'augmentation de la para@te fréquence de la résistance. Cette plage
de fréquence est associée a un effet de blocageveau de l'interface électrode/électrolyte.
Des analyses post-mortem ont montré la présendessiges au sein de I'électrolyte YSZ,

etde la couche barriére de CGO.
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Conclusions générales

Le premier objectif de ce travail fut la conceptid’'une électrode a oxygéne a
microstructure innovante, élaborée par atomisatiectrostatique. L'électrode est basée sur
la realisation d’'une électrode composite, de cortipos homogene ou a gradient en
épaisseur, entre CGO et LSCF. Le principal avantiayes la réalisation d’'une électrode
composite CGO-LSCF réside dans la combinaison depriptés de conduction ionique
élevée de CGO et de conduction mixte (ionique exttednique) de LSCF, au sein du volume
de I'électrode. Une couche barriere dense de C@t@ déposée au préalable entre le substrat
de YSZ et I'électrode CGO-LSCF, afin d'éviter lacévité entre LSCF et YSZ. L’électrode
composite obtenue possede une microstructure wesuge dite corail, donc une surface
active trés élevée. Cette microstructure corailcasactérisée par une mésoporosité au sein
des coraux et d’'une macroporosité entre les coraax.réalisation d'une électrode a
conduction mixte possédant une surface active élpeémet d’augmenter les performances
électrochimiques de celle-ci. En effet, les perfances électrochimiques sont directement
liées aux nombres de sites actifs, c’est-a-dira aurface de I'électrode en contact avec la
phase gazeuse. Apres un traitement thermique d®@@@ndant 2 h, les diffractogrammes X
montrent la présence de seulement deux phaseallores, correspondant aux structures
cubigues de CGO et de LSCF. L'épaisseur de I'é@detrest comprise entre 20 et 30 um et la
taille des grains est d’environ 50 nm. L'obtentidiine électrode composite a gradient de
composition a été confirmée par analyse dispesivénergie. L’électrode est riche en CGO a
proximité de linterface avec YSZ et elle est riche LSCF a sa surface. Le gradient de
composition a été obtenu en modifiant les débissdiix solutions de précurseurs, a base de
CGO et deLSCF, lors du processus de dép6ot.

Les propriétés électrochimiques de [I'électrode posite CGO-LSCF, a
microstructure corail, ont été déterminées par tspewopie d'impédance, de 450 a 700 °C
sous air a 'abandon. Les spectres d'impédanceéteneénregistrés en configuration a 3 et a 2
électrodes. Pour la moitié des échantillons, uneloe de LSCF, de 45 um d’épaisseur, a été
déposée par seérigraphie sur I'électrode composB®-CSCF. Le role de cette couche LSCF
est d’'améliorer le contact entre I'électrode etddlecteur de courant, la grille de platine,
c’est-a-dire d’améliorer le transfert des électrentre les deux composants. La résistance de
polarisation pour les échantillons sans ajout dedache de LSCF est de 6%)Znf a

600 °C. L'ajout de cette couche de LSCF permetidender la valeur de la résistance de
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polarisation & 1,8.cnf & 600 °C. Des essais de durabilité, effectuéstd60pendant 200 h

et a 800 °C pendant 12 h, sous air a I'abandonaoritrés la stabilité thermique de cette
électrode composite. La couche barriére dense etanile CGO, intercalée entre YSZ et
CGO-LSCF, a permis d'éviter la migration des ioné" ®t ainsi la formation de phases
isolantes a l'interface avec I'électrolyte. Aucudifférence significative des résistances de
polarisation n'a été déterminée entre I'électrodengosite de composition homogéne et a
gradient. Les performances électrochimiques deolaclte composite CGO-LSCF, malgré
'ajout de la couche fine et dense de LSCF, restd@rieures a celles obtenues pour une
électrode pure de LSCF ayant la méme microstrucDeei pourrait s’expliquer par une

distribution hétérogéne des phases CGO et LSCEiauwle I'électrode composite. Des grains
de LSCF pourraient étre entourés par des grainsC@®, rendant les grains LSCF

électrochimiquement inactifs sous air.

Des analyses microstructurales par FIB-MEB et mrotomographie des rayons X
ont permis de réaliser un modele 3D de I'électronimposite CGO-LSCF. Les analyses FIB-
MEB ont montré une bonne adhérence du revétemeQ-C&CF sur I'électrolyte YSZ. La
différence de porosité et de taux d’absorption @gens X entre YSZ et I'électrode CGO-
LSCF ont conduit a I'obtention d'artéfacts et omind nécessité un traitement d’images
avance. Deux volumes d’électrodes ont été sélantmma partir du modele 3D, pour calculer
les parametres microstructuraux, tels que la ptérasiverte et fermée, la surface spécifique,
les chemins de percolation et la tortuosité. Liefice des valeurs de seuils d’images
appliguées sur le calcul des paramétres a étééétuida porosité de I'électrode est de I'ordre
de 67 a 87 % vol. Un tel niveau de porosité rerntearicrostructure unique. Les parameétres
ont également été utilisés pour calculer la réstgtale polarisation de cette électrode a I'aide
du modele ALS. Ces valeurs sont cohérentes ave@lears expérimentales, ce qui confirme

gue les parametres microstructuraux ont été extrairectement.

Les propriétés mécaniques de I'électrode a oxygenseurent un probleme important
pour la longévité des monocellules. L’électrodexggene doit supporter de fortes contraintes
mécaniques de sources variées. Les contrainteigéea peuvent étre liées au processus de
dépdbt, au processus de conduction de I'oxygénecwtirs redox, au gradient de température
et aux contraintes mécaniques externes. Les ptépriéécaniques des composants au sein
des monocellules sont le plus souvent extraitema@riaux sous forme massive, ce qui n'est

pas représentatif des conditions réelles. De pdusiodélisation de probabilité de défaillance
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meécanique de la monocellule ou du stack est réapise analyse thermo-électrochimique et
par élément fini. Dans ce travail, le comportenmagtanique de I'électrode composite CGO-
LSCF, a microstructure corail, a été étudié pamatticroindentation et par scratch test, sur
I'électrode CGO-LSCF déposée sur le substrat de. Y&Zechnique d’indentation utilisant la
microscopie a force atomique ne fut pas adaptée,lacdopologie de surface est trop
importante pour la pointe. Le mécanisme de ruptie® coraux est un mécanisme en trois
étapes, réorientation des particules, déformatidastigpue et densification. Le méme

mécanisme de rupture a été identifié pour les dechniques.

L’essai de durabilité a été réalisé pendant 798610, h de fonctionnement en mode
SOFC et 430 h en mode SOEC. L’électrode composg®-CSCF, de 45 cfnde surface, a
ete déposée sur un cermet support de Ni-YSZ avecé@lectrolyte de YSZ de 10 um
d’épaisseur. Une couche barriére dense et mincEGI® a été intercalée entre I'électrode
CGO-LSCEF et I'électrolyte. La dégradation de lasten de la monocellule initiale en mode
SOFC, a été de 166 mVKh(20,4 %.ki") pendant 115 h, puis elle s'est stabilisée a
50 mV.kh! (6,2 %.kh") pendant 100 h. La dégradation de la tension dedaocellule a été
donc de 116 mV.kh (14,3 %.kR"). En mode SOEC, la dégradation de la monocelhitilie
a été de 353 mV.kh (29,7 %.ki) pendant 127 h, ensuite elle s'est stabiliséena/Xh™
(0,2 %.kh"). La dégradation, en mode SOEC, a été donc demlBRh* (10,8 %.kM). La
résistance de la monocellule augmente au courdmtibnnement. Cette augmentation est
principalement liée a la dégradation de la paraeité frequence de la résistance de la
monocellule. Cette dégradation peut étre liée &ftet de blocage au niveau de l'interface
entre I'électrode a oxygeéne et I'électrolyte. Lasalgses courant-tension ont montré la
réversibilité des modes pile a combustible et &égteur. Une variation de la résistance de la
partie basse fréquence a été observée lorsqueble dibydrogéne a été modifié lors du
passage du mode SOFC et SOEC, au niveau de l@dectk oxygéne. Les analyses post-
mortem ont montré la présence de fissures au seihébbctrolyte, la discontinuité de la
couche barriere de CGO et le décollement de I'addeta oxygéne. Les analyses n’ont pas
montré la présence de phases isolantes du typ®©$Soir LaZr,0;, issues de la réactivité
entre LSCF et YSZ.
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Perspectives

Le principal inconvénient de cette électrode cositpoCGO-LSCF, a microstructure
dite corail, est que la répartition des grainsalket nanométrique ne permet pas d’avoir des
chemins de percolation électroniques et ioniquéfssants, au sein du volume de I'électrode.
Un traitement thermique, par exemple, a 900, 108 #100 °C pendant plusieurs heures
permettrait d'augmenter la taille des particules geases de CGO et LSCF et la densité de
I'électrode, ce qui devrait permettre une améliorades chemins de percolation. Apres ce
traitement thermique, des chemins de percolatiars parges, de meilleures propriétés
mécaniques et électrochimiques doivent étre atesidde plus, cela permettrait de distinguer
les phases par nanotomographie des rayons X, adintite de résolution est de 25 nm.

La compréhension des mécanismes de dégradatiota daonocellule lors du
fonctionnement reste un enjeu important, pour ar&li la durabilité des systémes
électrochimiques. Des études in situ ou in operapdo exemple coupler la spectroscopie
d'impédance et la spectroscopie Raman, permettdigbtenir des informations
microstructurales, au niveau des différentes iate$, lors du fonctionnement de la

monocellule.

L'utilisation d’'une électrode a microstructure @ohaire permettrait une amélioration
de l'interface électrode/collecteur de courant.dffiet, comme pour la microstructure corail,
elle est caractérisée par une mésoporosité audssiicolonnes et d’'une macroporosité entre
les colonnes. Ceci doit permettre une bonne difusies gaz au sein de la cathode favorisant
le transport de matiere en phase gazeuse au sé#ladtrode. De plus, la surface de ce type
d’électrode est beaucoup plus lisse que la sudaaelle de I'électrode corail, ce qui entraine

un meilleur contact avec le collecteur de courant.
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Interfaces and durability of advanced electrodes foenergy (IT-SOFC and SOEC)

The objective of this PhD thesis is to fabricateveated oxygen electrode based on
CeydGh 101,95 (CGO) and LaeSlsCopFegOss (LSCF) with graded and homogeneous
composition onto yttria-stabilized zirconia (YSZ8=mol. % Y,Os-doped ZrQ) electrolyte
using electrostatic spray deposition. A thin andsdelayer of CGO was inserted between
LSCF and YSZ to serve as a barrier diffusion laydre novel microstructure with high
porosity and large surface area is expected todugpthe electrochemical performances. The
electrical behavior of the electrode was invesdigaby impedance spectroscopy versus
temperature in air. A detailed microstructural dgdgon was performed by 3D reconstructed
model from FIB-SEM and X-ray nanotomography anctesl to electrical properties. The
mechanical analysis was performed by microscramchutramicroindentation tests. Finally,
durability tests were performed on the electrodéh Wb cnf oxygen active area, up to 800 h
at around 770 °C, in full cell SOFC and SOEC camfigions operating respectively in, H
and H/water mixture.

Keywords: SOFC, SOEC, LSCF, CGO, coral microstructue, ESD, EIS, X-ray
nanotomography, 3D reconstruction, ultra-microindertation.

Interfaces et durabilité des électrodes de pointequr I'énergie (PAC et EHT)

L'objectif de cette thése concerne ['élaboratioar @mtomisation électrostatique, d’'une
électrode a oxygeéne a architecture innovante, bageen composite GeGdy 10;.95(CGO) -
Lag.6Sh.4Cop Feg0s35 (LSCF) possédant un gradient de composition ou aomposition
homogeéne. Cette électrode a été déposée sur umasudss zircone yttriee (YSZ = 8 % mol.
Y,03-ZrO,) sur laquelle, a été intercalée au préalable ooehe barriere mince et dense de
CGO. Cette électrode posséde une microstructurevamie, a porosité élevée permettant
d’obtenir une grande surface active qui devraitdeimre a I'amélioration des performances
électrochimiques. Le comportement électrique diedtéode a été étudié par spectroscopie
d'impédance en fonction de la température et sausUme description microstructurale
détaillée a été effectuée a I'aide d’'un modele etmmstruction 3D obtenu par MEB équipé
d’'une sonde ionique focalisée et par nanotomogealhiCes propriétés microstructurales ont
été reliées aux propriétés électriques. Les primiénécaniques et tribologiques de cette
électrode composite ont été déterminées par dets tde microscratch et ultra-
microindentation. Finalement, des tests de dutébdnt été effectués sur une électrode de
grande taille possédant une surface active de 45usgu’a 800 h & environ 770 °C, dans une
cellule complete de configurations PAC et fonctiaminrespectivement sous et un mélange
Ho/H0.

Mots clés: PAC, EHT, LSCF, CGO, microstructure de ype « corail », atomisation
électrostatique, spectroscopy d’'impédance, nanotorgoaphie des rayons X,
reconstruction 3D, ultra-microindentation.



