Analysis of single-layer and
three-layer nanocomposite
fuel cells

Sami Jouttijarvi




Aalto University publication series
DOCTORAL DISSERTATIONS 46/2020

Analysis of single-layer and three-layer
nanocomposite fuel cells

Sami Jouttijarvi

The public defense will be organized via remote technology.
Link: https://aalto.zoom.us/j/729014568

Zoom Quick Guide: https://www.aalto.fi/en/services/zoom-quick-
guide

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Science, at a public examination held at
the lecture hall R008/216 of the school on 3 April 2020 at 12:00.

Aalto University

School of Science

Department of Applied Physics
New Energy Technologies



Supervising professor
Professor Peter D. Lund, Aalto University, Finland

Thesis advisor
Professor Muhammad Imran Asghar, Aalto University, Finland, Hubei University, China

Preliminary examiners
Professor Fernando Marques, University of Aveiro, Portugal
Dr. Olli Himanen, VTT, Finland

Opponent
Dr. Mikael Syvajarvi, Linkdping University, Sweden

Aalto University publication series
DOCTORAL DISSERTATIONS 46/2020

© 2020 Sami Jouttijarvi

ISBN 978-952-60-3799-8 (printed)

ISBN 978-952-60-3800-1 (pdf)

ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-60-3800-1

Unigrafia Oy
Helsinki 2020 AN g

Finland §W

4
Printed matter
4041-0619



A' Aalto University Abstract

u Aalto University, P.O. Box 11000, FI-00076 Aalto

Author
Sami Jouttijarvi

Name of the doctoral dissertation
Analysis of single-layer and three-layer nanocomposite fuel cells

Publisher School of Science

Unit Department of Applied Physics
Series Aalto University publication series DOCTORAL DISSERTATIONS 46/2020
Field of research Engineering Physics

Manuscript submitted 14 February 2020 Date of the defence 3 April 2020
Permission for public defence granted (date) 27 February 2020 Language English
[ Monograph X Article dissertation [ Essay dissertation
Abstract

Fuel cells (FCs) convert the chemical energy of the fuel directly to electricity. FCs are potential
candidates for clean electricity sources in the future, provided that the main challenges halting
their commercialization can be solved. Several different FC subtypes exist. This Thesis is focused
on ceramic nanocomposite FCs (CNFCs) and single-layer FCs (SLFCs). Both of these FCs operate
at intermediate temperatures, at around 500-600 °C.

CNFC utilizes the traditional three-layer structure: anode, electrolyte, and cathode. The key
component is the electrolyte, that consists of a composite of a solid oxide and a salt, here doped
ceria and alkali carbonate mixture respectively. This composite electrolyte allows an efficient multi-
ion conduction, reducing the ohmic losses in the cell. Excellent power densities, exceeding 1 W per
square centimeter, were achieved with two different CNFCs in this Thesis.

SLFC is a ground-breaking innovation where all FC functions are compressed into one single
layer, consisting of a mixture of a semiconductor (here lithium nicke zinc oxide or copper iron
oxide) and an ionic conductor (here doped ceria or doped ceria — alkali carbonate mixture). The
SLFC desing allows to elimintate the challenges originating from the three-layer structure and to
simplify the manufacturing procedure. In this Thesis, the working principle and performance-
affecting factors of SLFCs were studied. The key findings include that the proton is dominating
over the oxygen-ion in ionic conduction with the studied SLFC configuration and that applying the
composite ionic conductor of CNFC to SLFC improves vastly the cell performance.

Since both CNFCs and SLFCs are complex nanoscale structures, studying the microstructure of
these devices with electron microscopy and X-ray spectroscopy are identified as crucial procedures
to understand the macroscopic output. Systematic studies combined with modern microscopic
methods are suggested as a pathway to push both SLFCs and CNFCs towards commercialization.

Keywords Single-layer fuel cell, ceramic nanocomposite fuel cell, microscopic characterization
ISBN (printed) 978-952-60-3799-8 ISBN (pdf) 978-952-60-3800-1

ISSN (printed) 1799-4934 ISSN (pdf) 1799-4942

Location of publisher Helsinki Location of printing Helsinki Year 2020

Pages 182 urn http://urn.fi/URN:ISBN:978-952-60-3800-1







A' Aalto-yliopisto Tiivistelma

u Aalto-yliopisto, PL 11000, 00076 Aalto

Tekija

Sami Jouttijarvi

Vaitoskirjan nimi

Yksi- ja kolmikerroksisten nanokomposiittipolttokennojen analysointi

Julkaisija Perustieteiden korkeakoulu

Yksikk6 Teknillisen fysiikan laitos

Sarja Aalto University publication series DOCTORAL DISSERTATIONS 46/2020
Tutkimusala Teknillinen fysiikka

Kasikirjoituksen pvm 14.02.2020 Vaitospaiva 03.04.2020
Viittelyluvan mydntamispédiva 27.02.2020 Kieli Englanti
[ Monografia X Artikkelivaitoskirja [ ] Esseeviitdskirja
Tiivistelma

Polttokennot muuttavat polttoaineen kemiallisen energian suoraan sihkoksi. Polttokennot ovat
potentiaalisia ehdokkaita tulevaisuuden puhtaaseen sdhkéntuotantoon, mikéli niiden
kaupallistamista rajoittavat keskeiset haasteet saadaan ratkaistua. Polttokennoja on useita eri
tyyppeja. Tama vaitoskirja kasittelee keraamisia nanokomposiittipolttokennoja (CNFC) ja
yksikomponenttipolttokennoja (SLFC). Molemmat néistéd operoivat keskialueen lampdétiloissa, noin
500-600 celsiusasteessa.

CNFC:t hyodyntavit perinteistd kolmikerroksista rakennetta: niissé on anodi, elektrolyytti ja
katodi. Avainkomponentti on elektrolyytti, joka koostuu kiintedn oksidin ja suolan, tassa
vaitoskirjassa seostetun ceriumoksidin ja alkalikarbonaattiseoksen, muodostamasta komposiitista.
Téllainen komposiittielektrolyytti mahdollistaa tehokaan moni-ionijohtavuuden, mika viahentda
kennon ohmisia héviéita. Erinomaiset tehotiheydet, yli 1 W neliosenttimetria kohti, saavutettiin
kahdella eri CNFC:114 tassa viitoskirjassa.

SLFC on uraauurtava innovaatio missa kaikki polttokennotoiminnot on tiivistetty yhteen
kerrokseen, joka koostuu puolijohteen (tassa viitoskirjassa litium-nikkeli-sinkkioksidi tai kupari-
rautaoksidi) ja ionijohteen (tdssé vaitoskirjassa seostettu ceriumoksidi tai seostettu ceriumoksidi
— alkalikarbonaattisekoitus). SLFC:n rakenne eliminoi haasteet, jotka johtuvat
kolmikerrosrakenteesta ja mahdollistaa valmistusmenetelmien yksinkertaistamisen. Tassa
vaitoskirjassa tutkittiin SLFC:n toimintaperiaatetta ja suorituskykyyn vaikuttavia tekijoita.
Avaintuloksiin sisiltyy protonin dominointi happi-ionin suhteen ionijohtavuudessa tutkituissa
SLFC-konfiguraatioissa seki se, ettd CNFC:n komposiitti-ionijohteen soveltaminen SLFC:hen
paransi huomattavasti suorituskykya.

Koska sekda CNFC ettd SLFC ovat monimutkaisia nanotason rakenteita, niiden mikrorakenteen
tutkiminen elektronimikroskopialla ja rontgensddespektroskopialla tunnistettiin kriittiseksi
menetelmiksi makroskooppisen toiminnan ymmartdmiseksi. Systemaattisia tutkimuksia
yhdistettynd moderneihin mikroskooppisiin metodeihin ehdotetaan keinoksi edistida sekd CNFC:n
ettd SLFC:n kaupallistamista.
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List of Abbreviations and Symbols

A note on Abbreviations

In this Thesis, Abbreviations are presented in a consistent and logical way. For
example, all doped cerias are abbreviated with syntax ‘ADC’, where ‘DC’ stands
for doped ceria and ‘A’ is the first letter of the chemical symbol of the dopant
element (one for each if there are multiple dopant elements).

Special attention is paid to ensure that the same abbreviation is used for every
abbreviated phrase throughout the Thesis. This is necessary to ensure the con-
sistency and to improve the readability of this work. However, since some
phrases are abbreviated in the literature in different ways, the abbreviations
used in the compiling part of this Thesis may be different than the abbreviations
used to represent the same phrases in the original works which are cited.

Abbreviations

AC alternating current

AFC alkaline fuel cell

BF bright field

BSCF barium strontium cobalt ferrite, Ba,Sr«CoyFe,yO3-5
BSE backscattered electron

CA citric acid, CH, — COH — CH.

CCB copper carbonate basic, Cu.(OH).CO4

CFO copper iron oxide, CuFe,0,

CNFC ceramic nanocomposite fuel cell

CNH calsium nitrate hexahydrate, Ca(NO;). - 6H.O
CNT cerium nitrate tetrahydrate, Ce(NOs); - 4H,O
CPE constant phase element

CSDC calsium-samarium co-doped ceria, CaySmyCe;.xyO--s
DC direct current

DF dark field

DRT distribution of relaxation times

DSC differential scanning calorimetry

EC ethyl cellulose

EDX energy-dispersive X-ray spectroscopy

EELS electron energy loss spectroscopy

EFFC electrolyte-free fuel cell

EIS electrochemical impedance spectroscopy



FC fuel cell

FIB focused ion beam

GDC gadolinium-doped cerium oxide, Gd«Ce,<O2-5

GHG greenhouse gas

GNH gadolinium nitrate hexahydrate, GA(NOs); - 6H.O

HT high temperature

ICDD International Crystalline Diffraction Database

IEA International Energy agency

IPCC Interngovernmental Panel on Climate Change

1P current - power

v current - voltage

KAZ potassium aluminium zinc oxide, KcAlyZn;.«;O

KC potassium carbonate, K.CO3

KLC potassium-lithium carbonate, KyLi>-«CO4

LC lithium carbonate, Li.CO4

LN lithium nitrate, LINO,

LNCoS lithium nickel cobalt strontium oxide, LixNiyC0,ST1-xy-,02-5

LNCS lithium nickel copper strontium oxide, LixNiyCu,Sr-x-y-:O2-5

LNMS lithium nickel manganese strontium oxide, LixNiyMn,Srxy-z02-5

LNCZ lithium nickel copper zinz oxide, Li\Ni,Cu,Zn;.xy-,02-5

LNCZF lithium nickel copper zinc iron oxide, Li\NiyCu,Zn.Fe,.xy-;-a02-5

LMZ lithium magnesium zinc oxide, LixMg,Zn;.«yO

LNZ lithium nickel zinc oxide, Lix\NiyZn;«yO

LPDC lanthanum-praseodymium co-doped ceria, La,PryCe;.xyO.-s

LPNDC lanthanum-praseodymium-neodymium co-doped ceria,
LayPryNd,Ce;x.y-:02-5

LSC lanthanum strontium cobalt oxide, LaxSr;<CoO4

LSCF lanthanum strontium cobalt ferrite, La,Sr;.x<CoyFe,yO3-5

LSF lanthanum strontium iron oxide, LaxSr,.x<FeO,

LSGM lanthanum strontium gadolinium magnesium oxide,
LaxSri»«GayMg; O,

LSM lanthanum strontium manganese oxide, La,Sr;«MnQOs

MCFC molten carbonate fuel cell

MZ magnesium zinc oxide, MnyZn,«O

NC sodium carbonate, Na,CO4

NCAL lithium nickel cobalt aluminium oxide, LiNiyCoyAl,.xyO-

NCBH nickel carbonate basic hydrate, NiCOj; - 2Ni(OH). - xH,O

NLC sodium-lithium carbonate, NaxLi,-«CO4

NLKC sodium-lithium-potassium carbonate, Na,LiyKo«.,CO3

NMC nanomicroscopy center

NZ nickel zinc oxide, NiyZn,; <O

oC open circuit

oCcv open circuit voltage

PAFC phosphoric acid fuel cell

PE primary electron

PEG polyethylene glycol



PEMFC
PSCFN

PVA
R
RPM
RQ
SC
SCFC
SDC
SE
SEM
SNH
SFM
SSDC
SLFC
SOFC
SSC
TEC
TEM

TPB
TPES
VRE
XRD
YGDC
YSZ
ZCB
ZNH

Symbols

A
d
Hz
I

Isc

Shiial R RS

AC
Vbe

Introduction

polymer electrolyte membrane fuel cell, proton exchange mem-
brane fuel cell

praseodymium strontium cobalt iron niobium oxide,
Pr,Sr,.<CoyFe,Nb,.y,05.5

polyvinyl alcohol

resistor

rounds per minute

research question

short-circuit

single-component fuel cell

samarium-doped cerium oxide, SmyCe;-«O»-5

secondary electron

scanning electron microscope, scanning electron microscopy
samarium nitrate hexahydrate, Sm(NO,); - 6H.O

strontium iron molybdenum oxide, Sr.FexM0,.xOs.-5
strontium-samarium co-doped ceria, SrxSmyCe;.xyO--5
single-layer fuel cell

solid oxide fuel cell

samarium strontium cobalt oxide, SmSr;«CoO4

thermal expansion coefficient

transmission electron microscope, transmission electron micros-
copy

triple-phase boundary

total primary energy supply

variable renewable energy

X-ray diffraction spectroscopy

yttria-gadilinium co-doped ceria, Y«GdyCe;«-yOs-5
yttria-stabilized zirconia, YZr;xO--s

zinc carbonate basic, (ZnCO,). - (Zn(OH).),

zine nitrate hexahydrate, Zn(NO;), - 6H,O

Ampere, area [m?2]
distance [m]

Hertz

current [A]
short-circuit current [A]
inductance [H]
integer

power [W]

resistance [Q]
temperature [K]

volt, voltage [V]
alternating voltage [V]
direct voltage [V]
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1. Introduction

1.1 Overview

The modern standard of living in the developed countries relies heavily on ex-
ploiting fossil fuels. However, burning fossil fuels causes greenhouse gas (GHG)
emissions that affect the climate by increasing the global temperature. The most
important GHG is carbon dioxide, CO.. According to a recent report by Inter-
governmental Panel on Climate Change (IPCC), halting the global warming to
1.5 °C requires cutting CO. emissions by 40 - 60 % (compared to 2010 level) by
2030 and reaching net zero emissions by 2045 — 2055 [1]. 10 — 30 % reduction
by 2030 and reaching net zero emissions by 2065 — 2080 is likely to keep the
global warming below 2 °C, but the consequences to the human population and
the ecosystems worldwide are much more severe in this scenario compared to
1.5 °C warming [1]. Thus, a rapid reduction in CO, emissions is necessary.

The most important GHG emission source is energy production. According to
International Energy Agency (IEA), over 80 % of the World’s total primary en-
ergy supply (TPES) was satisfied by coal, oil or natural gas [2], all of which are
fossil fuels. Several options are available for reducing the GHG emissions from
energy production: decrasing energy demand, utilizing technologies to collect
emitted CO. and replacing fossil fuels by new, carbon-free energy sources.

During the last 15 years renewable energy, especially electricity generation by
wind power and solar photovoltaics, has been growing rapidly. In 2005, 104
TWh of electricity was generated with wind power and 4 TWh by solar photo-
voltaics, whereas in 2017 the respective values were 1127 and 444 TWh respec-
tively, forming 6.1 % of the total World electricity generation (25 606 TWh) [2].
Although solar and wind as electricity sources have grown rapidly, they have
some disadvantages, such as dependence on variable weather conditions. Thus
they need either a backup power system or an efficient large-scale electricity
storage to meet the power demand continuously.

Producing energy directly from hydrogen by using fuel cells is an intriguing
concept for future energy systems. The concept of a fuel cell was first introduced
over 180 years ago [3,4], but the large-scale commercial breakthrough has not
yet occurred. Unlike with variable renewable energy (VRE) sources, electricity
production with fuel cells can be adjusted according to the demand. Moreover,
they can be combined with VRE: when excess solar and wind power is available,
it can be used to produce hydrogen via electrolysis. This hydrogen can be con-
sumed when needed. Energy system described above requires, beside fuel cells
and electrolysis facilities, an advanced hydrogen storage solution.



The field of fuel cells include several different technologies with different re-
quirements, working principles and operational temperatures. This allows a
wide range of both static and mobile applications. A common factor for tradi-
tional fuel cells is their three-layer structure: two electrodes support the cell re-
actions whereas the electrolyte between them transports ions from one elec-
trode to the other [3,4].

Solid oxide fuel cell (SOFC) is a fuel cell type operating at high temperature
(traditionally 800 — 1000 °C, but recently lowered around 600 °C) [5-8]. SOFCs
have several advantages, such as high efficiency and fuel flexibility. High tem-
perature is required to achieve a suitable ionic conductivity, but it causes some
disadvantages, such as strict requirements for the thermal expansion coeffi-
cients (TECs) of the cell components and other required structures. Moreover,
high temperature can acceleratre cell degradation [9,10].

Attempts to lower the operational temperature of SOFCs has lead to the con-
cept of ceramic nanocomposite fuel cells (CNFCs), where the ionic conductor is
a composite material consisting of nanosized particles of a solid oxide and a salt.
This innovation allows to improve the ion couduction by opening new channels
for charge transfer through the electrolyte layer. The early work in CNFC field
was published around year 2000 [11-14], and since then the CNFCs have been
researched intensively [11,15-17].

A single-layer fuel cell (SLFC) is a recent FC technology, which breakthrough
occurred in year 2011 [18]. In SLFCs, the traditional three-layer structure of a
fuel cell is replaced by a single functional layer that acts as anode, electrolyte
and cathode simultaneously. This allows to simplify the manufacturing proce-
dures and to eliminate the need for matching TECs between different cell com-
ponents. SLFCs have woken the attraction of the fuel cell community and re-
search is going on to study the fundamental working principles of these devices
and to develop new, better-performing materials, as summarized in reviews
[16,17]. This Thesis is focusing on CNFCs and SLFCs.

1.2 Objectives and scope

Although both CNFCs and SLFCs have shown great potential as future electric-
ity generation technologies, they are not yet mature for commercial break-
through. To be a commercially viable solution, fuel cells need to be compatible
to traditional alternatives, such as diesel generators, in terms of power density
and lifetime. CNFCs and SLFCs are relatively new, rapidly developing innova-
tions, but a lot of both basic and applying research needs to be done before the
requirements for commercial breakthrough can be met.

Both CNFCs and SLFCs are manufactured from nanocomposite materials and
the nanostructures created have an important impact on the fuel cell perfor-
mance and degradation. Thus, observing and understanding their working prin-
ciples in nanoscale is the key to improve the performance and stability and to
recognize the fundamental limitations of these technologies. In the SOFC field,
a lot of efforts have been made to implement different microscopic and spectro-
scopic techniques to the characterization procedures. Since CNFCs and SLFCs
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are more recent innovations, the amount of existing literature about microstruc-
tural analysis of these devices is more limited. Thus identifying the techniques
that have been used successfully in the SOFC field and implementing them to
the CNFC and SLFC fields is identified as a research gap. This leads to the first
research question (RQ) addressed in this Thesis:

RQ1: “How different microscopic methods have been utilized in ceramic fuel
cell field and how they can be used to boost CNFC and SLFC research?”

RQ1 is addressed in Publication I, a literature review presenting how electron
and X-ray based microscopic techniques have been used to characterize fuel cell
microstructure. The knowledge acquired through Publication I is utilized in
other Publications and in the discussing parts of this Thesis. The summary orig-
inally reported in Publication I and its expansion are provided in Subchapters
3.2 & 3.3, as an answer to the RQ1.

A large variation of different materials has been applied as electrolyte for
CNFCs. A composite consisting of doped cerium oxide, a typical electrolyte ma-
terial for a modern SOFC, and an alkali carbonate mixture has shown great po-
tential [15-17]. Understanding the properties and behaviour of such composites
is necessary to optimize the CNFC materials and manufacturing procedure to
improve the power output of the cell. This is the second research gap addressed
in this Thesis. The second RQ is focusing on the doped ceria — alkali carbonate
mixture:

RQ2: “How and why adding a mixture of alkali carbonates to doped ceria af-
fects to the ionic conductivity and the total fuel cell performance?”

RQz2 is handled in Publications II&III, which are experimental studies about
CNFCs based on doped ceria — alkali carbonate electrolytes. The aim of these
studies is to manufacture CNFCs with high power density and to explain the
high electrochemical performance by the microstructural properties of the cell
components. The main results are presented in Subchapter 5.1.

SLFCs are an intriguing, new concept and even the basic working principles of
the SLFCs are still under debate [16,17]. The SLFC technology has potential to
reduce the fuel cell manufacturing process complexity and the respective costs
significantly. However, before commercial breakthrough is possible, the under-
standing about the working principles of these devices has to be improved, the
factors affecting to the fuel cell performance have to be analysed systematically
to optimize the device and a systematic, repeatable manufacturing procedure is
needed. This creates a need of fundamental research focusing on the SLFC
working principles as well as systematic studies on analysing the engineering
factors affecting their macroscopic performance. Addressing this gap is the third
aim of this Thesis.

Typical SLFCs consists of a composite of a semiconductor and an ionic con-
ductor [16,17]. In this Thesis, lithium nickel zinc oxide (LNZ) and copper iron



oxide (CFO) are used as semiconducting component and doped ceria, or its mix-
ture with alkali carbonates, as ionic conductor. The third and fourth RQs are
formed as follows:

RQ3: “Why do SLFCs work and how the charge transfer through the cell is
divided between different ions?”

RQ4: “How the ionic conductor composition, the catalytic activity of the cur-
rent collector and the porosity of the single-layer affect to the performance of
LNZ-based SLFCs?”

RQs 3&4 are answered with Publications IV-VII. Publications IV&V are focus-
ing on RQ3 and Publications IV&V to RQ4, although there exists some overlap
between The Publications and the RQs. The focus of Publications IV&YV is to
study the working principles of two different SLFCs. The key findings are pre-
sented in Subchapter 5.2. Publications VI&VII apply the knowledge from ceria
— carbonate ionic conductors (Publications II&III) to the SLFC field. In these
Publications, a large number of LNZ-based SLFCs are fabricated, characterized
and compared to each other, as presented in Subchapter 5.3.

The relations between different Publications are illustrated in Figure 1. The
role of Publication I is to provide a literature review and tools for the research
presented in other Publications. The Publications II-VII can be arranged into
pairs. Publications II&III are focusing on CNFCs, whereas Publications IV&V
focus on working principles of (non-carbonate containing) SLFCs. In Publica-
tions VI&VII, knowledge from both sides is utilized to fabricate SLFCs (both
with and without carbonates) and to analyze them in a systematic way.
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Figure 1. An illustration showing the relations between the Publications included in this Thesis.
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1.3 Structure of this Thesis

This Thesis is divided into seven Chapters. Chapter 1 (Introduction) provides an
overview to the broad context of the field, explains the motivation for this work
and presents the RQs answered with this Thesis. Chapter 2 (Fuel cells) explains
the basic working principles of a fuel cell and discusses about different fuel cell
types. Chapter 3 (Literature review) presents a summary of existing scientific
knowledge from the fields relevant for this Thesis. Together these Chapters
show the current status of CNFC and SLFC research and provide the motivation
to why these devices deserve more scientific research.

Chapter 4 (Materials and methods) and Chapter 5 (Results) are the core part
of the experimental research reported in this Thesis. Together these Chapters
show how CNFCs and SLFCs are fabricated starting from commercially availa-
ble chemicals, characterized with both macroscopic and microscopic methods
and what were the key results achieved experimentally in Publications II-VII.

Chapter 6 (Discussion) discusses about the results included in this Thesis and
reported in literature as one entity. Chapter 7 (Conclusions) wraps up this The-
sis, presents the main conclusions and gives recommendations for the future
work. The purpose of these Chapters is to provide answers to the RQs and to
explain the impact of this Thesis to the scientific community and the wider so-

ciety.



2. Fuel cells

Fuel cells are devices that convert the chemical energy of the fuel directly to
electricity, skipping completely the mechanical transformation part that is nec-
essary in traditional combustion power plants [3,4]. This allows high-efficiency
electricity generation from a suitable fuel. Fuel cells can be considered as a green
energy source if e.g. pure H. is used as a fuel; in such a case the only byproduct
of the electricity generation is water. Even when e.g. natural gas is used as a fuel,
the high efficiency of the fuel cells allows to produce the required electricity from
a smaller amount of the fuel, thus reducing fuel consumpition and greenhouse
gas emissions.

This Chapter presents the concept of a fuel cell. After general introduction to
the topic and presentation of the traditional fuel cells, the Chapter focuses on
ceramic nanocomposite fuel cells (CNFCs) and single-layer fuel cells (SLFCs)
that were the two fuel cell types that were studied in this Thesis.

2.1 Principle of fuel cells

Traditional fuel cells consist of a three-layer structure: anode, electrolyte and
cathode [3,4]. The fuel gas (e.g. H.) is supplied to the anode (negative electrode)
and the oxidant (e.g. air) to the cathode (positive electrode). The electrolyte is
responsible for ion transportation through the cell and acts as a gas separator,
preventing the direct mixing of the fuel and the oxidant. The working principle
of a fuel cell is presented below by using a solid oxide fuel cell (SOFC) [5,6] uti-
lizing pure H. as fuel as an example. A schematic is shown in Figure 2. For other
fuel cell types, the exact reactions occurring during the operation and the ions
responsible for the charge transfer may be different.

The fuel gas (here H.) supplied to the anode reacts with O ions from the elec-
trolyte according to the following anodic half-reaction:

Hy, + 0%~ - H,0 (g) + 2e". (2.1)
The water vapour is removed from the cell, whereas the released electrons are
collected to the external circuit and driven to the cathode, where they react with

the supplied oxygen according to the cathodic half-reaction:

1/, 0, +2¢e7 > 07, (2.2)
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Figure 2. A schematic showing the working principle, charge transfer and gas flow in a solid oxide
fuel cell. Reproduced with permission from Publication I, © Wiley.

The formed O2 ions are transferred to the anode through the electrolyte and
can be used as reactants for the anodic half reaction (Eq. 2.1). Thus the total fuel
cell reaction is:

Hy + 1/, 0, - H,0 (g). (2.3)

Supporting this working principle sets certain requirements for the materials
that can be used in fuel cells. The electrodes need to be porous and have sulffi-
cient ionic and electronic conductivity to allow transportation of gases, ions and
electrons respectively. Moreover, they should be able to catalyze the respective
half-reactions and to be stable in the gas atmosphere and temperature that they
are exposed during the fuel cell operation.

The electrolyte has to be gas tight and an electronic insulator to prevent direct
gas mixing and short-circuiting through the cell. A good ionic conductivity for
the ion responsible of the charge transfer through the cell is a crucial property.
Since the electrolyte is exposed to both reducing and oxidizing atmospheres, it
should be stable in both environments. Especially in high-temperature fuel
cells, such as SOFCs, the thermal expansion coefficients (TECs) of the fuel cell
components need to match to prevent breaking of the cell during heating or
cooling.



The maximum voltage of a single fuel cell can be calculated theoretically based
on thermodynamics [3,5]. The actual voltage during the operation is usually sig-
nificantly lower due to internal losses of the fuel cell. Typical open-circuit volt-
age (OCV) of a FC is around 1 V [5] and it decreases further when current is
drawn from the FC. Thus in real-world electricity production applications fuel
cells are operated as stacks, where multiple fuel cells are placed in series and
parallel connections to achieve the desired voltage and power output [5]. In this
Thesis, the focus is on laboratory-scale single fuel cells and thus the stacking of
the fuel cells and the components required for it are excluded.

Several types of fuel cells that are based on different materials and half-reac-
tions exist. The fuel cells are typically categorized based on the electrolyte ma-
terial. Polymer electrolyte membrane, a.k.a. proton exchange membrane, fuel
cells (PEMFCs) are operating at low temperatures, typically around 100 °C
[3,4,19]. Phosphoric acid fuel cells (PAFCs) operate at a bit higher temperature,
near 200 °C [3,4]. Both PEMFCs and PAFCs are based on H* conduction. Alka-
line fuel cells (AFCs) operate around 100 °C and the charge transfer through the
KOH-electrolyte is done by OH- ions [3,4,20]. Molten carbonate fuel cells
(MCFCs) are using a mixture of alkali carbonate salts as electrolyte and operate
above the melting point of the carbonate mixture (several hundreds of °C)
[3,4,21]. A more detailed description of each FC type can be found from e.g.
[3.4]-

SOFC [3-8], which working principle is presented above, has drawn a lot of
attention from the fuel cell research community during the last decades. Alt-
hough SOFCs have been researched intensively, a large scale commercial break-
through has not yet occurred. One of the major challenges for SOFC commer-
cialization is the high operation temperature that is necessary to achieve a suit-
able ionic conductivity through the electrolyte. This sets strict limits for the ma-
terials used in cells and supporting structures (e.g. interconnects) and their
thermal compatability. Moreover, at least some of the degradation mechanisms
occur faster at high temperature [9,10]. Although doped ceria (usually gadolin-
ium- or samarium-doped, GDC or SDC respectively) has been researched as an
alternative to the traditional yttria-stabilized zirconia (YSZ) electrolyte in the
near past allowing to reduce the operational temperature down from 800 —
1000 °C [5-8] even with thick electrolytes, further reduction in operation tem-
perature is still required.

2.2 Ceramic nanocomposite fuel cell

Lowering the operational temperature can help to solve several challenges in
the SOFC field. The key to reduce the operational temperature of SOFCs is to
reduce the ohmic losses resulting from the ion conduction through the electro-
lyte. Since the ohmic resistance due to the ionic conduction is the product of the
resistivity and the thickness of the electrolyte layer, at least one of these param-
eters need to be reduced. Replacing the YSZ electrolyte by doped ceria that has
superior (by an order of magnitude [5,6,8]) ionic conductivity (i.e. lower resis-
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tivity towards ion conduction) at lower temperatures, allowing to reduce the op-
erational temperature from 800 — 1000 °C to around 550 °C [5], but further
development is required. This has lead to developing of fuel cells based on com-
posite electrolytes that have higher ionic conductivity. Such devices are referred
as ceramic nanocomposite fuel cells (CNFCs) in this Thesis and discussed be-
low.

In CNFCs, the ionic conductivity of the electrolyte is improved by using com-
posite materials that consist of doped ceria and a salt [11-17]. In the early CNFC
research, several options for the salt component has been studied, including e.g.
fluorides, chlorides and hydroxides [11-14]. More recently, the research has fo-
cused on alkali carbonates and their mixtures, such as Na,CO; (NC) [22-24],
(NaxLi;x)2CO5 (NLC) [25-30] and (NaxLiyKi-«y)-CO; (NLKC) [31,32]. Typically
the weight ratios between the different carbonates in NLC and NLKC are chosen
to minimize the melting temperature. This weight ratio is known as the eutectic
mixture.

Such composites can be considered as a fusion of traditional SOFC and MCFC
materials. The electrode materials used in CNFCs and the requirements for dif-
ferent components (e.g. porosity of the electrodes and gas-tightness of the elec-
trolyte) are mostly the same than the ones in low-tempereture SOFCs. Thus
CNFCs can be considered as an evolution step of low-tempereture SOFCs.

In doped ceria, a typical solid oxide fuel cell (SOFC) electrolyte, the ion trans-
portation is based on oxygen vacancies. Pure ceria forms a cubic fluorite struc-
ture [33], shown in Figure 3a. When a fraction of tetravalent Ce4* ions are re-
placed by trivalent dopant ions, such as Sm3+ or Gds*, oxygen vacancies are cre-
ated to maintain the charge balance, as illustrated in Figure 3b. The vacancies
can move in the lattice, allowing O ion —based charge transfer. Typical molar
percentage of the dopant ion is between 10 and 20. This doping percentage is
low enough to maintain the cubic fluorite structure with vacancies [33,34]. If
the doping percentage is increased further, the lattice structure changes and the
vacancies are no longer free to move [33,34]. The mobility of the oxygen vacan-
cies, and thus the ionic conductivity of the doped ceria electrolytes, depends
strongly on the temperature and thus the ionic conductivity of the electrolyte is
often the limiting factor preventing to lower the operational temperature [5].

Figure 3. Cubic fluorite structure of CeO2: Ce**-ions are placed at the corners and the centers of
the faces of the cube, whereas O%-ions form a smaller cube inside the unit cell (a). When a
fraction of Ce**-ions are replaced with Gd®*-ions, oxygen vacancies (hollow red circle) are
created, allowing O%-ion conduction through the lattice (b).



The main benefit of CNFCs over SOFCs results from the composite electrolyte
properties. Below the melting temperature of the carbonate mixture, the ion
conduction is done only through the oxide phase, just as in SOFCs. But when
the carbonates are melted, new conduction channels are opened. It is suggested
that, besides the oxide phase, the conduction can be done through the molten
phase, through the interfaces between the molten and oxide phases and through
combinations of these mechanisms [35]. Besides O ions, also negative CO3~
and positive H* and alkali metal (e.g. Li* and Na*) ions can contribute to the
charge transfer [16,17,35,36]. As a result, the ionic conductivity is improved rap-
idly near the melting point of the carbonate mixture (conductivity of doped ceria
increases exponentially when inverted temperature is decreased [17], whereas
doped ceria — alkali carbonate mixture shows a sudden increase by several or-
ders of magnitude in a small temperature range around the melting point [17],
Publications II&III), allowing to lower the operational temperature compared
to SOFCs giving that the electrode materials have a suitable catalytic activity at
the new operation temperature. This phenomenon is studied more in Subchap-
ter 5.1. State-of-the-art CNFCs are presented in more detail in Subchapter 3.1.1.

2.3 Single-layer fuel cell

Replacing the traditional three-layer structure with a single functional layer can
solve several challenges for fuel cells. Polarization losses at the interfaces of the
different layers and the requirement for matching TECs will disapper in the sin-
gle-layer structure. Moreover, the manufacturing procedure for the fuel cell can
be simplified when only one layer is manufactured instead of three.

These devices are known as single-layer fuel cells (SLFCs) [16,17]. In the liter-
ature, also other abbreviations have been used, e.g. SCFC (single component
fuel cell) and EFFC (electrolyte free fuel cell). These abbreviations are not syn-
onyms: e.g. a fuel cell consisting of multiple layers, none of which is electrolyte,
is an EFFC but not a SLFC. For consistency, the abbreviation SLFC is used in
this Thesis whenever it is suitable to describe the device.

The material of the single-layer has to support both half-reactions at the edges
of the cell and allow ion transportation through the cell, meanwhile also pre-
venting short-circuting and direct gas mixing. Typical single-layer materials are
composites, consisting of an electronic or semiconductor (e.g. lithium nickel
zinc oxide, LNZ) and an ionic conductor (e.g. doped ceria). The development in
the CNFC field can be applied to SLFCs as well, by using composite electrolytes
described in Subchapter 2.2 as ionic conductors for SLFCs.

Since SLFCs are a recent innovation, the amount of scientific knowledge in the
SLFC field is still lower compared to e.g. SOFCs. Even the exact working princi-
ples of the SLFCs are still under debate. Since the SLFC composite includes a
material that can conduct electrons, there has to be a mechanism that prevents
the short-circuting. Several candidates have been suggested, e.g. Schottky junc-
tions [37-40] and the formation of electron barriers or depletion zones due to
p-n junctions [40-43] between the edges of the cell. State-of-the-art SLFCs and
their suggested working principles are presented in detail in Subchapter 3.1.2.
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3. Literature review

This Chapter summarizes the scientific knowledge available through the litera-
ture in research fields that are relevant for the scope of this Thesis. The first
Subchapter is dedicated to present the state-of-the-art situation for relevant fuel
cell technologies: ceramic nanocomposite fuel cells (CNFCs) and single-layer
fuel cells (SLFCs). The second Subchapter focuses on applying microscopic
tehcniques to fuel cell research, based on Publication I. Finally, the key chal-
lenges and gaps in the CNFC and SLFC research are discussed.

3.1 State-of-the-art of fuel cells

Reducing the ohmic resistance due to limited ion conduction through the solid
oxide fuel cell (SOFC) electrolyte can be done e.g. by reducing the thickness of
the electrolyte layer and/or resistivity of the electrolyte material. Screen-print-
ing is a cost-effective method that has been able to produce electrolyte layers
with thicknesses around 2.5 — 20 um [44-48]. Lee et al. reported of a SOFC
based on 5 um thick GDC electrolyte layer prepared by dip-coating that achieved
a power density of 1970 mW/cm? at 550 °C [49]. A 5 um thick YSZ electrolyte
prepared by spin-coating has been reported as well [50].

The latter approach, reducing the resistivity of the electrolyte layer material,
has led to the development of CNFCs that are based on composite electrolyte
layers. The following Subchapter summarizes the state-of-the-art results from
the CNFC field.

3.1.1  Ceramic nanocomposite fuel cell

The CNFC electrolyte is a composite material consisting of a solid oxide and a
salt, typically doped ceria and alkali carbonate [22-32]. When a carbonate mix-
ture is mixed with doped ceria, the resulting nanopowder has been shown to
form a core-shell structure with ceria cores surrounded by carbonate shells [24].
When the fuel cells are prepared and heated above the melting temperature of
the carbonate, the electrolyte has a dual-phase structure, consisting of a solid
oxide and molten carbonate phases [30]. This opens new channels for the ion
conduction and, besides O, also CO%~, H* and alkali metal (e.g. Na*) ions can
contribute to the charge transfer. This multi-ion conduction has been confirmed
experimentally [22,26,29]. H* have been shown to dominate the conduction
over O% in CNFC operational conditions by 1-2 orders of magnitude with SDC-
NC (4:1 by weight) electrolyte via four-probe conductivity measurements [22].
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In another experiment similar conclusions were made with SDC-NLC by observ-
ing the water formation in anode and cathode gas outlets, although with low (<
20 w-%) carbonate content also the contribution of O2- was significant [26]. For
NLKC, the native (alkali metal and CO3~ ions) have been shown to dominate
over the foreign (02, OH") ions by approximately two orders of magnitude in
charge transfer, although the effect of H. was not included in the particular
study [36].

CNFCs based on doped ceria — alkali carbonate mixture composite electrolytes
have been applied widely in the literature with impressive performance. The
most commonly highlighted performance indicator in CNFC (and SLFC) litera-
ture for the single cells is the maximum power density, so it was chosen as the
main indicator for comparing different cells in this Thesis, although some other
indicators, such as open circuit voltage (OCV, Voc) and area-specific resistance
are relevant as well. Some noteworthy results include 1100 mW/cm2 at 550 °C
with SDC-NLKC [31], 1060 mW/cm? at 550 °C with GDC-NLC [25], 730
mW/cm? at 550 °C with SDC-NC [23], 900 mW/cm? at 580 °C with strontium-
samarium co-doped ceria (SSDC) — NC [24], 1704 mW/cm?2 at 650 °C with SDC-
NLC [27] and 1085 mW/cm2 at 600 °C [26] with SDC-NLC. Electrode materials
of the cells mentioned above are shown in Table 1. More comprehensive reviews
on CNFCs based on ceria-carbonate mixtures can be found e.g. from [15-17,51].

Although the nanocomposite electrolyte is the key component in CNFCs, re-
search focused on electrode materials is also important. Tan et al. studied a va-
riety of different cathodes based on modified lithiated nickel oxides [52]. Pa-
takangas et al. showed that the lithium nickel cobalt zinc oxide (LNCZ) anodes
prepared via slurry method had smaller particle size, larger surface area and
higher porosity compared to LNCZ anodes prepared via solid route, resulting as
a lower polarization resistance (0.21 vs. 0.31 Q-cm? at 550 °C) [32].

To make a commercial success, the long-term stability of CNFCs has to reach
a suitable level, providing a lifetime of even tens of thousands of hours. Due to
complexity of these devices and a large variety of materials, multiple degrada-
tion mechanisms need to be halted to meet this target. Besides the fundamental
degradation mechanisms of SOFCs, summarized in [9,10], also degradation
mechanisms typical to molten carbonate fuel cells (MCFCs) [21,53] may occur
in CNFCs.

Stability of CNFCs has not been researched as intensively as e.g. potential ma-
terial candidates to improve the power density, although a few scientific articles
about the issue exists. A CNFC with SDC-NLC electrolyte, NiO anode and CuO
cathode operated stably for 200 h in typical MCFC conditions, although the
power density was relatively low (around 110 mW/cm?2) [54]. In another exper-
iment, a performance of ceria-carbonate based cell actually improved for the
first three months, although it should be noted that the cell was operated only
2-3 h per week [14]. A stable conductivity at 600 °C in air have been reported
for 6000 h for GDC-NLC [55] and for 3 days for GDC-KLC [56], but since H.
was not present, these conditons do not represent actual operational conditions.
In another study, a conductivity decrease from 0.26 to 0.21 S/cm was observed
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for Y, Gd co-doped ceria (YGDC) - NLC electrolyte during 135 h aging test in air
at 550 °C [57].

The working principle and material candidates for CNFCs have been re-
searched intensively, as discussed above. However, the stability issues clearly
require more comprehensive and systematic studies.

3.1.2 Single-layer fuel cell

Although the concept of SLFC has been proved already in year 2000 with
La, oSro.In04.5 [58], the breakthrough for SLFC technology occurred in year
2011. Zhu et al. reported of a SLFC consisting of lithium nickel oxide (LN) mixed
with GDC that achieved 450 mW/cm?2 at 550 °C [18] and soon after that several
other SLFCs that consisted of two core materials, modified LN, e.g. LiNiZnO
(LNZ) or LiNiCuZn(Fe)O (LNCZF), and an ionic conductor (doped ceria or a
mixture of a doped ceria and an alkali carbonate) were reported [41,43,59,60].
LNCZF-(SDC-NC) composite achieved 700 mW/cm? at 550 °C [60], being su-
perior to a three-layer fuel cell utilizing the same materials.

The high electrochemical performance of SLFCs raised questions about the
working principles of these devices. In the traditional three-layer fuel cells, the
electrolyte is gas-tight and electronic insulator, preventing both gas mixing
through the cell and short-circuiting. SLFCs do not have a separate electrolyte
layer, but obviously the cells are not short-circuiting: in Zhu'’s early work equal
OCVs of 1.0 V were reported with SLFCs [18,41,43,59,60] and traditional three-
layer FCs [18,41,59,60] utilizing same materials. Zhu et al. proposed that p-n
junctions are formed in the semiconductor phase of the single layer, e.g. be-
tween NiO (p-type semiconductor) and ZnO (n-type), allowing the charge sep-
aration [41,43,59] similarly to solar cells. This idea was developed further by
explaining the SLFC performance by nano-scale redox reactions [61]. Schottky
barriers, i.e. contacts between metals and semiconductors, have been reported
as well in SLFCs [37-40]. A model developed by Liu et al. showed that the reac-
tion depths for H. and O, are 1-2 orders of magnitude lower than the typical
SLFC thickness, explaining why the gas mixing is not occurring even in porous
SLFCs [42]. A more detailed discussion about the working principles of SLFCs
is reported elsewhere [16,17].

Besides LN, LNZ and LNCZF, also other semiconductors based on modified
LN have been reported as SLFC materials, including LiNiFeO (LNF) [62], LiN-
iCuSrO (LNCS) [63,64], LINiMnSrO (LNMS) [64], LiNiCoSrO (LNCoS) [64]
and LiNiCuZnO (LNCZ) [65]. A 2:3 weight ratio between the semiconductor and
ionic conductor was found to be optimal for both LNCS-SDC [63] and LNCZ-
(SDC-NC) [65] materials. For LNCZ-(SDC-NC), 1.1 mm thick pellets showed the
best performance [65]. Hu et al. found a tradeoff between performance and sta-
bility: at 550 °C the power densities were in order LNMS-SDC > LNCoS-SDC >
LNCS-SDC, but the thermal graviometric analysis revealed that LNMS was the
most unstable of these materials [64].

Multiple alternatives for LN-based oxides have been reported in the literature,
including Smg 5Sro5Co05 (SSC) [66], Nio.sC0o.15Al0.05Li0. (NCAL) [40,67-69],
Lao.6510.4C00.2Fe0.805.5 (LSCF) [70-73], BaosSrosCoo..Feos0ss (BSCF) [37],
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Sr.Fe, sM0,.506-5 (SFM) [39,74] and Pro 4Sr0.6C0o.2Fe0,Nbo 1045 (PSCFN) [40].
Besides mixing with carbonates, the properties of the doped ceria has been mod-
ified by co-doping (e.g. Ca, Sm co-doped ceria (CSDC) [69,70,72,73], La, Pr co-
doped ceria (LPDC) [71] and La, Pr, Nd co-doped ceria (LPNDC) [67]), and mix-
ing it with KZnAlO (KAZ) [75] or MnZnO (MZ) [76].

The SLFCs with an ionic conductor consisting of co-doped ceria or a ceria —
alkali carbonate mixture have shown power densities exceeding 1 W/cm?2: 1187
mW/cm? with NCAL-LPNDC [67], 1080 mW/cm? with LSCF-CSDC [72] and
1072 mW/cm?2 with NCAL-(SDC-NC) [68] have been reported at 550 °C. Slightly
lower power densities have been reported with single-doped ceria: 841 mW/cm?2
with SFM-SDC [39], 760 mW/cm? with LNF-SDC [62] and 741 mW/cm? with
SSC-SDC [66] at 550 °C.

When the components of the single-layer composite are varied, also the op-
timial weight ratio may change. With SSC-SDC [66], LSCF-LPDC [71] and
NCAL-(SDC-NC) [68], the 2:3 weight ratio was found to be optimal, identically
to LNCS-SDC [63] and LNCZ-(SDC-NC) [65], whereas NCAL-LPNDC [67],
SFM-(SDC-NC) [74] and NCAL-CSDC [69] showed the peak performance with
a weight ratio of 3:7. Also 1:1 weight ratio between LSCF and CSDC has been
reported, although optimizing the weight ratio was not included to the particu-
lar study [73].

The role of NCAL in SLFCs is an interesting matter. Besides as a component
of the single-layer composite, it has been used as a current collector, typically
painted on a Ni-foam [37,69,71,73]. However, NCAL current collectors can af-
fect the cell performance e.g. by boosting the electrode reactions, or even acting
as an electrode due to the catalytic activity of NCAL [37,73]. On the fuel side, the
NCAL is at least partly reduced to Ni-Co alloys [37,71] and thus forming a
Schottky junction with the semiconductor component of the single layer. This is
one offered explanation for the efficient charge separation in SLFCs.

Considering from commercial point of view, upscaling the active area and im-
proving the stability of the SLFCs is a crucial factor. Hu et al. have reported of 6
x 6 cm SLFCs with an active area of 25 cm?2 prepared from LNCS-(MZ-SDC) [76]
and LiMgZnO (LMZ) — SDC [77] that reached power densities of 371 and 512
mW/cm? at 600 °C respectively. In [76], also a small LNCS-(MZ-SDC) cell (ac-
tive are 0.64 cm?2) was prepared and it achieved 600 mW/cm? at 650 °C. Up-
scaling the active area of the cell seems to decrease significantly the power den-
sity, at least in that particular study.

The large LMZ-SDC cell reported in [77] showed a stable performance over
120 h operation. LSCF-LPDC [71], NCAL-(SDC-NC) [68] and PSCFN-(SDC-
NLC) [40] cells have shown stability for 14 h, 10 h and 48 h respectively. How-
ever, since the lifetime of commercially viable fuel cells should be in range of
tens of thousands of hours, a suitability for commercial production cannot be
claimed based on these experiments.

To sum up, the SLFCs are a recent innovation building on SOFCs and CNFCs
that has been studied intensively during the last decade. Although the field is
developing rapidly, several challenges still remain. More information can be
found e.g. from review articles [16,17,78].
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Table 1. A summary of noteworthy power densities achieved in the literature with FC technologies
relevant for this Thesis. In Material-column the syntax is [anode — electrolyte — cathode] for the
SOFC and CNFCs and [electronic/semiconductor—ionic conductor] for the SLFCs.

FC type | Material Power density | Tempera- [OCV | Gas flow rates Ref.
(mW/cm?) ture (°C) | (V) (ml/min)
SOFC | (NiO-GDC) - GDC - (BSCF- | 1970 550 0.92 |[H2: 80 [49]
GDC) Air: 300
CNFC | (LNCZ-SDC-NC) — (SDC-NC) | 730 550 1.03 | H2:80-110 [23]
— (LNCZ-SDC-NC) Air: 80-110
CNFC | (LNCZ-SSDC-NC) - (SSDC- |900 580 1.00 |H2:100 [24]
NC) — (LNCZ-SSDC-NC) Air: N/A
CNFC | (NiO-GDC-NLC) - (GDC- 1060 550 1.19 | H2: N/A [25]
NLC) — (LSFC-GDC-NLC) Air: N/A
CNFC | (NiO-SDC-NLC) — (SDC- 1085 600 0.95 | H2: 40-100 [26]
NLC) — (LN-SDC-NLC) Air: 40-100
CNFC | (NiO-SDC-NLC) - (SDC- 1704 650 1.13 | H2: 100 [27]
NLC) — (LN-SDC-NLC) CO2/02 (1:1): 100
CNFC | (NiO-SDC-NLKC) — (SDC- 1100 550 1.20 | H2: N/A [31]
NLKC) — (LSFC-SDC-NLKC) Air/CO2: N/A
SLFC SFC-SDC 841 550 1.10 | H2:80-120 [39]
Air: 150-200
SLFC LNF-SDC 760 550 1.03 | H2: 80-120 [62]
Air: 150
SLFC SSC-SDC 741 550 1.08 | H2:80-120 [66]
Air: 150-200
SLFC NCAL-LPNDC 1187 550 1.07 | H2:120 [67]
Air: 120-150
SLFC NCAL-(SDC-NC) 1072 550 0.97 |H2:80-120 [68]
Air: 150-200
SLFC LSCF-CSDC 1080 550 1.06 | H2: 100 [72]
Air: N/A

3.1.3 Summary

Both CNFCs and SLFCs are promising FC technologies that have been re-
searched intensively during the last decade, building on the knowledge acquired
from the SOFC field. The focus of the research has been on the material selection
and optimizing the power density. However, there is only a very limited amount
of scientific literature about up-scaling and long-term stability of CNFCs and
SLFCs that are crucial factors for commerzialization. Table 1 summarizes the
high power densities achieved in the literature, presented previously in this
Chapter. It should be noted that Table 1 presents the high-end of power densi-
ties reported in the literature.

3.2 Microstructural analysis of fuel cells (Publication I, RQ1)

Since ceramic fuel cells, both single- and three-layer fuel cells, are complex
structures in micro- and nano-scale, characterizing the nanolevel properties of
the fuel cells and the materials that are used to manufacture them is crucial to
understand their working mechanisms and explain macroscopic observations.
This Subchapter is dedicated to present how spectroscopy and microscopy have
been used in the existing fuel cell literature and to explain the working princi-
ples of the respective techniques. The focus is on five different methods: X-ray
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diffraction spectroscopy (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), focused ion beam — scanning electron mi-
croscopy (FIB-SEM) and X-ray nanotomography. The Subchapter is based, but
not limited, to the review originally presented in Publication I.

3.2.1 X-ray diffraction spectroscopy

XRD is a spectroscopic technique that is based on constructive interference of
X-rays reflected from a crystalline lattice. This allows to identify the crystalline
structure of the sample and to analyze its properties, such as average particle
size and lattice constant. XRD can be performed on both nanosized powders and
the complete fuel cell pellets.

When a collimated beam of monochromatic X-rays interacts with a sample
(e.g. nanopowder) in an angle that follows the Bragg’s law

n+-A=d-sind, (4.1)

where n is an integer, A the wavelength of incident X-rays, d distance between
two lattice planes and 6 the incident angle of the X-rays, a constructive interfer-
ence is occurred. When the XRD-spectrum (i.e. number observed X-rays as a
function of 26) is measured over a wide rage of 26, the constructive interferences
can be seen as peaks for the respective angles.

The identity and the crystalline oritentation of each component of the studied
sample can be determined from the location of the peaks by using a suitable data
library (e.g. International Crystalline Diffraction Database, ICDD). A more de-
tailed analysis of the peak width and shape allows to calculate the lattice con-
stant of the respective structure and the average particle sizes, based on the
Scherrer equation [79,80]. Since the sample is likely to cause several peaks, the
accuracy of e.g. particle size determination can be improved by averaging the
particle sizes calculated intependently from different peaks.

For CNFCs, the crystalline structure of doped ceria [24,31] and perovskite-
structured cathodes (such as LSM, LSC, LSF and LSCF) [25] can be identified
by XRD. Besides identifying the materials, XRD allows to calculate the average
particle sizes (from Sherrer equation) [24,31] and the lattice parameters [24] of
the studied material. Carbonates have typically a low crystalline orientation and
thus the XRD peaks originated from carbonates are small compared to crystal-
line structures [25,31], or even non-existing [24].

In the SLFC field, XRD is a typical characterization tool for the single layer
composite and its individual components. The doped cerias have been observed
to show the cubic fluoride structure of pure CeO. [63,64,66,68,69,71,73,76],
with a small angle shift due to properties of the dopant ion, assuming that the
doping process has succeeded. Perovskite-structured semiconductor compo-
nents, such as SSC [66], LNCS [63,64,76], LNMS [64], LNCoS [64], LSCF [71]
and NCAL [68,69] show spectra respective to their structure. Composite sam-
ples consisting of an ionic conductor and a semiconductor show peaks from both
phases [63,66,68,60,71,76],. XRD can be used to confirm that the material syn-
thetization has succeeded and that there are no unwanted crystalline phases.

16



Literature review

Performing XRD-measurements over a wide range of temperatures reveal in-
formation about the thermal properties of the studied material. This is called as
high-temperature XRD (HT-XRD). Typically, when temperature is increased, a
peak shift towards lower angles is observed due to the lattice expansion [81-84].
The change in the shape of the peak can indicate about structural changes in the
material [81], whereas similar shape of peaks over the measured temperature
range indicates about structural stability [82-84].

XRD have been found to be a useful tool to characterize CNFC and SLFC na-
nopowders with a simple and quick measurement. XRD allows e.g. identifying
crystalline phases and determining average particle sizes, but a more detailed
nanoscale characterization requires electron microscopy.

3.2.2 2D microscopy

Electron microscopy is based on observing interactions between a high energy
beam of primary electrons (PEs) and the sample. SEM observes the interactions
near the surface of the sample, thus providing a good surface view. TEM is based
on electrons that go through the sample, setting a criteria for electron transpar-
ency. Elemental mapping is possible with both techniques, by using energy-dis-
persive X-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS,
TEM only).

Working principle of electron microscopes

The high-energy PE beam is generated by using a high-voltage electron gun and
it is directed on the sample with suitable optics. When a PE hits the surface of a
sample, several interactions may occur. A summary of the possible interactions
is shown in Figure 4. Different electron microscopy techniques are focused on
observing these interactions and utilizing this information to construct a high-
resolution image of the sample.

Secondary electron (SE) is created when the incident PE knocks out an elec-
tron bound to sample. SEs have low energy (< 50 keV, typically < 2 keV [85,86]),
so the SEs generated deep in the sample are likely to be absorbed by the sample
itself. If a SE is created close to the sample’s surface, however, it may be able to
escape the sample and to be detected. SE-imaging is a typical SEM technique
that allows to build a topographic contrast of the samples surface, to a depth of
a few dozen nanometers [85,86].

If the incident electron interacts with a nucleus, it is scattered elastically in a
high angle. These electrons are known as backscattered electrons (BSEs). Since
the cross-sectional area of a nucleus (and thus its ability to backscatter elec-
trons) depends strongly on its size, BSE-imaging allows to build a clear contrast
between light and heavy elements. Since BSEs are actually elastically scattered
PEs, they have a high energy and thus they can escape deeper from the sample
than SEs [86]. The information depth of BSEs varies strongly depending e.g.
from the energy of the PE beam and the diameter of the studied nanoparticles,
but it is usually in range of hundreds of nanometers [87].

When an inner shell electron is knocked out from an atom (e.g. as result from
interaction with a high-energy PE), it is replaced by an electron from outer shell
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due to nature’s tendency to form enertically favourable structures. During the
process, the atom emits an X-ray which energy equals to the energy difference
between the electrons in the outer and the inner shells. Since the energies of the
electron shells, and thus the energy differencies between electrons in different
shells, are individual for each element, observing these characteristic X-rays al-
lows to identify the elements the sample consists of. This technique is called
energy dispersive X-ray spectroscopy (EDX) and it can be used with both SEM
and TEM.

Whereas SEM is a useful technique to study the interactions near the sample’s
surface, TEM is focused on observing the PEs that go through the sample. This
causes the most significant limitation for TEM: it can be applied only on samples
that are thin enough to allow electron transparency. The main benefit over SEM
is the improved resolution: modern TEMs can separate objects which distances
are in Angstrom (1 A = 0.1 nm) range, allowing to see individual atoms and crys-
talline orientations in TEM images.

The most straightforward TEM application is observing the PEs that have
gone through the sample without interacting with it. This is known as bright
field (BF) imaging. In a BF image, the areas with high electron transparency (i.e.
from none to few particles that can interact with PEs) appear bright, whereas
the areas with a lot of interaction (i.e. a lot of particles) appear dark.

In dark field (DF) imaging mode, the detector is adjusted so that it is in a cer-
tain angle compared to the initial PE beam. Thus, only those electrons that in-
teract with the sample by scattering to this particular angle can be detected and
the areas where such interactions occur appear bright in a DF image. This allows
efficient detection of certain crystalline structures from the studied sample.

Primary electrons

Backscattered
electrons Characteristic
Secondary X-rays
electrons EDX
SEM
Auger
electrons
Inelastically
scattered
Elastically electrons
scattered
electrons TEM
EELS
'Direct beam

Figure 4. Interactions that may occur when a high-energy electron interacts with a sample that is
imaged by an electron microscopy method. SEM is focused on interactions near the surface
and TEM on the transmitted electrons. Reproduced from Publication | with permission, ©
Wiley.

18



Literature review

Elemental analysis is possible in TEM imaging by two different approaches.
EDX can be done similarly than in SEM imaging. Another approach is known
as electron energy loss spectroscopy (EELS). If a PE interacts with sample by
exciting an electron from inner to outer shell, a part of its energy, corresponding
to the energy difference between the base state and excited state, is transferred
to the excited electron. This interaction is known as inelastic scattering. EELS is
based on observing inelestically scattered electrons and determining their en-
ergy. Since the initial energy of the PEs is known (based on the accelerating volt-
age), the energy loss occurred in inelastic scattering can be calculated from the
difference between the initial and the final energy of the PE. This allows the
identification of the element from which the PE has scattered, since the energies
required for the electron excitation are individual for each element.

Applications on solid oxide fuel cells

Both SEM and TEM have been applied widely in SOFC literature. A simple
cross-sectional image by SEM allows to identify different layers and the exist-
ence of crakes in a fuel cell [49,88-92], whereas a surface image allows to ob-
serve the structure, the phase distribution and the porosity of the particular fuel
cell surface layer [49,89-91,93,94].

Detailed properties of a certain layer and interface can be studied as well by
SEM. For the anode, the redox stability of Ni-YSZ composite have been studied
[89,93]. Thyden et al. developed a method to improve contrast between Ni and
YSZ by using low-voltage SEM [95]. Fine-structured anodes were observed to
coarse due to redox cycling, whereas coarse-strucutred anodes did not [93]. Yan
et al. observed that applying SDC interlayer between lanthanum strontium gad-
olinium magnesium oxide (LSGM) electrolyte and NiO anode prevented un-
wanted reactions between NiO and LSGM [90]. Sintering procedure have been
observed to correlate with the microstructure of YSZ [96] and GDC [97] electro-
Iytes. LSCF-SDC [98] and LSCF-GDC [99,100] cathodes have been studied and
coarsening of LSCF during annealing reported [100]. Lee et al. observed a core-
shell structure in BSCF-GDC cathodes [49].

TEM allows high-resolution imaging of a fuel cell material nanoparticles
[49,89,91,04,99,101] and studying the crystalline orientations via electron dif-
fraction patterns [49,91,99,101]. Elemental mapping has been used to show that
GDC interlayer prevents Sr diffusion from LSCF cathode to YSZ electrolyte [88],
to study the elemental distribution at LSFC-GDC interface [99], to show that Sn
is enriched at the edges of Sn/Ni alloys [94] and to study Si-poisoning [102] and
strontium zirconia oxide formation [92] in LSCF cathodes.

Applications on ceramic nanocomposite fuel cells

Due to similarities between SOFCs and CNFCs, many of the microscopy useages
mentioned above, such as cross-sectional and surface imaging, are useful in
CNFC characterization as well. The composite nature of CNFC electrolytes can
be revealed with SEM: SDC-NLKC [31], SDC-NLC [30], GDC-NLC [103] and
GDC-KLC [103] all showed separate phases for doped ceria and carbonates.
Tang et al. showed that the preparation method of the composite SDC-NLC elec-
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trolyte affects to the particle size and shape, partly explaining the electrochem-
ical performance of the particular electrolytes [30]. Asghar et al. compared dif-
ferent cathode materials and observed that LSM-NLC had smaller particle size
than LSC-NLC, LSF-NLC and LSCF-NLC [25]. Moreover, fibre-like structures
existing in CNFCs have been observed by SEM analysis [25,31]. Origin of these
structures is unknown, but they are speculated to be some kind of hydroxides.

Using TEM to analyse nanoparticles of CNFC powders have been reported.
Asghar et al. imaged different cathode materials that were aged in CO. atmos-
phere and observed that LSM-NLC cathode showed significant enrichment of
Mn at some points characterized with EDX [25]. Rafique et al. imaged SSDC-
NC nanoparticles and observed a core-shell structure with ceria cores and car-
bonate shells [24].

Applications on single-layer fuel cells
For SLFCs, using SEM to get cross-sectional [64-66,68,69] and surface images
[63-66,71] have been widely reported. Analyzing the particle size distribution of
CSDC [73] and comparing air and fuel sides of LNCZ-SDC-NLC [65] and NCAL-
CSDC [69] pellets after characterization have been done with SEM as well. Ho-
mogenous distribution of both phases in sub-micron scale has been observed
for SSC-SDC [66], LNCS-SDC [63,64], LNMS-SDC [64], LNCoS-SDC [64],
LNCS-MZSDC [76], NCAL-SDC-NC [68] and NCAL-CSDC [69] by SEM/EDX.
TEM have been used to image nanoparticles of SLFC materials
[61,63,70,71,73]. Zhu et al. studied the interfaces between semiconductor and
ionic conductor particles for nickel zinc oxide (NZ) — SDC [61] and LSCF-CSDC
[70]. NZ-SDC was shown to consist from larger SDC and smaller NZ particles
that formed bulk heterojunctions, whereas for LSCF-CSDC the role of interfacial
region between LSCF and CSDC particles for O-movement was highlighted.
Wang et al. determined electron diffraction pattern and atomic structure of
LSFC-CSDC [73].

Summary
2D-microscopical methods, especially SEM and TEM have been widely applied
to characterize SOFCs, CNFCs and SLFCs. The information required by these
techniques is crucial to understand the nanoscale properties of these devices
and explain their macroscopic performance.

However, both SEM and TEM are limited to two dimensions. Since the fuel
cells listed above are complex 3D-structures down in nanolevel, this sets limita-
tions to utilizing these techniques.

3.2.3 3D microscopy

With 2D microscopical methods, such as SEM and TEM, the result is always a
2D projection of a 3D structure. Ability to reconstruct the actual 3D structure
can provide more information about e.g. phase distribution, porosity and tortu-
osity of the studied sample. For SOFCs, two different microscopic techniques,

20



Literature review

FIB-SEM and X-ray tomography, have been applied to make 3D-reconstruc-
tions. These methods have been shown to be consistent with each other with a
good accuracy [104].

FIB-SEM

SEM can be used to image the surface of the sample. In FIB-SEM imaging, the
surface is first imaged by SEM and then a thin layer is cut off with FIB. This
procedure is repeated until the whole sample is imaged, resulting as a series of
2D images that can be used to reconstruct the initial 3D-structure. FIB-SEM can
achieve good resolution: voxel sizes down to 10 nm have been reported
[104,105], but it is destructive for the sample.

Wilson et al. demonstrated the power of FIB-SEM in fuel cell research by mak-
ing a 3D reconstruction of Ni-YSZ anode, shown in Figure 5, and calculating
phase fractions, surface areas, triple phase boundary (TPB) density, phase con-
nectivity and tortuosity [106]. Vivet et al. studied the effect of Ni-content to the
Ni-YSZ anode microsctrucure and concluded that 44 % solid volume fraction of
Ni was optimal (i.e. it maximized active TPB density) [105]. Iwai et al. investi-
gated different calculation methods (random walk calculation and lattice Boltz-
mann method) for reconstruction and found them to be consistent [107]. An-
nelealed Ni-YSZ electrodes showed lower TPB-density than fresh ones due to
coarsened microstructure [108,109], indicating that reduced TPB is a major fac-
tor causing degradation. Kishimoto et al. studied Ni-GDC anodes prepared by
Ni-infiltration and powder pressing and observed that infiltrated anodes had
eight times larger active TPB density [110].

Figure 5. A 3D reconstruction of a Ni-YSZ anode, showing Ni as green, YSZ as translucent or
grey and pores as blue. Reproduced from [106] with permission, © Nature Publishing Group.
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The key microstructural parameters can be determined for the cathodes sim-
ilarly to the anodes [104,111]. Smith et al. studied the effect of sintering temper-
ature of LSM-YSZ cathodes to the microstructure and the polarization re-
sistance, and found a connection explaining the electrochemically observed re-
sistances by microstructural differences [112]. Yakal-Kremski et al. showed that
under-firing (i.e. sintering at lower temperature) of LSM-YSZ cathodes de-
creased their vulnerability to degradation [109].

X-ray nanotomography

An X-ray image of a sample provides a 2D-projection in a plane parallel to the
direction of the X-ray beam. When a large amount of such images are taken from
different angles, a 3D-reconstruction of the sample can be computed. The main
benefit of X-ray nanotomography over FIB-SEM is the non-destructivity: same
sample can be measured several times. On the other hand, the resolution is
lower: voxel sizes of 22-25 nm have been achieved in X-ray nanotomography
reconstructions [113-115].

Three-dimensional reconstructions of Ni-YSZ anode [113-117] and LSM-YSZ
cathode [104] have been successfully constructed with X-ray nanotomography.
Chen-Wiegart et al. showed that the modelled anode polarization resistance
based on 3D-reconstruction was consistent with electrochemical measurements
[116]. Laurencin et al. found that a minimum volume of 35 x 35 x 35 pms3 had to
be reconstructed to be statistically representative from the whole sample [117].
Shearing et al. utilized the non-destructive nature of X-ray nanotomography
and studied the effect of redox cycling to the microstructure [115].

Since SOFCs are operaterd at high temperatures, the microstructure recon-
structed at room temperature may not present the respective structure at oper-
ational temperature. Shearing et al. developed an experimental setup allowing
to complete X-ray nanotomography for a LSFC cathode at operational temper-
ature (695 °C) [118]. Their experimental setup is presented in Figure 6. They
observed a decrease in porosity and an increase in tortuosity when comparing
the high-temperature data to the room temperature data.

Gas inlet and thermocouple

Cooling water inlet/outlet

Pinhole

X-ray
X-ray path =" transparent

window IR heat source

Sample and
rotation stage

Figure 6. The experimental setup used by Shearing et al. to perform X-ray nanotomography
measurements in FC operational conditions. Reproduced from [118] with permission, © ECS.
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Summary

3D tomography, utilizing FIB-SEM and X-ray nanotomography methods, pro-
vides a unique insight to the SOFC electrode properties, allowing to reconstruct
the actual 3D microstructure. Accurate determining of e.g. TPB density, poros-
ity and tortuosity and linking the macroscopic performance to microstructure
by using 3D tomography have been reported for SOFC electrodes.

However, since the fuel cells are operated at high temperatures, the room tem-
perature characterization may not be presentative for microstructure in actual
operational temperature. Thus advanced setups allowing in-situ characteriza-
tion of fuel cell materials and even complete fuel cells are required to push the
limits of microstructural analysis even further.

3.3 Challenges and gaps in fuel cell research

The previous Subchapters provide a state-of-the-art view on the existing litera-
ture and scientific knowledge on CNFCs, SLFCs and methods that can be used
to characterize the microstructure of ceramic fuel cells. Although these topics
have been studied intensively and the researchers have solved many challenges,
there are still significant holes in the scientific knowledge from these fields. Fol-
lowing discussion about the existing gaps in the literature and the challenges
that need to be solved concludes this Chapter.

SOFCs are an established research topic that has been an interest of the fuel
cell community for decades. This results as a vast number of scientific articles
and books handling the topic from different perspectives, providing a good in-
sight to the topic and allowing to identify established manufacturing and char-
acterizations procedures developed during decades, as well as the fundamental
limitations for SOFCs.

CNFCs, however, are a more recent innovation. The early work in the CNFC
field was published around year 2000, but most of the scientific literature about
CNFCs cited in this Thesis is published since 2010. CNFCs are based on SOFC
technology and some of the scientific knowledge about SOFCs can be used in
CNFC research, but as the SOFC materials are at least partly replaced by new
ones and some fundamental mechanisms change (e.g. new ions start to contrib-
ute to the charge transfer), new studies are needed to replace the out-of-date
knowledge. Characterizing new composite electrolytes that are based on multi-
ion conduction instead of just O and developing new optimized material com-
positions and manufacturing methods are crucial to push the CNFCs beyond
current state-of-the-art. This observed gap is addressed in Publications IT&III.

SLFCs are even more recent innovation that has been researched by the fuel
cell community only for a decade. The first SLFC publication that the author is
aware of is from 2000 [58] and the major breakthrough occurred in 2011 when
Zhu et al. presented their composite material LN-GDC [18]. This highlights the
need of basic studies about suitable materials, their characterization and the
working mechanisms of SLFCs even more than in case of CNFCs. Publications
IV&V are aimed to fill part of this gap. Since the amount of publications in SLFC
field is yet relatively low, systematicality and repeatability of the experiments is
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a factor requiring attention. Many SLFC publications show data only from a sin-
gle cell, leaving out any statistical analysis and discussion about repeatability of
the experiments. Publication VII is focusing on this issue by a systematic study
involving larger number of individual cells, supported by the cells reported in
Publication VI.

As the fuel cells are energy conversion devices, commerzialization of these
technologies, or showing that it is impossible, can be considered as a goal for
research. In laboratory-scale experiments, the main factor of interest has been
the power density of single small cells. However, from commercial point of view,
e.g. fuel efficiency, stability and the potential to up-scale fuel cell power output
from mW- and W-level to kW- or even MW-level by using larger cells and cell
stacks are also just as important factors. Research focused on these factors
needs to be vastly increased to drive these technologies towards commerzializa-
tion. Especially established procedures for the long-term stability studies of
CNFCs and SLFCs are needed to drive them towards commercialization.

2D microscopic methods, as well as XRD, have been widely and successfully
applied to the CNFC and SLFC fields. However, 3D tomography of these devices
by FIB-SEM and X-ray nanotomography technologies is lacking. Based on the
literature review presented in this Chapter, no obvious fundamental reason why
3D tomography could not be applied to CNFCs and SLFCs is detected. However,
since FIB-SEM and X-ray nanotomography are advanced and highly sophisti-
cated characterization techniques, performing experiments and analyzing the
results requires specialization in these fields. The most likely explanation to why
the 3D tomography for CNFCs and SLFCs is missing is the lack of scientists who
have enough knowledge on both sides. Filling this gap by making and utilizing
3D reconstructions has potential to improve the properties of CNFCs and
SLFCs.

Another issue related to microstructural characterization is the vast difference
between microscopic characterization temperature, typically room tempera-
ture, and the actual operational temperature of CNFCs and SLFCs, typically
500— 600 °C. This raises concerns about how well the room temperature micro-
structure corresponds to the operational temperature microstructure. Ad-
vanced in-situ measurement setups allowing microstructural characterization
at the operational temperature can help to fill this gap.

To sum up, the state-of-the-art ceramic fuel cells, starting from SOFCs and
advancing to CNFCs and SLFCs have been studied intensively and shown a great
potential as clean energy sources, provided that the remaining challenges can
be solved. Due to nanoscale complexity of these devices, accurate microstruc-
tural characterization is identified as a key method to understand these devices
and push them towards commerzialization. Several obvious research gaps exist
in this field, as discussed in this Subchapter. This Thesis address to some of
these gaps, providing scientific knowledge to create base for future work.
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Materials and methods

4. Materials and methods

This Chapter presents the materials and the experimental methods used in this
Thesis. The Chapter is divided into two Subchapters. The first Subchapter
focuces on raw materials, material synthesis and mixing and fuel cell manufac-
turing methods. The second Subchapter presents the experimental techniques
and research equipments that were used to characterize fuel cells and nanopow-
ders.

4.1 Materials, synthesis and fuel cell manufacturing

The methods that were used to manufacture complete fuel cells starting from
chemicals purchased from commercial sources are presented here. These meth-
ods include synthesizing new materials, mixing two or more existing materials
and pressing powders into fuel cell pellets.

For some of the presented methods, exact experimental parameters (e.g. sin-
tering temperature and time) have been varied between different Publications
(and in some cases even within a single Publication). In this Subchapter, only
the principles and general description of the methods are presented. For the ex-
act experimental procedure of a certain experiment, the reader is always re-
ferred to the Experimental section of the particular Publication.

4.1.1  Commercial chemicals

The chemicals bought from commercial sources for the experiments reported in
this Thesis are presented in Table 2. The chemicals were bought from Sigma-
Aldrich. The table presents the name of the chemical, its abbreviation, to what
purpose it was used in this Thesis and in which Publication(s) it was used. For
consistency, only one logical abbreviation is used for each material in this The-
sis. Thus the same chemical may have been mentioned in the literature with
different abbreviation.

4.1.2 Material synthesis and mixing

Several methods were used to synthetize new chemicals from the commercially
bought raw materials presented in Table 2 and to mix two or more existing
chemicals to form a suitable mixture. The descriptions of the synthesis and mix-
ing methods are presented here.
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Table 2. The chemicals bought from commercial sources. Name of the chemical, its abbreviation,
useage and Publications were it was used are presented. The chemicals were bought from
Sigma-Aldrich and used as received unless otherwise stated in the respective Publication. The
most commonly used solvents (acetone, ethanol, distilled water) are excluded from the Table.

Chemical name Abb. Purpose Publication(s)
Calsium nitrate tetrahydrate CNT Synthesis 1l

Cerium nitrate hexahydrate CNH Synthesis 1, V
Cerium oxide, gadolinium-doped, 10 mol-% GDC Electrolyte, SLCF 11, IV, VI, VII
Cerium oxide, samarium-doped, 15 mol-% SDC SLFC Vi

Citric acid CA Synthesis 1, v
Copper carbonate basic CCB Synthesis 1]

Copper iron oxide CFO SLFC \

Ethyl cellulose EC Pore former 11, 1Il, VIl
Gadolinium nitrate hexahydrate GNH Synthesis \

Glycerol - Precursor 1V, VIl
Potassium carbonate KC Electrolyte 111, VI
Lanthanum strontium cobalt ferrite LSCF Cathode 11, 1l

Lithium carbonate LC Electrolyte, synthesis 1, 11, 1V, VI, VI
Lithium nickel cobalt aluminium oxide NCAL Current collector 1V, VIl
Lithium nitrate LN Synthesis 1l

Nickel carbonate basic hydrate NCBH Synthesis 11, IV, VI, VII
Nickel oxide NiO Anode I
Polyethylene glycol PEG Synthesis \

Polyvinyl alcohol PVA Pore former 1, 11
Samarium nitrate hexahydrate SNH Synthesis I, V
Sodium carbonate NC Electrolyte, synthesis 1, 11, VI, VI
Zinc carbonate basic ZCB Synthesis 11l

Zinc nitrate hexahydrate ZNH Synthesis 1V, VI, VII

Calcination is a general description for a high-temperature treatment of a na-
nosized powder. Calcination is done by placing the powder to a suitable con-
tainer and heating it in the oven to a given temperature. Calcination can be used
as a step in synthesis procedure and to purify ready powders. Calcination was
used in Publications II-VIL.

Grinding is a quick and simple method to mix chemicals that are in powder
form. The chemicals are simply put to mortaring bowl, grinded with a pestle for
a given time and collected. Grinding was used in Publications ITI-VII.

Planetary ball milling machine can be used to mix the powders and to reduce
the particle size. The powders to be mixed are put to a milling jar either as solids
or as mixed to a certain media (e.g. acetone or ethanol) with zirconia milling
balls (typically 10:1 weight ratio between milling balls and powder). Then the jar
is put to the ball milling machine set to given angural velocity (expressed as
RPM, rounds per minute) for given time. If a liquid media is used, the resulting
mixture is dried and usually grinded before collecting. Ball milling was used in
Publications II-VI.

Solid-route method can be used in both synthetizing and mixing of materials.
The raw materials are simply mixed with grinding or ball milling, followed typ-
ically by a heat treatment. Solid-route method was used in Publications II-VII.

Co-precipitation is done by dissolving the raw materials to de-ionized water.
Then a solution of NC in de-ionized water is added dropwise and the mixture is
stirred. The resulting product is a precipitation, which is filtered, washed and
dried at low temperature (<100 °C). After drying a high-temperature calcination
is applied. Finally the resulting powder is grinded and collected. Co-precipita-
tion was used in Publication III.
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Table 3. The chemicals prepared in-house with different synthesis procedures. The solvents and
reactants needed for each procedure are excluded from the Table.

Chemical name Abb. Method Raw materials Publica-
tion(s)

Ca, Sm co-doped ceria CSDC | Co-precipitation CNH, CNT, SNH 1]

Gd, Sm co-doped ceria GSDC | Sol-gel CNH, GNH, SNH \

Lithium nickel copper zinc oxide | LNCZ Slurry CCB, LN, NCBH, ZCB | Ill

Lithium nickel zinc oxide LNZ Solid-route LC, NCBH, ZNH IV, VI, VII

In slurry method the raw materials are first mixed with CA and de-ionized
water, e.g. by ball milling. The mixture is put to a hot plate and stirred, until it
forms a slurry. Then a heat treatment and new mixing are applied. Slurry
method was used in Publication III.

Synthetizing materials via sol-gel method starts by dissolving the raw materi-
als to de-ionized water. Then CA and PEG in aqueous solution are added slowly
and the resulting mixture is stirred until it forms a colorless gel. The gel is dried
and grinded. Sol-gel method was used in Publication V.

A summary of the materials synthetized in-house in this Thesis work is pre-
sented in Table 3. All nanopowders that were used for fabricating fuel cells are
either commercially bought materials (Table 2), in-house synthetized materials
(Table 3) or composites that have been prepared by mixing at least two of the
materials presented in Table 2 and Table 3 by ball milling and/or grinding. Ex-
act details of the material manufacturing processes for each experiment are pre-
sented in the Experimental sections of the respective Publications.

4.1.3 Fuel cell fabrication

The fuel cells reported in the Publications included to this Thesis were fabri-
cated by pressing the nanopowders into pellets by using powder press method
once the respective powders were obtained. The general experimental proce-
dure of the powder press method is described below. For details of a certain
experiment, the reader is referred to the Experimental section of the respective
Publication.

@) A metallic die (diameter 13 mm) is assembled.

(i) Given amount of powder is weighted and put to die on a small metal
cylinder, possibly with e.g. Ni-foam.

(iii) The powder surface is smoothened by pressing and rotating from
above with a large metal cylinder.

(iv)  For multi-layer pellets, the steps (ii) and (iii) are repeated for each
layer.

W) A high pressure (typically a few hundred MPa) is applied on the die by
using a mechanical press.

(vi)  The die is disassembled and the pellet removed.

After pressing, the pellets were densified and strengthened by sintering at high
temperature. The exact details of the sintering process were varied between dif-
ferent Publications. Examples of the fuel cell materials during different steps of
the manufacturing procedure of a LNZ-GDC SLFC are presented in Figure 7.
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Figure 7. LNZ powder before (a) and after (b) calcination. LNZ-GDC pellets (c). The pellet at the
bottom right corner is unsitered.

Three different current collectors were used in this Thesis: gold paste, Ni-foam
and NCAL-coated Ni-foam. Gold paste was deposited on the pellet surfaces by
using a brush, followed by sintering. Since gold paste layer is thin and porous
(Publication IV), it is unlikely to have a large effect to the gas diffusion proper-
ties. Ni-foams were cut from a larger sheet to macth the cell dimensions and
pressed with mechanical press before use. NCAL precursor was prepared by
adding NCAL to 1:1 by weight mixture of ethanol and glycerol. After the precur-
sor was properly mixed, the resulting paste was painted on Ni-foams, followed
by sintering. The exact details on preparing and applying the current collectors
for certain experiments can be found from the Experimental sections of the re-
spective Publications.

4.2 Characterization

This Subchapter presents the experimental methods that have been used to
characterize the fuel cells and the nanopowders of the fuel cell materials that
have been reported in this Thesis. These techniques are divided to microstruc-
tural and electrochemical methods.

It should be noted that the Publications included in this Thesis are utilizing
some experimental methods that are excluded from this Thesis and thus are not
presented here. When information obtained by such methods is utilized, it is
always justified by a reference to the respective Publication.

4.2.1 Microstructural characterization

Since both CNFCs and SLFCs reported in this Thesis are consisting of pressed
nanopowders, understanding the fine nanostructure and nanoscale properties
of both the fuel cells and the powders is important to explain the macroscopi-
cally observed performance. A large variety of such techniques have been re-
ported in the literature. In this Thesis, three methods, X-ray diffraction spec-
troscopy (XRD), scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) have been utilized. Moreover, both SEM and TEM have
been combined with energy-dispersive X-ray spectroscopy (EDX) to perform an
elemental analysis. Detailed descriptions of the working mechanisms of these
techniques are presented in Subchapter 3.2.2.
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XRD was used in this Thesis to identify the crystalline structure (or the lack of
it) of the fuel cell materials and to confirm the success of the material syntheti-
zation process. Moreover, HT-XRD was used to study the thermal stability of
the nanopowders. XRD measurements reported in Chapter 5 were performed
with Rigaku Smarta PAN-alytical X’pert PRO MPD (Publications II, III, IV & V)
and Rigaku SmartLab X-ray Diffractometer (Publications VI&VII).

In this Thesis, SEM was a basic tool for characterizing the microstructure of
fuel cell pellets. Surface imaging done via SEM was used to study the phase
structure and porosity of the pellet surfaces. Another application of SEM was to
take cross-sectional images from the pellets to confirm that there are no contin-
uous pores going through the cell and thus allowing direct gas mixing. SEM
characterization reported in Chapter 5 was done with the following models:
JEOL JEM-7500FS (Publication II), JEOL JSM-7500FA (0.6 nm resolution,
Publication IT) and Zeiss Sigma VP (Publications III, IV, V, VI & VII).

TEM was applied to image the nanosized powders that were used to press
complete fuel cells as described in Subchapter 4.1.3. The particle sizes, crystal-
line structures and elemental distributions inside a particle cluster are deter-
mined and discussed. All TEM images shown in Chapter 5 (originally reported
in Publications IV-VII) were taken with high-resolution TEM, model JEOL
JEM-2800 (0.1 nm resolution).

Access to Rigaku SmartLab X-ray Diffractometer (XRD), JEOL JEM-7500FS
(SEM), Zeiss Sigma VP (SEM) and JEOL JEM-2800 (TEM) was provided by
Aalto University Nanomicroscopy Center (Aalto-NMC).

4.2.2 Electrochemical characterization

Since the purpose of the fuel cells in commercial use is to produce electricity, it
is relevant to compare different fuel cells to each other by comparing parameters
describing their electrochemical performance, especially the power density that
is the fraction of the maximum power output and the active are of the cell, i.e.

P,
Pd — out,max, (4.1.)
Acell

where Py is the power density, Pout,max the maximum power output and A the
active surface area of the fuel cell. Besides Pg, also other electrochemical param-
eters, such as open circuit voltage (Voc) and the internal resistance of the cell at
the operational temperature are important factors that describe the perfor-
mance of the fuel cell. The methods used for electrochemical characterization of
the fuel cells in this Thesis are described below.

Experimental setups

Since both CNFCs and SLFCs are operated at relatively high temperatures, the
first requirement for the successful electrochemical characterization of these
devices is an experimental setup that allows heating to the operational temper-
ature (between 500 and 600 °C for most of the fuel cells reported in this Thesis)
and applying the suitable gas atmosphere, typically H, on one side and air on
the other. This requires an oven, a chamber for the fuel cell, separate gas lines
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for H, and air (and gas insulation between them) and suitable electrical contacts
from the fuel cell to the measurement device. Three different experimental set-
ups have been used in the Publications included in this Thesis. A description of
the setups is given in the Experimental sections of the respective Publications.
A four-point connection for characterization devices was used in each setup.

The active areas of the cells varied between 0.50 and 0.64 cm2. The active area
was determined by observing the area exposed to gases after experiment (Pub-
lications II-V) or by using the experimental setup to limit the gas flows to certain
areas (Publications VI&VII).

Current — voltage characterization

Current - voltage (IV) characterization is a simple but powerful tool that gives
access to several important electrochemical parameters of a fuel cell with quick
measurement and analysis. A single datapoint of IV-curve is measured by ap-
plying an external voltage to the cell and measuring the resulting current or vice
versa: applying current and measuring voltage. The former approach is called
potentiostatic and the latter galvanostatic. This is repeated over a range of volt-
ages (or currents) with a certain step size. Typically the range of the IV-curve is
chosen so that at least V¢ and the maximum power point (MPP) are in included
in the measurement. Very high current densities are sometimes avoided since
they may damage the cell or the measurement setup, but in this case direct de-
termination of the short-circuit current (Isc) is not possible. IV-curve can be
measured also outside Voc — Isc range, but in this case the device is not operating
as a fuel cell. However, such measurements can be useful when studying the
fundamental electrochemical properties of the FC materials.

—Actual voltage

—Ildeal voltage

Ohmic losses

/

Activation
losses

Voltage

Concentration
losses —]

Current

Figure 8. A theoretical 1V-curve of the fuel cell. The curve is divided into three sections based on
the dominating loss factor: activation, ohmic and concentration.
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An example of IV-curve of a fuel cell is presented in Figure 8 (as illustration).
The theoretical maximum voltage depends on the total FC reaction potential
that can be calculated from thermodynamics, but the actual Vo is slightly lower
due to irreversible losses [3]. When the current is drawn from the cell, there is
a rapid initial voltage drop, related to electrode reaction kinetics (activation
losses). In the middle region, the curve is rather flat since the only major cur-
rent-depending voltage loss factor is the ohmic loss (mainly due to limited ionic
conductivity). At very high currents, the voltage drops to zero rapidly due to
concentration losses. This can be caused by e.g. depletion of the fuel or oxidant
gas. The loss mechanisms are described in more detail in [3].

The shape of an IV-curve of a certain FC strongly depends on what of the loss
mechanisms described above are dominating. For example, if the ohmic losses
of the cell are large enough to reduce the voltage to zero so that the concentra-
tion losses are still insignificant at Isc, the concentration loss region shown in
Figure 8 cannot be observed from the IV-curve.

Voc and Isc can be seen directly from the IV-curve (assuming that they are
included in the measurement range), whereas its shape allows to qualitatively
analyze which loss mechanisms are limiting the fuel cell performance. The
power output of the cell can be determined by calculating power output for each
datapoint and plotting the result as current — power (IP) curve. The total re-
sistance of the fuel cell at a certain voltage can be calculated from the slope of
the IV-curve at that point. The active area of the cell can be taken into account
by replacing the current with the current density in the plots, allowing to com-
pare fuel cells with different active areas to each other.

In this Thesis, the IV-data is measured with potentiostatic mode. The main
justification for that is that the Voc:s of the studied fuel cells are in the same
range (around 1 V) but the supported currents differ significantly. Thus, poten-
tiostatic mode allows measuring different FCs with equal experimental settings
(e.g. voltage range, slew rate). The data is presented by plotting both voltage and
power density as a function of current density, that is a common way to present
IV- and IP-data in fuel cell literature. This plotting format allows to easily read
power density and Voc from the plot and to perform comparison if data from
multiple IV-measurements is presented in a single plot.

All IV-measurements reported in this Thesis were performed with Zahner
Zennium potentiostat.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a sophisticated characteriza-
tion technique that allows to break down the total resistance of a fuel cell to its
individual components. This helps to identify which loss mechanisms are the
most crucial ones for the cell performance.

EIS is done by applying a voltage that consist of direct and alternating compo-
nents (Vpc and Vyc respectively) and by measuring the cell response, impedance
(2) [3,119]. In this Thesis, the EIS-spectra were measured in open circuit condi-
tion, i.e. Vpc = Voo, that is a typical procedure in CNFC and SLFC literature.
Typical amplitude for V4c was 20 mV. The spectra were measured over a wide
range of Vyc frequenciens, typically from 100 kHz to 100 mHz.
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There are several ways to present EIS-data. In this Thesis, all EIS-data is pre-
sented as Nyqvist plots, where the real part of the impedance (resistance) is
plotted on x-axis and the negation of the imaginary part of the impedance (re-
actance) on y-axis. Before plotting, the values are converted from impedance to
area-specific impedance (i.e. from Q to Q-cm?2). In this plot, the intersection of
the spectrum and the x-axis at the high-frequency end (left end) determines the
ohmic resistance (that can be considered to result from ion conduction if the
current collectors are working properly), whereas the polarization resistance ap-
pears as semicircles that are typically at least partly melted to each other [3,119].

An example of (ideal) EIS-spectrum is presented in Figure 9a and an equiva-
lent circuit that can be used to fit the EIS-data for a CNFC in Figure gb. The total
measured impedance is divided into four components: Ro is the ohmic re-
sistance of the cell (due to ion conduction through the electrolyte) and each of
parallel connected resistor (R) / capasitor (C) pairs represents impedance oc-
curring from a mass or charge transfer process (e.g. electrode polarization loss).
Together these R/C pairs form the polarization resistance of the cell. In this
ideal case it is assumed that there are no other factors (such as inductance from
the measurement setup) that affects to the EIS-spectrum.

The impedance of parallel R/C pair is:

Z = (% +ij)_1 (4.2)

where w = 27f is the angular velocity and j is the imaginary unit [3]. From Eq.
(4.2) it can be concluded that at limit w 2 0,Z - R and at the limit w 2 «, Z >
0. Between the two extremes, the R/C pair has both resistance and reactance.
In Nyqvist plot this appears as a semicircle with a diameter R and the peak lo-
cated at the frequency corresponding to the time constant of the element. For a
R/C pair, time constant 7 = RC [120] and the corresponding frequency w =
1/(RC) = 1/t [3]. If different loss processes have different enough characteristic
frequencies, the respective semicircles appear separately, allowing to determine
individual resistances by fitting the parameters presented in the equivalent cir-
cuit to the measured data. Identifying the loss mechanism that a semicircle is
related can be done by using literature (if the time constants are reported) or
experimentally, e.g. by changing one parameter in the cell manufacturing pro-
cedure and studying its effect on the EIS-spectrum.

From the ideal EIS-spectrum (Figure 9a) the values for the resistances pre-
sented in Figure gb can be read directly: Ro = 1 Q-cm2, R, = 0.5 Q-cm?, R, = 1
Q-cm2 and R; = 0.5 Q-cm2. The capacitances could be determined based on the
respective resistance and the frequency of the semicircle peak if this frequency
is known.

In real world experiments, ideal capasitors are often not the best possible com-
ponents to describe the modelled device. Thus constant phase elements (CPEs),
that are imperfect capasitors, are often used in equivalent circuits (Figure 9c).
Moreover, the polarization part of EIS-spectrum typically consists of semicircles
that are melt together partly or completely. In this case, the total polarization
resistance is smaller than the sum of its individual components. For partly
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melted semicircles, a suitable software can be used to separate different resistor
values. For completely melted semicircles separation requires advanced com-
putational methods, such as distribution of relaxation times (DRT). In DRT
analysis, the EIS-spectrum is modelled (theoretically) with a circuit consisting
of ohmic resistance and an infinite number of R/C pairs with a continuous dis-
tribution of 7:s (in practical applications a large number of R/C pairs with :s
close to each other is used instead). By plotting the obtained distribution of re-
laxation times as a function of t the characteristic frequencies of the loss pro-
cesses can be identified. More detailed descriptions of DRT analysis and its ap-
plications in the FC field are given in [120-122].

All EIS-measurements reported in this Thesis were performed with Zahner
Zennium potentiostat.
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Figure 9. An ideal EIS-spectrum (a) and a respective an equivalent circuit (b) for a fuel cell. Rois
the ohmic resistance and each of R,/ C, (n = 1, 2, 3) pairs represents an impedance loss
occurring from charge transfer or mass transfer process. In reality, CPEs are often used
instead of ideal capasitors to get a more realistic model of the actual device.
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5. Results

This Chapter summarizes the most important results from the Publications in-
cluded in this Thesis. The first Subchapter is focusing on three-component
CNFCs, based on Publications II&III and RQ2. The second Subchapter analyzes
the working principles of SLFCs, initially reported in Publications IV&V focus-
ing on RQ3. The third Subchapter studies systematically the factors affecting to
the SLFC performance (Publications VI&VII, RQ4). In all three Subchapters
both electrochemical (IV, EIS) and microstructural (XRD, SEM, TEM) methods
are reported. Detailed description of these characterization techniques is given
in the previous Chapter.

The focus of the experimental work reported in this Thesis was to determine
the maximum power outputs of the studied cells and to investigate the links be-
tween electrochemical performance and cell microstructure. Thus some rele-
vant research topics, most importantly the long-term stability and fuel efficiency
of the studied cells, were left for future work.

5.1 High-performance three-layer fuel cells with composite elec-
trolyte (Publications lI&lll, RQ2)

Lowering the operational temperature of SOFCs helps to solve challenges re-
lated to cell degradation and widens the field of applications. In traditional
SOFCs, the ionic conductivity of the electrolyte is the critical factor for opera-
tional temperature: if the cell is operated at too low temperature, the ohmic
losses are too high for sufficient electrochemical performance [5,6]. Thus, de-
veloping new electrolyte materials that have a sufficient ionic conductivity at
lower temperatures have been under intensive research [16,17].

One approach is to mix doped ceria with alkali carbonates to create composite
electrolytes that have multiple ion conduction channels above the melting point
of the carbonate mixture. The effect of this multi-ion conduction is shown in
Figure 10 that shows Arrhenius plot (logarithm of conductivity as a function of
inverted temperature) of an electrolyte pellet consisting of GDC and NLC (3:1
by weight). The plot shows three separate regions. At low temperatures, the plot
is linear since the NLC is in solid state and thus the only ion conduction mech-
anism is the O2 -ion conduction through the GDC phase that is improved when
the temperature is increased. Around 500 °C, the conductivity shows a major
improvement. This results from the melting of NLC that creates new parallel ion
conduction channels. At high temperatures the plot is again linear.
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Figure 10. Arrhenius plot showing the natural logarithm of the ionic conductivity of GDC-NLC
electrolyte as a function of inverted temperature. The non-linear change around 500 °C can
be explained by the melting of NLC and transferring from single-ion to multi-ion conduction.
Reproduced from Publication Il by using author rights, © Elsevier.

The effect shown in Figure 10 allows developing high-performing CNFCs with
an operational temperature range of 500 — 600 °C by using a doped ceria — al-
kali carbonate mixture nanocomposite electrolyte. This approach was used suc-
cessfully in Publications II&III with two different electrolyte compositions. In
Publication II, the composite electrolyte consisted of a single-doped ceria and a
binary carbonate (GDC-NLC). NiO and LSCF were used as anode and cathode
material respectively. In Publication III a co-doped (Ca, Sm) ceria was mixed
with a ternary carbonate (CSDC-NLKC). LNCZ and LSCF were used as anode
and cathode materials. The melting points for the carbonate mixtures have been
determined via differential scanning calorimetry (DSC): 497 °C for NLC (Publi-
cation IT) and 393 °C for NLKC [31].

The maximum power density at 550 °C determined from IV-measurements
was almost similar for both NiO-(GDC-NLC)-LSFC and LNCZ-(CSDC-NLKC)-
LSCEF cells, slightly over 1 W/cm? (Figure 11a-b). Also the ohmic resistances de-
termined from the EIS plots (Figure 11c-d) were very similar: 0.23 Q-cm? and
0.24 Q-cm? for the NiO-(GDC-NLC)-LSFC and LNCZ-(CSDC-NLKC)-LSCEF cells
respectively. These values are so close to each other that the two cells can be
considered as equals in terms of power output and ohmic resistance with a good
accuracy. Also, the IV-curves are rather linear, indicating that the ohmic losses
are the dominating loss factor.

The sum of polarization resistances determined from the EIS-plots was signif-
icantly higher for the NiO-(GDC-NLC)-LSFC cell. Interestingly, this does not
lead to lower overall performance. It should be noted that the EIS-curve is meas-
ured under open circuit condition, i.e. the total resistance determined from the
EIS-spectrum tells the slope of the IV-curve at Voc and the slope can change
significantly as a function of current (Figure 8). If there exists e.g. activation

35



P ax = 1.02 W cm??
v

max
R

1.0 S, r ¥ 1Passe| &
e, ""-.,_" E v 92 E
— ay, G o) +  IP@450°C]| 08 ©
= ,;r‘:_““ toss P
= s, > > =
o e, - o 2
& 064 u, tos 2 o
3 s, g =
> )
0.4 7 A‘M“'-‘- 4g >
E]
&
2z /' ——Current density - Voltage curve Has
A —s—Current density - Power density curve
0.0 ’ ! ’ : 0.0
0.0 05 1.0 15 20 : " . v
c d % A 2 0.0 05 1.0 35 20
urrent density (A cm?) Current density (A cm?)
Co3 d oos
- EIS at 550°C under OCV condition % ISt B0'Cunder0oV] . . {0miz
- e
0.2 y
0.024 .
g ol " .l X
E 04 i "V E
[} : 100 mHz Q o
& ; g’ [ {
T ol Ak / = L
i H H
& [ N .
! % H, (20 mimin) at anode
o Anode: H, 002 & Arr (15 mlimin) + €O, (15 mlimin) at cathade
- Cathode: air + CO, T
. 80 kHz 1 100kHz
: - ! ' P i
0.2 0.4 06 0.8 022 ﬂ,‘Z‘ ﬂ,‘ZE D,‘ZB U,‘]ﬂ 0,‘32 034 0.36
Z'(Qem) z' (.cm?)

CPE1 CPE2 CPE3

Figure 11. IV- and PV-curve of the NiO-(GDC-NLC)-LSCF cell at 550 °C (a) and the LNCZ-
(CSDC-NLKC)-LSFC cell at 450 — 550 °C (b). Respective EIS-plots at 550 °C under open
circuit condition (c&d) and the equivalent circuit that was used to fit the EIS-data (e). Repro-
duced from Publications Il (a&c) and Il (b&d) by using author rights, © Elsevier.

losses that are relevant only very close (few mV) to the Vo, that would explain
the EIS-spectrum in Figure 11c. With the LNCZ-(CSDC-NLKC)-LSCEF cell this
phenomenon is not observed and the total resistance of the cell determined from
the EIS-data at Voc represents well the slope of the IV-curve near maximum
power point within a reasonable accuracy.

LNCZ-(CSDC-NLKC)-LSCF cell was characterized at three different tempera-
tures (450, 500 and 550 °C) and it was observed that the Voc of the cell increased
significantly when temperature was increased (Figure 11b). The theoretical re-
versible voltage, calculated based on the Nernst equation, decreases slightly
when the temperature is increased [3]. Thus it can be concluded that at lower
temperatures some other factor, e.g. insufficient electrode activity, causes sig-
nificant voltage losses.

XRD was used to determine the crystalline properties of the nanocomposite
GDC-NLC (3:1 by weight) nanopowder. The XRD spectrum is presented in Fig-
ure 12. The peaks resulting from the crystalline GDC lattice are clearly visible in
the figure, indicating a clear and well-formed crystal structure without any sig-
nificant impurities. Respective Miller indices are given in parentheses. The
NLC-peaks can barely be seen from the figure as the signal is extremely weak
compared to the background noise. This indicates that the alkali carbonates are
mostly in amorphous state instead of a crystal lattice.
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Figure 12. XRD-spectrum of nanocomposite electrolyte powder GDC-NLC. GDC-peaks are in-
dexed, NLC-peaks marked with black triangle. Reproduced from Publication Il by using au-
thor rights, © Elsevier.

SEM was used to study the fuel cell pellets by imaging the pellet surface and
the cross-sectional view. SEM images from LNCZ electrode and CSDC-NLKC
electrolyte pellet are presented in Figure 13. The electrode (Figure 13a) shows a
clear crystal phase with significant amount of pores that are necessary for
proper electrode performance. The electrolyte (Figure 13b) shows a dense dual-
phase structure: crystalline CSDC and amorphous NLKC. This is consistent with
the XRD-results obtained from the composite GDC-NLC electrolyte powder in
Publication II. Similar dual-phase electrolyte structure was revealed by SEM-
analysis also in Publication II.

Mixing alkali carbonates to doped ceria was successfully completed in two dif-
ferent configurations. Improved conductivity of the composite electrolyte al-
lowed to manufacture CNFCs that yielded power densities of about 1 W/cm? at
550 °C. Microstructural analysis confirmed porous electrode and dense dual-
phase electrolyte structures.

1 um EHT= 4004V Signel A = SE2 Date 13 Jul 2017
WO= 1.0 mm Mag= 584KX Time :18:13:36

(a) (b)

Figure 13. Surface image of LNCZ electrode (a) and CSDC-NLKC electrolyte pellet (b). Scale
bar length is 1 um. Reprouced from Publication Ill by using author rights, © Elsevier.
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5.2 Single-layer fuel cells based on lithium nickel zinc oxide, cop-
per iron oxide and doped ceria (Publications IV&V, RQ3)

In SLFCs, the traditional three-layer structure of a fuel cell is replaced with a
single functional layer that supports both electrode reactions and allows ion
transportation through the cell. This eliminates the need of matching thermal
expansion coefficients and allows to simplify the manufacturing process. Typi-
cally this single-layer material is a composite consisting of electronic or semi-
conductor and ionic conductor [16,17]. Understanding the working principles
and material requirements for SLFCs is crucial for further development of these
devices in terms of power density and long-term stability.

The contribution of H* and O2 ions to the charge transfer process in LNZ-GDC
based SLFCs was studied in Publication IV by measuring IV-curves of the cells
in a large voltage range (from 4 V to -4 V) under different atmospheres. The
large voltage range was chosen to be able to determine if there exists non-line-
arity at high voltages, indicating formation of p-n or Schottky-junctions [38]. In
normal fuel cell operational conditions (H. on one side, air on other) both of
these ions participate to the charge transfer and the device acts as a fuel cell
when voltage is between 0 V and Voc. Outside this voltage range the FC is be-
having like a resistor. The total resistance of the cell, consisting of the ion
transport through the cell and the polarization resistance due to electrode reac-
tions can be read from the slope of the IV-curve. When either H, or air is re-
placed by N, atmosphere, the respective ion is no longer available and the
charge transfer is done via single-ion conduction (assuming that H* and O2 are
the only ions participating to charge transfer in fuel cell operation conditions).
Figure 14a-c shows the IV-curves under H./air, H,/N, and air/N. atmospheres,
respectively. The total resistances of the cells determined from the slopes of the
IV-curves are much higher in air/N. atmosphere than in H./N. atmosphere, in-
dicating that the H* ion is the dominating charge carrier through the cell. How-
ever, since the effect of the electrode reactions is not separated, this analysis is
only qualitative. When the thickness of the cell is increased, the resistance in-
creases, but not always lineary, as can be seen from Figure 14a-c. This highlights
that, besides ionic conductivity, there are also other factors that have significant
contribution to the slopes of the presented IV-curves.

Figure 14e shows the effect of current collector to the LNZ-GDC cell perfor-
mance. The best cell characterized with passive Au as current collector yielded
a power density of 360 mW/cmz2 at 550 °C, but when the current collector was
changed to NCAL-coated Ni-foam, the power density for the best device jumped
to 800 mW/cmz2. Since Au has been widely used as current collector in high
power density fuel cells, it seems unlikely that this improvement can be ex-
plained by improved current collection only.

A more likely explanation to the performance improvement originates from
the pellet microstructure. The SLFC pellets have to be dense to prevent the di-
rect gas mixing through the cell. This limits the amount of potential reaction
sites at the edges of the pellets due to insufficient porosity. As a catalytically
passive material, Au current collector does not provide any extra reaction sites
for the electrode processes. However, when catalytically active NCAL, that has
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Figure 14. [V-curves of 1 mm, 2 mm and 3 mm thick LNZ-GDC SLFCs under different atmos-
pheres from 4 V to -4 V (a-c). EIS-spectrum under open circuit condition (d). IV- and PV-
curves of the best devices with Au and NCAL current collectors (e). Reproduced from Publi-
cation IV by using author rights, © Elsevier.

been used as the electrode component in the single-layer composite material
[69,71], deposited on porous Ni-foams is used as current collector, the electrode
reactions may occur also in the current collector layer or at the interface of the
current collector and the cell. In this case the NCAL-coated Ni-foams are acting
as electrodes and the single-layer LNZ-GDC as an electrolyte. Similar conclu-
sions has been made in [37,73].

This explanation is supported by the shape of the IV-curves in Figure 14e. With
Au current collectors, there is a steep drop in the voltage at high current densi-
ties, indicating that there exists significant concentration losses. With Ni-NCAL
current collector, the IV-curve is rather linear (although it is slightly curving
down at high current densities), indicating that the concentration losses are
neglible. If the amount of potential reaction sites is indeed the performance-
limiting bottleneck in for the LNZ-GDC cell with Au current collector and this
issue is solved by replacing Au with Ni-NCAL that would explain the shapes of
the IV-curves of the respective cells.

SLFCs based on copper iron oxide (CFO) and Gd, Sm co-doped ceria (GSDC)
were fabricated and characterized in Publication V. Here the focus was espe-
cially on studying the effect of sintering temperature to the cell performance.
Identical CFO-GSDC cells were sintered at five different temperatures: 600,
700, 800, 900 and 1000 °C.

Figure 15a shows the IV- and IP-curves of the cells sintered at different tem-
peratures. The cell sintered at 600 °C suffers from low OCV and high resistance.
Based on this data it seems that 600 °C is too low sintering temperature for
proper densification of the cell. If the cell is too porous after sintering, it may, to
some extent, lead to direct gas mixing through the cell that will result in low
voltage.

The cell sintered at 700 °C showed the highest power density, 340 mW/cmz.
The EIS-spectrum revealed reasonable ohmic resistance (around 0.4 Q-cm2)
and low polarization resistance (less than 0.2 Q-cm2). The EIS-data is shown in
Figure 15b. When the sintering temperature was increased even further, the
power density dropped from the value achieved with 700 °C sintering. However,
the cells sintered at 800, 900 and 1000 °C performed significantly better than
the cell sintered at 600 °C.
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Figure 15. IV- and IP-curves of five CFO-GSDC cells sintered at different temperatures at 550
°C (a). The EIS-spectrum of the best cell (sintered at 700 °C) under OCV (b). Reproduced
from Publication V by using author rights, © Elsevier.

In all studied cells, the IV-curve is first linear and shows a rapid drop at the
high-current end. This indicates that concentration losses are occurring. When
comparing the cells sintered at 700-1000 °C, the rapid drop in voltage occurs at
lower current densities in cells that were sintered at higher temperatures. This
further supports the claim that too high sintering temperature causes too high
densification and thus is reducing the cell performance.

Based on this analysis 700 °C is identified as the optimal sintering tempera-
ture for CFO-GSDC cells. This temperature is high enough to support proper
sintering process and densification of the cell, but not too high to cause un-
wanted changes to the cell microstructure, such as too dense structure and low
porosity, that may result as weaker cell performance.

The XRD-spectrum of GSDC is presented in Figure 16. The spectrum is very
similar than the one presented in Figure 12 for GDC-NLC: the peaks resulting
from doped ceria are at the same places.
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Figure 16. XRD-spectrum of GSDC sample. Reproduced from Publication V by using author
rights, © Elsevier.
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Figure 17. Microscopic analysis of LNZ-GDC. A HR-TEM image of the powder (a), its fast Fourier
transform (b) and elemental analysis (c). A surface image of LNZ-GDC pellet before (d) and
after (e) applying Au current collector. Reproduced from Publication IV by using author rights,
© Elsevier.

Figure 17 presents SEM, TEM and EDX analysis done to the LNZ-GDC sam-
ple. TEM imaging (Figure 17a&b) shows the crystalline orientations and lattice
spacing’s of the sample. EDX (Figure 17¢) confirmed the existence of expected
elements. SEM showed rather dense structure of SLFC pellet (Figure 17d) and
the porosity of the Au current collector (Figure 17¢).

Figure 18 shows SEM and TEM images of the CFO-GSDC pellet (a) and CFO
nanopowder (b) respectively. The figure reveals that the CFO powder consists
of round nanoparticles which diameters are in range of dozens of nanometers.
The particles tend to form clusters that appear black in the figure since they are
too thick for electron transparency. When pressed into pellet, the CFO-GSDC
forms a dense structure with varying particle and particle cluster sizes.

Two different material combinations, LNZ-GDC and CFO-CSDC, were suc-
cessfully used to fabricate SLFCs. The key findings include that in the LNZ-GDC
configuration, the H+ ion was observed to dominate the charge transfer process
over O2 ion at 550 °C. Using NCAL-coated Ni-foams as current collectors more
than doubled the cell performance. This is likely due to catalytic activity of
NCAL and porosity of the Ni-foams: the porous current collectors start to work
as electrodes and it is assumed that the electrode reactions occur at least partly
in the current collector. Although the performance is increased, it is questiona-
ble are these devices really SLFCs, since all fuel cell reactions are not occurring
in the single-layer.
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Figure 18. SEM image of CFO-GSDC pellet (a), showing a dense surface structure and various
particle sizes. TEM image of CFO nanopowder (b), showing the circular shape of CFO parti-
cles and a large variation in particle size. Reproduced from Publication V by using author
rights, © Elsevier.

For CFO-GSDC cells, the sintering temperature of the pellets was observed to
have huge effect to the cell performance. This can be explained by the effect of
sintering to the cell microstructure: the material is densified during the sinter-
ing and this effect is stronger at higher temperature. Thus too low sintering tem-
perature can result as a gas leakage through the cell, whereas too high sintering
temperature can reduce the amount of reaction sites at the edges of the cell. 700
°C was observed to be the best sintering temperature for CFO-GSDC material.

5.3 Factors affecting power output of LNZ-based single layer fuel
cells (Publications VI&VII, RQ4)

Since SLFCs are a rather recent innovation, the amount of systematic studies
attempting to link the manufacturing and characterization details to the cell
properties is relatively low. The experiments presented here aimed to analyze
systematically how ionic conductor composition, porosity, current collector ma-
terial and mass ratio of semiconductor and ionic conductor affect the power out-
put of the LNZ-based single layer fuel cells.

Figure 19 shows the electrochemical data from eight different LNZ-based
SLCFs. The varied parameters were the dopant of ceria (10 mol-% Gd vs. 15 mol-
% Sm), the current collector material (Ni-foam vs. NCAL-coated Ni-foam,
marked with tag “-NCAL”) and the ionic conductor composition (pure doped
ceria vs. 3:1 by weight mixture of doped ceria and NLC, noted with tag “~-NLC”).
All cells were characterized at 500, 550 and 600 °C under two different gas flow
rates. The best IV-curve and respective EIS-spectrum are shown for each cell.

The reference cells (LNZ-SDC and LNZ-GDC) show weak electrochemical per-
formance (Figure 19a) due to high ohmic resistance (Figure 19c). However,
when a composite ionic conductor including NLC is applied, the cell perfor-
mance increases dramatically, mainly due to a reduction by a factor of five in
the ohmic resistance (Figure 19b). Applying NLC obviously improves the ionic
conductivity of the cells, leading to a major performance improvement.
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Figure 19. IV- and IP-curves of eight LNZ-(varying ionic conductor) cells (a) and respective EIS-
spectra (b-c). The best IV-curve and EIS-specturm with similar conditions was chosen for
each cell. The temperature is 550 °C for NLC-containing cells and 600 °C for non-NLC
cells. Gas flow rates: 100 ml/min H, and air unless otherwise stated. Reproduced from
Publication VII by using author rights, © Elsevier.

Applying NCAL to current collector gave different results depending on
whether the cell contained NLC or not. For NLC-containing cells, the perfor-
mance was improved significantly (e.g. with LNZ-(SDC-NLC) adding NCAL im-
proved performance from 170 mW/cm2 to 230 mW/cm2). Qualitative analysis
of the EIS-plot (Figure 19b) showed that this is likely due to a reduction of po-
larization losses. This is consistent with the hypothesis that NCAL-coated Ni-
foams can indeed act as electrodes.

However, with non-NLC cells the performance actually decreased slightly
when NCAL was applied. EIS-plot (Figure 19c) shows a small increase in both
ohmic and polarization losses. It appears that due to high ohmic resistance of
the reference devices the benefit of applying NCAL to improve electrode reac-
tions cannot be utilized. There is no obvious explanation to why the perfor-
mance decreased slightly.

The cells where only difference was the identity of the ceria dopant were ob-
served to behave almost identically. In all four cases the performance differ-
ences were very small and no systematic behaviour in favour of either Sm or Gd
was observed. This was expected since Sm3*+ and Gds* ions have equal charges
and their sizes are close to each other. It should be noted that the dopant level
was 10 mol-% for GDC and 15 mol-% for SDC, but this difference does not seem
to be significant for the cell performance either.

The mass ratio between the semiconductor and ionic conductor is an im-
portant factor for the SLFC performance. Sufficient amount of ionic conductor
is required to have continuous and relatively straight ion conduction pathways
through the cell, whereas the semiconducting material with electrode properties
is important to support electrode reactions at the edges of the cell. A typical
mass ratio used in the literature is 40 weight-% semiconductor and 60 weight-
% ionic conductor [63,65,66,68,71]. However, also 3:7 mass ratio have been re-
ported to be optimal with some material combinations [67,69,74].
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Figure 20. IV- and IP-curves of three LNZ-(SDC-NLC) cells with NCAL-coated Ni-foams as cur-
rent collectors (a) and respective EIS-spectra (b-d). The best IV-curve and EIS-specturm with
similar conditions was chosen for each cell. Gas flow rates: 100 mi/min Hy and air
unless otherwise stated. Reproduced from Publication VII by using author rights, ©
Elsevier.

Since the NCAL-coated Ni-foam that was used as a current collector in the best
cells presented in Figure 19 is a catalytically active material that boosts the elec-
trode reactions and can even act as an electrode, optimal mass ratio between
LNZ and ionic conductor may differ from the literature standard in this experi-
ment. Three cells with LNZ semiconductor, SDC-NLC ionic conductor
and NCAL-coated Ni-foams as current collectors were fabricated and
analyzed to study how the mass ratio between LNZ and SDC-NLC effects the
performance of the cell at different temperatures. The electrochemical data
is presented in Figure 20.

At 500 °C, the traditional 40-60 (40 weight-% LNZ and 60 weight-% SDC-
NLC) has superior performance, most likely due to insufficient electrode reac-
tion rates of the 36-64 and 32-68 cells, indicated by the long tails of the respec-
tive EIS-plots (Figure 20b-d). At 550 °C, the 40-60 cell is still the best one, but
the performance differences are significantly smaller than at 500 °C due to a
larger relative improvement in the 36-64 and 32-68 cells than in the 40-60 cell.
At 600 °C, the highest power density (300 mW/cm?2) is achieved with the 36-64
cell (power densities of the 32-68 and 40-60 cells at 600 °C were 280 and 260
mW/cmz2 respectively). It should be noted that with the 40-60 cell shown in Fig-
ure 20 and the NLC-containing cells shown in Figure 19 the top performance
was reached at 550 °C, whereas with the 36-64 and 32-68 cells presented in
Figure 20 the power density improved from 550 °C to 600 °C.

Besides the factors analyzed in Figure 19 and Figure 20, the effect of imple-
menting an external pore former (ethyl cellulose, EC, 5 weight-%) to the LNZ-
SDC and LNZ-(SDC-NLC) powders was studied. This was expected to increase
the porosity of the pellets due to evaporation of EC during the sintering process.
Increasing porosity should increase the surface area of the pellet and thus im-
prove the electrode reaction rates. Since the entire pellet is consisting of a sin-
gle-layer, the increased porosity should also increase the ohmic resistance (due
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to twisting of ion conduction pathways as the share of ionic conductor in the
nanocomposite mixture is decreased).

The cell performance was observed to drop by 15 — 24 % when EC was applied
in all four studied cases. With the best-performing combination (LNZ-SDC-
NLC-NCAL) the maximum power density achieved decreased from 230
mW/cm? to 190 mW/cmz2. This was shown via EIS-measurements to be due to
increase in ohmic resistance when EC was applied. No evidence of improved
electrode performance or gas mixing due to EC was found. The IV- and IP-
curves of the respective cells can be found from Supplementary Information of
Publication VII.

In another experiment two LNZ - (nanocomposite ionic conductor) cells were
fabricated and characterized. Two different ionic conductors were used: GDC-
NLKC (7:3 by weight) and GDC-NLC (3:1 by weight). Au paste was used as cur-
rent collector for both cells. The mass ratio of the single-layer powder was 40
weight-% LNZ and 60 weight-% ionic conductor. The resulting electrochemical
data is presented in Figure 21.

As the data shows, there is a large difference in the cell performance in favour
of the ternary carbonate (Figure 21a&c). The top performance of the LNZ-(GDC-
NLKC) cell was 580 mW/em? at 600 °C, whereas the LNZ-(GDC-NLC) cell
yielded 240 mW/cm?2. The large difference can be explained by the lower ohmic
resistance of the LNZ-(GDC-NLKC) cell when compared to the LNZ-(GDC-
NLC) cell (Figure 21b&d). This results from two factors. Due to the lower melt-
ing temperature (393 °C for NLKC [31] vs. 497 °C for NLC (Publication II)) and
higher carbonate content in the respective ionic conductors (30 weight-% NLKC
vs. 25 weight-% NLC), the ionic conductivity per unit length was higher for the
LNZ-(GDC-NLKC) cell. Also, the LNZ-(GDC-NLKC) cell was only 1 mm thick,
whereas the thickness of the LNZ-(GDC-NLC) cell was 1.5 mm. As a result the
ohmic resistance of the the LNZ-(GDC-NLKC) cell at 600 °C was approximately
one third of the respective value for the LNZ-(GDC-NLC) cell.

The OCVs of the cells reported here were at maximum 0.9 V at 600 °C and
even lower at 550 and 500 °C. These values are lower than in e.g. Figure 20.
This supports further the claim that NCAL-based current collectors used in Fig-
ure 20 are catalytically active, resulting as higher OCV than with passive Au cur-
rent collectors shown in Figure 21.

Another interesting observation is that all IV-curves presented in Figure 19,
Figure 20 and Figure 21 were linear. This means that the voltage loss of the cell
when current was increased was caused by their ohmic resistance, resulting
from the ion conduction through the cell. This further highlights the conclusion
that the ohmic losses are indeed the performance-limiting factor for the SLFCs
presented in this Subchapter.
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Figure 21. IV- and IP-curves of LNZ-(GDC-NLKC) (a) and LNZ-(GDC-NLC) (b) cells ar different
temperatures. The respective EIS-spectra (b&d). The figure is from Publication VI
(preprint).

High-temperature XRD (HT-XRD) analysis of the LNZ-SDC and the LNZ-
SDC-NLC nanopowders is shown in Figure 22. Both samples were characterized
with the following thermal cycle: room temperature (RT) = 450 °C (below the
melting point of NLC) = 550 °C (above the melting point of NLC) < 450 °C >
RT. At RT a large number of peaks resulting from SDC, LiNiO and LiZnO can be
observed. No additional peaks are seen with the LNZ-SDC-NLC powder, indi-
cating that the carbonates are in amorphous state and thus invisible in XRD-
spectrum. When temperature is increased, a clear peak shift towards lower an-
gles is seen, as demonstrated in Figure 22b. This results from lattice expansion
of the crystal structures. The shift is smaller for the LiZnO peaks than for LiNiO
and SDC peaks.

A detailed analysis of the XRD-data shown in Figure 22 shows that the average
particle sizes of different materials have significant differences: SDC (36 nm di-
ameter) and LiNiO (45 nm) particles are much smaller than LiZnO (70 nm) par-
ticles. The lattice expansion coefficients calculated from the data were 1.0044,
1.0056 and 1.0027 for SDC, LiNiO and LiZnO respectively. This is consistent
with the observed peak shifts: due to smaller lattice expansion also the peak po-
sition change observed in Figure 22b was smaller for LiZnO.

Peak splitting, indicating a phase change [81], is not observed, showing the
thermal stability for LiNiO, LiZnO and SDC. Since the XRD-signal from the NLC
was too weak to be detected, the melting of the NLC can not be observed via
XRD. The room temperature measurements done before and after HT-XRD are
similar, indicating that no permanent crystalline changes happened during the
thermal cycling. However, it should be noted that a high temperature calcining
was included to the preparation procedure of the powders and it may have re-
sulted as a crystalline change.
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Figure 22. HT-XRD spectra of LNZ-SDC and LNZ-(SDC-NLC) nanopowders from 20° to 80°
measured with the following thermal cycle: room temperature (RT, blue) > 450 °C (green)
- 550 °C (red) - 450 °C (purple) 2> RT (cyan) (a). Zoom-in of Figure 2a in range
32°-38°(b). Reproduced from Publication VII by using author rights, © Elsevier.

Figure 23 shows cross-sectional and surface images of a LNZ-GDC-NLKC sin-
gle-layer fuel cell pellet. The dual-phase structure of crystalline nanoparticles
and amorphous carbonates discussed above can be seen from Figure 23 as well.
A significant difference in the porosity of the surfaces can be observed when
comparing the SLFC pellet surface (Figure 23b) to the three-layer fuel cell pellet
surface (Figure 13a). In three-layer fuel cells the electrodes are porous to allow
maximum amount of reaction sites (Subchapter 5.1, Figure 13a), but in the sin-
gle-layer structure the layer has to be dense to prevent direct mixing of fuel and
oxidant through the cell. This limits the amount of reaction sites at the edges of
the cell, possibly limiting the cell performance.
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Figure 23. Cross-sectional (a) and surface (b) image of a LNZ-GDC-NLKC pellet. Dense struc-
ture with LNZ and GDC crystalline nanoparticles and amorphous NLKC is clearly visible.
The figure is from Publication VI (preprint).

Figure 24 presents SEM surface images of two LNZ-SDC (a&b) and two LNZ-
(SDC-NLC) (c&d) fuel cells after electrochemical measurements. All cells show
a dense surface structure. For carbonate-containing cells, the two-phase struc-
ture with crystalline doped ceria and amorphous carbonate phases can be ob-
served. The cells prepared with EC as external pore former (b&d) showed some
small holes in the surface. Based on these images, the surface porosity is very
low, especially with LNZ-SDC cells, even when EC is applied. This may well be
one of the major performance-limiting factors for these cells.
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Figure 24. Surface images of LNZ-SDC fuel cells prepared without (a) and with (b) external pore
former (EC). Respective images of LNZ-(SDC-NLC) fuel cells without (c) and with (d) EC.
The cells were imaged after electrochemical measurements from the side that was
exposed to H,. Scale bar length is 20 um. Reproduced from Supplementary information of
Publication VII by using author rights, © Elsevier.
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Figure 25 presents a comprehensive TEM analysis of LNZ-SDC and LNZ-SDC-
NLC nanopowders, originally presented in Publication VII. Figure 25a-b show
particle clusters consisting of nanoparticles of various sizes, whereas Figure 25¢
shows a high-resolution image of few individual particles and their crystalline
structure. Based on the XRD-analysis of the particular powders, the smallest
particles are likely to be SDC, medium-sized LiNiO and the largest ones LiZnO.
However, since the particle sizes revealed by XRD are only averages, exact iden-
tification of an individual particle based on only its size is not possible.

Using elemental analysis techniques allows to study the distribution of differ-
ent particles based on their composition. Here energy-dispersive X-ray spec-
troscopy (EDX) is used to study the particle cluster shown as a bright field image
in Figure 25d. Elemental maps (Figure 25e-j) show that the clustered particles
can be indeed identified as SDC and LNZ (further divided into LiNiO and
LiZnO) based on the respective elemental maps. The elemental map for Na (Fig-
ure 251) show that NLC is spread all over the cluster and appear both with SDC
and LNZ. The fact that LNZ and SDC appear as separate particles that are clus-
tered together in the nanopowder indicates that the pellets made from these
powders contain both phase boundaries and continuous phases through the cell.
Especially the junctions, both p-n junctions between NiO and ZnO and bulk het-
erojunctions between semiconductor and doped ceria, are playing a key role in
charge separation and preventing the short-circuiting through the single layer.

Single-layer fuel cells made by mixing the LNZ semiconductor and doped ceria
— alkali carbonate based ionic conductors with varying compositions were suc-
cessfully fabricated and characterized. The role of the carbonates (NLC and
NLKC) in improving the ionic conductivity of the cell was identified as the most
important performance-increasing factor. Catalytically active NCAL used as a
current collector improved the performance even further for NLC-containing
cells. Optimizing the mass ratio of semiconductor and ionic conductor was
shown to have a minor contribution to the cell performance as well. Increasing
the porosity by using a small amount of EC in the fuel cell powder was observed
to decrease the performance due to increased ohmic resistance. No significant
difference was found between Gd (10 mol-%) and Sm (15 mol-%) dopants for
the ceria.
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Figure 25. LNZ-SDC (a) and LNZ-(SDC-NLC) (b) nanopowders in TEM images. A high-resolution
TEM image of (likely) SDC particle (c). A bright field TEM image of LNZ-(SDC-NLC) nano-
particle cluster (d) and corresponding elemental maps for Ce, Sm, Ni, Zn, Na and O (e-
j). Scale bar lengths: 100 nm for (a-b), 10 nm for (c) and 200 nm for (d-j). Reproduced
from Publication VII by using author rights, © Elsevier.
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6. Discussion

The previous Chapters have presented the state-of-the-art results from the ex-
isting literature and from the studies included in this Thesis in the ceramic
nanocomposite fuel cell (CNFC) and single-layer fuel cell (SLFC) fields. In this
Chapter, the aim is to wrap up the meaning and impact of the results presented
in this Thesis. Moreover, the Chapter discusses about the gaps existing in the
literature (including the impact of this Thesis) and the future of the fuel cell re-
search overall.

6.1 Ceramic nanocomposite fuel cell

CNFCs with two different material configurations, NiO-(GDC-NLC) anode —
(GDC-NLC) electrolyte — LSCF-(GDC-NLC) cathode and LNCZ-(CSDC-NLKC)
anode — (CSDC-NLKC) electrolyte — LSCF-(CSDC-NLKC) cathode, were fabri-
cated and characterized in Publications II&III respectively. The key electro-
chemical and microstructural results are presented in Subchapter 5.1.

Although the cell compositions had significant differences, both achieved al-
most identical power densities, slightly above 1 W/em?2 at 550 °C. The key to the
high electrochemical performance was the behaviour of the electrolyte’s ionic
conductivity as a function of temperature: both electrolytes showed a major im-
provement in the conductivity near the melting point of the carbonate mixture,
around 500 °C for NLC and around 400 °C for NLKC. This effect was shown in
Arrhenius plots of the respective electrolyte pellets, shown in Figure 10 for GDC-
NLC and in Publication III for CSDC-NLKC. This effect can be explained by
opening of new ion conduction channels. Below the melting point of the car-
bonate mixture, the conduction is done through the solid phase. Above the melt-
ing point, besides the solid phase, the conduction can be done through the mol-
ten phase, the interfaces between the solid and molten phases and combinations
of the mechanisms described above.

Due to this multi-channel conduction, the ohmic area-specific resistances of
the both CNFCs reported in Subchapter 5.1 at 550 °C, above the melting point
of both carbonate mixtures, were low: 0.23 Q-cm? and 0.24 Q-cm?2 for NiO-
(GDC-NLC)-LSFC and LNCZ-(CSDC-NLKC)-LSCF cells respectively. The total
polarization resistance calculated from the EIS data showed interestingly a sig-
nificant difference: 0.63 Q-cm? and 0.12 Q-cm? for NiO-(GDC-NLC)-LSFC and
LNCZ-(CSDC-NLKC)-LSCF respectively. This was unexpected, since the total
cell resistances based on IV-curves (Figure 11) are rather similar. As discussed
in Subchapter 5.1, the total resistance of a cell calculated from EIS data at V¢ is
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corresponding to the slope of the IV-curve at Voc. If there exists activation losses
that are significant very close to Vo, this slope may differ significantly from the
slope averaged over a larger range of voltages, providing a possible explanation
for these observations. This highlights the need of different characterization
techniques and their comparison with each other to obtain trustworthy data
from CNFCs.

XRD results showed that the GDC-NLC nanocomposite electrolyte (Publica-
tion II, Figure 12) consisted of crystalline GDC that was observed clearly with
XRD and mostly amorphous NLC with a very weak XRD signal. This was ex-
pected, since the carbonate mixture was assumed to be in amorphous state. In
Publication III, the successful synthesis of CSDC and LNCZ were confirmed with
XRD analysis.

The structures of both anode and electrolyte materials used in Publication III
were studied further with SEM (Figure 13). A dual-phase structure with the crys-
talline doped ceria and amorphous carbonate phases was clearly observed in
SEM images, being consistent with the XRD-data from Publication II. For the
anode, a suitable porosity to support hydrogen oxidation reaction was observed.

Although CNFCs reported in Publications II&III showed promising power
densities, their stability is a matter of concern. As discussed in Subsection 3.1.1,
the stability issues of CNFCs have been researched only little compared to e.g.
improving the power density. Especially stability studies aiming to determine
the potential degradation during a lifetime of a commercial device, i.e. tens of
thousands of hours of operation with some mainentance breaks in between, are
lacking. However, executing such studied is challenging due to extremely long
measurement times, so some reliable method to accelerate the cell degradation
and scale the results to actual operational conditions is necessary to complete
such tests.

6.2 Single-layer fuel cell

Four different studies on the SLFC field were included in this Thesis. In all stud-
ies, the SLFC material was created by mixing a semiconductor, lithium nickel
zinc oxide (LNZ) or copper iron oxide (CFO), and an ionic conductor (doped
ceria or a mixture of doped ceria and alkali carboantes). These material com-
postions provided working SLFCs with power outputs varying from a few dozen
to a several hundred mW/cmz2.

The working mechanisms of SLFCs have been under debate in the literature.
Especially the mechanisms that prevent short-circuiting and direct gas mixing
through the cell have raised discussion. For the former, especially depletion
zones created by different junctions have been proposed to allow efficient
charge separation. Electron blocking by the heterojunctions between different
band-gap materials and the catalytic activity of the wide band-gap oxides was
suggested as the working principle of LNZ-GDC SLFC in Publication IV. For the
latter, sufficient density of the single layer can naturally prevent the gas crosso-
ver. Also, it is suggested that even in a porous SLFC the reaction depths for hy-
drogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) are
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much lower than a typical SLFC thickness and thus the gases are consumed be-
fore they can mix.

The existence of the p-n junctions was observed experimentally in Publication
VII by microscopic analysis shown in Figure 25. Both LNZ-SDC and LNZ-(SDC-
NLC) nanopowders were observed to consist of nanoparticles and particle clus-
ters of various sizes. An elemental analysis completed to an area with several
clusters of LNZ-(SDC-NLC) (total diameter around 1 um) showed that the crys-
talline structures are divided into LiNiO, LiZnO and SDC, that was consistent
with the XRD-data of the respective powders (Figure 22). Carbonates were dis-
tributed rather evenly all over the clusters. This phase distribution allows con-
tacts between n-type LiNiO and p-type LiZnO, i.e. p-n junctions. Moreover, both
of these semiconductors can form junctions with the ionic conductors (SDC and
NLC). In actual FC operational conditions both LiNiO and LiZnO are reduced
to metals on the side, where H. is supplied. This leads to the formation of
Schottky junctions between the metals and the semicondcutors. Another factor
leading to formation of the Schottky junctions is the metallic nature of the cur-
rent collectors: if e.g. NCAL is reduced to metals on the H, side and it can form
a contact with non-reduced LNZ, a Schottky junction is formed. These junctions
can generate depletion zones that block the electron movement through the cell
and thus explain why electronic short-circuit is prevented in LNZ-based cells.

Measuring the IV-curves of LNZ-GDC cell in long range (from 4 to -4 V) under
different atmospheres provided an intriguing insight on how the charge transfer
is distributed between different ions. Although GDC s a typical SOFC electrolyte
material supporting O2 ion conduction, the experimental results presented in
Subchapter 5.2 showed that the H* ion conduction is the dominating charge
transfer process. Similar conclusions have been made also in the literature for a
SDC-NC electrolyte used in a CNFC [22].

To improve the performance of LNZ-based SLFCs, adding alkali carbonates to
the doped ceria was observed to be a key factor to improve the ionic conductivity
through the cell. Also, using catalytically active NCAL current collector was ob-
served to vastly improve the performance. However, since the NCAL-coated Ni-
foams are likely to act, at least to some extent, as electrodes, it is questionable
are the SLFCs based on a single layer sandwitched between Ni-NCAL current
collectors truly single-layer devices or are they traditional three-layer devices
with removable electrodes.

With CFO-GSDC cells, the sintering temperature had a significant effect to the
cell performance. Especially the lowest studied sintering temperature, 600 °C,
resulted as a low OCV and overall performance. One likely explanation for this
is that the sintering temperature was too low to achieve a suitable densification
and there might have been a minor amount of gas crossover through the cell.
This would explain the low OCV, and also the direct combustion reaction may
have damaged the cell, explaining the high ohmic resistance. For the CFO-GSDC
cells sintered at higher temperatures (800 — 1000 °C), the densification was too
high, limiting the amount of reaction sites at the edges of the pellets. 700 °C was
observed to be an optimal sintering temperature, providing a densification that
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is high enough to provide good OCV but not too high to limit the electrode reac-
tions unnecessarily.

Since the amount of scientific publications in the SLFC field is relatively low
and many publications report data from only one single cell, repeatability of the
results is a key question. This is further highlighted with the work reported in
this Thesis. In Subchapter 5.3, it was observed that even similar cells provided
different power outputs. Dramatic difference is observed between LNZ-GDC
cells reported in Publication IV (Subchapter 5.2) and Publication VII (Subchap-
ter 5.3). The cells from Publication VII had power densities around 40 — 50
mW/cm2 with Ni and NCAL-Ni current collectors, whereas in Publication IV the
cell with NCAL current collector produced 800 mW/cm?. This difference is way
too large to be explained by random variation, especially taking into account
that in Publication VII several cells with LNZ - (SDC or GDC) material combi-
nations produced results that were relatively close to each other.

When comparing catalytically passive (Au, Publication VI) and active (Ni,
NCAL-Ni, Publication VII), there is a significant difference in Voc in favour of
the active current collectors, as expected. However, in Publication IV, both Au
and Ni-NCAL reach rather similar Voc. This highlights the variation between
different cells even though the manufacturing procedures are similar.

Besides repeatability, another major issue in the SLFC field needing urgent
attention is the long-term stability. Hu et al. performed a 15-day stability study
to a large-area LMZ-SDC cell at 600 °C with a daily 8 h operation time and ob-
served that after a small initial performance drop the cell remained stable [77].
However, since the total operational time was only 120 h, the stability over a
reasonable device lifetime cannot be claimed. Elsewhere in the literature, the
stability is not studied at all in most of the SLFC articles and when it is, the deg-
radation or stability is only reported for a short time, typically in range of hours
or days [40,68,71].

This highlights the urgent need to perform more degradation studies for typi-
cal SLFC compositions with longer measurement times, possibly with acceler-
ated aging conditions. To perform such experiment safely, an experimental
setup with high level of automatization, reliable problem detection and inte-
pendent emergency shutdown properties is required, increasing the infrastruc-
ture requirements and the costs when compared to a performance measurement
that can be completed during a single workday. This limits the amount of re-
search groups that can perform such experiments safely. However, since the low
amount of long-term stability tests is one of the main research gaps with both
CNFCs and SLFCs, investments on this issue should be considered by the re-
search groups working with these topics.

6.3 Future of microstructural characterization of CNFCs and
SLFCs

Different microscopic and spectroscopic methods have been used widely to
characterize the microstructure of fuel cells in the literature (Subchapter 3.2)
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and in experimental work presented in this Thesis (Chapter 5). Since the mac-
roscopically observed properties of CNFCs and SLFCs originate from their na-
noscale microstructure, accurate microstructural characterization of both fuel
cells and the nanopowders used in fuel cell fabrication is identified as a key
method to understand the reasons behind the macroscopic properties. This
helps to identify the key challenges of the current state-of-the-art fuel cells.

Traditional microscopic and spectroscopic techniques, such as XRD, SEM and
TEM, have been widely applied in CNFCs and SLFCs studies. For 3D tomogra-
phy, the situation is different. 3D tomography is a powerful tool that allows
building 3D reconstructions from the sample and thus determining directly
some key microstructural parameters, such as phase fractions, porosity and tor-
tuosity. Both FIB-SEM and X-ray nanotomography technologies have been ap-
plied to make such reconstructinos from SOFC components (Subchapter 3.2.3),
but there is an obvious gap in scientific literature when it comes to utilizing
these technologies in CNFC and SLFC studies. Filling this gap by e.g. recon-
structing SLFC layer with 3D tomography can provide information needed to
further study e.g. gas diffusion and electrode reaction kinetics.

Another development step in microstructural characterization is increasing
amount of studies performed in-sity, i.e. in actual operational conditions. For
XRD, in-situ characterization has been widely applied and some literature exist
also about in-situ microscopy. However, developing more accurate in-situ
measurement setups allowing multiple characterization techniques at same
time would help to obtain data that allows to explain not only how but why mi-
crostructural changes are happening in an operating fuel cell.

6.4 Summary

Both CNFCs and SLFCs are electricity conversion technologies that have the po-
tential to be an important part of the future’s clean energy system. In this Thesis,
an excellent ionic conductivity for CNFC electrolyte was achieved by mixing
doped ceria and alkali carbonates. For SLFCs, the working principles, especially
ion conduction and the effect of cell densification were studied. A systematic
study was made to determine how a SLFC can be optimized, e.g. by changing
the compostion of the ionic conductor and using external current collector.

The key challenges that still need to be solved to allow commercialization of
these devices include improving long-term stability and, especially for SLFCs,
improving the consistency and repetiability of the fabrication process. Under-
standing the underlying nanoscale properties behind the macroscopic perfor-
mance, and how they change during the cell operation, is crucial to achieve this
goal. Advanced microscopic tehcniques and in-situ measurements can play a
key role to forge a link between the microstructure and the macroscopic perfor-
mance, allowing to manufacture efficient and stable fuel cells.
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7. Conclusions

The aim of this Thesis was to produce scientific knowledge on the CNFC and
SLFC fields and thus fill the gaps observed in the literature. Microscopic meth-
ods that have been used to characterize the microstructure of SOFCs, CNFCs
and SLFCs were first reviewed and discussed. The experimental part of this The-
sis can be divided into three sections: fabricating high-performance CNFCs
based on doped ceria — alkali carbonate mixture electrolytes, studying the fun-
damental working mechanisms of SLFCs and analysing systematically the fac-
tors affecting the macroscopic SLFC performance.

Microscopy is identified as an important tool in CNFC and SLFC analysis.
These devices are fabricated from nanopowders and thus understanding the
nanolevel properties is necessary to explain the macroscopic behaviour. SEM
and TEM are typical microscopic methods used in these fields, as well as a spec-
troscopic technique XRD. These methods have been successfully used to char-
acterize the structure of both nanopowders and complete fuel cells. However,
since SEM and TEM can provide only 2D projections of the actual 3D structures,
their applications are strictly limited. Utilizing advanced 3D techniques to re-
construct the initial samples opens new possibilities to CNFC and SLFC charac-
terization. Two such techniques, FIB-SEM and X-ray nanotomography, have
been used to study SOFC components and are likely to be suitable for CNFC and
SLFC research as well. Another way to develop the microstructural analysis is
to move the focus from ex-situ towards in-situ techniques.

Two CNFCs with different anode and electrolyte materials were fabricated and
characterized. Both devices achieved excellent power density, slightly exceeding
1 W/cm2. The key behind the high performance was the doped ceria — alkali
carbonate electrolyte. Above the melting point of the carbonate mixture, the
dual-phase electrolyte allowed several parallel ion conduction channels. This re-
sulted as superior ionic conductivity and lower ohmic losses when compared to
the pure solid oxide electrolyte, where the ion conduction is based on oxygen
vacancies only. Although CNFCs fabricated here showed excellent performance,
their long-term stability is questionable, since stability studies were not in-
cluded to the experimental procedure.

The ionic conduction in a LNZ-GDC SLFC exposed to a voltage within the op-
erational (i.e. power production) region was observed to be dominated by H-,
whereas O played only a minor role. When passive Au current collector was
replaced by catalytically active NCAL, the power density of the cell is more than
doubled. A likely explanation for this is that the NCAL that was deposited on a
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porous Ni-foam actually acts as an electrode and thus improves vastly the elec-
trode reaction kinetics compared to the cell with passive Au, where all reactions
are actually happening in the single LNZ-GDC layer. For another SLFC config-
uration, CFO-CSDC, the sintering temperature was observed to have a huge ef-
fect to power density and OCV of the cell. The densification effect strengthens
as the temperature is increased, so it is concluded that optimized cell densifica-
tion is a crucial factor to optimize the SLFC performance.

A systematic study of LNZ-based SLFC revealed that adding carbonates to the
ionic conductor composite and using a catalytically active NCAL current collec-
tor have a strong positive effect to the cell performance. No significant differ-
ence was observed between SDC and GDC. Also, the optimal mass ratio was ob-
served to differ from the literature standard with the NCAL current collectors.

The work done with SLFCs revealed new information on their working mech-
anisms and showed their potential in electricity generation. However, the con-
sistency of the results was questioned since SLFCs with same composition
showed significant differences in performance. Moreover, neither up-scaling
nor long-term stability was included to the SLFC studies.

7.1 Recommendations for future work

Fuel cells are devices designed for energy production and the motivation for sci-
entific research of fuel cells, besides the science itself, is to create new, clean
energy sources for the future’s power production portfolio. Thus, in applied fuel
cell research, pushing the studied technologies towards commerzialization is an
important goal when planning new studies.

This Thesis has focused on studying the working mechanisms and improving
the power density of the CNFCs and SLFCs. Understanding the device proper-
ties and achieving a suitable power output are necessary for the commercial pro-
duction. However, besides high power output, commercial fuel cells need to op-
erate stably for tens of thousands of hours and produce a suitable output power
and voltage for the particular application. This highlights the need of scientific
research about up-scaling and performing accelerated aging tests for both
CNFCs and SLFCs. Currently, the amount of scientific literature about these is-
sues is low and addressing these gaps can be recommended as a research topic.

Another issue requiring more research is applying advanced microscopic
methods, especially 3D tomography and in-situ microscopy, to the CNFC and
SLFC fields. This is partly overlapping with the previous suggestion: advanced
microscopy can be a powerful tool to get insight about the degradation mecha-
nisms occurring in a fuel cell, thus supporting research aiming for the long-term
stability. In optimal case, linking the nanolevel microstructure to the macro-
scopic performance allows to fabricate effective and stable CNFCs and SLFCs in
the future.
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