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ABSTRACT

Title: Study of anode and cathode materials suspensions towards printed solid oxide fuel cells

Abstract:  For  the  past  decades  scientific  research  in  the  energy  sector  has  been  focused  on

utilization  of  sustainable  energy  sources,  while  developing  new  and  more  efficient  energy

production systems. Fuel cells are galvanic cells capable of electrochemical energy conversion, and

are currently being studied and implemented as a promising solution. One major issue for large

scale application of these devices is  scalability,  cost and complexity of fabrication.  A proposed

manufacturing solution is the deployment of printing techniques to fabricate thin film electrodes of

fuel cells. In this study, the use of inkjet printing is considered as a deposition method for electrodes

fabrication,  however, due to the novelty of this technique,  additional research is needed for the

optimisation of ink development and film deposition of materials used in fuel cells. Currently, the

main challenge of this interdisciplinary study on ink development is to produce suspensions of these

complex metal oxides, that can be both stable over time and inkjet printable. Here, the study of fuel

cell materials and formulated suspensions is presented. More specifically this thesis will include

results  on  the  development  and  optimisation  of  oxide  nanoparticle  suspensions,  such  as

agglomeration  of  particles,  suspension  stability,  storage  tests,  thermal  degradation,  temperature

dependent  rheological  characteristics,  surface  tension,  and  ink-to-substrate  interactions.  Such

properties are of great importance when formulating particle suspensions to be used as inks in the

fabrication of printed fuel cells.

Keywords: Anode, Cathode,  Energy conversion,  Fuel cells,  Ink,  Inkjet,  Nanomaterials,  Particle

suspension, Printing, Solid oxide fuel cells (SOFC)
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ΠΕΡΊΛΗΨΗ

Τίτλος:  Μελέτη  ανοδικών  και  καθοδικών  αιωρημάτων  προς  την  παρασκευή  εκτυπώσιμων

κυψελών καυσίμου στερεού ηλεκτρολύτη

Περίληψη:  Τις  τελευταίες  δεκαετίες,  η  επιστημονική  έρευνα  στον  ενεργειακό  τομέα  έχει

επικεντρωθεί  στη  χρήση  αειφόρων  πηγών  ενέργειας,  αναπτύσσοντας  παράλληλα  νέα,

αποδοτικότερα συστήματα παραγωγής ενέργειας. Οι κυψέλες καυσίμων είναι γαλβανικά στοιχεία

που  χρησιμοποιούνται  στην  ηλεκτροχημική  μετατροπή  ενέργειας,  και  ήδη  μελετώνται  και

εφαρμόζονται ως μια πολλά υποσχόμενη λύση. Μία πρακτική πρόκληση στην εφαρμογή αυτών των

συσκευών σε μεγάλη κλίμακα είναι η κλιμάκωση, το κόστος και η πολυπλοκότητα της κατασκευής

τους.  Μια  προτεινόμενη  κατασκευαστική  λύση είναι  η  ανάπτυξη  τεχνικών  εκτύπωσης  για  την

κατασκευή ηλεκτροδίων ως λεπτά υμένια κυψελών καυσίμου. Στην παρούσα μελέτη, η χρήση της

εκτύπωσης  ψεκασμού  μελάνης  προτείνεται  ως  μέθοδος  εναπόθεσης  για  την  κατασκευή

ηλεκτροδίων,  ωστόσο,  λόγω  της  καινοτομίας  αυτής  της  τεχνικής,  περαιτέρω  έρευνα  είναι

απαραίτητη για τη βελτιστοποίηση της ανάπτυξης της μελάνης και της εναπόθεσης των υμενίων

των  υλικών  που  χρησιμοποιούνται  στις  κυψέλες  καυσίμου.  Η  κύρια  πρόκληση  αυτής  της

διεπιστημονικής μελέτης για την ανάπτυξης της μελάνης βρίσκεται στην παραγωγή αιωρημάτων με

σύνθετα οξείδια μετάλλων, που να παραμένουν σταθερά κατά την πάροδο του χρόνου αλλά και να

είναι εκτυπώσιμα μέσω εκτύπωσης ψεκασμού. Στην παρούσα εργασία, παρουσιάζεται η μελέτη

των υλικών κυψελών καυσίμου και τυποποιημένων εναιωρημάτων. Ειδικότερα, αυτή η διατριβή

περιλαμβάνει  αποτελέσματα  από  την  ανάπτυξη  και  βελτιστοποίηση  των  αιωρημάτων  των

νανοσωματιδίων  οξειδίων  μετάλλου,  όπως  συσσωμάτωση  σωματιδίων,  σταθερότητα  των

αιωρημάτων, δοκιμές διάρκειας ζωής, θερμική αποδόμηση, ρεολογικά χαρακτηριστικά εξαρτώμενα

από τη θερμοκρασία, επιφανειακή τάση και  αλληλεπιδράσεις μεταξύ μελάνης και υποστρώματος.

Οι  ιδιότητες  αυτές  είναι  σημαντικές  κατά την  ανάπτυξη των  αιωρημάτων σωματιδίων για  την

χρήση τους ως μελάνη στην παρασκευή εκτυπωμένων κυψελών καυσίμου.

Λέξεις-Κλειδιά: Άνοδος, Κάθοδος, Μετατροπή ενέργειας, Κυψέλες καυσίμων, Μελάνη, Ψεκασμός

μελάνης, Νανοϋλικά, Αιώρημα σωματιδίων, Εκτύπωση, Κυψέλη καυσίμου στερεού ηλεκτρολύτη
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1. Introduction

1.1. Energy crisis and sustainable energy sources

The world’s energy demands has been increasing aggressively for the past 40 years, from about

1.3  billion  MWh  consumed  in  the  year  1973,  to  104.75  billion  MWh  consumed  in  the  year

2012.1 The vast majority of this energy is currently produced in energy production plants by using

fossil fuels, like coal, oil or natural gas to produce electricity, as shown on Figure 1.1, which is

consequently fed in the grid of a region for the local demand to be met.

Figure 1.1. World’s total final consumption from 1971 to 2012 by fuel (measured in megatoes: 106 tonnes

of oil equivalent, 1 toe = 11.63 MWh)1

However,  fossil  fuel  natural  reservoirs  are  finite,  and  if  these  trends  of  increasing  energy

consumption continue then all global oil reservoirs are estimated to be “depleted within the next 40

years”.2 Moreover, fossil fuels used in the energy sector are responsible for at least two-thirds of

greenhouse-gas emissions3 and for 10% of global water withdrawals4, and so, they constitute the

major factor to the human-activity-induced climate change of our age.5 Thus, transformative change

in the energy sector is essential to reach the objectives of the Paris Agreement, to limit environmental

and ecosystem implications.6

Coal-based power generation worldwide greatly differs ranging from 5% in France to 60% in

Greece and more than 90% in South Africa and Poland.7 In the Greek area the fossil fuel that is used

mainly  for  power  production  is  lignite,  due  to  the  large  reserves  available  in  the

country.7 Conventional lignite harvesting and combustion technology for energy production is highly

wasteful, with major emissions of  gasses like CO2, SOx, NOx, CH4, CO and hazardous particulates.7
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A new approach towards alternatives on the design of energy systems is regarded to be the most

effective course of action, in order to limit the environmental impacts of the energy production sector

on  the  environment,  as  well  as  on  the  health  and  longevity  of  our  ecosystem.  Moreover,  the

implementation of state-of-the-art technology on the energy production sector is bound to open up

possibilities of using alternative fuel supplies, like biomass/biogas, which is readily available and has

the potential to provide a more sustainable energy source to substitute the use of fossil fuel energy.8

1.2. Introduction on fuel cells and SOFCs as electrochemical energy conversion cells

Fuel cells recently have attracted attention as one of the promising alternative energy sources.

Like batteries,  fuel  cells  are  a  variety  of  galvanic cells,  that  is,  devices  in  which  two or  more

electrodes  (electronic  conductors)  are  in  contact  with  an  electrolyte  (ionic  conductors),  with

advantages  such  as  high  efficiency  exceeding  the  Carnot  limitation,  high  energy  density,  great

flexibility depending on the application, low emission, and simplicity.9 On Figure 1.2, a simplified

Ragone plot is presented, where the horizontal axis of specific energy (in watt-hours per kilogram,

Wh/kg) is used to compare the energy contents of a system, whereas the vertical axis of  specific

power (in W/kg) express the energy delivery rate capability. Through such a plot the capabilities and

limitations of fuel cells can be visualized, highlighting their potential as high-energy systems for

energy conversion applications, like in baseload power plants, due to their capability to generate

energy continuously, similarly to common combustion engines or gas turbines.

Figure 1.2. Simplified Ragone plot of the energy storage domains for the various electrochemical energy

conversion systems compared to an internal combustion engine and turbines and conventional capacitors

[taken from ref. 10]

6



There are many types of fuel cells, and are usually categorized by the electrolyte material used in

the  device.  Some types  of  fuel  cells  are:  Alkaline  fuel  cells  (AFCs)11,   Direct  liquid  fuel  cells

(DLFCs)12, Molten carbonate fuel cells (MCFCs)13, Phosphoric acid fuel cells (PAFCs)14, Proton-

exchange membrane fuel cells (PEMFCs)15, Solid acid fuel cells (SAFCs)16, Solid oxide fuel cells

(SOFCs)17, and Bacterial fuel cells14.

Advantages  of  using  a  fuel  cell,  especially  for  SOFCs,  over  conventional  power  generation

systems  include  high  combined  heat  and  power/electrical  efficiency,  high  energy  density,  high

performance, fuel flexibility (with potential use of natural gas, biogas or methane as a fuel), low

emissions, relatively low cost, technological compatibility, and robustness of their compact design.18

Apart from being considered for application in energy production at industrial power plants, fuel

cells  are  proposed  as  a  viable  alternative  on  transportation  technology,  as  in  hydrogen-fueled

vehicles, with various fuel cell electric vehicles (FCEVs) already available in the market.19 A fuel

cell based system that replaces standard battery packs has many advantages, such as: fast refueling,

longer  run  time  between  refueling,  longer  life  of  the  energy  source  and  low  maintenance

requirements. However, due to the high activation/operation temperature required for most SOFC,

their implementation on the transportation sector is so far limited, compared to batteries and other

types of fuel cells. Thus research over the past twenty years has been focusing on materials and

systems advances in order to overcome such issues and make SOFC applications expand to the

transportation sector, especially for ships, cars, trucks and even aviation.20

SOFCs make use of a solid  oxide or ceramic electrolyte to produce electricity  directly from

reducing a fuel/ oxidizing oxygen ions (e.g. hydrogen, see Figure 1.3).21 It consists of an (oxygen)

ion-conducting ceramic used as an electrolyte, stacked between a cathode layer and an anode layer.

Figure 1.3. Scheme of a hydrogen solid-oxide fuel cell. [this image belongs to the public domain under a

creative commons CC license – taken from Wikipedia]
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The basic principle of operation of a SOFC lies upon the oxidation of a fuel on the anode layer of

the device, in order to produce electrical energy. More specifically, oxygen from the air introduced in

the device is converted to O2- ions, at the cathode/electrolyte interface, which are then transported

through  the  electrolyte  to  the  anode,  where  they  react  with  the  introduced  fuel  oxidizing  it  to

chemical products that may be reused to refuel the catalytic cycle or safely removed for further use,

depending on the reaction products.

For example, the hydrogen fuel cell uses hydrogen gas as a feedstock, which is oxidized at the

anode of the cell, while at the cathode of the cell oxygen is reduced by the electrons generated at the

anode to form oxygen anions creating an electric potential across the cell. The overall redox reaction

of the cell is simply the two half cell reactions combined. These reactions occurring in hydrogen fuel

cells, along with the thermodynamic parameters associated (at 900℃), are presented below22 :

Anode reaction/oxidation: H2 + O2- → H2O + 2e- E0= 0 V       [eq.1]

Cathode reaction/reduction: ½O2 + 2e- → O2- E0= 0.89 V       [eq.2]

Overall redox reaction: H2 + ½O2 → H2O Є0= 0.89 V       [eq.3]

ΔH0 = −248.8 kJ/mol

The voltage generated by the reaction is  a  function of the Gibbs free energy change for the

reaction, and this relationship is the Nernst Equation23 :

ΔG = – n · F · E       [eq.4]

where: n is the number of electrons exchanged during the reaction (for both of the half cell reactions,

as individual reactions, e.g. here the electron exchanged are two, so n = 2), F is the Faraday constant,

which is the electric charge of one mole of electrons (F = 96485.3 C/mol), and E is the maximum

potential between two electrodes (equilibrium potential), e.g. here the potential for each reaction.

1.3. Materials for SOFC fabrication: Electrolyte, Anode and Cathode materials

The operating temperature of common SOFCs is between 700–1000℃. These high values are the

major limitation on their range of applications, and are attributed to the properties of materials used.

SOFCs are  built  with a  solid electrolyte  layer which  is  required to  display  unipolar  O2− ion

conduction. Best known among these type of electrolytes is Yttria-stabilized zirconia (YSZ), that is,

zirconium dioxide doped with the oxide of trivalent yttrium: ZrO2 + 10%Y2O3 or (ZrO2)0.92(Y2O3)0.08.

This compound, the basis of Nernst’s (glower) lamp of 1897, became known as the Nernst mass and

was regarded as a candidate electrolyte for fuel cells by Baur (1937) and Davtyan (1938). Till this

day YSZ is the most common material used as an electrolyte in research for SOFC fabrication, with

an oxygen ion conductivity of about 0.13 S/cm at 1000℃.18,24,25
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Zirconium  oxide  is  one  of  the  most  studied  ceramic  materials,  mostly  used  in  applications

requiring hard ceramics. It has three crystalline forms all closely related to the cubic fluorite (CaF2)

structure, and it consists of seven-coordinate zirconium centers. Below ~1000℃, it naturally forms a

cubic monoclinic crystalline structure, then above ~1000℃ it transitions to a tetragonal structure,

and finally above ~2300℃ to a cubic structure.26 However, this thermal instability of its crystalline

structures, is a major drawback in manufacturing due to the very large volume change during the

crystalline transition, causing cracks during cooling after thermal sintering steps. Additionally ZrO2

is gradually reduced in air while at high temperatures deviating from its ideal stoichiometry. As a

counter measure, zirconia-based ceramics are usually utilized in a stabilized cubic form which is

achieved by adding binary oxides, such as CaO, MgO, Sc2O3, and Y2O3, to zirconia. Interestingly,

Y2O3 doping is particularly effective also in enhancing ionic conductivity of zirconia, by increasing

the concentration of oxygen vacancies in the crystal structure (see Figure 1.4), and thus is the most

appropriate for use in SOFC manufacturing.27,28

Figure 1.4. Schematic of Y2O3 incorporation on ZrO2 crystal structure, forming YSZ. [image belongs to the

public domain under a creative commons CC license – taken from Wikipedia & University of Cambridge]

The solid anode layer of SOFCs, as the catalytic sites where the oxidation of the fuel takes place,

should  exhibit  high  performance.  Thus,  anodic  materials  and  layers  should  consist  of  a  highly

conductive (ionic and electronic), chemically compatible, thermally stable, highly porous structure,

with fine particle  size forming an organized structure.  Such materials  used in  bibliography are:

Nickel/YSZ  composites  (Ni/YSZ),  Lanthanum  chromites,  such  as  La0.75Sr0.25Cr0.5Mn0.5O3,  or

La0.8Sr0.2Cr0.97V0.03O3 (LSCV), Lanthanum titanates, such as La0.4Sr0.6TiO3 (LST), and many more

currently under development.29 

Nickel (II) oxide, NiO, is the main oxide of nickel, with a face centered cubic (FCC) crystalline

structure (see Figure 1.5), mostly studied for its p-type semiconducting properties in the field of

9



sensors, as an anode layer in the field of electrochemistry (batteries, supercapacitors and fuel cells),

and as an anodic electrochromic material in the field of chromogenic devices.30–33 For their use in

SOFC as anode layers, NiO is mixed with YSZ and deposited as a composite. The main reason is to

enhance ionic conductivity of the layer, as well as to decrease solid-state agglomeration of nickel

oxide particles during SOFC operation, which is the main cause of degrading performance of the

SOFC anode over time.31,34,35  In Ni/YSZ compounds there is adequate compatibility on physical

properties, such as in crystal structure and thermal expansion coefficient of the materials, however

recent studies suggest there is still room for improvement in SOFC materials properties.31,34

Figure 1.5. Schematic of NiO FCC crystalline structure.[taken from https://www.webelements.com/]

The  solid cathode layer of SOFCs,  as the carrier of electrons from the external circuit to the

oxygen location, as the catalyst reducing oxygen to produce anions, and as the intermediate layer on

the anions journey towards the electrolyte interface, it should exhibit characteristics such as high

porosity, ion conductivity, electron conductivity and stability in oxygen atmosphere. Such cathodic

materials used in bibliography are: Lanthanum manganite composites doped with rare earth elements

(Co, Ce, or Sr) such as Sr-doped LaMnO3 (LSM) and Lanthanum strontium gallium magnesium

oxide (LSGM), Gadolinium-based oxides (like GSC and GSM), Strondium-based oxides, Scandia-

stabilized zirconia, Samaria-doped ceria (SDC), and Cerium oxides such as Gadolinia-doped ceria

(GDC).36 

Most of the cathodic materials used on SOFC fabrication are perovskite-type metal oxides with a

general formula ABO3, in which A and B are cations with a total charge of +6. The lower valence A

cations (such as, La, Sr, Ca, and Pb, etc.) are larger and coordinated to twelve (12) oxygen anions

while the B cations (such as, Ti, Cr, Ni, Fe, Co, and Zr, etc.) occupy the much smaller space and are

coordinated to six (6) oxygen anions. Full or partial substitution of A or B cations with cations of

different valence is possible (see Figure 1.6).37 

10
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LaMnO3 is  an  intrinsic  p-type  conductor  which  upon doping  with  Sr2+ or  Ca2+ ions  exhibit

enhanced electronic conductivity. La1-xSrxMnO3 (LSM) is the most commonplace and most studied

cathode material on SOFC fabrication.36 For x values of about 0.1 to 0.2, it exhibits high electrical

conductivity and good mechanical and chemical stability at operational temperatures of SOFCs, with

a reported conductivity maximum value of up to 485 S/cm at 1000 , for ℃ x = 0.5.18 Unfortunately,

LSM is a poor ionic conductor, so in order to overcome this issue YSZ is usually mixed with LSM

forming a cathode compound, conducting both electrons and ions. As in the case of Ni/YSZ, on

LSM/YSZ  compounds  there  is  adequate  compatibility  of  physical  properties  between  the  two

materials, such as crystal structure and thermal expansion coefficient, thus making the LSM/YSZ

layer (and SOFC device) mechanically stable over elevated temperatures of operation.24,36

Figure  1.6.  Four  depictions  of  the  perovskite  structure  as  2x2x2 pseudocubic  cells.  (a)  Pm3m (e.g.,

SrTiO3). (b) Pbnm (e.g., SrRuO3). (c) R3c (e.g., La0.7Sr0.3MnO3, LSM). (d) P4mm (e.g., ferroelectric PbTiO3).

The orthorhombic and rhombohedral unit cells are shown in (b)and (c), respectively. [taken from ref. 37]
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1.4. Deposition of electrode thin films

The  majority  of  high  temperature  fuel  cells  are  manufactured  using  conventional  ceramic

processing techniques including screen printing, tape casting, calendar rolling, slurry spraying, spray

pyrolysis and dip coating, usually followed by either sintering and/or lamination. In addition to these

techniques, other fabrication methods have been deployed such as plasma (thermal) spraying, pulsed

laser deposition (PLD), electrophoretic deposition (EPD), chemical vapour deposition (CVD) and

magnetron sputtering.24,38 The first are more cost-effective, simple and easy to scale up techniques,

but  lack in  precision,  while  the latter  are  more costly,  but  can achieve controlled deposition in

smaller scales. However, recent trends on contact-less additive manufacturing has introduced other

more sophisticated 3d and 2d printing techniques in the field of electrode films deposition, such as

stereolithography  (SLA),  digital  light  processing  (DLP),  extrusion-based  printing,  aerosol  jet

printing (AJP) and inkjet printing.39–44 In the following section the motivation on using inkjet based

printing  technology  on  ceramic  thin  film deposition  along  with  some of  its  basic  principles  is

discussed.

 

1.5. Additive manufacturing & inkjet printing

Inkjet printing is an attractive material deposition and patterning technology that has received

significant attention in the recent years. Interestingly, it has grown from printing of graphic pattern,

or non-functional features, into “printing beyond colour”. A global scale report from “bcc Research”

recently estimated that “... the Global Market for Inkjet Technologies Should Reach $12.6 Billion by

2021 from $4.2 Billion in 2016 at a compound annual growth rate of 24.6%”.45 The main appeal of

this technology lies in it being a non-contact, additive, patterning and mask-less approach. Direct

write attribute of inkjet allows for deposition of versatile thin films, the designs of which can be

changed easily from batch to batch. Other attractive features of this technology are: reduced material

wastage,  low cost,  and scalability to  large area manufacturing.  Because of all  these benefits,  in

addition to its simplicity and speed, this reformative technique has been investigated widely for use

in applications such as electronics, biotechnology, microelectromechanical systems and devices.46–49

Conventional methods of material layer deposition have a number of limitations in terms of waste

of unwanted material, are restrictive processes due to usage of subtractive techniques and an overall

high processing cost,  with techniques that  usually  require  access to  a  clean room, sophisticated

equipment, and highly trained personnel to perform several time-consuming and relatively expensive

micro/nano  manufacturing  procedures  (e.g.  lithography,  oxidation,  etching,  and  thin  film

depositions).50 In contrast to conventional methods, whose entire procedure can take several days or
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weeks, inkjet printing is a well established cost-effective technique that employs only inexpensive

materials and devices, as well as rapid post-processing methods.

As a method inkjet printing is basically the accurate positional placement of picoliter volumes of

fluid on an arbitrary substrate. This definition encompasses a number of physical operations that both

define and constrain inkjet printing. These are:

a) generation of droplets,

b) positioning of and interaction of droplets on a substrate, and

c) drying or other solidification mechanisms to produce a solid deposit.

1.6. Ink development: stability of particle suspensions vs printing performance

 One  major  challenge  of  inkjet  printing  as  a  method  can  be  found  on  the  process  of  ink

development, especially when testing new and/or commercially undisclosed ink compositions. Due

to the complex nature and the challenging requirements of inkjet inks, preparation of such inks is

often very complicated. In addition to the conventional requirements, such as long shelf life, ink

stability in the liquid suspension as well as proper properties of the active material used, the ink must

have physicochemical properties which are specific to the various printing devices. The end use of

the printing system also can dictate the physicochemical properties of the inks.48  While formulating

new inkjet inks, the formulator must take into consideration the effect of each component on the

overall performance of the ink, from storage in the ink cartridge, through jetting, to its behavior on

the substrate and its effect on health and the environment.

The set  of  all  the various  solvents  used  for  the inkjet  ink formulation,  other  than  the  active

material used, is called ‘vehicle’.48 The vehicle of an inkjet ink can be composed of various liquid

components, depending on equipment requirements, the desired outcome of the project at hand and

the experimentalist’s chosen strategy.  Drop-by-drop deposition of an ink in order to finally have a

thin film of the desired active material can be achieved in two different ways (Figure 1.7). The first

process  requires  the  formulation  of  a  suspension  ink  of  the  active  nanoparticles  (or  particles

depending on the equipment limitations and the final application needs), which will  later on be

treated to solidify the particles thin film. The second process requires the formulation of a soluble

precursor solution ink, which will produce a thin film of the active material after some post-printing

treatment, after reaction of the precursor materials. The first process is called ‘ex-situ’ whereas the

second one ‘in-situ’.51 In this project the ‘ex-situ’ approach is followed in order to avoid fabrication

of the electrode materials from soluble precursors, due to the restricting nature of the materials used

(e.g. ratio of dopants, ratio of the materials mixed in composites), especially since such materials are

readily available in the global market on materials for scientific research.
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Figure 1.7.  Schematic diagrams of (a) ‘ex-situ’ and (b) ‘in-situ’ inkjet printing processes. The insert SEM

images are typical morphology of films from ‘ex-situ’ and ‘in-situ’ processes, respectively. [taken from ref. 51]

In the case of an ‘ex-situ’ process, where particles of the active material are used as pigments of

the ink, one of the major challenges is to make sure that no agglomeration of the active particles in

the liquid suspension will occur during storage time. Pigments have to be dispersed to small particle

sizes (preferably between 50 and 200 nm, depending on the application) and this dispersion needs to

be made colloidally stable. 

In order to achieve a stable colloidal suspension one should consider the laws of soft condensed

matter physics that dictate the suspended particles behavior. In a colloidal suspension when particles

approach each other, interaction due to Van der Waals forces takes place, causing the particles to

aggregate and eventually reach the minimum potential energy, as shown in Figure 1.8.52 In order to

prevent the aggregation, a mechanism to overcome the attraction is required. Electrical repulsion,

which can be obtained if  the surface of the pigment  particle  bears  electrical  charges,  is  such a

mechanism. In this case, while particles approach each other, electrical repulsion will take place as

the distance between the particles decreases (Figure 1.8). As described by the DLVO theory, if the

repulsion  overcomes  the  attraction,  an  energy barrier  will  exist  and  prevent  aggregation  of  the

particles. As clearly seen in Figure 1.8, the dispersion will be thermodynamically unstable, but if the

energy barrier is sufficiently high, the system will be kinetically stable. The electrostatic stabilization

mechanism  is  effective  in  systems  having  a  high  dielectric  constant,  and  therefore  is  mainly

important for water-based inks. Additional stabilization can be achieved by a steric mechanism, in

which a polymer is adsorbed onto the surface of the pigment (through groups in the polymer which

have affinity to the pigment surface), and provides steric repulsion.52–54
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Figure 1.8. Total interaction energy curves of a colloidal system. [taken from ref. 52]

The importance of controlling particle size and polydispersity when developing an inkjet printing

compatible ink lies not only on the need to avoid the nozzle clogging of the inkjet cartridge, but also

on achieving a more uniform and continuous thin film of particles after the solidification during

post-printing treatment.48,52

Another  major  property to  monitor  is  the viscosity  of  the ink.  The viscosity  affects  various

aspects of inkjet printing such as the ink flow through the cartridge printhead, the drop generation on

the  nozzle  and  the  spreading  and  wetting  of  the  substrate.  It  can  be  affected  by  variations  on

temperature  during  printing  and  by  many  parameters  regarding  the  ink  composition  (e.g.  the

presence and concentration of polymeric additives and of surfactants). Also, viscosity of the inks for

inkjet  printing should subject  to the requirements of the printing equipment.  For example,  each

printhead has a specific window of viscosity range which enables proper jetting. The most prevalent

of printhead technologies, the piezoelectric printheads, usually function within a viscosity range of

8–15 cP, while other printhead technologies, such as thermal printheads, perform at much lower

viscosity  values,  usually  below 3 cP.  Most  current  inkjet  inks  are  Newtonian,  i.e.,  they have  a

constant viscosity over a wide range of shear rates, thus making them more easy to handle during the

different phases of the life circle of an ink, where the shear rate varies; from storage time, in which

phase inks usually experience a state of low shear rate due to the immobility of the liquid where the

only applied force on the particles is gravity, to printing, in which phase the constant pulses of the

printhead used for drop generation apply a higher shear rate to the liquid.48,52

Still there are many more properties to consider when developing a new inkjet ink composition.

Surface tension is one of them, affecting droplet formation and spreading on the substrate upon

contact.  It  usually  can  be  controlled  by  using  surfactants  and  by  selecting  proper  solvent
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compositions.  This  is  also  a  property  that  should  subject  to  the  requirements  of  the  printing

equipment, depending again on the specific printhead requirements in order to have proper jetting of

the ink. Significant decreases in surface tension with the addition of a co-solvent are usually obtained

at relatively high co-solvent concentrations. A surfactant is usually used at very low concentrations,

sometimes much below 1% w/w, very often even below 0.1% w/w. This means that even a slight

change in the surfactant concentration may cause a significant change in the ink performance.48,52

A secondary but still very important property to consider during ink development, is the pH of

the ink, which can affect the solubility of the various components and the stability of the dispersed

pigments. Also, the use of special additives such as defoamers or electrolytes, which can destabilize

the ink colloidal suspension if added in excess. Additionally, the vapor pressure of the ink can cause

nozzle clogging if its too high and also affect the solidification process. The boiling point affects the

printing temperatures and determines the post-printing treatment for the printed samples for the

solidification step – in the case of thermal annealing. And last but not least, the contact angle, a

property affecting the droplets wetting of the substrate during printing and the solidification process

during  post-treatment.  All  these  properties  should  be  considered  when  developing  a  new  ink

composition and for each component of the new inkjet ink separately, in order to estimate the final

outcome, and after formulation should be tested and monitored during storage to achieve a stable

ink. It should be emphasized that in order to achieve a stable dispersion of pigment-containing ink,

one  should  also  evaluate  various  solvents,  thickeners,  dispersing  agents  and  other  required

components, and find their optimal concentrations.48,52

Stability is evaluated by measuring the various parameters of the ink for a prolonged period of

time.  However,  for  practical  reasons,  these  tests  can  be  conducted  after  storage  at  accelerated

conditions,  such as  high temperature,  low temperature,  and freeze-thaw cycles.  The accelerated

storage  conditions  vary  from laboratory  to  laboratory,  since  the  correlation  to  storage  in  “real”

conditions is not very precise and depends on various parameters.48,52 In this work storage tests were

conducted during real time storage, for an average period of 15 days for each ink composition. In

this way we can also test if the particle suspension is chemically stable so that active particles won’t

react with the vehicle of the ink composition, at normal storage conditions (room temperatures, light

exposure, humidity levels, etc).

In the following section the state-of-the-art of publications on inkjet inks formulation for thin film

deposition of SOFC materials by inkjet printing will be presented and briefly discussed. These works

were the basis on which the procedures of this current thesis were based upon and any similarities on

procedures tested in this project are intentional in the name of repeatability of scientific findings, as

well as improvement of currently reported protocols and formulas.
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1.7. State-of-the-art and discussion on inkjet ink development with SOFC materials

The  printability  of  SOFCs  layers  by  screen  printing  has  been  reported  three  decades  ago55,

however publications on inkjet printed SOFC layers appeared in literature only about a decade ago56,

even though inkjet printing of zirconia ceramics has been reported two decades now57. For the past

10 years, literature on inkjet printing of SOFCs layers has been increasing, with most publications

following an ‘ex-situ’ process, starting from solid powders to developing nanoparticle suspensions.

As it is usually the case for any field where inkjet printing was introduced as a deposition method,

first reports of inkjet ink development for SOFCs seem to base their work upon previously published

compositions of  SOFCs pastes used in screen printing, roll-to-roll or other additive manufacturing

technique, only to then dilute composition to produce a possibly inkjet printable ink. Some highlight

publications in pastes of SOFCs materials are, among others, the Zhang Y. et al. work58  on screen

printed pastes of YSZ, the Zhang L. et al. work59 on gel-casted pastes of Ni/YSZ, the Kondo A. et al.

work60 on direct ink writing of YSZ pastes, and the work of Somalu M. R. et al.61 on screen printed

pastes of  Ni/ScSZ.

Three basic parameters to note regarding ink development literature, regardless of the printing

process, are the following:

• the loading percentage of the dispersed powder,

• the basic solvent of choice, and

• the decomposition temperatures and chemical or photo-chemical reactivity of materials used,

with the last one being relevant to the post-printing procedure followed.

Regarding the first parameter, some comments on the composition of pastes vs. inkjet inks should

be highlighted. Pastes for screen printing and other similar additive manufacturing techniques in

general require more viscous suspensions than inks for inkjet printing.  An easy way to increase

viscosity, after the optimal solvent and dispersant are established, is to raise the loading percentage

of powders, thus making the suspension more of a paste rather than an ink. A major advantage of

using higher powder loading is that less layers need to be printed in order to achieve a high density

film, in contrast to the more diluted suspensions where less active material is deposited in a single

printed layer. However, the higher the solid loading of the ink, the greater the chances for contact

between particles and thus aggregation.  Even though, it should be noted that in such solid state

pigments, due to their high density, the volume fraction (which affects the stability as in hindered

settling) is much lower.48,52

Regarding the second parameter, based on literature we can separate inkjet inks in two categories:

water-based and organic-based. The differentiation of the two is based solely on the basic solvent

used, and it does not require water-based inks to not contain any organic solvents, or vise versa.
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In regards to water-based inks, there are many benefits on using water as a main component in

ink formulation in general, such as its abundance, high availability, environmental-friendliness, non-

toxicity,  low  cost,  equipment  compatibility,  neutral  pH,  well-known  properties  and  Newtonian

behavior, to name a few. However, for inkjet inks some concerns may raise mostly due to the high

surface tension  of  water  (about  72 mN/m),  leading to  limited jetting performance during inkjet

printing (since the optimal surface tension recommended for inkjet inks is 28 to 33 mN/m).48,52,62 This

issue may be tackled by lowering the surface tension by adding surfactants, although this would

probably lead to issues with foaming, thus making the use of anti-foaming agents that  lower the

jetting performance necessary. Another issue with water-based inks is the low viscosity of water (1cP

at  20℃).  This is  not  necessarily  a  limitation since jetting with low viscosity  is  achievable,  but

operating  performance  is  typically  limited,  which  leads  to  the  solution  of  adding  a  thickener

component, which usually is a polymer, or other viscous organic additive. Finally, water-based inks

usually need degassing to achieve better printing fidelity, and since water is a highly polar solvent it

forms heavy ionic interactions with particles, leading to lesser dispersing capabilities.

In recent literature, a few works have succeeded on printing reliable water-based inks, with the

main focus material being YSZ. In the work of Esposito V. et al.63 YSZ powders in concentration of

0.9 vol% and 3.7 vol% was dispersed in a liquid vehicle composed of 80 wt% of water and 20 wt%

of ethanol, with addition of small quantities of ethanol-dissolved PVP, as a dispersant and thickener.

Viscosity of the two suspensions of different loading was about 2 cP for the diluted, and about 4 cP

for  the  thickened.  In  order  to  establish  a  uniform  suspension  for  a  long  period  of  time,  low

polydispersity of  particle size should be achieved. In this work the formulated suspensions where

subjected to ball milling treatment, on very mild intensity (100 rpm) but for an extended period of

time (up to 10 days). The results of this treatment shows low polydispersity of the final inks and

improved suspension stability for up to 100 days.

In another publication, Farandos N. et al.39 dispersed YSZ nanoparticles of two different particle

sizes in PEG with a mass loading of 3, 10, 20, or 24 wt%, assisted by dispersing agent Dispex A40

and an alcohol ethoxylate, Natsurf 265, as wetting agent. Optimal 2D printability of thin films was

achieved by using less loading (3 wt%) and more polymer (30 mg/mL), thus minimizing the impact

of drying on surface morphology, while for 3D printed structures (of about 1.2 μm in height) a

composition with greater  loading (24 wt%) but  similar  polymer  concentration  (25 mg/mL) was

chosen, due to the faster solid deposition rates provided by the high loading ink which stabilized 3D

printed features with better resolution than the more diluted ink. A major issue of the water-based

inks formulation that is extensively reported in this publication is the cracking of printed layers

during post-printing treatment, highlighting the importance of the many parameters that have to been

taken account while formulating an ink that is both stable and printable.
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Two years later, the same group published a similar work on the deposition of LSM/YSZ layers

by using inkjet inks.64 Based on their previous work39, they mixed the YSZ printable ink of the lower

mass loading (3 wt%) with a newly developed LSM suspension, in order to obtain an LSM/YSZ ink.

The suspension of LSM nanoparticles consisted of 5 wt% of LSM nanoparticles, 25 mg/mL PEG

polymer, Aluminion (tri-ammonium aurin-tricarboxylate) as a dispersing agent and the same alcohol

ethoxylate, Natsurf 265, as a wetting agent. The two suspensions, of YSZ and LSM, where fully

compatible, stable and printable, however after heat treatment the aqueous-based LSM-YSZ deposit

the  printed  layer  failed  catastrophically  (see  Figure  1.9),  which  the  authors  attributed  to  the

combustion of organic components while annealing at 550  and 1100℃ ℃.

Figure 1.9. Photographs of the (black) LSM/YSZ deposit  from the aqueous-based ink (a) before heat

treatment, (b) after heating to 550℃ at 1 /℃ min, and (c) after sintering at 1100 . ℃ [taken from supplementary

information of ref.64]

In regards to organic-based inks, the available literature on inkjet ink formulation for SOFCs is

more expanded, with a focus on more SOFC materials, like Yttria-stabilized Zirconia, Nickel oxide,

Lanthanum  Strontium  Manganite,  Lanthanum-doped  Strontium  Titanate,  and  Gadolinium-doped

Ceria. In publications of researchers in collaboration with ‘The Air Force Research Laboratory U.S.’,

Sukeshini A. et al.56,65,66 demonstrated that YSZ, NiO and LSM can be successfully dispersed and

inkjet printed to form thin films for SOFC fabrication. The formulated suspensions were composed

of α-Terpineol, selected as the main ink solvent, along with a combination of minimal amounts (0.1

wt%) of polyvinyl butyral (PVB), butyl benzyl phthalate (BBP) and polyalkalyne glycol (PAG) as

binders and plasticizers. Solid loading of powders were different for each material used, as presented

on the Table 1.1. After mixing the components each suspension was treated in a ball miller for more

than 12 h, and the suspension stability was observed and confirmed for up to 3 weeks. As stated at

the  start  of  this  section,  many  works  on  inkjet  ink  formulation  base  their  work  on established

compositions of screen-printing pastes, as is here the case with the use of α-terpineol which is a

viscous organic solvent that is used to produce thick pastes of ceramics, as well  as to fabricate

screen-printed SOFCs.58,61 
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Table 1.1: Ink Compositions of inks for SOFC fabrication [taken from ref.66]

On a similar note, Faino N. et al. in their publication67 formulated inks for YSZ, NiO and LST

using α-terpineol as main solvent, using dispersant Lubrizol Solsperse #13940 in 1 wt% or smaller

quantities. Solid loading of powders was: 29.2 wt% of YSZ for the electrolyte ink, 31.7 wt% of NiO

for the anode ink, and 27 wt% of LST for the interconnect ink.

In another publication, Rahul S. et al.68 report the formulation of an YSZ suspension in terpineol

with solid powder concentration of 0.4 gm/mL, using ethyl cellulose as a dispersant, in 10 wt%. The

slurry was milled at 160 rpm, and its stability was confirmed to be visibly stable for a period of 5

weeks (see Figure 1.10). The effect of milling and using a dispersant was clearly shown via particle

size analysis where a mixture of YSZ powders and terpineol was compared to the YSZ milled ink.

While the plain mixture shows two peaks of mean size diameter of 420 nm and 4527 nm, the milled

ink has a mean size diameter of 572 nm and a narrower distribution around one single peak.

Figure 1.10. Photographs of YSZ concentrated ink captured after 3, 4, 5 and 6 weeks. [taken from ref.68]

In the same work that reported the water-based LSM/YSZ ink failed attempts, Farandos N. et al.

also  present  a  successful  formulation  of  a  printable  organic-based  ink.64 LSM  particles  were

dispersed at 30 wt% in 1-butanol with a 25 mg/mL concentration of polyvinyl butyral resin (PVB) as

dispersant and plasticizer. Also, YSZ particles were dispersed at 25 wt% in 1-butanol with 9 mg/mL

PVB. This suspension was used both as a stand alone YSZ ink and as a part of the LSM/YSZ ink
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mixture. After centrifugation, the two slurries were mixed at a LSM ink : YSZ ink volume ratio of

4.95 : 5.05, producing the LSM/YSZ ink with a final solid loading of 16 wt% (60:40 LSM:YSZ) and

a final PVB concentration of 14mg/mL. This way the formulation of a printable ink and deposition

of highly porous layers with good adhesion on the interface between the plain YSZ printed layer and

the LSM/YSZ printed layer was achieved.

In their publication Wang C. et al.69 dispersed GDC milled nanoparticles in terpineol and ethanol

in various volume ratios of terpineol:methanol form 70:30 to 20:80 with a step of 10, while using

ethyl cellulose as a polymeric dispersant. The solid loading of GDC was 5 wt% and that of ethyl

cellulose  was  10  wt% relative  to  the  ceramic  powder  (thus  0.5  wt% of  the  total  ink  weight).

Regarding suspension stability, authors note that as the terpineol content decreases, the degree of

sedimentation increases, with the best stability achieved at a terpineol:methanol ratio of 70:30. This

effect  can  be  related  to  the  theta  condition  of  solvent  and  ethyl  cellulose  polymer  interaction.

Presuming that the polymer forms an ideal chain configuration when dispersed in terpineol, when the

particles are introduced those chains cling to the particles creating a maximum repulsion between

each other. Hence they argue, that inks will remain stable for a longer period of time. However the

70:30 to 60:40 ratio inks were found to be non jettable, so in terms of printability the 50:50 ratio ink

was regarded as optimal, with only negligible sedimentation observed.

The same group, of Wang C. and Tomov R. et al. reported in three different publications43,44,70 the

suspension of previously ball milled and filtered YSZ particles at a solid loading of 5–15 wt%  in α-

terpineol with methanol as a viscosity regulator, and a binder mixture of bis(2-ethylhexyl)phthalate

(DEHP) and ethyl cellulose at a 1:1 by weight ratio. Methanol was added as needed to lower the

viscosity of the suspensions from originally about 70 cP to 2.7 and 4.1 cP respectively for the 5 and

15 wt% YSZ loading inks. Suspension stability of the  inks was confirmed for the 5 and 15 wt% YSZ

loading inks for up to 72 and 24 hours respectively, without deploying any further treatment. While

the printability  was tested for  both,  the authors  used the 15 wt% as  optimal  for inkjet  printing

procedure  optimization,  despite  its  deficient  stability  compared  to  the  5  wt% ink.  In  a  similar

fashion, suspensions of NiO and GDC and a mixture of the two was formulated by Tomov. et al. by

using ball milling treatment, in their 2015 publication.43

At  last,  in  a  work  not  directly  related  on  SOFCs  fabrication,  Rho  Y.  et  al.71 reported  the

formulation of a NiO nanoparticle inks by dispersing 0.1 g/mL NiO powders in different organic

solvents, such as toluene, decane, tetradecane and α-terpineol, in order to test the main solvent effect

on the suspension stability and the ink properties, and without the need for additional surfactants.

After studying the inks, tetradecane was the solvent of choice in regards to ink properties, with a 2.3

cP viscosity and a 26.6 mN/m surface tension. As confirmed by the authors, the best printability was

achieved by this ink, and its exact solid loading was calculated to be about 12 wt%.
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2. Experimental methods

2.1. Reagents/materials

Acquired SOFC powders:

• YSZ (UCM), used as-obtained, purchased by fuelcellmaterials® (Nexceris, LLC).

• YSZ (Stanford), used as-obtained, purchased by fuelcellmaterials® (Nexceris, LLC).

• Ni/YSZ, used as-obtained, 66 wt% NiO / 34 wt% (Y2O3)0.08(ZrO2)0.92  composition, with surface area

of 4 – 8 m2/g, purchased by neyco® Vanves – France. 

• LSM/YSZ, used as-obtained and after ball milling treatment, 50wt% (La0.8Sr0.2)0.95MnO3-x / 50wt%

(Y2O3)0.08(ZrO2)0.92 composition, purchased by neyco® Vanves – France. 

2.2. LSM/YSZ nanoparticles size control & SOFC powders characterization

Wet ball milling of the LSM/YSZ powders was conducted in order to reduce the particle size and

limit polydispersity of nanoparticles, using 30 mL of solvent water and 3 grams powder loading, in

a 30 mL volume zirconia bowl filled with 100 grams of 0.5 mm zirconia grinding balls, at 700 rpm

for 30 min (Fritsch GmbH, Pulverisette 7 Micro Miller). The milled powders were then isolated by

medium pouring separation and centrifugation at 4000 rpm for 20 min, and then dried at 70℃ for

8h  in  a  vacuum  furnace.  All  of  the  powders  (YSZ_ucm,  YSZ_stnf,  Ni/YSZ,  LSM/YSZ  and

LSM/YSZ  ball  milled)  Morphological  characterization  was  performed  by  Scanning  Electron

Microscopy (SEM, Jeol 7000)  coupled with energy-dispersive X-ray spectroscopy (EDX), while

structural characterization was conducted by X-Ray Diffraction analysis, (XRD, RIGAKU RINT

2000 with Cu-Kα radiation source of λCuKa=1.54 Å).

2.3. Inks preparation

The YSZ, Ni/YSZ and LSM/YSZ powders were dispersed in various liquids and in different

solid mass loadings along with various additives, in order to study the dispersibility of the powders

and to finally obtain stable and printable inks.

Ink development was carried out so that ultimately every suspensions prepared should abide by

the requirements of inkjet ink equipment (see chapter 1.6). These printing requirements are imposed

by the inkjet printing limitations, as well as the need to produce stable and functional inks and

printed  layers.  In  this  work,  that  means  a  need of  an  ink with the following characteristics:  a
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viscosity of about 10-12 cP at printing temperature, nanoparticle diameter of 0.45 μm maximum or

0.2 μm optimally, a surface tension of approximately 28-33 mN/m and a pH ranging from 4 to 9.

Also inkjet inks and printed thin films should be chemically stable and wearproof, during all steps

of manufacturing.

On Tables 2.1 – 2.3  a list of the prepared and tested electrolyte, anodic and cathodic suspensions

are presented. The inks produced are divided by the main solvent used in the following categories:

water-based inks (WI), glycol-based inks (NI or PI), and terpineol-based inks (TI).

In a typical manner, a powder quantity of 0.5–10 wt% were first dispersed in either distilled

nanopure water (WI) or an aliphatic alcohol, such as: methanol, ethanol, 2-propanol and 1-butanol

(NI, PI, TI), acting as the low viscosity dispersing solvent. Then after little manual mixing and a 20

min treatment in a sonication water bath, the thickener solvent was added, such as diols for NI and

PI suspensions (ethylene glycol, EG, or propylene glycol, PG) and terpineol for TI suspensions. In

the case of WI a second solvent, ethanol, was added, then polymer polyvinylpyrrolidone, PVP, was

added. The slurry was then mechanically mixed, by either rolling or magnetic stirring, for 20 min,

and treated with another 20 min treatment in a sonication water bath. The ratio of main to secondary

solvent was changed and tested for optimal suspension formulation. Finally, a small quantity of an

additive  0.5–2  wt%  was  added,  in  order  to  study  their  stabilization  effects  on  the  prepared

suspensions,  followed  by  20  min  additional  mechanical  mixing  and  20  min  of  treatment  in  a

sonication bath.

2.4. Inks characterization

The prepared suspensions were studied by many different means and techniques. Macroscopic

sedimentation  was  observed  optically,  while  the  mean  effective  diameter  of  the  agglomerating

nanoparticles in suspension was measured by dynamic light scattering on a Zetasizer Nano ZS90 at

90o fixed scattering angle observation.  Thermogravimetric  analysis  was performed by sampling

15μL of each suspension in a TGA SDT Q600 V8.3 Build 101 equipment, in argon 100.0 ml/min

gas  environment,  and  a  heating  ramp  of  5  /min  starting  from RT up  to  500  .  Viscosity℃ ℃

measurements were conducted using a DMA 4100 M, Anton Paar density meter, equipped with a

Lovis 2000 ME microviscometer extension and a stainless steel 0.59 mm ball inside the capillary,

by using a sampling volume of about 3.5 mL, at a temperature range of 25–35℃. Surface tension

and contact angle was measured with the pendant drop and the sessile drop  method using a OCA35

Dataphysics contact angle  goniometer by pending or depositing 2  μL drops directly on YSZ firm

pellets/substrates  accordingly.  Morphological  characterization  of  the  as  deposited  drops  was

performed by Scanning electron microscopy (SEM, Jeol 7000).
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Table 2.1: Ink development of YSZ suspensions:

Code Solvent #1 Solvent #2 Additive #1 Additive #2 Solid

uysz-00 d. water 100% - - - 0.01 g/mL

uysz-01 methanol 100% - - - 0.01 g/mL

uysz-02 ethanol 100% - - - 0.01 g/mL

uysz-03 2-propanol 100% - - - 0.01 g/mL

uysz-04 1-butanol 100% - - - 0.01 g/mL

sysz-00 d. water 100% - - - 0.01 g/mL

sysz-01 methanol 100% - - - 0.01 g/mL

sysz-02 ethanol 100% - - - 0.01 g/mL

sysz-03 2-propanol 100% - - - 0.01 g/mL

sysz-04 1-butanol 100% - - - 0.01 g/mL

Table 2.2: Ink development of Ni/YSZ suspensions:

Code Solvent #1 Solvent #2 Additive #1 Additive #2 Solid

niysz-00 d. water 100% - - - 0.01 g/mL

niysz-01 methanol 100% - - - 0.01 g/mL

niysz-02 ethanol 100% - - - 0.01 g/mL

niysz-03 2-propanol 100% - - - 0.01 g/mL

niysz-04 1-butanol 100% - - - 0.01 g/mL

WI-1 d. water 80% ethanol 20% - PVP 10 wt% 1 wt%

WI-2 d. water 80% ethanol 20% - PVP 10 wt% 3 wt%

WI-3 d. water 80% ethanol 20% - PVP 20 wt% 1 wt%

WI-4 d. water 80% ethanol 20% - PVP 20 wt% 3 wt%

NI-2 1-butanol 20% EG 80% 1% TEA - 5 wt%

NI-3 1-butanol 20% EG 80% 2% TEA - 5 wt%

NI-4 1-butanol 20% PG 80% 1% TEA - 5 wt%

NI-5 1-butanol 20% PG 80% 2% TEA - 5 wt%

NI-6 1-butanol 30% PG 70% 1% TEA - 5 wt%

NI-7 1-butanol 30% PG 70% 2% TEA - 5 wt%

TI-M methanol 60% terpineol 40% - - 10 wt%

TI-B 1-butanol 60% terpineol 40% - - 10 wt%

TI-1 methanol 60% terpineol 40% 5 wt% EthCell - 10 wt%

TI-2 methanol 60% terpineol 40% 10 wt% EthCell - 10 wt%

TI-3 1-butanol 60% terpineol 40% 1 wt% EthCell - 10 wt%

TI-4 1-butanol 60% terpineol 40% 5 wt% EthCell - 10 wt%
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Table 2.3: Ink development of LSM/YSZ suspensions:

Code Solvent #1 Solvent #2 Additive #1 Additive #2 Solid

WI-2 d. water 80% ethanol 20% - PVP 10 wt% 3 wt%

WI-5 d. water 70% ethanol 30% - PVP 10 wt% 3 wt%

WI-6 d. water 60% ethanol 40% - PVP 10 wt% 3 wt%

WI-7 d. water 80% ethanol 20% - PVP 10 wt% 5 wt%

WI-8 d. water 70% ethanol 30% - PVP 10 wt% 5 wt%

WI-9 d. water 60% ethanol 40% - PVP 10 wt% 5 wt%

NI-4 1-butanol 20% PG 80% 1% TEA - 5 wt%

NI-5 1-butanol 20% PG 80% 2% TEA - 5 wt%

NI-6 1-butanol 30% PG 70% 1% TEA - 5 wt%

NI-7 1-butanol 30% PG 70% 2% TEA - 5 wt%

NI-8 1-butanol 40% PG 60% 1% TEA - 5 wt%

NI-9 1-butanol 40% PG 60% 2% TEA - 5 wt%

PI-1 1-butanol 10% PG 90% 1% TEA - 1 wt%

PI-2 1-butanol 20% PG 80% 1% TEA - 1 wt%

PI-3 1-butanol 30% PG 70% 1% TEA - 1 wt%

PI-4 1-butanol 10% PG 90% 1% TEA - 3 wt%

PI-5 1-butanol 20% PG 80% 1% TEA - 3 wt%

PI-6 1-butanol 30% PG 70% 1% TEA - 3 wt%

PI-10 1-butanol 10% PG 90% 1% TEA - 0.5 wt%

PI-11 1-butanol 20% PG 80% 1% TEA - 0.5 wt%

PI-12 1-butanol 30% PG 70% 1% TEA - 0.5 wt%

PI-13 1-butanol 30% PG 70% 0.5% TEA - 3 wt%

PI-14 1-butanol 25% PG 70% 1% TEA d. water 5% 3 wt%

PI-15 1-butanol 20% PG 70% 1% TEA d. water 10% 3 wt%

PI-16 1-butanol 15% PG 70% 1% TEA d. water 15% 3 wt%

Ink formulation chemicals and ratios used were based on personal previous work and experience

on inkjet inks formation, as well as on the literature overview of SOFC inkjet inks (see chapter 1.7).
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3. Results and discussion

In this chapter we will present the most prominent of our results. These results will be presented

in different sections based on SOFC material used and on the main solvent of choice. At start the

characterization of as-obtained and milled powders will be presented. Subsequently, each material

and  the  suspensions  tested  will  be  presented  on  a  different  section,  with  results  from  optical

observation during storage,  particle analysis,  viscosity measurements,  thermogravimetric analysis

and surface tension results. Finally results of the suspension formulation study will be discussed, and

an optimal ink composition and its performance will be presented.

3.1. Powders characterization

The powders were characterized by means of scanning electron microscopy, x-ray diffraction,

energy dispersive x-ray spectroscopy and zeta potential. SEM can confirm morphology and particle

size, XRD and EDX mapping can confirm chemical composition of materials, while zeta potential

can quantify the degree of electrostatic repulsion of particles in regards to the pH in solution.

Morphology  of  as-obtained  materials  as  observed  by  SEM  is  presented  on  Figure  3.1.  All

materials  are  composed of  micro-particles  adopting  a  flake-like  morphology,  with  evident  solid

particle agglomerates in the scale of 2–5 μm for YSZ (stanford) and LSM/YSZ (neyco) powders, and

up to 10 μm for Ni/YSZ (neyco)  powders.  The most  uniform in terms of  particle  sizes (lower

polydispersity) is the YSZ (ucm) powders.

After milling LSM/YSZ powders at 700 rpm for 30 minutes the resulting powder is composed of

more  fine  sub-micron  particles  in  the  scale  of   300-500  nm and  there  are  no  visible  particle

agglomerates. A visual comparison of the two powders, before and after milling, presented in Figure

3.2, with the as-obtained material on the top row (a) in two different magnifications, while at the

bottom row the milled material (b) again in two different magnifications. In conclusion, after the

milling treatment the polydispersity of powders has been lowered, to a more fine particle size. This is

especially important for the suspension stabilization and printability of the inks, as will  become

evident in the next section where the stability study results of both powders dispersed in solvents will

be presented. As explained in previous chapters, in regards to the stability, a high polydispersity

enhances sedimentation due to the mismatching colloidal properties of different sized flocs, whereas

for the printability of the ink, a greater particle size means a  limited jetting performance due to

nozzle clogging.48,52
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Figure 3.1. SEM of (a) YSZ (Stanford), (b) YSZ (UCM), (c) Ni/YSZ (neyco), and (d) LSM/YSZ (neyco).

Figure 3.2. SEM of LSM/YSZ (neyco) powders (a) as-obtained and (b) after ball milling treatment.
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Diffraction  patterns  of  Ni/YSZ and  LSM/YSZ are  presented  on  Figure  3.3.  YSZ peaks  are

denoted  with dashed lines  (PDF:  00-030-1468 –  Yttrium Zirconium Oxide).  Peaks  of  YSZ are

present in the Ni/YSZ and the LSM/YSZ diffraction patterns. The rest of the peaks are attributed to

NiO peaks (PDF: 01-089-5881 – Nickel Oxide) and LSM perovskite peaks (PDF: 00-047-0444 –

Strondium Lanthanum Manganese Oxide) accordingly. Crystallinity of materials is high, especially

in the case of Ni/YSZ.

Figure 3.3. XRD patters of YSZ (Stanford), YSZ (UCM), Ni/YSZ (neyco), and LSM/YSZ (neyco).

Data from the EDX, are presented in Figures 3.4 to 3.7. Regarding YSZ, the Stanford and UCM

materials (Figures 3.4 and 3.5 accordingly) both display uniform distribution of  Y, Zr and O atoms,

confirming chemical composition given by XRD patterns. Elemental atomic percentages recorded

for YSZ (stanford) are O:74.95%, Y:2.51%, and Zr:22.54%, while elemental atomic percentages

recorded for YSZ (ucm) are O:77.38%, Y:2.66%, and Zr:19.96%, showing little deviation in regards

to stoichiometry between the two. Regarding Ni/YSZ (Figure 3.6), the elemental mapping confirms

the presence of a great amount of Ni atoms, as well as Y, Zr and O atoms, confirming chemical

composition given by XRD pattern. Interestingly, Y and Zr atoms are distributed on specific areas,

apart from Ni atoms. Oxygen atoms are distributed to both areas, however they mostly appear on the

Y-Zr areas, making the presence of metallic Ni or oxygen deficient NiO a possibility. Elemental

atomic percentages recorded for Ni/YSZ are O:23.15%, Ni:68.28%, Y:0.86%, and Zr:7.72%. Finally,

regarding LSM/YSZ (Figure 3.7), uniform presence of La, Mn, Y, Zr and O atoms, confirm chemical

composition  given  by  XRD patterns,  suggesting  the  two  materials  have  to  be  finely  mixed  or

otherwise chemically linked.
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Figure 3.4. EDX mapping of YSZ (Stanford).

Figure 3.5. EDX mapping of YSZ (UCM).
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Figure 3.6. EDX mapping of Ni/YSZ (neyco).

Figure 3.6. EDX mapping of Ni/YSZ (neyco).
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Another attribute of our materials tested, is the zeta potential, since it indicates the pH region

where the particles will gain maximum electrostatic repulsion between them in dispersion. A high

zeta  potential  (absolute  value)  is  an  indicator  of  better  suspension stability,  since  the  similarly

charged particles  will  resist  aggregation  due  to  the  electrostatic  repulsion  forces  between them,

whereas  when  the  potential  is  small,  attractive  forces  may  exceed  this  electrostatic  repulsion

resulting in flocculation and sedimentation. Thus, suspensions with high (absolute) zeta potential are

electrically stabilized while those with low zeta potentials tend to aggregate or flocculate. In Figure

3.5 we can observe the zeta potential of LSM/YSZ milled particles changing in regards to pH of the

water solution.

The first observation is that values of zeta potential stay negative in the pH range of 1 to 12, with

no visible isoelectric point. At acidic pH <5, the potential maximum is near pH =1 with a value of |-

17.3 mV|, and as the pH rises there is a drop in potential, with a minimum of |-9.8 mV| at about pH

~3.5. Then at the neutral region around pH =7 the potential reaches a new maximum of |-20.7 mV| at

pH ~7.5. Finally at basic pH >8, the potential keeps increasing in absolute value, with the exception

of two spikes observed at pH ~8 and pH ~10. At pH ~9, and pΗ ~11.5 and 12.5 the values are |-22.4

mV|  and  |-26.8  mV|  respectively.  Thus  we  conclude  that  the  best  suspension  stability  will  be

achieved at highly alkaline pH ~11.5 or 12.5. However, in regards to printability, since our inkjet

printhead has a preferred working range of about 4< pH <9, the highly alkaline pH >9 are to be

excluded.  To  achieve  the  best  of  both  factors,  stability  and  printability,  the  pH  of  LSM/YSZ

suspensions should be regulated at around pH =9.

Figure 3.5. Zeta potential of milled LSM/YSZ (neyco) powders dispersed in distilled water.
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3.2. Effect of different solvents on YSZ and Ni/YSZ powders

After characterizing the powders, our first tests on suspension formulation focused on (1) study

the  effect of solvents, and then on (2) formulating more complex inks in order to achieve suspension

stability and even printability. Since our materials of interest, the anode and cathode material, both

consist  of   YSZ,  main  solvent  tests  were  conducted  with  plain  YSZ,  as  well  as  Ni/YSZ  for

comparison.

As main solvents a number of aliphatic alcohols, along with distilled water, were chosen due to

their dissolution capabilities. In a standard procedure, YSZ and Ni/YSZ powders where mixed with

either dist. water, methanol, ethanol, 2-propanol, or 1-butanol, in a concentration of 10 mg/mL. The

mixtures  where  vigorously  stirred  and  then  left  to  rest.  Table  3.1  contains  some  basic

physicochemical properties of these chemicals, such as boiling point and viscosity, that are of great

importance on ink development.

Table 3.1: Physicochemical properties of tested solvents (rounded up for simplification purposes) 

Solvents Boiling point Viscosity, at 25℃ Surface tension

distilled water 100 ℃ 0.89 cP 72 mN/m

Methanol (MethOH) 65 ℃ 0.5 cP 22 mN/m

Ethanol (EthOH) 78 ℃ 1.1 cP 22 mN/m

2-propanol (PrOH) 97 ℃ 1.9 cP 21 mN/m

1-butanol (ButOH) 99 ℃ 3.1 cP 22.6 mN/m

In regards to printability, solvents with higher boiling point tend to perform better on jetting and

post-processing of films, since uneven evaporation of solvents during those stages can lead to ink

properties changing unexpectedly causing issues during printing or print fidelity issues. So, water, 2-

propanol and 1-butanol are the best candidates regarding boiling point. Moreover, surface tension of

aliphatic alcohols are closer to the recommended working area for inkjet printing of 27–33  mN/m,

and inks with viscosity close to 1 cP can be printable but with limited performance.

In regards to suspension stability, on Figure 3.6 pictures of the suspensions during four days of

storage are presented. Different solvents have different impact on particle suspension. We can clearly

observe  that  water,  as  a  solvent  on  its  own,  fails  to  disperse YSZ and Ni/YSZ particles.  Most

specifically from even the first day of storage water and methanol displayed higher sedimentation

rates for both the YSZ materials and the Ni/YSZ alike. On the other hand 2-propanol and 1-butanol

seem to  achieve  better  stability  without  the  presence  of  any additives,  with  less  sedimentation

occurring.
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Figure 3.6. Images of powders dispersed in solvents: water, methanol, ethanol, 2-propanol, 1-butanol (left

to right). (a) YSZ (Stanford), (b) YSZ (UCM), (c) Ni/YSZ, day of formulation, and (d) Ni/YSZ after four days.

3.3. Anode powder suspensions

3.3.a Study of Ni/YSZ water-based inks

Moving to the water-based suspensions of Ni/YSZ, based on bibliography presented on section

1.7,  we decided to test  a water-ethanol system with polymer PVP as a thickener,  and a low to

moderate solid loading,of 1 or 3 wt%. Suspension compositions are presented in Table 3.2 below.

Two different contents of PVP and of solid loading were tested on a fixed water:ethanol solvent ratio

of 80:20.

Table 3.2: Composition of water-based Ni/YSZ suspensions

Code Solvent #1 Solvent #2 Thickener Solid

WI-1 d. water 80% ethanol 20% PVP 10 wt% 1 wt%

WI-2 d. water 80% ethanol 20% PVP 10 wt% 3 wt%

WI-3 d. water 80% ethanol 20% PVP 20 wt% 1 wt%

WI-4 d. water 80% ethanol 20% PVP 20 wt% 3 wt%

Ni/YSZ  water-based  suspensions  were  stored  and  studied  for  up  to  eight  days.  Optical

observations of suspension stability are presented on Figure 3.7. Precipitated powders were evident

since the first day of formulation, after 1 hour of storage. The sedimentation was semi-reversible, by

shaking the storage vial for several minuted vigorously. By these observations, the water-based inks
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of  Ni/YSZ were  labeled  as  unstable  and inappropriate  regarding  suspension  stability.  However,

additional  measurements  were  conducted  in  order  to  study  other  characteristics  of  interest  like

particle mean diameter and viscosity.

Figure 3.7. Image of water-based Ni/YSZ suspensions after 1 day of storage (a) overview, (b) WI-1 tilted,

(c) WI-2 tilted, (d) WI-3 tilted, and (e) WI-4 tilted.

 The  data  of  particle  mean  effective  diameter  over  several  days,  as  measured  by  DLS,  are

presented in a comparison plot, on Figure 3.8. Combining optical observations with particle mean

effective diameter data, we can confirm the following; during storage, the mean diameter of particles

seem to increase, indicative of the agglomeration that is taking place. This is especially the case for

low solid loading inks, WI-1 and WI-3 both of 1 wt% powder, while in the case of  moderate solid

loading inks, WI-2 and WI-4 both of 3 wt% powder, they seemed to perform better with a more

stable particle mean diameter over time. Unfortunately, since most inks displayed an average particle

mean diameter of 500 nm or above, they are inadequate by the standards of inkjet printing, requiring

nanoparticle diameter of less than 0.45 μm to avoid nozzle clogging. The only promising exception

would be sample WI-4, with a particle mean diameter of about 450 nm during storage. We can also

observe that inks with higher PVP content performed better over time in comparison to their powder

loading equivalents with lower PVP content. This confirms that by adding a polymer as a dispersant

and a thickener, better results can be achieved in regards to suspension stability. This effect may be

attributed either to the increase in viscosity, or to the steric effects between particles caused by the

extended chains of PVP in water, or to both, by reducing aggregation and sedimentation rates.
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Figure 3.8. Comparative plot of particle mean diameter during storage for Ni/YSZ water-based inks.

Viscosity and pH measurements of WI inks of Ni/YSZ were conducted and results are presented

on Table 3.3 below. The  pH and viscosity values of suspensions with lower PVP content, WI-1 and

WI-2, of Ni/YSZ are compliant to the preferred working parameters of inkjet printing. However in

regards to the suspensions with higher polymer content, WI-3 and WI-4, viscosity was more than the

acceptable in the temperature ranged measured, and the pH is lower than the other two suspensions,

closer to the lower limit of pH =4. Ni/YSZ addition seems to raise the pH, while PVP addition seems

to lower it.

Table 3.3:  Viscosity and pH values of Ni/YSZ water-based suspensions.

Code pH Viscosity at 25℃ Viscosity at 30℃ Viscosity at 35℃

WI-1 4.5 8.744 cP 7.203 cP -a

WI-2 5.4 8.474 cP 7.112 cP 6.073 cP

WI-3 4.3 -a -a -a

WI-4 4.1 -a 23.29 cP -a

a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)

Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates, a

valuable information for regulating post-printing treatment, as well as the true value of solid loading

percentage of our formulated inks. This data is presented on Figure 3.9 below. While water and

ethanol are evaporated before reaching 100 , displaying a steep slope on the graph in Figure 3.9,℃

polymer PVP needs to be heated up at 400 to 450  to be removed completely. After 450  the℃ ℃

remaining percentage indicates the solid loading. The remaining percentage however is much less
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than the one used on formulation (1 and 3 wt%), which should not be attributed to actual mass loss,

but most likely to the sampling method, especially since particle concentration in the inks was

higher at the bottom of the vessel than in the middle of the slurry, where the sample was acquired.

Also evaporation of solvents at room temperature may be contributing, making the initial weight

measurement inaccurate.

Figure 3.9. Thermogravimetric analysis of Ni/YSZ water-based inks, with caption at 450 – 500 ℃.

Overall,  water-based  suspensions  of  Ni/YSZ seem to  need  more  optimization  in  regards  to

additives  used,  suggesting  for  additional  dispersant  and their  concentration  testings  in  order  to

improve  suspension  stability,  while  a  lower  polydispersity  of  particles  would  also  be  of  great

benefit.

3.3.b Study of Ni/YSZ glycol-based inks

Moving to the glycol-based suspensions of Ni/YSZ, based on bibliography presented on section

1.7, we decided to test ethylene glycol (EG) or propylene glycol (PG) suspensions, with co-solvent

1-butanol, and an amine additive (triethanolamine, TEA) as pH regulator and dispersant, and with

moderate solid loading, of 5 wt%. Table 3.4 contains some basic physicochemical properties of these

chemicals, such as boiling point and viscosity, that are of great importance on ink development. 
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Table 3.4: Physicochemical properties of compounds used (rounded up for simplification purposes) 

Solvents Boiling point Viscosity, at 25℃ Surface tension

ethylene glycol (EG) 197 ℃ 16.1 cP 48 mN/m

propylene glycol (PG) 188 ℃ 42 cP 38 mN/m

1-butanol (ButOH) 99 ℃ 3.1 cP 22.6 mN/m

triethanolamine (TEA) 335 ℃ 609 cP 51.5 mN/m

Suspension compositions are presented in Table 3.5. Two different contents of additive TEA were

tested either on a fixed EG:butanol solvent ratio of 80:20, a fixed PG:butanol solvent ratio of 80:20,

or a fixed PG:butanol solvent ratio of 70:30. Thus the parameters tested in composition of glycol-

based Ni/YSZ suspensions are the glycol type, the glycol:butanol ratio and the additive content.

Table 3.5: Composition of glycol-based Ni/YSZ suspensions

Code Solvent #1 Solvent #2 Additive Solid

NI-2 1-butanol 20% EG 80% 1% TEA 5 wt%

NI-3 1-butanol 20% EG 80% 2% TEA 5 wt%

NI-4 1-butanol 20% PG 80% 1% TEA 5 wt%

NI-5 1-butanol 20% PG 80% 2% TEA 5 wt%

NI-6 1-butanol 30% PG 70% 1% TEA 5 wt%

NI-7 1-butanol 30% PG 70% 2% TEA 5 wt%

Suspensions were stored and studied for up to  ten days.  Optical  observations of suspensions

stability  for  NI-2  and  NI-3  samples  are  presented  on  Figure  3.10.  For  inks  NI-4  to  NI-7

sedimentation was similar of  those presented in Figure 3.10. Precipitated powders were evident for

all  formulations after 3 days of storage.  The sedimentation was semi-reversible,  by shaking the

storage vial for several minuted vigorously. By these observations, the glycol-based inks of Ni/YSZ

were  labeled  as  unstable  and  inappropriate  regarding  suspension  stability.  However  additional

measurements were conducted in order to study other characteristics of interest.

Figure 3.10. Image of glycol-based Ni/YSZ suspensions after 3 days of storage (a) overview, (b) NI-2

tilted, and (c) NI-3 tilted.
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 The data of particle mean effective diameter over eight days, as measured by DLS, are presented

in a comparison plot, on Figure 3.11. We can clearly observe that in regards to the glycol type used,

PG seems to keep Ni/YSZ nanoparticle suspensions more stable that EG, with NI-2 and NI-3 EG-

based samples presenting larger particle mean diameter than the NI-4 to NI-7 PG-based samples.

Interestingly, PG-based suspensions performed much better than water-based, with mean diameter of

less than 0.45 μm. The samples with 80:20 ratio of PG:butanol (NI-4 and NI-5) display greater

standard deviation than samples with 70:30 ratio of PG:butanol (NI-6 and NI-7), making the latter a

more reliable formulation.

Figure 3.11. Comparative plot of particle mean effective diameter during storage for Ni/YSZ glycol-based

suspensions.

Viscosity and pH measurements of NI inks of Ni/YSZ were conducted and results are presented

on Table 3.6 below. We observe that glycol-based suspensions have higher pH values than the water-

based. Also, samples of higher additive content, 2 wt% TEA (NI-3, 5, and 7), have higher pH than

the rest, due to the alkaline nature of the amine additive. Moreover, PG-based samples (NI-4 to 7)

tend to have higher pH than EG-based (NI-2, and 3), while samples with higher 1-butanol content

(NI-6 and NI-7) have even higher pH, reaching close to the upper pH limit of 9 for inkjet printing

inks. In regards to the viscosity of samples, EG-based suspensions exhibit lower values than their

PG-based equivalents, which can be attributed to the greater viscosity of PG as presented in Table

3.4. This is also the case for samples with lower PG:butanol ratio, of 70:20, in comparison to the
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80:20 equivalents. When comparing NI-4 to NI-5, viscosity values are increasing in respect to the

additive TEA content, which again is in agreement with data provided  in Table 3.4. Glycol-based

suspensions overall exhibit greater viscosity than water-based inks, with values more close to the

optimal working parameters, of 10–12 cP, especially at temperatures above the room temperature.

Table 3.6:  Viscosity and pH values of Ni/YSZ glycol-based suspensions.

Code pH Viscosity at 25℃ Viscosity at 30℃ Viscosity at 35℃

NI-2 7.7 -a -a -a

NI-3 8.0 12.77 cP 10.80 cP -a

NI-4 8.0 21.78 cP 16.90 cP -a

NI-5 8.2 -a 19.11 cP 15.20 cP

NI-6 8.7 19.22 cP 15.34 cP 12.30 cP

NI-7 9.0 -a -a -a

a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)

Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates, a

valuable information for regulating post-printing treatment, as well as the true value of solid loading

percentage of our formulated inks. This data is presented on Figure 3.12 below for NI-4 and NI-5

suspensions only.  Most of the mass of measured samples is evaporated before reaching 150 .℃

However PG:butanol ratio of the suspensions measured is 80:20, but since 1-butanol boiling point is

about  100  and  PG boiling  point  is  about  180 ,  it  seems  like  most  of  the  mass  of  PG is℃ ℃

evaporating rapidly from 100  up to 150 , and then more slowly from 150  up to 180 . After℃ ℃ ℃ ℃

335 , which is the boiling point of additive TEA, the remaining percentage indicates the solid℃

loading. The remaining percentage for each suspension however is less than the one used during

formulation (5 wt%), which should not be attributed to actual mass loss, but most likely to the

sampling method, especially since particle sedimentation led to concentration variation in the slurry.

Also evaporation of solvents at room temperature may be contributing, making the initial weight

measurement inaccurate.
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Figure 3.12. Thermogravimetric analysis of Ni/YSZ glycol-based inks, with caption at 450 – 500 ℃.

Overall, glycol-based suspensions of Ni/YSZ appear to be more promising than the water-based

suspensions, specifically in the case of PG-based rather than EG-based inks. However, they seem to

need more optimization in regards to percentage and ratios of components used, in order to improve

suspension stability, while a lower polydispersity of particles would also be of great benefit.

3.3.c Study of Ni/YSZ terpineol-based inks

Moving  to  the  terpineol-based  suspensions  of  Ni/YSZ,  based  on  bibliography  presented  on

section 1.7, we decided to test a mixture of terpineol with co-solvent methanol or 1-butanol, along

with additive ethyl cellulose (EthCell) as thickener and dispersant, and high solid loading of 10 wt%.

Suspension compositions are presented in Table 3.7. Apart from the two co-solvents tested, three

different contents of additive EthCell were tested on a fixed alcohol:terpineol solvent ratio of 60:40.

Table 3.7: Composition of terpineol-based Ni/YSZ suspensions

Code Solvent #1 Solvent #2 Additive Solid

TI-M methanol 60% terpineol 40% - 10 wt%

TI-1 methanol 60% terpineol 40% 5 wt% EthCell 10 wt%

TI-2 methanol 60% terpineol 40% 10 wt% EthCell 10 wt%

TI-B 1-butanol 60% terpineol 40% - 10 wt%

TI-3 1-butanol 60% terpineol 40% 1 wt% EthCell 10 wt%

TI-4 1-butanol 60% terpineol 40% 5 wt% EthCell 10 wt%
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Ni/YSZ terpineol-based  suspensions  were  stored  and studied  for  up  to  twelve  days.  Optical

observations of suspension stability revealed that the formulated slurries sediment in high rates, with

not  enough  reversibility.  Most  probably,  with  the  current  polydisperse  nature  of  Ni/YSZ  the

increased solid loading of 10wt% was excessive, with most of the sedimenting powders forming a

compact solid layer on the bottom of the storage vial, while the rest was successfully suspended on

the ink vehicle for several days. Precipitated powders were evident since the first day of formulation,

after several hours of storage. However additional measurements were conducted in order to study

other characteristics of interest like particle mean effective diameter and viscosity.

The data of particle mean effective diameter over eight days, as measured by DLS, are presented

in a comparison plot, on Figure 3.13. Interestingly, ethyl cellulose addition does not seem to have the

dispersing effect that was anticipated, with higher additive contents, resulting in larger particle mean

diameter. Moreover, in regards to the co-solvent used, the samples with methanol achieve a smaller

mean diameter than those with 1-butanol, with values below the 0.45 μm prerequisite for inkjet inks

in the case of TI-M. This also becomes evident when comparing sample TI-1 to the equivalent TI-4,

both with 5 wt% of ethyl cellulose, where TI-1 with methanol as a co-solvent exhibits both a lower

particle mean diameter and a smaller measurement error, meaning sample has smaller polydispersity.

Figure 3.13. Comparative plot of particle mean effective diameter during storage for Ni/YSZ terpineol-

based suspensions.
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Viscosity and pH measurements of TI inks of Ni/YSZ were almost impossible to conduct due to

equipment  limitations  (viscosity  >  25  cP).  However,  data  acquired  are  presented  on  Table  3.8.

Terpineol-based samples are of high viscosity, thus leading to the conclusion that more formulation

testing need to  be conducted in  order  to  lower viscosity  for  printing in  the range of 30–45  ℃

temperatures.  Sample  TI-B  with  1-butanol  as  co-solvent  and  no  additive-thickener,  exhibit

acceptable viscosity of 12.58 cP at 35 . In regards to pH, the two successfully measured samples℃

display an alkaline pH in the boundaries of acceptable pH values for use as inkjet printing inks.

Table 3.8: Viscosity and pH values of Ni/YSZ terpineol-based suspensions.

Code pH Viscosity at 25℃ Viscosity at 30℃ Viscosity at 35℃

TI-M 7.3 -a -a -a

TI-1 -a -a -a -a

TI-2 -a -a -a -a

TI-B 7.7 18.37 cP 14.70 cP 12.58 cP

TI-3 -a -a -a -a

TI-4 -a -a -a -a

a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)

Overall, terpineol-based suspensions of Ni/YSZ even thought they look much promising based

on literature, the high polydispersity of powders along with high viscosity of solvent terpineol at

room temperature consist limiting factors for the ink development and study, and more formulations

must  be  tested  in  order  to  decrease  room  temperature  viscosity  of  suspensions,  for  the

measurements to be possible, and to improve the suspension stability.

3.4. Cathode powder suspensions

As presented in section 1.7, ball milling is a very common technique in order to decrease particles

size  and  to  reduce  polydispersity  of  a  sample.  It  is  extensively  used  in  literature  over  ink

development of inkjet inks. As discussed in section 3.1, milling of the LSM/YSZ cathode material

powders has achieved better homogeneity on particle sizes. Thus, the next step is to test the effect of

the  milling  treatment  of  LSM/YSZ  powders  on  the  suspension  stability,  in  comparison  to

suspensions formulated with the as-obtained powders. 
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3.4.a Study of LSM/YSZ water-based inks

Effect of powder milling treatment on suspension stability  

Starting with water-based suspensions, formulation was guided by literature presented in section

1.7  and  experience  with  Ni/YSZ  water-based  suspensions.  Thus,  we  decided  to  test  different

water:ethanol solvent ratios from 80:20 to 70:30 and 60:40, with the lower polymer PVP content of

10 wt%, and two increased but moderate solid loading, of 3 and 5 wt%. Suspension compositions are

presented in Table 3.9 below, and were formulated both with as-obtained and with milled powders.

Table 3.9: Composition of water-based LSM/YSZ suspensions

Code Solvent #1 Solvent #2 Thickener Solid

WI-2 d. water 80% ethanol 20% PVP 10 wt% 3 wt%

WI-5 d. water 70% ethanol 30% PVP 10 wt% 3 wt%

WI-6 d. water 60% ethanol 40% PVP 10 wt% 3 wt%

WI-7 d. water 80% ethanol 20% PVP 10 wt% 5 wt%

WI-8 d. water 70% ethanol 30% PVP 10 wt% 5 wt%

WI-9 d. water 60% ethanol 40% PVP 10 wt% 5 wt%

LSM/YSZ  water-based  suspensions  were  stored  and  studied  for  up  to  eleven  days.  Optical

observations of suspension stability are presented on Figure 3.14, for both the as-obtained and milled

samples. Regarding the effect of milling of LSM/YSZ powders, it has a clearly stabilizing effect

since after three days of storage, water-based inks with the as-obtained powders display a phase

separation  where  the  liquid  phase  has  a  gray  color  which  indicates  a  higher  presence  of  YSZ

powders (white) than LSM powders (black), and a black solid layer is evident on the bottom of the

storage vial, indicating precipitation of LSM or LSM/YSZ powders. There is no clear explanation for

this  effect,  and additional research should be conducted in order to validate if  there is indeed a

powder phase separation. However, in the case of suspensions formulated using the milled powders,

suspension stability has been improved dramatically, with all of the samples maintaining an optically

more uniform concentration of LSM/YSZ powders in the different (upper vs lower) areas of the

slurry. Minor sedimentation was evident after the third day of storage at the bottom of the vial, that

was fully reversible by shaking the vial vigorously. Water-based inks of as-obtained LSM/YSZ were

labeled as unstable and inappropriate regarding suspension stability, and additional measurements

were conducted to the milled samples in order to study other characteristics of interest like particle

mean diameter and surface tension.
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Figure 3.14. Image of water-based LSM/YSZ suspensions with as-obtained and milled powders, after three

days of storage.

 The data of particle mean diameter over several days are presented on Figure 3.15. Combining

optical  observations  with  particle  mean  effective  diameter  data,  we can  confirm the  following;

during storage, the mean diameter of particles seem to stay stable over the span of eleven days, with

very little sedimentation. Also, measurement error is low indicating a low polydispersity. Moreover,

all of the samples exhibit small mean diameters, lower than to 300 nm, during storage, which is

much lower than the 0.45 μm upper limit for printability with inkjet printing. The most promising

results for water-based inks of milled LSM/YSZ appear to be samples with the moderately higher

solid loading of 5 wt%.

Figure 3.15. Comparative plot of particle mean effective diameter during storage for milled LSM/YSZ

water-based suspensions.
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Since WI suspensions with milled LSM/YSZ displayed better stability than previous samples,

some additional measurements were conducted to measure another property of great importance for

inkjet printable inks, the surface tension. Thus, surface tension of  WI suspensions was measured

using the pendant drop method and results are presented on Figure 3.16 below.

Figure  3.16.  Comparative  plot  of  surface  tension  over  drop  age  for  milled  LSM/YSZ  water-based

suspensions.

Surface tension values over drop age is a valuable measurement since not only a value of surface

tension  is  acquired  for  each  sample,  but  the  evaporation  of  the  droplet  solvents  may  be  also

observed, showing it effect on surface tension values over age of the pendant drop. The first thing to

notice,  is  the increasing trend of surface tension over  time,  possibly due to  the droplet  volume

dropping by evaporation,  since  no  surfactant  is  present,  as  reported  in  the  case  of  J.  Berry  et.

al.72 This trend is more evident for samples WI-7, WI-8 and WI-9, while sample WI-6 seem to

exhibit more stable values over time. However, since the preferred working values of surface tension

for  inkjet  printing  are  from  28  to  33  mN/m,  sample  WI-9  seem  to  be  optimal.  At  a  lower

water:ethanol ratio of 60:40, samples WI-6 and WI-9, surface tension is lower and more stable than

samples WI-7 and WI-8 with higher ratios, 80:20 and 70:30 accordingly. Additionally if the volume

of the pendant drop is plotted in regards to the age of the drop, then the evaporation rate of the

suspensions may be visualized. On Figure 3.17, evaporation trends for samples WI-6, WI-7 and WI-

9 are presented. As was expected, sample WI-7, with the lower ethanol content, tends to evaporate

more slowly than WI-6 or WI-9 of double the ethanol content. Overall, during the 70 seconds of

measurement none of the samples lost more than 20% of their initial pendant drop volume.
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Figure 3.17. Comparative plot of normalized pendant drop volume percentage over drop age for milled

LSM/YSZ water-based suspensions.

Thermogravimetric analysis of suspensions is presented on Figure 3.18. As in Ni/YSZ water-

based suspensions, water and ethanol evaporate before reaching 100 , displaying a steep slope,℃

whereas polymer PVP decomposes at 400 to 450 . After 450  the remaining percentage indicates℃ ℃

the solid loading, of milled LSM/YSZ. The remaining percentage however is less than the one used

during formulation of 3 and 5 wt%, which should not be attributed to mass loss, but most likely to

the sampling method and evaporation of solvents at room temperature.

Figure 3.18. Thermogravimetric analysis of milled LSM/YSZ water-based inks, with 450–500  caption.℃
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Overall,  water-based suspensions of milled LSM/YSZ seem very promising so far, with only

surface tension needing more fine tuning, suggesting the use of surfactants in small quantities, in

order to lower the high surface tension attributed to water. Additional measurements of viscosity

would be also useful.

3.4.b Study of LSM/YSZ glycol-based inks

Effect of powder milling treatment on suspension stability  

Moving to glycol-based suspensions of LSM/YSZ, formulation was guided by literature presented

in section 1.7 and experience with Ni/YSZ water-based suspensions. Thus, we decided to focus on

propylene glycol as a main solvent with co-solvent 1-butanol with amine additive triethanolamine as

pH regulator and dispersant, and with varying solid loading. Initial suspensions were formulated

both with as-obtained and with ball milled powders and compositions are presented on Table 3.10.

Table 3.10: Composition of glycol-based LSM/YSZ initial suspensions

Code Solvent #1 Solvent #2 Additive Solid

NI-4 1-butanol 20% PG 80% 1% TEA 5 wt%

NI-6 1-butanol 30% PG 70% 1% TEA 5 wt%

NI-8 1-butanol 40% PG 60% 1% TEA 5 wt%

NI-5 1-butanol 20% PG 80% 2% TEA 5 wt%

NI-7 1-butanol 30% PG 70% 2% TEA 5 wt%

NI-9 1-butanol 40% PG 60% 2% TEA 5 wt%

LSM/YSZ initial glycol-based suspensions were stored and studied for up to eleven days. Optical

observations of suspension stability are presented on Figure 3.19, for both the as-obtained and milled

samples. As in the case of water-based suspensions, here it also procure a stabilizing effect, notably

since after three days of storage glycol-based inks with the as-obtained powders display a black

precipitated LAM/YSZ powder layer at  the bottom of the storage vial.  However, in the case of

suspensions  formulated  using  the  milled  powders,  suspension  stability  has  been  improved

dramatically,  with  all  of  the  samples  maintaining  an  optically  more  uniform  concentration  of

LSM/YSZ powders in the different (upper vs lower) areas of the slurry. Minor sedimentation was

evident after the third day of storage at the bottom of the vial, that was fully reversible by shaking

the  vials  vigorously.  PG-based  inks  of  as-obtained  LSM/YSZ  were  labeled  as  unstable  and

inappropriate, while additional measurements were conducted to the milled samples in order to study

other characteristics of interest.
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Figure 3.19. Image of glycol-based LSM/YSZ initial suspensions with as-obtained and milled powders,

after three days of storage.

The  data  of  particle  mean  effective  diameter  over  several  days,  as  measured by  DLS,  are

presented in a comparison plot, on Figure 3.20. Combining optical observations with particle mean

effective diameter data, we can confirm the following; during storage, the mean diameter of particles

seem to stay stable over the span of eleven days, with very little sedimentation. Also, measurement

error is low indicating a low polydispersity. Moreover, all samples exhibit small mean diameters,

lower or equal to 200 nm during storage, which is much lower than the 0.45 μm upper limit for

printability with inkjet printing, and even smaller than the water-based inks of milled LSM/YSZ. The

most promising results for PG-based inks with milled LSM/YSZ appear to be sample NI-6 of 70:30

solvent ratio and 1 wt% of TEA.

Figure 3.20. Comparative plot of particle mean effective diameter during storage for milled LSM/YSZ

glycol-based initial suspensions.
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Viscosity (at 30℃) of these samples was measured to be 16.694 cP for sample NI-4, and 18.480

cP for sample NI-5, close to our preferred working area 10–12 cP, which could be easily achieved by

heating the samples up to 35 or 40 ℃. Unfortunately no other viscosity data is available.

Since PG-based initial suspensions with milled LSM/YSZ displayed good stability, measurements

of  surface  tension  were  conducted.  Surface  tension  of  NI suspensions  was  measured  using  the

pendant drop method and results are presented on Figure 3.21 below.

Figure 3.21.  Comparative plot of surface tension over drop age for milled LSM/YSZ glycol-based initial

suspensions.

PG-based samples seem to exhibit a more stable surface tension over time, in comparison with

water-based samples presented in the previous section (see Figure 3.16), indicating less evaporation

at room temperature and more a stable ink composition on air. Apart from NI-4 for whom little data

is  available,  for  the  rest  of  these  samples  surface  tension  tends  to  decrease  as  the  PG content

decreases, or in other words as the 1-butanol content increase. This is more evident for samples NI-7,

NI-8 and NI-9, where PG content is decreasing as NI-7 > NI-8 > NI-9. Moreover, samples with

higher content of additive TEA (NI-7, NI-8 and NI-9) exhibit smaller values of surface tension than

that of lower additive content (NI-5 and NI-6). Since the preferred working values of surface tension

for inkjet printing are from 28 to 33 mN/m, none of these samples seem to be truly optimal, but

samples NI-5, NI-6 and NI-7 are closer to the desired values, with a surface tension of 25 ±2 mN/m.

Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates.

This data is presented on Figure 3.22 below. As in glycol-based suspensions of Ni/YSZ, most of the
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mass of measured samples is evaporated before reaching 150 . After 335 , which is the boiling℃ ℃

point  of  additive  TEA,  the  remaining  percentage  indicates  the  solid  loading.  This  remaining

percentage however is less than the one used during formulation of 5 wt%, which should not be

attributed to mass loss, but most likely to the sampling method and evaporation of solvents at room

temperature.

Figure 3.22. Thermogravimetric analysis of milled LSM/YSZ glycol-based initial suspensions, with caption

at 450 – 500 .℃

Overall, glycol-based suspensions of milled LSM/YSZ seem very promising so far, even more

promising than water-based suspensions of milled LSM/YSZ due to the smaller mean diameter of

particles  achieved.  However,  optimization  of  surface  tension  is  needed,  suggesting  the  use  of

additional  additives  in  small  quantities,  in  order  to  slightly  increase  surface  tension  values.

Additional measurements of viscosity would also be useful.

After establishing the effectiveness of the milling on LSM/YSZ powders used for the glycol-

based  suspensions  as  well,  three parameters  on  ink  development  where  tested,  in  order  to

methodically optimize the suspension properties, and asses the effect of each parameter. The three

parameters are as following: solid loading vs solutions ratio, filtration, and pH regulation. Each

parameter will be presented and discussed separately.

51



First testing parameter: solid loading vs solutions rati  o  

To test the effect on the suspensions of solid loading vs solutions ratio, three different milled

LSM/YSZ solid loading (0.5 – 3 wt%), each tested over three different PG:1-butanol ratios (90:10,

80:20  and  70:30),  while  keeping  amine  additive  triethanolamine  stable  on  1  wt%.  Suspension

compositions for solid loading vs solutions ratio optimization are presented in Table 3.11 below.

Table 3.11: Composition of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions

ratio optimization

Code Solvent #1 Solvent #2 Additive Solid

PI-10 1-butanol 10% PG 90% 1% TEA 0.5 wt%

PI-11 1-butanol 20% PG 80% 1% TEA 0.5 wt%

PI-12 1-butanol 30% PG 70% 1% TEA 0.5 wt%

PI-1 1-butanol 10% PG 90% 1% TEA 1 wt%

PI-2 1-butanol 20% PG 80% 1% TEA 1 wt%

PI-3 1-butanol 30% PG 70% 1% TEA 1 wt%

PI-4 1-butanol 10% PG 90% 1% TEA 3 wt%

PI-5 1-butanol 20% PG 80% 1% TEA 3 wt%

PI-6 1-butanol 30% PG 70% 1% TEA 3 wt%

Suspensions were stored and studied for up to fifteen days.  Optical observations of suspension

stability are presented on Figure 3.23. As in the case of previously tested glycol-based suspensions

of milled powders, we have a stabilizing effect of powders in the bulk liquid phase of the slurry,

however due to the scale up of samples the sedimented black powder layer forming on the bottom of

the  vials  is  now more  easily  observable.  Sedimentation  is  fully  reversible  by shaking the  vials

vigorously, even after ten days of storage (see APPENDIX II: Images of sedimentation reversibility).

Additional measurements were conducted to the samples in order to study other characteristics of

interest.

Data of particle mean effective diameter over several days, as measured by DLS, are presented in

a comparison plot, on Figure 3.24. The first thing we notice is that mean effective diameter values

are still below 200 nm. This is way lower than the 0.45 μm upper limit for printability with inkjet

printing, and even smaller than the water-based inks of milled LSM/YSZ, or the previous tested

glycol-based  inks of milled LSM/YSZ for the first days of storage. Secondly, better mean diameter

stability  over  time  is  achieved by higher  solid  loading.  Over  storage  time,  measurement errors

broadens greatly on samples with lower solid loading, indicating greater polydispersity after storage,

and thus aggregation taking place. Moreover, regarding the solvent ratio, for samples with 0.5 wt%

loading we observe that a lower PG:butanol ratio can stabilize the mean diameter of samples over
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time. A similar conclusion can be drawn for samples with 1 wt% loading, however in the case of

samples with moderate 3 wt% loading the trend is not evident. The most promising of these results

appear to be samples PI-12 and PI-6, both with 70:30 solvent ratio, but different solid loading.

Figure 3.23. Image of  glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio

optimization, after three days of storage, overview (top) and tilted samples (bottom).

Figure  3.24.  Comparative  plot  of  particle  mean  effective  diameter  during  storage  of  glycol-based

suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization.
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Viscosity data of samples PI-3 and PI-6 is presented in Table 3.12. Both samples have a solvent

PG:butanol ratio of 70:30, with a solid loading of 1 and 3 wt% accordingly. Thus, any differentiation

of results should be attributed to the change in solid loading. Interestingly, PI-3 seem to exhibit

greater viscosity than that of PI-6 at measured temperatures, which is counter to the expected result,

since a grater solid loading (PI-6) should make the slurry more viscous. Additional measurements of

all  samples  should  be  conducted  in  order  investigate  further.  However,  both  samples  exhibit

acceptable viscosity at temperatures 30 to 35 , making them qualify as printable by inkjet printing.℃

Table 3.12: Viscosity values of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions

ratio optimization

Code Viscosity at 25℃ Viscosity at 30℃ Viscosity at 35℃

PI-3 16.389 cP 12.885 cP 10.343 cP

PI-6 14.434 cP 11.421 cP 9.209 cP

Since  PG-based  initial  suspensions  with  milled  LSM/YSZ  displayed  better  stability,

measurements of surface tension were conducted. Surface tension of NI suspensions was measured

using the pendant drop method and results are presented on Figure 3.25 below. 

Figure 3.25. Comparative plot of surface tension over drop age  of  glycol-based suspensions of milled

LSM/YSZ for solid loading vs solutions ratio optimization.
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The measured samples seem to exhibit a more stable surface tension over time, in comparison

with  water-based  samples  presented  in  a  previous  section  (see  Figure  3.16),  indicating  less

evaporation at room temperature and stable ink composition on air. However, they behave similarly

to the glycol-based samples presented in the previous section (see Figure 3.21). Most of the samples

exhibit a surface tension of 22 ±3 mN/m, with sample PI-2 being an exemption with 31 ±2 mN/m.

Since the preferred working values of surface tension for inkjet printing are from 28 to 33 mN/m,

only PI-2 of these samples seem to be more adequate.

Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates.

This data is presented on Figure 3.26 below. As in all glycol-based suspensions formulated so far,

most of the mass of measured samples is evaporated before reaching 150 . After 335 , which is℃ ℃

the  boiling  point  of  additive  TEA,  the  remaining  percentage  indicates  the  solid  loading.  This

remaining percentage however is less  than the one used during formulation of 5 wt%, which should

not be attributed to mass loss, but most likely to the sampling method and evaporation of solvents at

room temperature.

Figure 3.26. Thermogravimetric analysis of glycol-based suspensions of milled LSM/YSZ for solid loading

vs solutions ratio optimization, with caption at 450 – 500 ℃.
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Overall, the solid loading vs solutions ratio optimization for glycol-based suspensions of milled

LSM/YSZ provided us with a greater insight on the effect of these two parameters on suspension

stability and printability. As observed, the PG:butanol ratio constitutes a key factor for the initial

particle effective mean diameter, with the 70:30 ratio resulting in smaller particles sizes, indicating

smaller aggregates are present, and thus a better initial particle dispersibility. On the other hand, solid

loading constitutes a key factor for agglomeration ratio over storage, with the higher amounts of

loading displaying improved mean diameter stability and lower measurement errors, indicating less

aggregation over time and lower polydispersity of samples. On Figure 3.27, a comparative plot for

the 70:30 solvent ratio samples over different solid loading tested is presented. The most promising

results in regards to smaller starting mean diameter is achieved by the lower solid loading sample,

PI-12 of 0.5 wt%, however stability over time on small mean diameters is best achieved by higher

higher loading samples, PI-6 and NI-6 of 3 and 5 wt% accordingly. Some issues towards printability,

however, still need to be addressed like optimization of surface tension, in order to ensure stability

and  repeatability  of  process.  Regarding  viscosity  of  these  samples,  the  data  indicates  optimal

printability  can  be  achieved  at  30  to  35  ℃,  even  so  additional  measurements  in  a  variety  of

intermediate temperatures would also be useful.

Figure  3.27.  Comparative  plot  of  particle  mean  effective  diameter  during  storage  of  glycol-based

suspensions of milled LSM/YSZ of 70:30 solvent PG:butanol ratio.
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Second testing parameter: filtration

Since we established that the PG:butanol solvent ratio of 70:30 is the optimal for suspension

stability and diminishing aggregation over time, there is still an issue to be address on the partial yet

reversible sedimentation occurring in suspensions over time. For the convenience of the user during

printing, for applications on large-scale automated systems, for printing fidelity reasons, and to avoid

nozzle clogging a printing slurry should be homogeneous and consistent over time. Thus, in order to

avoid any sedimentation and exclude big aggregates occurring right on the first day of formulation,

the filtration of our most prominent suspensions was tested. Filters used were 0.45 μm nylon porous

filters. The filtered suspension compositions are presented on Table 3.13 below.

Table 3.13: Composition of filtered glycol-based suspensions of milled LSM/YSZ

Code Solvent #1 Solvent #2 Additive Solid

PI-12 filtered 1-butanol 30% PG 70% 1% TEA 0.5 wt%

PI-3 filtered 1-butanol 30% PG 70% 1% TEA 1 wt%

PI-6 filtered 1-butanol 30% PG 70% 1% TEA 3 wt%

NI-6 filtered 1-butanol 30% PG 70% 1% TEA 5 wt%

Optical observations of suspension stability are presented on Figure 3.28. The filtration of samples

seem  to  have  improved  the  suspensions,  with  no  evidence  of  sedimentation.  However,  during

filtration of the inks, an unknown quantity of material, solid powder and liquid vehicle, was kept in

the filter, which is evident by the augmented transparency of the samples and decrease in volume.

Thus we may presume that solid loading of filtered suspensions is not the same as in formulation, but

lesser.  In  conclusion,  filtration  seem to  improve  dispersion  of  powders,  while  limiting  massive

sedimentation.

Figure 3.28. Image of filtered glycol-based suspensions of milled LSM/YSZ of 70:30 solvent PG:butanol

ratio on different solid loading, on formulation day, overview (left) and tilted samples (right).
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Third testing parameter: pH regulation

As explained in section 3.1, the zeta-potential analysis of materials is a useful measurement for

the ink development process. From the measured zeta potential of milled LSM/YSZ powders (see

Figure 3.5), we established that the pH of LSM/YSZ suspensions should be regulated at around pH

=9, to optimize stability and printability. However, we opted to explore the effect of pH on our

optimal formulated suspensions,  in the area of pH suggested for optimal inkjet  printing of inks

(4≤ pH ≤ 9), thus  a pH regulation testing was conducted. To test the pH effect, two different routes

were followed. The first method was to regulate pH by changing the content of the amine additive

TEA, as is acts as a pH regulator. The second method was to regulate pH by using acidic solutions in

different quantities and of different acids. Suspension compositions for pH regulation are presented

in Tables 3.14 and 3.15 below.

Table 3.14: Composition of glycol-based milled LSM/YSZ suspensions with pH regulation by additive

Code Solvent #1 Solvent #2 Additive Solid

PI-0 1-butanol 30% PG 70% – 3 wt%

PI-13 1-butanol 30% PG 70% 0.5% TEA 3 wt%

PI-6 1-butanol 30% PG 70% 1% TEA 3 wt%

Table 3.15: Composition of glycol-based milled LSM/YSZ suspension with pH regulation by acids

Code Solvent #1 Solvent #2 Additive Solid Acidic solution

PI-3-1d-HCl 1-butanol 30% PG 70% 1% TEA 1 wt% 1 drop HCl 12M

PI-3-2d-HCl 1-butanol 30% PG 70% 1% TEA 1 wt% 2 drops HCl 12M

PI-6-1d-HCl 1-butanol 30% PG 70% 1% TEA 3 wt% 1 drop HCl 12M

PI-6-2d-HCl 1-butanol 30% PG 70% 1% TEA 3 wt% 2 drops HCl 12M

PI-6-2d-HNO 1-butanol 30% PG 70% 1% TEA 3 wt% 2 drops HNO3 15M

PI-6-2d-HPO 1-butanol 30% PG 70% 1% TEA 3 wt% 2 drops H3PO4 14M

PI-6-2d-HCl-6M 1-butanol 30% PG 70% 1% TEA 3 wt% 2 drops HCl 6M

PI-6-2d-HCl-2M 1-butanol 30% PG 70% 1% TEA 3 wt% 2 drops HCl 2M

First for the TEA content optimization, optical observations of suspension stability are presented

on Figure 3.29. The use of TEA as a pH regulator is evident here since without any use of TEA, PI-0

sample  has  a  pH =  6.5,  and as  expected  from zeta  potential  measurement,  the  slurry  tends  to

sediment more that pH region. The same behavior can be observed when adding 0.5 wt% of TEA, in

sample PI-13, where we still observe sedimentation of powders. In comparison, when reaching a

TEA content of 1 wt%, samples PI-6, the pH = 9 and the sedimentation is evidently diminished.
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Figure 3.29. Image  of glycol-based filtered suspensions of milled LSM/YSZ with pH regulation by TEA

content, overview (top) and tilted samples (bottom).

The data of particle mean diameter over several days, are presented in a comparison plot, on

Figure 3.30.  Combining optical observations with particle mean effective diameter data,  we can

confirm that PI-6 with 1 wt% of additive TEA has both a stable mean diameter of particles over time,

with  very  little  sedimentation,  and  measurement error  is  generally  low  indicating  a  low

polydispersity. However, all filtered samples exhibit small mean diameters, lower or equal to 200 nm

during  storage,  which  is  much  lower  than  the  0.45  μm upper  limit  for  printability  with  inkjet

printing.  Unfortunately  no  more  DLS  data  of  PI-13  is  available,  however  optical  observations

indicate that sedimentation on the 0.5 t% TEA sample would be greater than the 1 wt% sample.

Figure 3.30. Comparative plot of particle mean effective diameter during storage of glycol-based filtered

suspensions of milled LSM/YSZ with pH regulation by TEA content.

Secondly, for pH regulation with acidic solvents, optical observations of suspension stability are

presented on Figure 3.31. At the top row (a) of Figure 3.31, an overview of samples are presented in

the following order: PI-3, PI-3 with 1 drop HCl 12M, PI-3 with 2 drops HCl 12M, PI-6, PI-6 with 1

drop HCl 12M, PI-6 with 2 drops HCl 12M,  PI-6 with 2 drops HNO3 15M, PI-6 with 2 drops H3PO4
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14M, PI-6 with 2 drops HCl 6M, and PI-6 with 2 drops HCl 2M. By the first day of formulation,

sedimentation and phase separation is evident in some of the formulated samples. At the middle row

(b) of Figure 3.31, the samples are tilted horizontally and the sedimentation becomes more visible

with all of the pH regulated samples exhibiting greater sedimentation and even phase separation than

the original PI-3 and PI-6 samples. At the bottom row (c) of Figure 3.31, the samples after several

days  of  storage are presented,  from different  angles,  confirming the instability  of  pH regulated

samples.

Figure 3.31. Image  of  glycol-based suspensions of  LSM/YSZ with pH regulation by acid solutions, on

formulation day overview (a), tilted (b) and after several days of storage (c).

The pH values measured of pH regulated and original suspensions are presented on Table 3.16

below. In conclusion we established the effect of pH on our two most prominent inks and confirmed

that a pH = 9  can achieve better suspension stability.

Table 3.16: pH of glycol-based milled LSM/YSZ suspension with pH regulation by acids

Sapmles PI-3

PI-3
1 drop
HCl
12 M

PI-3
2 drops

HCl
12 M

PI-6

PI-6
1 drop
HCl
12 M

PI-6
2 drops

HCl
12 M

PI-6
1 drop
HNO3

15M

PI-6
1 drop
H3PO4

14M

PI-6
1 drop
HCl
6 M

PI-6
1 drop
HCl
2 M

pH 8 6.5 5.5 9 6.5 3 4 3 5 6.5
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3.5. Ink-to-substrate interaction

After the ink formulation and characterization of Ni/YSZ and LSM/YSZ suspensions, various of

the formulated samples where tested on their interaction with acquired YSZ pellet substrates. These

pellets are substrates fabricated to display low porosity, that will act as the electrolyte layer of the

printed SOFC device, on top of which the optimal anode and cathode inks are to be printed in the

future as a continuation of this work. Before rushing to printing procedures, first the ink-to-substrate

interaction must be tested, in order to establish the following factors:

1. what is the affinity of a drop of ink falling onto the substrate,

2. what is the state of a deposited layer after deposition onto the substrate, and

3. what is the state of a deposited layer after a post-deposition treatment.

These factors, as we will establish in this section, may be conclusive in choosing the optimal ink

composition for the inkjet printing of a thin film layer. In order to examine these parameters, a list of

measurements and procedures are needed. For the affinity of a drop onto the substrate, contact angle

measurements can be performed; for the state of the layer after deposition, the drops used in contact

angle measurements can be dried and observed; and finally, for the state of the layer after post-

deposition treatment, the same deposited and dried drops can be annealed and observed.

However, before proceeding to the results of these experiments, one should keep in mind the

following issues. A microscopic drop of the scale of 2 μL, as the ones generated by the contact angle

goniometer dispenser syringe in this project, cannot be considered equivalent to a microscopic drop

of the scale of 10 pL, as the ones generated by the nozzle of an inkjet  printer printhead. Also,

deposition one single droplet of such a volume (2 μL) is different to the deposition of many smaller

droplets (10 pL) summing up to the same greater volume into a film. And last, the deposited drops

produced by the as described testing method are thicker than a printed thin film that can be deposited

by an inkjet printer. In these regards, there may be great differences in between the testing method

and the actual printing, but nevertheless this method can provide formulators a general preview on

the fidelity for printed layers.

In  this  section,  contact  angle  measurements,  optical  observations  and SEM images  of  drops

deposited onto YSZ pellets will be briefly presented. Starting by contact angle measurements, on

Figure 3.32, a comparative overview of images of contact angles over time, for various formulated

suspensions with different compositions is presented.
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Figure 3.32. Image of contact angle over time of various formulated suspensions at different compositions.

The  first  observation  on  contact  angle  measurements  of  our  samples,  is  that  water-based

suspensions  in  general  exhibit  higher  initial  contact  angle  than  the  glycol-based  suspensions.

However for final measurements, after 450 seconds, the observation is reversed, with droplets of

glycol-based samples exhibiting a higher final contact  angle than those of water-based samples.

Measurements of droplets of water-based suspensions reveal an intensive reduction of the contact

angle over time (up to 50 degrees loss), most probably due to evaporation of solvents and some

absorption  in  the  substrate  structure.  In  contrast,  the  contact  angle  of  droplets  of  glycol-based

suspensions is decreasing much less over time (up to 5 degrees loss), which indicates a more stable

composition  in  air  and  on  top  of  the  YSZ pellet  substrate.  Moreover,  behavior  of  water-based

suspensions  onto the  substrate  seem to  greatly  depend on composition,  with  samples  of  higher

ethanol content displaying a higher evaporation/absorption rate, as expected due to the low boiling

point of ethanol solvent. In comparison, glycol-based droplets seem to depend less on suspension

composition.

After measurements of contact angles the droplets were kept in storage (inside a fume hood,

exposed to the ambient air) to dry for several days, and then optically observed and recorded. Then

half the samples were observed via SEM, and the other half were annealed in an air oven at 900 ℃,

with a heating ramp of 10  ℃/min. Then the annealed samples were also  optically observed and

recorded, and then observed via SEM. On Figure 3.33, images of optical observations of deposited

LSM/YSZ suspension drops onto YSZ pellets are presented. The samples in red squares are the
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droplets of water-based suspensions, while the samples in green squares are the droplets of glycol-

based  suspensions.  The  SEM  sample  preparation  involves  the  coating  non-highly-conducting

samples with a conducting thin layer of gold, which is accomplished in a sputtering system under

vacuum. On Figure 3.33 the first column depicts the samples of droplets onto YSZ pellets after

drying  (before  annealing).  On  the  second  column  the  same  samples  were  prepared  for  SEM

observation by coating with an Au layer by sputtering. On the third column a different set of samples

is presented before annealing, while on the fourth column the same samples are presented after the

annealing  post-deposition  treatment  and  after  sputtering  with  a  layer  of  gold  for  the  SEM

observations to occur.

Figure 3.33.  Images  of  deposited droplets  of  LSM/YSZ suspensions onto YSZ pellet  substrates,  before

annealing,  after  gold  coating  by  sputtering,  and  after  annealing  post-treatment  and   gold  coating  by

sputtering.

The first thing we notice is that before annealing samples of deposited LSM/YSZ suspensions

drops consist of dense black droplets of small dimensions (some mm in diameter) of varying sizes

due  to  the  variation  of  droplet  sizes  of  the  contact  angle  goniometer  syringe.  After  sputtering

procedure, the same samples are presented, with glycol-based drops staying intact while the water-

based deposited drops have collapsed, most probably due to the vacuum applied during sputtering.

This instability of water-based deposited drops indicated that the affinity of the ink onto the substrate

is poor, while for the glycol-based deposited drops this is not the case. Moreover, with the different

set of samples (third and fourth column) water-based inks seem to almost vanish after annealing,

leaving  a  small  residue  of  the  original  drop behinds.  Again,  the  glycol-based  droplets  seem to

perform well proving that the affinity of the ink to the substrate can bear the annealing procedure.
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This observations are not so unexpected since, from the literature overview on section 1.7, we have

seen that water-based inks tend to perform poorly in regards to the layer stability and the affinity

onto substrates.64

After  sample preparation,  observation via  SEM followed,  with images acquired presented on

Figures  3.34,  3.35  and 3.36,  below.  On Figure  3.34  the  collapse  of  water-based drops  is  more

evident, with large cracks splitting the drops in greater or smaller pieces, while in the case of glycol-

based suspensions the drops seem intact. However, on both type samples a higher concentration of

particles can be observed in the center of the deposited drop, which can be either attributed to

heavier agglomerates remaining in the center of the drop during its initial spreading when deposited,

or to an effect called the  Marangoni effect, which is the flow of particles resulting from surface

tension gradients.46,48 Also on the PG-based before annealing sample we can also observe a particle

concentration increase in the outside perimeter of the drop, an effect called the coffee-ring effect,

due to its similarity to coffee cup stains on a surface, which is attributed to the flow of particle due

to evaporation in deposited droplets.46,48

Figure 3.33. SEM images, in low magnification,  of deposited droplets of LSM/YSZ suspensions onto YSZ

pellet substrates, prior and after annealing.
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On Figure 3.34, SEM images of a higher magnification of the deposited drops is presented. On

the left part, the water-based samples images are taken from parts of the droplets that cracked and

stayed enough intact to observe. We can clearly see an amorphous phase present before annealing of

water-based drops, that is not evident after the annealing, which is the PVP polymer of the water-

based compositions. The PVP is acting as a binder in the deposited drop, keeping the particles from

forming agglomerates and spread out, which is clear by the image of the fine continuous layer of

particles after the annealing. Unfortunately, the PVP polymer is probably the cause of the collapse

of drops and the cracks appearing after the annealing procedure due to its high temperature boiling

point,  as discussed on the thermogravimetric  analysis  results.  Such a dense component of high

volume, in comparison to water and ethanol solvents, could cause cracks during its evaporation,

especially in this case where deposited layers are thick. In comparison, on the right part of the

figure, the glycol-based samples images are presented. Layers prior and after the annealing process

are  visibly  uniform  and  dense,  with  some  porosity  between  particles,  and  some  micro-cracks

present after the annealing. As discussed in chapter 1, the electrode layers are expected to optimally

have enough porosity for the molecules  of gaseous fuel and gaseous catalysis products to be able to

diffuse and penetrate the electrode layer.

Figure 3.33. SEM images, in high magnification, of deposited droplets of LSM/YSZ suspensions onto YSZ

pellet substrates, prior and after annealing.
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For the glycol-based samples, a comparison of the samples by solvent ratio and its effect on the

porosity of the layers, indicates that by reducing the PG content a higher uniformity of the layer,

and smaller cracks may be achieved.

Finally, a comparison of the glycol-based samples by solid loading and its effect on the porosity

of the layers is presented on Figure 3.34, with samples in different magnifications prior annealing,

on the left part of the figure, and after annealing, on the right part of the figure. The after annealing

samples  clearly  display  greater  cracks  than  the  prior  annealing  equivalent  samples.  Images  of

samples  before  annealing  seem to  suggest  that  by  increasing  the  solid  loading  the  porosity  of

deposited drops is decreased slightly. However, from images of samples after annealing, no such

conclusion can be drawn.

Figure 3.34. SEM images, in low and high magnification, of deposited droplets of glycol-based LSM/YSZ

suspensions onto YSZ pellet substrates, prior and after annealing.
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4. Conclusions

4.1. Summary and conclusion

To  summarize,  in  this  thesis  two  electrode  materials,  the  anodic  Ni/YSZ  and  the  cathodic

LSM/YSZ powders, have been studied as pigments for inkjet  ink formulation. Ink compositions

were  based on some initial  testing  of  dispersions  in  various  solvent,  as  presented,  but  also  on

personal past experience and on literature review of state-of-the-art publications. The suspensions

formulated are categorized in three different sections, based on the main solvent used in the vehicle

of the ink. The first group of suspensions was the water-based (or aqueous-based) suspensions, with

nanopure distilled water as the basic component, tested on both the anodic and the cathodic material.

The second group was the glycol-based suspensions, with ethylene glycol or propylene glycol as a

basic component, tested on both the anodic and the cathodic material. And the third group was the

terpineol-based suspensions, with terpineol solvent as a basic component, tested only for the anodic

materials.

These slurries were characterized by different means in order to asses three factors: the stability of

suspensions, the printability of suspensions, and the ink-to-substrate interaction. The first factor was

evaluated  for  each  slurry  by  optical  observations  of  sedimentation  and  particle  analysis

measurements to observe the mean diameter of aggregating particles over time. In addition to the

previous  two  measurements,  the  second  factor  was  also  evaluated  for  each  slurry  by  viscosity

measurements  on  different  temperatures  and  surface  tension  measurements.  Finally,  the  ink-to-

substrate interaction could be evaluated by thermal degradation measurements of the slurries and

the  deposition  of  micro-droplets  of  the  suspensions  onto  YSZ pellets,  which  led  to  additional

characterisation of contact angle measurements over time, optical observations and SEM imaging.

In conclusion, significant progress on the ink development of anode and cathode materials for

inkjet printing deposition of SOFC was made, with a novel series of inks tested on through normal

storage  conditions.  Suspensions  of   LSM/YSZ  powders  that  were  subjected  to  a  ball-milling

treatment on 700 rpm for 30 minutes,  exhibited week-long suspension stability.  Optimization of

composition for the milled LSM/YSZ suspensions,  indicated that  glycol-based compositions are

more  stable  and homogeneous over  time than water-based compositions.  This  was achieved by

regulation the propylene glycol to butanol solvent ratio at 70:30, by regulating the solid loading of

milled powders at 3 wt%, by regulating the pH of the suspensions with the use of amine additive

TEA at a 1:3 ratio of additive TEA to cathode powder, and by excluding big aggregates of powders

after the formulation of the suspensions by passing the liquid slurry through a nylon porous of 0.45
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μm pore diameter filter. After deposition of a bulk micro-drop of the formulated suspensions, water-

based suspensions were established as unstable under vacuum or annealing conditions, leading to

massive cracks and collapse of deposited drops, while glycol-based were stable producing denser

films composed of sintered nanoparticle interfaces, with the presence pores and small cracks, while

changing the composition would lead to the alteration of the film porosity before annealing.

4.2. Future suggestions – perspectives

 The prospect of this project is to continue the research established by this thesis in the following

years,  and as  it  was  highlighted  by the  challenges  and deficiencies  of  this  project,  there  many

suggestions for the continuation of this work. Some of the main issues to be addressed are based on

the ink development procedures followed in this work, like extending the parameters tested on LSM/

YSZ suspensions, to Ni/YSZ compositions. Also, a hole unfinished chapter of terpineol-based LSM/

YSZ suspensions is still in progress, as well as ink formulation with LSM/YSZ procured pastes.

Other suggestions are more small-scale oriented, like optimizing the LSM/YSZ or Ni/YSZ particle

size of solid powders by further ball milling treatment, or even using ball milling as a treatment for

formulated slurries, as is reported in the literature. Also, the missing data of this work, like viscosity

measurements at intermediate temperatures, or surface tension measurements of Ni/YSZ water-inks,

could be conducted.  Moreover, in regards to the ink-to-substrate tests, optimization on the post-

deposition process should be conducted in order to latter use the optimized protocols on printer film

post-treatment.

The following scopes of this work are to be focused on the manufacturing of printed layers by

testing the optimal inks from ink development. On the printing process to follow, the parameters that

should  be  tested  and  optimized  are:  the  droplet  formation,  the  deposited  film  thickness,  the

deposition  patterns,  the  annealing  temperatures,  steps,  and  atmosphere  used.  And  lastly

characterization of the fabricated films shall follow with optical observations and SEM imaging for

layer density and homogeneity, profilometry for measuring the thickness, porosity measurements to

establish  the  porosity  achieved,  and  finally  I-V curves  and  catalysis  experiments  in  controlled

conditions in order to assess the performance of the fabricated anode and cathode layers.
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APPENDIX I:  LIGBIO-GASOFC

LIGBIO-GASOFC: Αποδοτική μετατροπή λιγνίτη προς ηλεκτρική ενέργεια με ταυτόχρονη χρήση
βιομάζας  σε  κυψέλη  καυσίμου  στερεού  ηλεκτρολύτη  υποβοηθούμενη  μέσω  εσωτερικής  και
εξωτερικής καταλυτικής αεριοποίησης.

Το  παρόν  ερευνητικό  έργο  εστιάζει  στην  ανάπτυξη  καινοτόμου  διεργασίας  ενεργειακής
αξιοποίησης των εγχώριων ορυκτών πόρων (λιγνίτης) και αγροτικών υπολειμμάτων σε προηγμένες
διατάξεις  συζευγμένης  αεριοποίησης/κυψελών  καυσίμου  (GASOFC)  και  άμεσης  τροφοδοσίας
στερεών  καυσίμων  (DCFC),  με  υψηλές  αποδόσεις  και  χαμηλό περιβαλλοντικό  αποτύπωμα,  σε
πλήρη συμφωνία με τον Υποτομέα 7.7.4/Θεματικός Τομέας 7.7, της πρόσκλησης.

Η καινοτόμος προσέγγιση στο LIGBIO-GASOFC περιλαμβάνει την αεριοποίηση των πρωτογενών
και  βέλτιστα  επεξεργασμένων  στερεών  καυσίμων/ξυλανθράκων  τόσο  εξωτερικά  αλλά  και
εσωτερικά  της  κυψέλης  καυσίμου  διαμέσου  μίας  καταλυτικά  υποβοηθούμενης  διεργασίας.
Ειδικότερα  στο  έργο,  αρχικά  θα  εξεταστεί  η  αποδοτικότητα  ενός  συζευγμένου  συστήματος
εξωτερικής αεριοποίησης-SOFC (GASOFC) όπου έμφαση θα δοθεί στη βέλτιστη διασύνδεση των
δύο  διατάξεων  και  στην  μεγιστοποίηση  της  απόδοσης  προς  αέριο  σύνθεσης  (>  90%)  και  της
μετέπειτα χρήσης του σε SOFC. Σε αντίθεση με την εξωτερική συνδεσμολογία, το πλεονέκτημα
της  άμεσης  προσέγγισης  (Direct  Carbon  Fuel  Cell,  DCFC) μέσω της  εσωτερικής  καταλυτικής
αεριοποίησης με χρήση καυσαερίων CO2/H2O ως μέσων αεριοποίησης, έγκειται στην απευθείας
ηλεκτρο-οξείδωση των προϊόντων της  αεριοποίησης (CO/H2) στην άνοδο της  DCFC, αίροντας
τους  περιορισμούς  διάχυσης  και  κινητικής  που  απορρέουν  από  την  περιορισμένη  επαφή  του
στερεού  καύσιμου  και  της  διεπιφάνειας  ηλεκτροδίου/ηλεκτρολύτη,  προσεγγίζοντας  αποδόσεις
>60%.  Το  έργο  θα  εστιαστεί  στην  περαιτέρω  βελτιστοποίηση,  κλιμάκωση  μεγέθους  και  την
συγκριτική αξιολόγηση των συστημάτων GASOFC και DCFC. Ιδιαίτερη σημασία θα δοθεί στην
ανάπτυξη ενεργών/σταθερών ηλεκτροδίων/καταλυτών, τα οποία θα χρησιμοποιηθούν τόσο για την
καταλυτική αεριοποίηση των στερεών καυσίμων όσο και για την ηλεκτρο-oξείδωση των H2/CO
και  Λιγνίτη/Βιομάζας  στις  SOFCs/DCFCs.  Επιπλέον,  για  την  κατασκευή  των  διατάξεων
SOFC/DCFC μοναδιαίας κυψέλης (150 mW/cm2) και των αντιστοίχων συστοιχιών (0.2 kWel), θα
χρησιμοποιηθούν  δύο  προηγμένες  τεχνικές  εναπόθεσης,  η  τρισδιάστατη  εκτύπωση  (3D/inkjet-
printing) και ο θερμικός ψεκασμός με υγρή τροφοδοσία (LPS). Η χρήση της τεχνικής LPS παρέχει
τις δυνατότητες χρήσης νανο-υλικών και αποφυγής του σταδίου πυροσσυσωμάτωσης. Παράλληλα,
η 3D-εκτύπωση αποτελεί την πλέον εργονομική, οικονομική και ενεργειακά αποδοτική τεχνολογία
καθώς μπορεί εύκολα να ενσωματωθεί σε βιομηχανικές γραμμές παραγωγής. Στην συγκεκριμένη
κατεύθυνση,  οι  ερευνητικές  προσπάθειες  θα  εστιαστούν  στην ανάπτυξη  κατάλληλων μελανιών
μέσω  της  ανάπτυξης  νανουλικών  και  της  διασποράς  τους  για  την  δημιουργία  σταθερών
αιωρημάτων.  Στην  συνέχεια  θα  πραγματοποιηθούν  πειράματα  τόσο  στην  συζευγμένη  διάταξη
GASOFC όσο και στην διάταξη DCFC σε εργαστηριακή και ημι-πιλοτική κλίμακα. Με την πρόοδο
υλοποίησης του έργου, θα καταστεί εφικτή η εκπόνηση μελέτης βιωσιμότητας των προτεινόμενων
τεχνολογιών  ενώ  θα  αποτιμηθεί  και  το  περιβαλλοντικό  τους  αποτύπωμα.  Τέλος,  οι  δύο
βιομηχανικοί εταίροι του έργου σε συνεργασία με τους ερευνητικούς φορείς θα εκπονήσουν το
σχέδιο διάχυσης και αξιοποίησης των αποτελεσμάτων.

Την  υλοποίηση  της  διεπιστημονικής  έρευνας  στο  LIGBIO-GASOFC θα  αναλάβει  κοινοπραξία
αποτελούμενη  από  2  ακαδημαϊκούς  φορείς  (ΠΔΜ,  ΠΚ)  και  1  ερευνητικό  κέντρο  (ΙΤΕ),
συγκροτώντας τον ερευνητικό πυλώνα, και 2 εταιρίες που αποτελούν τον βιομηχανικό πυλώνα του
έργου και δραστηριοποιούνται στην ανάπτυξη υλικών  (ΕΒΕΤΑΜ) και στην παραγωγή ενέργειας
(ΔΕΗ-ΚΔΕΠ),  εξασφαλίζοντας  βάσει  του  εύρους  της  τεχνογνωσίας  και  της  διαθέσιμης
υλικοτεχνικής υποδομής τους, την πλήρη κάλυψη των επιστημονικών/τεχνολογικών προκλήσεων
του έργου προς την κατεύθυνση της απρόσκοπτης και επιτυχούς υλοποίησης του καθώς και της
βέλτιστης αξιοποίησης των αποτελεσμάτων.
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APPENDIX II: Images of sedimentation reversibility

Images of sedimentation reversibility of a three days stored LSM/YSZ glycol-based suspension
(top left), of a ten days stored LSM/YSZ glycol-based suspension (top right), of a eight days stored
LSM/YSZ glycol-based suspension (bottom left), and of DLS measurements of a three days stored
LSM/YSZ glycol-based suspension, before and after shaking the vial (bottom right).

Side note: After shaking of the vials the sedimented aggregates at the bottom of the slurry re-
disperse in the liquid phase, and this becomes evident by the mean diameter measurement, since the
value is increased due to the floating aggregates.

.
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APPENDIX III: Poster of this work presented at E-MRS 2019
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	Περίληψη: Τις τελευταίες δεκαετίες, η επιστημονική έρευνα στον ενεργειακό τομέα έχει επικεντρωθεί στη χρήση αειφόρων πηγών ενέργειας, αναπτύσσοντας παράλληλα νέα, αποδοτικότερα συστήματα παραγωγής ενέργειας. Οι κυψέλες καυσίμων είναι γαλβανικά στοιχεία που χρησιμοποιούνται στην ηλεκτροχημική μετατροπή ενέργειας, και ήδη μελετώνται και εφαρμόζονται ως μια πολλά υποσχόμενη λύση. Μία πρακτική πρόκληση στην εφαρμογή αυτών των συσκευών σε μεγάλη κλίμακα είναι η κλιμάκωση, το κόστος και η πολυπλοκότητα της κατασκευής τους. Μια προτεινόμενη κατασκευαστική λύση είναι η ανάπτυξη τεχνικών εκτύπωσης για την κατασκευή ηλεκτροδίων ως λεπτά υμένια κυψελών καυσίμου. Στην παρούσα μελέτη, η χρήση της εκτύπωσης ψεκασμού μελάνης προτείνεται ως μέθοδος εναπόθεσης για την κατασκευή ηλεκτροδίων, ωστόσο, λόγω της καινοτομίας αυτής της τεχνικής, περαιτέρω έρευνα είναι απαραίτητη για τη βελτιστοποίηση της ανάπτυξης της μελάνης και της εναπόθεσης των υμενίων των υλικών που χρησιμοποιούνται στις κυψέλες καυσίμου. Η κύρια πρόκληση αυτής της διεπιστημονικής μελέτης για την ανάπτυξης της μελάνης βρίσκεται στην παραγωγή αιωρημάτων με σύνθετα οξείδια μετάλλων, που να παραμένουν σταθερά κατά την πάροδο του χρόνου αλλά και να είναι εκτυπώσιμα μέσω εκτύπωσης ψεκασμού. Στην παρούσα εργασία, παρουσιάζεται η μελέτη των υλικών κυψελών καυσίμου και τυποποιημένων εναιωρημάτων. Ειδικότερα, αυτή η διατριβή περιλαμβάνει αποτελέσματα από την ανάπτυξη και βελτιστοποίηση των αιωρημάτων των νανοσωματιδίων οξειδίων μετάλλου, όπως συσσωμάτωση σωματιδίων, σταθερότητα των αιωρημάτων, δοκιμές διάρκειας ζωής, θερμική αποδόμηση, ρεολογικά χαρακτηριστικά εξαρτώμενα από τη θερμοκρασία, επιφανειακή τάση και αλληλεπιδράσεις μεταξύ μελάνης και υποστρώματος. Οι ιδιότητες αυτές είναι σημαντικές κατά την ανάπτυξη των αιωρημάτων σωματιδίων για την χρήση τους ως μελάνη στην παρασκευή εκτυπωμένων κυψελών καυσίμου.
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	1. Introduction
	1.1. Energy crisis and sustainable energy sources


	The world’s energy demands has been increasing aggressively for the past 40 years, from about 1.3 billion MWh consumed in the year 1973, to 104.75 billion MWh consumed in the year 2012.1 The vast majority of this energy is currently produced in energy production plants by using fossil fuels, like coal, oil or natural gas to produce electricity, as shown on Figure 1.1, which is consequently fed in the grid of a region for the local demand to be met.
	Figure 1.1. World’s total final consumption from 1971 to 2012 by fuel (measured in megatoes: 106 tonnes of oil equivalent, 1 toe = 11.63 MWh)1
	However, fossil fuel natural reservoirs are finite, and if these trends of increasing energy consumption continue then all global oil reservoirs are estimated to be “depleted within the next 40 years”.2 Moreover, fossil fuels used in the energy sector are responsible for at least two-thirds of greenhouse-gas emissions3 and for 10% of global water withdrawals4, and so, they constitute the major factor to the human-activity-induced climate change of our age.5 Thus, transformative change in the energy sector is essential to reach the objectives of the Paris Agreement, to limit environmental and ecosystem implications.6
	Coal-based power generation worldwide greatly differs ranging from 5% in France to 60% in Greece and more than 90% in South Africa and Poland.7 In the Greek area the fossil fuel that is used mainly for power production is lignite, due to the large reserves available in the country.7 Conventional lignite harvesting and combustion technology for energy production is highly wasteful, with major emissions of gasses like CO2, SOx, NOx, CH4, CO and hazardous particulates.7
	A new approach towards alternatives on the design of energy systems is regarded to be the most effective course of action, in order to limit the environmental impacts of the energy production sector on the environment, as well as on the health and longevity of our ecosystem. Moreover, the implementation of state-of-the-art technology on the energy production sector is bound to open up possibilities of using alternative fuel supplies, like biomass/biogas, which is readily available and has the potential to provide a more sustainable energy source to substitute the use of fossil fuel energy.8
	1.2. Introduction on fuel cells and SOFCs as electrochemical energy conversion cells

	Fuel cells recently have attracted attention as one of the promising alternative energy sources. Like batteries, fuel cells are a variety of galvanic cells, that is, devices in which two or more electrodes (electronic conductors) are in contact with an electrolyte (ionic conductors), with advantages such as high efficiency exceeding the Carnot limitation, high energy density, great flexibility depending on the application, low emission, and simplicity.9 On Figure 1.2, a simplified Ragone plot is presented, where the horizontal axis of specific energy (in watt-hours per kilogram, Wh/kg) is used to compare the energy contents of a system, whereas the vertical axis of specific power (in W/kg) express the energy delivery rate capability. Through such a plot the capabilities and limitations of fuel cells can be visualized, highlighting their potential as high-energy systems for energy conversion applications, like in baseload power plants, due to their capability to generate energy continuously, similarly to common combustion engines or gas turbines.
	Figure 1.2. Simplified Ragone plot of the energy storage domains for the various electrochemical energy conversion systems compared to an internal combustion engine and turbines and conventional capacitors [taken from ref. 10]
	There are many types of fuel cells, and are usually categorized by the electrolyte material used in the device. Some types of fuel cells are: Alkaline fuel cells (AFCs)11, Direct liquid fuel cells (DLFCs)12, Molten carbonate fuel cells (MCFCs)13, Phosphoric acid fuel cells (PAFCs)14, Proton-exchange membrane fuel cells (PEMFCs)15, Solid acid fuel cells (SAFCs)16, Solid oxide fuel cells (SOFCs)17, and Bacterial fuel cells14.
	Advantages of using a fuel cell, especially for SOFCs, over conventional power generation systems include high combined heat and power/electrical efficiency, high energy density, high performance, fuel flexibility (with potential use of natural gas, biogas or methane as a fuel), low emissions, relatively low cost, technological compatibility, and robustness of their compact design.18
	Apart from being considered for application in energy production at industrial power plants, fuel cells are proposed as a viable alternative on transportation technology, as in hydrogen-fueled vehicles, with various fuel cell electric vehicles (FCEVs) already available in the market.19 A fuel cell based system that replaces standard battery packs has many advantages, such as: fast refueling, longer run time between refueling, longer life of the energy source and low maintenance requirements. However, due to the high activation/operation temperature required for most SOFC, their implementation on the transportation sector is so far limited, compared to batteries and other types of fuel cells. Thus research over the past twenty years has been focusing on materials and systems advances in order to overcome such issues and make SOFC applications expand to the transportation sector, especially for ships, cars, trucks and even aviation.20
	SOFCs make use of a solid oxide or ceramic electrolyte to produce electricity directly from reducing a fuel/ oxidizing oxygen ions (e.g. hydrogen, see Figure 1.3).21 It consists of an (oxygen) ion-conducting ceramic used as an electrolyte, stacked between a cathode layer and an anode layer.
	Figure 1.3. Scheme of a hydrogen solid-oxide fuel cell. [this image belongs to the public domain under a creative commons CC license – taken from Wikipedia]
	The basic principle of operation of a SOFC lies upon the oxidation of a fuel on the anode layer of the device, in order to produce electrical energy. More specifically, oxygen from the air introduced in the device is converted to O2- ions, at the cathode/electrolyte interface, which are then transported through the electrolyte to the anode, where they react with the introduced fuel oxidizing it to chemical products that may be reused to refuel the catalytic cycle or safely removed for further use, depending on the reaction products.
	For example, the hydrogen fuel cell uses hydrogen gas as a feedstock, which is oxidized at the anode of the cell, while at the cathode of the cell oxygen is reduced by the electrons generated at the anode to form oxygen anions creating an electric potential across the cell. The overall redox reaction of the cell is simply the two half cell reactions combined. These reactions occurring in hydrogen fuel cells, along with the thermodynamic parameters associated (at 900℃), are presented below22 :
	Anode reaction/oxidation: H2 + O2- → H2O + 2e- E0= 0 V [eq.1]
	Cathode reaction/reduction: ½O2 + 2e- → O2- E0= 0.89 V [eq.2]
	Overall redox reaction: H2 + ½O2 → H2O Є0= 0.89 V [eq.3]
	ΔH0 = −248.8 kJ/mol
	The voltage generated by the reaction is a function of the Gibbs free energy change for the reaction, and this relationship is the Nernst Equation23 :
	ΔG = – n · F · E [eq.4]
	where: n is the number of electrons exchanged during the reaction (for both of the half cell reactions, as individual reactions, e.g. here the electron exchanged are two, so n = 2), F is the Faraday constant, which is the electric charge of one mole of electrons (F = 96485.3 C/mol), and E is the maximum potential between two electrodes (equilibrium potential), e.g. here the potential for each reaction.
	1.3. Materials for SOFC fabrication: Electrolyte, Anode and Cathode materials

	The operating temperature of common SOFCs is between 700–1000℃. These high values are the major limitation on their range of applications, and are attributed to the properties of materials used.
	SOFCs are built with a solid electrolyte layer which is required to display unipolar O2− ion conduction. Best known among these type of electrolytes is Yttria-stabilized zirconia (YSZ), that is, zirconium dioxide doped with the oxide of trivalent yttrium: ZrO2 + 10%Y2O3 or (ZrO2)0.92(Y2O3)0.08. This compound, the basis of Nernst’s (glower) lamp of 1897, became known as the Nernst mass and was regarded as a candidate electrolyte for fuel cells by Baur (1937) and Davtyan (1938). Till this day YSZ is the most common material used as an electrolyte in research for SOFC fabrication, with an oxygen ion conductivity of about 0.13 S/cm at 1000℃.18,24,25
	Zirconium oxide is one of the most studied ceramic materials, mostly used in applications requiring hard ceramics. It has three crystalline forms all closely related to the cubic fluorite (CaF2) structure, and it consists of seven-coordinate zirconium centers. Below ~1000℃, it naturally forms a cubic monoclinic crystalline structure, then above ~1000℃ it transitions to a tetragonal structure, and finally above ~2300℃ to a cubic structure.26 However, this thermal instability of its crystalline structures, is a major drawback in manufacturing due to the very large volume change during the crystalline transition, causing cracks during cooling after thermal sintering steps. Additionally ZrO2 is gradually reduced in air while at high temperatures deviating from its ideal stoichiometry. As a counter measure, zirconia-based ceramics are usually utilized in a stabilized cubic form which is achieved by adding binary oxides, such as CaO, MgO, Sc2O3, and Y2O3, to zirconia. Interestingly, Y2O3 doping is particularly effective also in enhancing ionic conductivity of zirconia, by increasing the concentration of oxygen vacancies in the crystal structure (see Figure 1.4), and thus is the most appropriate for use in SOFC manufacturing.27,28
	Figure 1.4. Schematic of Y2O3 incorporation on ZrO2 crystal structure, forming YSZ. [image belongs to the public domain under a creative commons CC license – taken from Wikipedia & University of Cambridge]
	The solid anode layer of SOFCs, as the catalytic sites where the oxidation of the fuel takes place, should exhibit high performance. Thus, anodic materials and layers should consist of a highly conductive (ionic and electronic), chemically compatible, thermally stable, highly porous structure, with fine particle size forming an organized structure. Such materials used in bibliography are: Nickel/YSZ composites (Ni/YSZ), Lanthanum chromites, such as La0.75Sr0.25Cr0.5Mn0.5O3, or La0.8Sr0.2Cr0.97V0.03O3 (LSCV), Lanthanum titanates, such as La0.4Sr0.6TiO3 (LST), and many more currently under development.29
	Nickel (II) oxide, NiO, is the main oxide of nickel, with a face centered cubic (FCC) crystalline structure (see Figure 1.5), mostly studied for its p-type semiconducting properties in the field of sensors, as an anode layer in the field of electrochemistry (batteries, supercapacitors and fuel cells), and as an anodic electrochromic material in the field of chromogenic devices.30–33 For their use in SOFC as anode layers, NiO is mixed with YSZ and deposited as a composite. The main reason is to enhance ionic conductivity of the layer, as well as to decrease solid-state agglomeration of nickel oxide particles during SOFC operation, which is the main cause of degrading performance of the SOFC anode over time.31,34,35 In Ni/YSZ compounds there is adequate compatibility on physical properties, such as in crystal structure and thermal expansion coefficient of the materials, however recent studies suggest there is still room for improvement in SOFC materials properties.31,34
	Figure 1.5. Schematic of NiO FCC crystalline structure.[taken from https://www.webelements.com/]
	The solid cathode layer of SOFCs, as the carrier of electrons from the external circuit to the oxygen location, as the catalyst reducing oxygen to produce anions, and as the intermediate layer on the anions journey towards the electrolyte interface, it should exhibit characteristics such as high porosity, ion conductivity, electron conductivity and stability in oxygen atmosphere. Such cathodic materials used in bibliography are: Lanthanum manganite composites doped with rare earth elements (Co, Ce, or Sr) such as Sr-doped LaMnO3 (LSM) and Lanthanum strontium gallium magnesium oxide (LSGM), Gadolinium-based oxides (like GSC and GSM), Strondium-based oxides, Scandia-stabilized zirconia, Samaria-doped ceria (SDC), and Cerium oxides such as Gadolinia-doped ceria (GDC).36
	Most of the cathodic materials used on SOFC fabrication are perovskite-type metal oxides with a general formula ABO3, in which A and B are cations with a total charge of +6. The lower valence A cations (such as, La, Sr, Ca, and Pb, etc.) are larger and coordinated to twelve (12) oxygen anions while the B cations (such as, Ti, Cr, Ni, Fe, Co, and Zr, etc.) occupy the much smaller space and are coordinated to six (6) oxygen anions. Full or partial substitution of A or B cations with cations of different valence is possible (see Figure 1.6).37
	LaMnO3 is an intrinsic p-type conductor which upon doping with Sr2+ or Ca2+ ions exhibit enhanced electronic conductivity. La1-xSrxMnO3 (LSM) is the most commonplace and most studied cathode material on SOFC fabrication.36 For x values of about 0.1 to 0.2, it exhibits high electrical conductivity and good mechanical and chemical stability at operational temperatures of SOFCs, with a reported conductivity maximum value of up to 485 S/cm at 1000℃, for x = 0.5.18 Unfortunately, LSM is a poor ionic conductor, so in order to overcome this issue YSZ is usually mixed with LSM forming a cathode compound, conducting both electrons and ions. As in the case of Ni/YSZ, on LSM/YSZ compounds there is adequate compatibility of physical properties between the two materials, such as crystal structure and thermal expansion coefficient, thus making the LSM/YSZ layer (and SOFC device) mechanically stable over elevated temperatures of operation.24,36
	Figure 1.6. Four depictions of the perovskite structure as 2x2x2 pseudocubic cells. (a) Pm3m (e.g., SrTiO3). (b) Pbnm (e.g., SrRuO3). (c) R3c (e.g., La0.7Sr0.3MnO3, LSM). (d) P4mm (e.g., ferroelectric PbTiO3). The orthorhombic and rhombohedral unit cells are shown in (b)and (c), respectively. [taken from ref. 37]
	1.4. Deposition of electrode thin films

	The majority of high temperature fuel cells are manufactured using conventional ceramic processing techniques including screen printing, tape casting, calendar rolling, slurry spraying, spray pyrolysis and dip coating, usually followed by either sintering and/or lamination. In addition to these techniques, other fabrication methods have been deployed such as plasma (thermal) spraying, pulsed laser deposition (PLD), electrophoretic deposition (EPD), chemical vapour deposition (CVD) and magnetron sputtering.24,38 The first are more cost-effective, simple and easy to scale up techniques, but lack in precision, while the latter are more costly, but can achieve controlled deposition in smaller scales. However, recent trends on contact-less additive manufacturing has introduced other more sophisticated 3d and 2d printing techniques in the field of electrode films deposition, such as stereolithography (SLA), digital light processing (DLP), extrusion-based printing, aerosol jet printing (AJP) and inkjet printing.39–44 In the following section the motivation on using inkjet based printing technology on ceramic thin film deposition along with some of its basic principles is discussed.
	
	1.5. Additive manufacturing & inkjet printing

	Inkjet printing is an attractive material deposition and patterning technology that has received significant attention in the recent years. Interestingly, it has grown from printing of graphic pattern, or non-functional features, into “printing beyond colour”. A global scale report from “bcc Research” recently estimated that “... the Global Market for Inkjet Technologies Should Reach $12.6 Billion by 2021 from $4.2 Billion in 2016 at a compound annual growth rate of 24.6%”.45 The main appeal of this technology lies in it being a non-contact, additive, patterning and mask-less approach. Direct write attribute of inkjet allows for deposition of versatile thin films, the designs of which can be changed easily from batch to batch. Other attractive features of this technology are: reduced material wastage, low cost, and scalability to large area manufacturing. Because of all these benefits, in addition to its simplicity and speed, this reformative technique has been investigated widely for use in applications such as electronics, biotechnology, microelectromechanical systems and devices.46–49
	Conventional methods of material layer deposition have a number of limitations in terms of waste of unwanted material, are restrictive processes due to usage of subtractive techniques and an overall high processing cost, with techniques that usually require access to a clean room, sophisticated equipment, and highly trained personnel to perform several time-consuming and relatively expensive micro/nano manufacturing procedures (e.g. lithography, oxidation, etching, and thin film depositions).50 In contrast to conventional methods, whose entire procedure can take several days or weeks, inkjet printing is a well established cost-effective technique that employs only inexpensive materials and devices, as well as rapid post-processing methods.
	As a method inkjet printing is basically the accurate positional placement of picoliter volumes of fluid on an arbitrary substrate. This definition encompasses a number of physical operations that both define and constrain inkjet printing. These are:
	a) generation of droplets,
	b) positioning of and interaction of droplets on a substrate, and
	c) drying or other solidification mechanisms to produce a solid deposit.
	1.6. Ink development: stability of particle suspensions vs printing performance

	One major challenge of inkjet printing as a method can be found on the process of ink development, especially when testing new and/or commercially undisclosed ink compositions. Due to the complex nature and the challenging requirements of inkjet inks, preparation of such inks is often very complicated. In addition to the conventional requirements, such as long shelf life, ink stability in the liquid suspension as well as proper properties of the active material used, the ink must have physicochemical properties which are specific to the various printing devices. The end use of the printing system also can dictate the physicochemical properties of the inks.48 While formulating new inkjet inks, the formulator must take into consideration the effect of each component on the overall performance of the ink, from storage in the ink cartridge, through jetting, to its behavior on the substrate and its effect on health and the environment.
	The set of all the various solvents used for the inkjet ink formulation, other than the active material used, is called ‘vehicle’.48 The vehicle of an inkjet ink can be composed of various liquid components, depending on equipment requirements, the desired outcome of the project at hand and the experimentalist’s chosen strategy. Drop-by-drop deposition of an ink in order to finally have a thin film of the desired active material can be achieved in two different ways (Figure 1.7). The first process requires the formulation of a suspension ink of the active nanoparticles (or particles depending on the equipment limitations and the final application needs), which will later on be treated to solidify the particles thin film. The second process requires the formulation of a soluble precursor solution ink, which will produce a thin film of the active material after some post-printing treatment, after reaction of the precursor materials. The first process is called ‘ex-situ’ whereas the second one ‘in-situ’.51 In this project the ‘ex-situ’ approach is followed in order to avoid fabrication of the electrode materials from soluble precursors, due to the restricting nature of the materials used (e.g. ratio of dopants, ratio of the materials mixed in composites), especially since such materials are readily available in the global market on materials for scientific research.
	Figure 1.7. Schematic diagrams of (a) ‘ex-situ’ and (b) ‘in-situ’ inkjet printing processes. The insert SEM images are typical morphology of films from ‘ex-situ’ and ‘in-situ’ processes, respectively. [taken from ref. 51]
	In the case of an ‘ex-situ’ process, where particles of the active material are used as pigments of the ink, one of the major challenges is to make sure that no agglomeration of the active particles in the liquid suspension will occur during storage time. Pigments have to be dispersed to small particle sizes (preferably between 50 and 200 nm, depending on the application) and this dispersion needs to be made colloidally stable.
	In order to achieve a stable colloidal suspension one should consider the laws of soft condensed matter physics that dictate the suspended particles behavior. In a colloidal suspension when particles approach each other, interaction due to Van der Waals forces takes place, causing the particles to aggregate and eventually reach the minimum potential energy, as shown in Figure 1.8.52 In order to prevent the aggregation, a mechanism to overcome the attraction is required. Electrical repulsion, which can be obtained if the surface of the pigment particle bears electrical charges, is such a mechanism. In this case, while particles approach each other, electrical repulsion will take place as the distance between the particles decreases (Figure 1.8). As described by the DLVO theory, if the repulsion overcomes the attraction, an energy barrier will exist and prevent aggregation of the particles. As clearly seen in Figure 1.8, the dispersion will be thermodynamically unstable, but if the energy barrier is sufficiently high, the system will be kinetically stable. The electrostatic stabilization mechanism is effective in systems having a high dielectric constant, and therefore is mainly important for water-based inks. Additional stabilization can be achieved by a steric mechanism, in which a polymer is adsorbed onto the surface of the pigment (through groups in the polymer which have affinity to the pigment surface), and provides steric repulsion.52–54
	Figure 1.8. Total interaction energy curves of a colloidal system. [taken from ref. 52]
	The importance of controlling particle size and polydispersity when developing an inkjet printing compatible ink lies not only on the need to avoid the nozzle clogging of the inkjet cartridge, but also on achieving a more uniform and continuous thin film of particles after the solidification during post-printing treatment.48,52
	Another major property to monitor is the viscosity of the ink. The viscosity affects various aspects of inkjet printing such as the ink flow through the cartridge printhead, the drop generation on the nozzle and the spreading and wetting of the substrate. It can be affected by variations on temperature during printing and by many parameters regarding the ink composition (e.g. the presence and concentration of polymeric additives and of surfactants). Also, viscosity of the inks for inkjet printing should subject to the requirements of the printing equipment. For example, each printhead has a specific window of viscosity range which enables proper jetting. The most prevalent of printhead technologies, the piezoelectric printheads, usually function within a viscosity range of 8–15 cP, while other printhead technologies, such as thermal printheads, perform at much lower viscosity values, usually below 3 cP. Most current inkjet inks are Newtonian, i.e., they have a constant viscosity over a wide range of shear rates, thus making them more easy to handle during the different phases of the life circle of an ink, where the shear rate varies; from storage time, in which phase inks usually experience a state of low shear rate due to the immobility of the liquid where the only applied force on the particles is gravity, to printing, in which phase the constant pulses of the printhead used for drop generation apply a higher shear rate to the liquid.48,52
	Still there are many more properties to consider when developing a new inkjet ink composition. Surface tension is one of them, affecting droplet formation and spreading on the substrate upon contact. It usually can be controlled by using surfactants and by selecting proper solvent compositions. This is also a property that should subject to the requirements of the printing equipment, depending again on the specific printhead requirements in order to have proper jetting of the ink. Significant decreases in surface tension with the addition of a co-solvent are usually obtained at relatively high co-solvent concentrations. A surfactant is usually used at very low concentrations, sometimes much below 1% w/w, very often even below 0.1% w/w. This means that even a slight change in the surfactant concentration may cause a significant change in the ink performance.48,52
	A secondary but still very important property to consider during ink development, is the pH of the ink, which can affect the solubility of the various components and the stability of the dispersed pigments. Also, the use of special additives such as defoamers or electrolytes, which can destabilize the ink colloidal suspension if added in excess. Additionally, the vapor pressure of the ink can cause nozzle clogging if its too high and also affect the solidification process. The boiling point affects the printing temperatures and determines the post-printing treatment for the printed samples for the solidification step – in the case of thermal annealing. And last but not least, the contact angle, a property affecting the droplets wetting of the substrate during printing and the solidification process during post-treatment. All these properties should be considered when developing a new ink composition and for each component of the new inkjet ink separately, in order to estimate the final outcome, and after formulation should be tested and monitored during storage to achieve a stable ink. It should be emphasized that in order to achieve a stable dispersion of pigment-containing ink, one should also evaluate various solvents, thickeners, dispersing agents and other required components, and find their optimal concentrations.48,52
	Stability is evaluated by measuring the various parameters of the ink for a prolonged period of time. However, for practical reasons, these tests can be conducted after storage at accelerated conditions, such as high temperature, low temperature, and freeze-thaw cycles. The accelerated storage conditions vary from laboratory to laboratory, since the correlation to storage in “real” conditions is not very precise and depends on various parameters.48,52 In this work storage tests were conducted during real time storage, for an average period of 15 days for each ink composition. In this way we can also test if the particle suspension is chemically stable so that active particles won’t react with the vehicle of the ink composition, at normal storage conditions (room temperatures, light exposure, humidity levels, etc).
	In the following section the state-of-the-art of publications on inkjet inks formulation for thin film deposition of SOFC materials by inkjet printing will be presented and briefly discussed. These works were the basis on which the procedures of this current thesis were based upon and any similarities on procedures tested in this project are intentional in the name of repeatability of scientific findings, as well as improvement of currently reported protocols and formulas.
	1.7. State-of-the-art and discussion on inkjet ink development with SOFC materials

	The printability of SOFCs layers by screen printing has been reported three decades ago55, however publications on inkjet printed SOFC layers appeared in literature only about a decade ago56, even though inkjet printing of zirconia ceramics has been reported two decades now57. For the past 10 years, literature on inkjet printing of SOFCs layers has been increasing, with most publications following an ‘ex-situ’ process, starting from solid powders to developing nanoparticle suspensions. As it is usually the case for any field where inkjet printing was introduced as a deposition method, first reports of inkjet ink development for SOFCs seem to base their work upon previously published compositions of SOFCs pastes used in screen printing, roll-to-roll or other additive manufacturing technique, only to then dilute composition to produce a possibly inkjet printable ink. Some highlight publications in pastes of SOFCs materials are, among others, the Zhang Y. et al. work58 on screen printed pastes of YSZ, the Zhang L. et al. work59 on gel-casted pastes of Ni/YSZ, the Kondo A. et al. work60 on direct ink writing of YSZ pastes, and the work of Somalu M. R. et al.61 on screen printed pastes of Ni/ScSZ.
	Three basic parameters to note regarding ink development literature, regardless of the printing process, are the following:
	the loading percentage of the dispersed powder,
	the basic solvent of choice, and
	the decomposition temperatures and chemical or photo-chemical reactivity of materials used,
	with the last one being relevant to the post-printing procedure followed.
	Regarding the first parameter, some comments on the composition of pastes vs. inkjet inks should be highlighted. Pastes for screen printing and other similar additive manufacturing techniques in general require more viscous suspensions than inks for inkjet printing. An easy way to increase viscosity, after the optimal solvent and dispersant are established, is to raise the loading percentage of powders, thus making the suspension more of a paste rather than an ink. A major advantage of using higher powder loading is that less layers need to be printed in order to achieve a high density film, in contrast to the more diluted suspensions where less active material is deposited in a single printed layer. However, the higher the solid loading of the ink, the greater the chances for contact between particles and thus aggregation. Even though, it should be noted that in such solid state pigments, due to their high density, the volume fraction (which affects the stability as in hindered settling) is much lower.48,52
	Regarding the second parameter, based on literature we can separate inkjet inks in two categories: water-based and organic-based. The differentiation of the two is based solely on the basic solvent used, and it does not require water-based inks to not contain any organic solvents, or vise versa.
	In regards to water-based inks, there are many benefits on using water as a main component in ink formulation in general, such as its abundance, high availability, environmental-friendliness, non-toxicity, low cost, equipment compatibility, neutral pH, well-known properties and Newtonian behavior, to name a few. However, for inkjet inks some concerns may raise mostly due to the high surface tension of water (about 72 mN/m), leading to limited jetting performance during inkjet printing (since the optimal surface tension recommended for inkjet inks is 28 to 33 mN/m).48,52,62 This issue may be tackled by lowering the surface tension by adding surfactants, although this would probably lead to issues with foaming, thus making the use of anti-foaming agents that lower the jetting performance necessary. Another issue with water-based inks is the low viscosity of water (1cP at 20℃). This is not necessarily a limitation since jetting with low viscosity is achievable, but operating performance is typically limited, which leads to the solution of adding a thickener component, which usually is a polymer, or other viscous organic additive. Finally, water-based inks usually need degassing to achieve better printing fidelity, and since water is a highly polar solvent it forms heavy ionic interactions with particles, leading to lesser dispersing capabilities.
	In recent literature, a few works have succeeded on printing reliable water-based inks, with the main focus material being YSZ. In the work of Esposito V. et al.63 YSZ powders in concentration of 0.9 vol% and 3.7 vol% was dispersed in a liquid vehicle composed of 80 wt% of water and 20 wt% of ethanol, with addition of small quantities of ethanol-dissolved PVP, as a dispersant and thickener. Viscosity of the two suspensions of different loading was about 2 cP for the diluted, and about 4 cP for the thickened. In order to establish a uniform suspension for a long period of time, low polydispersity of particle size should be achieved. In this work the formulated suspensions where subjected to ball milling treatment, on very mild intensity (100 rpm) but for an extended period of time (up to 10 days). The results of this treatment shows low polydispersity of the final inks and improved suspension stability for up to 100 days.
	In another publication, Farandos N. et al.39 dispersed YSZ nanoparticles of two different particle sizes in PEG with a mass loading of 3, 10, 20, or 24 wt%, assisted by dispersing agent Dispex A40 and an alcohol ethoxylate, Natsurf 265, as wetting agent. Optimal 2D printability of thin films was achieved by using less loading (3 wt%) and more polymer (30 mg/mL), thus minimizing the impact of drying on surface morphology, while for 3D printed structures (of about 1.2 μm in height) a composition with greater loading (24 wt%) but similar polymer concentration (25 mg/mL) was chosen, due to the faster solid deposition rates provided by the high loading ink which stabilized 3D printed features with better resolution than the more diluted ink. A major issue of the water-based inks formulation that is extensively reported in this publication is the cracking of printed layers during post-printing treatment, highlighting the importance of the many parameters that have to been taken account while formulating an ink that is both stable and printable.
	Two years later, the same group published a similar work on the deposition of LSM/YSZ layers by using inkjet inks.64 Based on their previous work39, they mixed the YSZ printable ink of the lower mass loading (3 wt%) with a newly developed LSM suspension, in order to obtain an LSM/YSZ ink. The suspension of LSM nanoparticles consisted of 5 wt% of LSM nanoparticles, 25 mg/mL PEG polymer, Aluminion (tri-ammonium aurin-tricarboxylate) as a dispersing agent and the same alcohol ethoxylate, Natsurf 265, as a wetting agent. The two suspensions, of YSZ and LSM, where fully compatible, stable and printable, however after heat treatment the aqueous-based LSM-YSZ deposit the printed layer failed catastrophically (see Figure 1.9), which the authors attributed to the combustion of organic components while annealing at 550℃ and 1100℃.
	Figure 1.9. Photographs of the (black) LSM/YSZ deposit from the aqueous-based ink (a) before heat treatment, (b) after heating to 550℃ at 1℃/min, and (c) after sintering at 1100℃. [taken from supplementary information of ref.64]
	In regards to organic-based inks, the available literature on inkjet ink formulation for SOFCs is more expanded, with a focus on more SOFC materials, like Yttria-stabilized Zirconia, Nickel oxide, Lanthanum Strontium Manganite, Lanthanum-doped Strontium Titanate, and Gadolinium-doped Ceria. In publications of researchers in collaboration with ‘The Air Force Research Laboratory U.S.’, Sukeshini A. et al.56,65,66 demonstrated that YSZ, NiO and LSM can be successfully dispersed and inkjet printed to form thin films for SOFC fabrication. The formulated suspensions were composed of α-Terpineol, selected as the main ink solvent, along with a combination of minimal amounts (0.1 wt%) of polyvinyl butyral (PVB), butyl benzyl phthalate (BBP) and polyalkalyne glycol (PAG) as binders and plasticizers. Solid loading of powders were different for each material used, as presented on the Table 1.1. After mixing the components each suspension was treated in a ball miller for more than 12 h, and the suspension stability was observed and confirmed for up to 3 weeks. As stated at the start of this section, many works on inkjet ink formulation base their work on established compositions of screen-printing pastes, as is here the case with the use of α-terpineol which is a viscous organic solvent that is used to produce thick pastes of ceramics, as well as to fabricate screen-printed SOFCs.58,61
	Table 1.1: Ink Compositions of inks for SOFC fabrication [taken from ref.66]
	On a similar note, Faino N. et al. in their publication67 formulated inks for YSZ, NiO and LST using α-terpineol as main solvent, using dispersant Lubrizol Solsperse #13940 in 1 wt% or smaller quantities. Solid loading of powders was: 29.2 wt% of YSZ for the electrolyte ink, 31.7 wt% of NiO for the anode ink, and 27 wt% of LST for the interconnect ink.
	In another publication, Rahul S. et al.68 report the formulation of an YSZ suspension in terpineol with solid powder concentration of 0.4 gm/mL, using ethyl cellulose as a dispersant, in 10 wt%. The slurry was milled at 160 rpm, and its stability was confirmed to be visibly stable for a period of 5 weeks (see Figure 1.10). The effect of milling and using a dispersant was clearly shown via particle size analysis where a mixture of YSZ powders and terpineol was compared to the YSZ milled ink. While the plain mixture shows two peaks of mean size diameter of 420 nm and 4527 nm, the milled ink has a mean size diameter of 572 nm and a narrower distribution around one single peak.
	Figure 1.10. Photographs of YSZ concentrated ink captured after 3, 4, 5 and 6 weeks. [taken from ref.68]
	In the same work that reported the water-based LSM/YSZ ink failed attempts, Farandos N. et al. also present a successful formulation of a printable organic-based ink.64 LSM particles were dispersed at 30 wt% in 1-butanol with a 25 mg/mL concentration of polyvinyl butyral resin (PVB) as dispersant and plasticizer. Also, YSZ particles were dispersed at 25 wt% in 1-butanol with 9 mg/mL PVB. This suspension was used both as a stand alone YSZ ink and as a part of the LSM/YSZ ink mixture. After centrifugation, the two slurries were mixed at a LSM ink : YSZ ink volume ratio of 4.95 : 5.05, producing the LSM/YSZ ink with a final solid loading of 16 wt% (60:40 LSM:YSZ) and a final PVB concentration of 14mg/mL. This way the formulation of a printable ink and deposition of highly porous layers with good adhesion on the interface between the plain YSZ printed layer and the LSM/YSZ printed layer was achieved.
	In their publication Wang C. et al.69 dispersed GDC milled nanoparticles in terpineol and ethanol in various volume ratios of terpineol:methanol form 70:30 to 20:80 with a step of 10, while using ethyl cellulose as a polymeric dispersant. The solid loading of GDC was 5 wt% and that of ethyl cellulose was 10 wt% relative to the ceramic powder (thus 0.5 wt% of the total ink weight). Regarding suspension stability, authors note that as the terpineol content decreases, the degree of sedimentation increases, with the best stability achieved at a terpineol:methanol ratio of 70:30. This effect can be related to the theta condition of solvent and ethyl cellulose polymer interaction. Presuming that the polymer forms an ideal chain configuration when dispersed in terpineol, when the particles are introduced those chains cling to the particles creating a maximum repulsion between each other. Hence they argue, that inks will remain stable for a longer period of time. However the 70:30 to 60:40 ratio inks were found to be non jettable, so in terms of printability the 50:50 ratio ink was regarded as optimal, with only negligible sedimentation observed.
	The same group, of Wang C. and Tomov R. et al. reported in three different publications43,44,70 the suspension of previously ball milled and filtered YSZ particles at a solid loading of 5–15 wt% in α-terpineol with methanol as a viscosity regulator, and a binder mixture of bis(2-ethylhexyl)phthalate (DEHP) and ethyl cellulose at a 1:1 by weight ratio. Methanol was added as needed to lower the viscosity of the suspensions from originally about 70 cP to 2.7 and 4.1 cP respectively for the 5 and 15 wt% YSZ loading inks. Suspension stability of the inks was confirmed for the 5 and 15 wt% YSZ loading inks for up to 72 and 24 hours respectively, without deploying any further treatment. While the printability was tested for both, the authors used the 15 wt% as optimal for inkjet printing procedure optimization, despite its deficient stability compared to the 5 wt% ink. In a similar fashion, suspensions of NiO and GDC and a mixture of the two was formulated by Tomov. et al. by using ball milling treatment, in their 2015 publication.43
	At last, in a work not directly related on SOFCs fabrication, Rho Y. et al.71 reported the formulation of a NiO nanoparticle inks by dispersing 0.1 g/mL NiO powders in different organic solvents, such as toluene, decane, tetradecane and α-terpineol, in order to test the main solvent effect on the suspension stability and the ink properties, and without the need for additional surfactants. After studying the inks, tetradecane was the solvent of choice in regards to ink properties, with a 2.3 cP viscosity and a 26.6 mN/m surface tension. As confirmed by the authors, the best printability was achieved by this ink, and its exact solid loading was calculated to be about 12 wt%.
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	2. Experimental methods
	2.1. Reagents/materials


	Acquired SOFC powders:
	YSZ (UCM), used as-obtained, purchased by fuelcellmaterials® (Nexceris, LLC).
	YSZ (Stanford), used as-obtained, purchased by fuelcellmaterials® (Nexceris, LLC).
	Ni/YSZ, used as-obtained, 66 wt% NiO / 34 wt% (Y2O3)0.08(ZrO2)0.92 composition, with surface area of 4 – 8 m2/g, purchased by neyco® Vanves – France.
	LSM/YSZ, used as-obtained and after ball milling treatment, 50wt% (La0.8Sr0.2)0.95MnO3-x / 50wt% (Y2O3)0.08(ZrO2)0.92 composition, purchased by neyco® Vanves – France.
	2.2. LSM/YSZ nanoparticles size control & SOFC powders characterization

	Wet ball milling of the LSM/YSZ powders was conducted in order to reduce the particle size and limit polydispersity of nanoparticles, using 30 mL of solvent water and 3 grams powder loading, in a 30 mL volume zirconia bowl filled with 100 grams of 0.5 mm zirconia grinding balls, at 700 rpm for 30 min (Fritsch GmbH, Pulverisette 7 Micro Miller). The milled powders were then isolated by medium pouring separation and centrifugation at 4000 rpm for 20 min, and then dried at 70℃ for 8h in a vacuum furnace. All of the powders (YSZ_ucm, YSZ_stnf, Ni/YSZ, LSM/YSZ and LSM/YSZ ball milled) Morphological characterization was performed by Scanning Electron Microscopy (SEM, Jeol 7000) coupled with energy-dispersive X-ray spectroscopy (EDX), while structural characterization was conducted by X-Ray Diffraction analysis, (XRD, RIGAKU RINT 2000 with Cu-Kα radiation source of λCuKa=1.54 Å).
	2.3. Inks preparation

	The YSZ, Ni/YSZ and LSM/YSZ powders were dispersed in various liquids and in different solid mass loadings along with various additives, in order to study the dispersibility of the powders and to finally obtain stable and printable inks.
	Ink development was carried out so that ultimately every suspensions prepared should abide by the requirements of inkjet ink equipment (see chapter 1.6). These printing requirements are imposed by the inkjet printing limitations, as well as the need to produce stable and functional inks and printed layers. In this work, that means a need of an ink with the following characteristics: a viscosity of about 10-12 cP at printing temperature, nanoparticle diameter of 0.45 μm maximum or 0.2 μm optimally, a surface tension of approximately 28-33 mN/m and a pH ranging from 4 to 9. Also inkjet inks and printed thin films should be chemically stable and wearproof, during all steps of manufacturing.
	On Tables 2.1 – 2.3 a list of the prepared and tested electrolyte, anodic and cathodic suspensions are presented. The inks produced are divided by the main solvent used in the following categories: water-based inks (WI), glycol-based inks (NI or PI), and terpineol-based inks (TI).
	In a typical manner, a powder quantity of 0.5–10 wt% were first dispersed in either distilled nanopure water (WI) or an aliphatic alcohol, such as: methanol, ethanol, 2-propanol and 1-butanol (NI, PI, TI), acting as the low viscosity dispersing solvent. Then after little manual mixing and a 20 min treatment in a sonication water bath, the thickener solvent was added, such as diols for NI and PI suspensions (ethylene glycol, EG, or propylene glycol, PG) and terpineol for TI suspensions. In the case of WI a second solvent, ethanol, was added, then polymer polyvinylpyrrolidone, PVP, was added. The slurry was then mechanically mixed, by either rolling or magnetic stirring, for 20 min, and treated with another 20 min treatment in a sonication water bath. The ratio of main to secondary solvent was changed and tested for optimal suspension formulation. Finally, a small quantity of an additive 0.5–2 wt% was added, in order to study their stabilization effects on the prepared suspensions, followed by 20 min additional mechanical mixing and 20 min of treatment in a sonication bath.
	2.4. Inks characterization

	The prepared suspensions were studied by many different means and techniques. Macroscopic sedimentation was observed optically, while the mean effective diameter of the agglomerating nanoparticles in suspension was measured by dynamic light scattering on a Zetasizer Nano ZS90 at 90o fixed scattering angle observation. Thermogravimetric analysis was performed by sampling 15μL of each suspension in a TGA SDT Q600 V8.3 Build 101 equipment, in argon 100.0 ml/min gas environment, and a heating ramp of 5 ℃/min starting from RT up to 500 ℃. Viscosity measurements were conducted using a DMA 4100 M, Anton Paar density meter, equipped with a Lovis 2000 ME microviscometer extension and a stainless steel 0.59 mm ball inside the capillary, by using a sampling volume of about 3.5 mL, at a temperature range of 25–35℃. Surface tension and contact angle was measured with the pendant drop and the sessile drop method using a OCA35 Dataphysics contact angle goniometer by pending or depositing 2 μL drops directly on YSZ firm pellets/substrates accordingly. Morphological characterization of the as deposited drops was performed by Scanning electron microscopy (SEM, Jeol 7000).
	Table 2.1: Ink development of YSZ suspensions:
	Table 2.2: Ink development of Ni/YSZ suspensions:
	Table 2.3: Ink development of LSM/YSZ suspensions:
	Ink formulation chemicals and ratios used were based on personal previous work and experience on inkjet inks formation, as well as on the literature overview of SOFC inkjet inks (see chapter 1.7).
	3. Results and discussion

	In this chapter we will present the most prominent of our results. These results will be presented in different sections based on SOFC material used and on the main solvent of choice. At start the characterization of as-obtained and milled powders will be presented. Subsequently, each material and the suspensions tested will be presented on a different section, with results from optical observation during storage, particle analysis, viscosity measurements, thermogravimetric analysis and surface tension results. Finally results of the suspension formulation study will be discussed, and an optimal ink composition and its performance will be presented.
	3.1. Powders characterization

	The powders were characterized by means of scanning electron microscopy, x-ray diffraction, energy dispersive x-ray spectroscopy and zeta potential. SEM can confirm morphology and particle size, XRD and EDX mapping can confirm chemical composition of materials, while zeta potential can quantify the degree of electrostatic repulsion of particles in regards to the pH in solution.
	Morphology of as-obtained materials as observed by SEM is presented on Figure 3.1. All materials are composed of micro-particles adopting a flake-like morphology, with evident solid particle agglomerates in the scale of 2–5 μm for YSZ (stanford) and LSM/YSZ (neyco) powders, and up to 10 μm for Ni/YSZ (neyco) powders. The most uniform in terms of particle sizes (lower polydispersity) is the YSZ (ucm) powders.
	After milling LSM/YSZ powders at 700 rpm for 30 minutes the resulting powder is composed of more fine sub-micron particles in the scale of 300-500 nm and there are no visible particle agglomerates. A visual comparison of the two powders, before and after milling, presented in Figure 3.2, with the as-obtained material on the top row (a) in two different magnifications, while at the bottom row the milled material (b) again in two different magnifications. In conclusion, after the milling treatment the polydispersity of powders has been lowered, to a more fine particle size. This is especially important for the suspension stabilization and printability of the inks, as will become evident in the next section where the stability study results of both powders dispersed in solvents will be presented. As explained in previous chapters, in regards to the stability, a high polydispersity enhances sedimentation due to the mismatching colloidal properties of different sized flocs, whereas for the printability of the ink, a greater particle size means a limited jetting performance due to nozzle clogging.48,52
	Figure 3.1. SEM of (a) YSZ (Stanford), (b) YSZ (UCM), (c) Ni/YSZ (neyco), and (d) LSM/YSZ (neyco).
	Figure 3.2. SEM of LSM/YSZ (neyco) powders (a) as-obtained and (b) after ball milling treatment.
	Diffraction patterns of Ni/YSZ and LSM/YSZ are presented on Figure 3.3. YSZ peaks are denoted with dashed lines (PDF: 00-030-1468 – Yttrium Zirconium Oxide). Peaks of YSZ are present in the Ni/YSZ and the LSM/YSZ diffraction patterns. The rest of the peaks are attributed to NiO peaks (PDF: 01-089-5881 – Nickel Oxide) and LSM perovskite peaks (PDF: 00-047-0444 – Strondium Lanthanum Manganese Oxide) accordingly. Crystallinity of materials is high, especially in the case of Ni/YSZ.
	Figure 3.3. XRD patters of YSZ (Stanford), YSZ (UCM), Ni/YSZ (neyco), and LSM/YSZ (neyco).
	Data from the EDX, are presented in Figures 3.4 to 3.7. Regarding YSZ, the Stanford and UCM materials (Figures 3.4 and 3.5 accordingly) both display uniform distribution of Y, Zr and O atoms, confirming chemical composition given by XRD patterns. Elemental atomic percentages recorded for YSZ (stanford) are O:74.95%, Y:2.51%, and Zr:22.54%, while elemental atomic percentages recorded for YSZ (ucm) are O:77.38%, Y:2.66%, and Zr:19.96%, showing little deviation in regards to stoichiometry between the two. Regarding Ni/YSZ (Figure 3.6), the elemental mapping confirms the presence of a great amount of Ni atoms, as well as Y, Zr and O atoms, confirming chemical composition given by XRD pattern. Interestingly, Y and Zr atoms are distributed on specific areas, apart from Ni atoms. Oxygen atoms are distributed to both areas, however they mostly appear on the Y-Zr areas, making the presence of metallic Ni or oxygen deficient NiO a possibility. Elemental atomic percentages recorded for Ni/YSZ are O:23.15%, Ni:68.28%, Y:0.86%, and Zr:7.72%. Finally, regarding LSM/YSZ (Figure 3.7), uniform presence of La, Mn, Y, Zr and O atoms, confirm chemical composition given by XRD patterns, suggesting the two materials have to be finely mixed or otherwise chemically linked.
	Figure 3.4. EDX mapping of YSZ (Stanford).
	Figure 3.5. EDX mapping of YSZ (UCM).
	Figure 3.6. EDX mapping of Ni/YSZ (neyco).
	Figure 3.6. EDX mapping of Ni/YSZ (neyco).
	Another attribute of our materials tested, is the zeta potential, since it indicates the pH region where the particles will gain maximum electrostatic repulsion between them in dispersion. A high zeta potential (absolute value) is an indicator of better suspension stability, since the similarly charged particles will resist aggregation due to the electrostatic repulsion forces between them, whereas when the potential is small, attractive forces may exceed this electrostatic repulsion resulting in flocculation and sedimentation. Thus, suspensions with high (absolute) zeta potential are electrically stabilized while those with low zeta potentials tend to aggregate or flocculate. In Figure 3.5 we can observe the zeta potential of LSM/YSZ milled particles changing in regards to pH of the water solution.
	The first observation is that values of zeta potential stay negative in the pH range of 1 to 12, with no visible isoelectric point. At acidic pH <5, the potential maximum is near pH =1 with a value of |-17.3 mV|, and as the pH rises there is a drop in potential, with a minimum of |-9.8 mV| at about pH ~3.5. Then at the neutral region around pH =7 the potential reaches a new maximum of |-20.7 mV| at pH ~7.5. Finally at basic pH >8, the potential keeps increasing in absolute value, with the exception of two spikes observed at pH ~8 and pH ~10. At pH ~9, and pΗ ~11.5 and 12.5 the values are |-22.4 mV| and |-26.8 mV| respectively. Thus we conclude that the best suspension stability will be achieved at highly alkaline pH ~11.5 or 12.5. However, in regards to printability, since our inkjet printhead has a preferred working range of about 4< pH <9, the highly alkaline pH >9 are to be excluded. To achieve the best of both factors, stability and printability, the pH of LSM/YSZ suspensions should be regulated at around pH =9.
	Figure 3.5. Zeta potential of milled LSM/YSZ (neyco) powders dispersed in distilled water.
	3.2. Effect of different solvents on YSZ and Ni/YSZ powders

	After characterizing the powders, our first tests on suspension formulation focused on (1) study the effect of solvents, and then on (2) formulating more complex inks in order to achieve suspension stability and even printability. Since our materials of interest, the anode and cathode material, both consist of YSZ, main solvent tests were conducted with plain YSZ, as well as Ni/YSZ for comparison.
	As main solvents a number of aliphatic alcohols, along with distilled water, were chosen due to their dissolution capabilities. In a standard procedure, YSZ and Ni/YSZ powders where mixed with either dist. water, methanol, ethanol, 2-propanol, or 1-butanol, in a concentration of 10 mg/mL. The mixtures where vigorously stirred and then left to rest. Table 3.1 contains some basic physicochemical properties of these chemicals, such as boiling point and viscosity, that are of great importance on ink development.
	Table 3.1: Physicochemical properties of tested solvents (rounded up for simplification purposes)
	In regards to printability, solvents with higher boiling point tend to perform better on jetting and post-processing of films, since uneven evaporation of solvents during those stages can lead to ink properties changing unexpectedly causing issues during printing or print fidelity issues. So, water, 2-propanol and 1-butanol are the best candidates regarding boiling point. Moreover, surface tension of aliphatic alcohols are closer to the recommended working area for inkjet printing of 27–33 mN/m, and inks with viscosity close to 1 cP can be printable but with limited performance.
	In regards to suspension stability, on Figure 3.6 pictures of the suspensions during four days of storage are presented. Different solvents have different impact on particle suspension. We can clearly observe that water, as a solvent on its own, fails to disperse YSZ and Ni/YSZ particles. Most specifically from even the first day of storage water and methanol displayed higher sedimentation rates for both the YSZ materials and the Ni/YSZ alike. On the other hand 2-propanol and 1-butanol seem to achieve better stability without the presence of any additives, with less sedimentation occurring.
	Figure 3.6. Images of powders dispersed in solvents: water, methanol, ethanol, 2-propanol, 1-butanol (left to right). (a) YSZ (Stanford), (b) YSZ (UCM), (c) Ni/YSZ, day of formulation, and (d) Ni/YSZ after four days.
	3.3. Anode powder suspensions

	
	3.3.a Study of Ni/YSZ water-based inks

	Moving to the water-based suspensions of Ni/YSZ, based on bibliography presented on section 1.7, we decided to test a water-ethanol system with polymer PVP as a thickener, and a low to moderate solid loading,of 1 or 3 wt%. Suspension compositions are presented in Table 3.2 below. Two different contents of PVP and of solid loading were tested on a fixed water:ethanol solvent ratio of 80:20.
	Table 3.2: Composition of water-based Ni/YSZ suspensions
	Ni/YSZ water-based suspensions were stored and studied for up to eight days. Optical observations of suspension stability are presented on Figure 3.7. Precipitated powders were evident since the first day of formulation, after 1 hour of storage. The sedimentation was semi-reversible, by shaking the storage vial for several minuted vigorously. By these observations, the water-based inks of Ni/YSZ were labeled as unstable and inappropriate regarding suspension stability. However, additional measurements were conducted in order to study other characteristics of interest like particle mean diameter and viscosity.
	Figure 3.7. Image of water-based Ni/YSZ suspensions after 1 day of storage (a) overview, (b) WI-1 tilted, (c) WI-2 tilted, (d) WI-3 tilted, and (e) WI-4 tilted.
	The data of particle mean effective diameter over several days, as measured by DLS, are presented in a comparison plot, on Figure 3.8. Combining optical observations with particle mean effective diameter data, we can confirm the following; during storage, the mean diameter of particles seem to increase, indicative of the agglomeration that is taking place. This is especially the case for low solid loading inks, WI-1 and WI-3 both of 1 wt% powder, while in the case of moderate solid loading inks, WI-2 and WI-4 both of 3 wt% powder, they seemed to perform better with a more stable particle mean diameter over time. Unfortunately, since most inks displayed an average particle mean diameter of 500 nm or above, they are inadequate by the standards of inkjet printing, requiring nanoparticle diameter of less than 0.45 μm to avoid nozzle clogging. The only promising exception would be sample WI-4, with a particle mean diameter of about 450 nm during storage. We can also observe that inks with higher PVP content performed better over time in comparison to their powder loading equivalents with lower PVP content. This confirms that by adding a polymer as a dispersant and a thickener, better results can be achieved in regards to suspension stability. This effect may be attributed either to the increase in viscosity, or to the steric effects between particles caused by the extended chains of PVP in water, or to both, by reducing aggregation and sedimentation rates.
	Figure 3.8. Comparative plot of particle mean diameter during storage for Ni/YSZ water-based inks.
	Viscosity and pH measurements of WI inks of Ni/YSZ were conducted and results are presented on Table 3.3 below. The pH and viscosity values of suspensions with lower PVP content, WI-1 and WI-2, of Ni/YSZ are compliant to the preferred working parameters of inkjet printing. However in regards to the suspensions with higher polymer content, WI-3 and WI-4, viscosity was more than the acceptable in the temperature ranged measured, and the pH is lower than the other two suspensions, closer to the lower limit of pH =4. Ni/YSZ addition seems to raise the pH, while PVP addition seems to lower it.
	Table 3.3: Viscosity and pH values of Ni/YSZ water-based suspensions.
	a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)
	Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates, a valuable information for regulating post-printing treatment, as well as the true value of solid loading percentage of our formulated inks. This data is presented on Figure 3.9 below. While water and ethanol are evaporated before reaching 100℃, displaying a steep slope on the graph in Figure 3.9, polymer PVP needs to be heated up at 400 to 450℃ to be removed completely. After 450℃ the remaining percentage indicates the solid loading. The remaining percentage however is much less than the one used on formulation (1 and 3 wt%), which should not be attributed to actual mass loss, but most likely to the sampling method, especially since particle concentration in the inks was higher at the bottom of the vessel than in the middle of the slurry, where the sample was acquired. Also evaporation of solvents at room temperature may be contributing, making the initial weight measurement inaccurate.
	Figure 3.9. Thermogravimetric analysis of Ni/YSZ water-based inks, with caption at 450 – 500 ℃.
	Overall, water-based suspensions of Ni/YSZ seem to need more optimization in regards to additives used, suggesting for additional dispersant and their concentration testings in order to improve suspension stability, while a lower polydispersity of particles would also be of great benefit.
	3.3.b Study of Ni/YSZ glycol-based inks

	Moving to the glycol-based suspensions of Ni/YSZ, based on bibliography presented on section 1.7, we decided to test ethylene glycol (EG) or propylene glycol (PG) suspensions, with co-solvent 1-butanol, and an amine additive (triethanolamine, TEA) as pH regulator and dispersant, and with moderate solid loading, of 5 wt%. Table 3.4 contains some basic physicochemical properties of these chemicals, such as boiling point and viscosity, that are of great importance on ink development.
	Table 3.4: Physicochemical properties of compounds used (rounded up for simplification purposes)
	triethanolamine (TEA)
	Suspension compositions are presented in Table 3.5. Two different contents of additive TEA were tested either on a fixed EG:butanol solvent ratio of 80:20, a fixed PG:butanol solvent ratio of 80:20, or a fixed PG:butanol solvent ratio of 70:30. Thus the parameters tested in composition of glycol-based Ni/YSZ suspensions are the glycol type, the glycol:butanol ratio and the additive content.
	Table 3.5: Composition of glycol-based Ni/YSZ suspensions
	Suspensions were stored and studied for up to ten days. Optical observations of suspensions stability for NI-2 and NI-3 samples are presented on Figure 3.10. For inks NI-4 to NI-7 sedimentation was similar of those presented in Figure 3.10. Precipitated powders were evident for all formulations after 3 days of storage. The sedimentation was semi-reversible, by shaking the storage vial for several minuted vigorously. By these observations, the glycol-based inks of Ni/YSZ were labeled as unstable and inappropriate regarding suspension stability. However additional measurements were conducted in order to study other characteristics of interest.
	Figure 3.10. Image of glycol-based Ni/YSZ suspensions after 3 days of storage (a) overview, (b) NI-2 tilted, and (c) NI-3 tilted.
	The data of particle mean effective diameter over eight days, as measured by DLS, are presented in a comparison plot, on Figure 3.11. We can clearly observe that in regards to the glycol type used, PG seems to keep Ni/YSZ nanoparticle suspensions more stable that EG, with NI-2 and NI-3 EG-based samples presenting larger particle mean diameter than the NI-4 to NI-7 PG-based samples. Interestingly, PG-based suspensions performed much better than water-based, with mean diameter of less than 0.45 μm. The samples with 80:20 ratio of PG:butanol (NI-4 and NI-5) display greater standard deviation than samples with 70:30 ratio of PG:butanol (NI-6 and NI-7), making the latter a more reliable formulation.
	Figure 3.11. Comparative plot of particle mean effective diameter during storage for Ni/YSZ glycol-based suspensions.
	Viscosity and pH measurements of NI inks of Ni/YSZ were conducted and results are presented on Table 3.6 below. We observe that glycol-based suspensions have higher pH values than the water-based. Also, samples of higher additive content, 2 wt% TEA (NI-3, 5, and 7), have higher pH than the rest, due to the alkaline nature of the amine additive. Moreover, PG-based samples (NI-4 to 7) tend to have higher pH than EG-based (NI-2, and 3), while samples with higher 1-butanol content (NI-6 and NI-7) have even higher pH, reaching close to the upper pH limit of 9 for inkjet printing inks. In regards to the viscosity of samples, EG-based suspensions exhibit lower values than their PG-based equivalents, which can be attributed to the greater viscosity of PG as presented in Table 3.4. This is also the case for samples with lower PG:butanol ratio, of 70:20, in comparison to the 80:20 equivalents. When comparing NI-4 to NI-5, viscosity values are increasing in respect to the additive TEA content, which again is in agreement with data provided in Table 3.4. Glycol-based suspensions overall exhibit greater viscosity than water-based inks, with values more close to the optimal working parameters, of 10–12 cP, especially at temperatures above the room temperature.
	Table 3.6: Viscosity and pH values of Ni/YSZ glycol-based suspensions.
	a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)
	Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates, a valuable information for regulating post-printing treatment, as well as the true value of solid loading percentage of our formulated inks. This data is presented on Figure 3.12 below for NI-4 and NI-5 suspensions only. Most of the mass of measured samples is evaporated before reaching 150℃. However PG:butanol ratio of the suspensions measured is 80:20, but since 1-butanol boiling point is about 100℃ and PG boiling point is about 180℃, it seems like most of the mass of PG is evaporating rapidly from 100℃ up to 150℃, and then more slowly from 150℃ up to 180℃. After 335℃, which is the boiling point of additive TEA, the remaining percentage indicates the solid loading. The remaining percentage for each suspension however is less than the one used during formulation (5 wt%), which should not be attributed to actual mass loss, but most likely to the sampling method, especially since particle sedimentation led to concentration variation in the slurry. Also evaporation of solvents at room temperature may be contributing, making the initial weight measurement inaccurate.
	Figure 3.12. Thermogravimetric analysis of Ni/YSZ glycol-based inks, with caption at 450 – 500 ℃.
	Overall, glycol-based suspensions of Ni/YSZ appear to be more promising than the water-based suspensions, specifically in the case of PG-based rather than EG-based inks. However, they seem to need more optimization in regards to percentage and ratios of components used, in order to improve suspension stability, while a lower polydispersity of particles would also be of great benefit.
	3.3.c Study of Ni/YSZ terpineol-based inks

	Moving to the terpineol-based suspensions of Ni/YSZ, based on bibliography presented on section 1.7, we decided to test a mixture of terpineol with co-solvent methanol or 1-butanol, along with additive ethyl cellulose (EthCell) as thickener and dispersant, and high solid loading of 10 wt%. Suspension compositions are presented in Table 3.7. Apart from the two co-solvents tested, three different contents of additive EthCell were tested on a fixed alcohol:terpineol solvent ratio of 60:40.
	Table 3.7: Composition of terpineol-based Ni/YSZ suspensions
	Ni/YSZ terpineol-based suspensions were stored and studied for up to twelve days. Optical observations of suspension stability revealed that the formulated slurries sediment in high rates, with not enough reversibility. Most probably, with the current polydisperse nature of Ni/YSZ the increased solid loading of 10wt% was excessive, with most of the sedimenting powders forming a compact solid layer on the bottom of the storage vial, while the rest was successfully suspended on the ink vehicle for several days. Precipitated powders were evident since the first day of formulation, after several hours of storage. However additional measurements were conducted in order to study other characteristics of interest like particle mean effective diameter and viscosity.
	The data of particle mean effective diameter over eight days, as measured by DLS, are presented in a comparison plot, on Figure 3.13. Interestingly, ethyl cellulose addition does not seem to have the dispersing effect that was anticipated, with higher additive contents, resulting in larger particle mean diameter. Moreover, in regards to the co-solvent used, the samples with methanol achieve a smaller mean diameter than those with 1-butanol, with values below the 0.45 μm prerequisite for inkjet inks in the case of TI-M. This also becomes evident when comparing sample TI-1 to the equivalent TI-4, both with 5 wt% of ethyl cellulose, where TI-1 with methanol as a co-solvent exhibits both a lower particle mean diameter and a smaller measurement error, meaning sample has smaller polydispersity.
	Figure 3.13. Comparative plot of particle mean effective diameter during storage for Ni/YSZ terpineol-based suspensions.
	Viscosity and pH measurements of TI inks of Ni/YSZ were almost impossible to conduct due to equipment limitations (viscosity > 25 cP). However, data acquired are presented on Table 3.8. Terpineol-based samples are of high viscosity, thus leading to the conclusion that more formulation testing need to be conducted in order to lower viscosity for printing in the range of 30–45 ℃ temperatures. Sample TI-B with 1-butanol as co-solvent and no additive-thickener, exhibit acceptable viscosity of 12.58 cP at 35℃. In regards to pH, the two successfully measured samples display an alkaline pH in the boundaries of acceptable pH values for use as inkjet printing inks.
	Table 3.8: Viscosity and pH values of Ni/YSZ terpineol-based suspensions.
	a: missing data either due to measurement error (e.g. sedimenting sample) or inability of equipment (too viscous sample)
	Overall, terpineol-based suspensions of Ni/YSZ even thought they look much promising based on literature, the high polydispersity of powders along with high viscosity of solvent terpineol at room temperature consist limiting factors for the ink development and study, and more formulations must be tested in order to decrease room temperature viscosity of suspensions, for the measurements to be possible, and to improve the suspension stability.
	3.4. Cathode powder suspensions

	As presented in section 1.7, ball milling is a very common technique in order to decrease particles size and to reduce polydispersity of a sample. It is extensively used in literature over ink development of inkjet inks. As discussed in section 3.1, milling of the LSM/YSZ cathode material powders has achieved better homogeneity on particle sizes. Thus, the next step is to test the effect of the milling treatment of LSM/YSZ powders on the suspension stability, in comparison to suspensions formulated with the as-obtained powders.
	3.4.a Study of LSM/YSZ water-based inks

	Effect of powder milling treatment on suspension stability
	Starting with water-based suspensions, formulation was guided by literature presented in section 1.7 and experience with Ni/YSZ water-based suspensions. Thus, we decided to test different water:ethanol solvent ratios from 80:20 to 70:30 and 60:40, with the lower polymer PVP content of 10 wt%, and two increased but moderate solid loading, of 3 and 5 wt%. Suspension compositions are presented in Table 3.9 below, and were formulated both with as-obtained and with milled powders.
	Table 3.9: Composition of water-based LSM/YSZ suspensions
	LSM/YSZ water-based suspensions were stored and studied for up to eleven days. Optical observations of suspension stability are presented on Figure 3.14, for both the as-obtained and milled samples. Regarding the effect of milling of LSM/YSZ powders, it has a clearly stabilizing effect since after three days of storage, water-based inks with the as-obtained powders display a phase separation where the liquid phase has a gray color which indicates a higher presence of YSZ powders (white) than LSM powders (black), and a black solid layer is evident on the bottom of the storage vial, indicating precipitation of LSM or LSM/YSZ powders. There is no clear explanation for this effect, and additional research should be conducted in order to validate if there is indeed a powder phase separation. However, in the case of suspensions formulated using the milled powders, suspension stability has been improved dramatically, with all of the samples maintaining an optically more uniform concentration of LSM/YSZ powders in the different (upper vs lower) areas of the slurry. Minor sedimentation was evident after the third day of storage at the bottom of the vial, that was fully reversible by shaking the vial vigorously. Water-based inks of as-obtained LSM/YSZ were labeled as unstable and inappropriate regarding suspension stability, and additional measurements were conducted to the milled samples in order to study other characteristics of interest like particle mean diameter and surface tension.
	Figure 3.14. Image of water-based LSM/YSZ suspensions with as-obtained and milled powders, after three days of storage.
	The data of particle mean diameter over several days are presented on Figure 3.15. Combining optical observations with particle mean effective diameter data, we can confirm the following; during storage, the mean diameter of particles seem to stay stable over the span of eleven days, with very little sedimentation. Also, measurement error is low indicating a low polydispersity. Moreover, all of the samples exhibit small mean diameters, lower than to 300 nm, during storage, which is much lower than the 0.45 μm upper limit for printability with inkjet printing. The most promising results for water-based inks of milled LSM/YSZ appear to be samples with the moderately higher solid loading of 5 wt%.
	Figure 3.15. Comparative plot of particle mean effective diameter during storage for milled LSM/YSZ water-based suspensions.
	Since WI suspensions with milled LSM/YSZ displayed better stability than previous samples, some additional measurements were conducted to measure another property of great importance for inkjet printable inks, the surface tension. Thus, surface tension of WI suspensions was measured using the pendant drop method and results are presented on Figure 3.16 below.
	Figure 3.16. Comparative plot of surface tension over drop age for milled LSM/YSZ water-based suspensions.
	Surface tension values over drop age is a valuable measurement since not only a value of surface tension is acquired for each sample, but the evaporation of the droplet solvents may be also observed, showing it effect on surface tension values over age of the pendant drop. The first thing to notice, is the increasing trend of surface tension over time, possibly due to the droplet volume dropping by evaporation, since no surfactant is present, as reported in the case of J. Berry et. al.72 This trend is more evident for samples WI-7, WI-8 and WI-9, while sample WI-6 seem to exhibit more stable values over time. However, since the preferred working values of surface tension for inkjet printing are from 28 to 33 mN/m, sample WI-9 seem to be optimal. At a lower water:ethanol ratio of 60:40, samples WI-6 and WI-9, surface tension is lower and more stable than samples WI-7 and WI-8 with higher ratios, 80:20 and 70:30 accordingly. Additionally if the volume of the pendant drop is plotted in regards to the age of the drop, then the evaporation rate of the suspensions may be visualized. On Figure 3.17, evaporation trends for samples WI-6, WI-7 and WI-9 are presented. As was expected, sample WI-7, with the lower ethanol content, tends to evaporate more slowly than WI-6 or WI-9 of double the ethanol content. Overall, during the 70 seconds of measurement none of the samples lost more than 20% of their initial pendant drop volume.
	Figure 3.17. Comparative plot of normalized pendant drop volume percentage over drop age for milled LSM/YSZ water-based suspensions.
	Thermogravimetric analysis of suspensions is presented on Figure 3.18. As in Ni/YSZ water-based suspensions, water and ethanol evaporate before reaching 100℃, displaying a steep slope, whereas polymer PVP decomposes at 400 to 450℃. After 450℃ the remaining percentage indicates the solid loading, of milled LSM/YSZ. The remaining percentage however is less than the one used during formulation of 3 and 5 wt%, which should not be attributed to mass loss, but most likely to the sampling method and evaporation of solvents at room temperature.
	Figure 3.18. Thermogravimetric analysis of milled LSM/YSZ water-based inks, with 450–500 ℃ caption.
	Overall, water-based suspensions of milled LSM/YSZ seem very promising so far, with only surface tension needing more fine tuning, suggesting the use of surfactants in small quantities, in order to lower the high surface tension attributed to water. Additional measurements of viscosity would be also useful.
	3.4.b Study of LSM/YSZ glycol-based inks
	Effect of powder milling treatment on suspension stability


	Moving to glycol-based suspensions of LSM/YSZ, formulation was guided by literature presented in section 1.7 and experience with Ni/YSZ water-based suspensions. Thus, we decided to focus on propylene glycol as a main solvent with co-solvent 1-butanol with amine additive triethanolamine as pH regulator and dispersant, and with varying solid loading. Initial suspensions were formulated both with as-obtained and with ball milled powders and compositions are presented on Table 3.10.
	Table 3.10: Composition of glycol-based LSM/YSZ initial suspensions
	LSM/YSZ initial glycol-based suspensions were stored and studied for up to eleven days. Optical observations of suspension stability are presented on Figure 3.19, for both the as-obtained and milled samples. As in the case of water-based suspensions, here it also procure a stabilizing effect, notably since after three days of storage glycol-based inks with the as-obtained powders display a black precipitated LAM/YSZ powder layer at the bottom of the storage vial. However, in the case of suspensions formulated using the milled powders, suspension stability has been improved dramatically, with all of the samples maintaining an optically more uniform concentration of LSM/YSZ powders in the different (upper vs lower) areas of the slurry. Minor sedimentation was evident after the third day of storage at the bottom of the vial, that was fully reversible by shaking the vials vigorously. PG-based inks of as-obtained LSM/YSZ were labeled as unstable and inappropriate, while additional measurements were conducted to the milled samples in order to study other characteristics of interest.
	Figure 3.19. Image of glycol-based LSM/YSZ initial suspensions with as-obtained and milled powders, after three days of storage.
	The data of particle mean effective diameter over several days, as measured by DLS, are presented in a comparison plot, on Figure 3.20. Combining optical observations with particle mean effective diameter data, we can confirm the following; during storage, the mean diameter of particles seem to stay stable over the span of eleven days, with very little sedimentation. Also, measurement error is low indicating a low polydispersity. Moreover, all samples exhibit small mean diameters, lower or equal to 200 nm during storage, which is much lower than the 0.45 μm upper limit for printability with inkjet printing, and even smaller than the water-based inks of milled LSM/YSZ. The most promising results for PG-based inks with milled LSM/YSZ appear to be sample NI-6 of 70:30 solvent ratio and 1 wt% of TEA.
	Figure 3.20. Comparative plot of particle mean effective diameter during storage for milled LSM/YSZ glycol-based initial suspensions.
	Viscosity (at 30℃) of these samples was measured to be 16.694 cP for sample NI-4, and 18.480 cP for sample NI-5, close to our preferred working area 10–12 cP, which could be easily achieved by heating the samples up to 35 or 40 ℃. Unfortunately no other viscosity data is available.
	Since PG-based initial suspensions with milled LSM/YSZ displayed good stability, measurements of surface tension were conducted. Surface tension of NI suspensions was measured using the pendant drop method and results are presented on Figure 3.21 below.
	Figure 3.21. Comparative plot of surface tension over drop age for milled LSM/YSZ glycol-based initial suspensions.
	PG-based samples seem to exhibit a more stable surface tension over time, in comparison with water-based samples presented in the previous section (see Figure 3.16), indicating less evaporation at room temperature and more a stable ink composition on air. Apart from NI-4 for whom little data is available, for the rest of these samples surface tension tends to decrease as the PG content decreases, or in other words as the 1-butanol content increase. This is more evident for samples NI-7, NI-8 and NI-9, where PG content is decreasing as NI-7 > NI-8 > NI-9. Moreover, samples with higher content of additive TEA (NI-7, NI-8 and NI-9) exhibit smaller values of surface tension than that of lower additive content (NI-5 and NI-6). Since the preferred working values of surface tension for inkjet printing are from 28 to 33 mN/m, none of these samples seem to be truly optimal, but samples NI-5, NI-6 and NI-7 are closer to the desired values, with a surface tension of 25 ±2 mN/m.
	Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates. This data is presented on Figure 3.22 below. As in glycol-based suspensions of Ni/YSZ, most of the mass of measured samples is evaporated before reaching 150℃. After 335℃, which is the boiling point of additive TEA, the remaining percentage indicates the solid loading. This remaining percentage however is less than the one used during formulation of 5 wt%, which should not be attributed to mass loss, but most likely to the sampling method and evaporation of solvents at room temperature.
	Figure 3.22. Thermogravimetric analysis of milled LSM/YSZ glycol-based initial suspensions, with caption at 450 – 500 ℃.
	Overall, glycol-based suspensions of milled LSM/YSZ seem very promising so far, even more promising than water-based suspensions of milled LSM/YSZ due to the smaller mean diameter of particles achieved. However, optimization of surface tension is needed, suggesting the use of additional additives in small quantities, in order to slightly increase surface tension values. Additional measurements of viscosity would also be useful.
	After establishing the effectiveness of the milling on LSM/YSZ powders used for the glycol-based suspensions as well, three parameters on ink development where tested, in order to methodically optimize the suspension properties, and asses the effect of each parameter. The three parameters are as following: solid loading vs solutions ratio, filtration, and pH regulation. Each parameter will be presented and discussed separately.
	First testing parameter: solid loading vs solutions ratio

	To test the effect on the suspensions of solid loading vs solutions ratio, three different milled LSM/YSZ solid loading (0.5 – 3 wt%), each tested over three different PG:1-butanol ratios (90:10, 80:20 and 70:30), while keeping amine additive triethanolamine stable on 1 wt%. Suspension compositions for solid loading vs solutions ratio optimization are presented in Table 3.11 below.
	Table 3.11: Composition of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization
	Suspensions were stored and studied for up to fifteen days. Optical observations of suspension stability are presented on Figure 3.23. As in the case of previously tested glycol-based suspensions of milled powders, we have a stabilizing effect of powders in the bulk liquid phase of the slurry, however due to the scale up of samples the sedimented black powder layer forming on the bottom of the vials is now more easily observable. Sedimentation is fully reversible by shaking the vials vigorously, even after ten days of storage (see APPENDIX II: Images of sedimentation reversibility). Additional measurements were conducted to the samples in order to study other characteristics of interest.
	Data of particle mean effective diameter over several days, as measured by DLS, are presented in a comparison plot, on Figure 3.24. The first thing we notice is that mean effective diameter values are still below 200 nm. This is way lower than the 0.45 μm upper limit for printability with inkjet printing, and even smaller than the water-based inks of milled LSM/YSZ, or the previous tested glycol-based inks of milled LSM/YSZ for the first days of storage. Secondly, better mean diameter stability over time is achieved by higher solid loading. Over storage time, measurement errors broadens greatly on samples with lower solid loading, indicating greater polydispersity after storage, and thus aggregation taking place. Moreover, regarding the solvent ratio, for samples with 0.5 wt% loading we observe that a lower PG:butanol ratio can stabilize the mean diameter of samples over time. A similar conclusion can be drawn for samples with 1 wt% loading, however in the case of samples with moderate 3 wt% loading the trend is not evident. The most promising of these results appear to be samples PI-12 and PI-6, both with 70:30 solvent ratio, but different solid loading.
	Figure 3.23. Image of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization, after three days of storage, overview (top) and tilted samples (bottom).
	Figure 3.24. Comparative plot of particle mean effective diameter during storage of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization.
	Viscosity data of samples PI-3 and PI-6 is presented in Table 3.12. Both samples have a solvent PG:butanol ratio of 70:30, with a solid loading of 1 and 3 wt% accordingly. Thus, any differentiation of results should be attributed to the change in solid loading. Interestingly, PI-3 seem to exhibit greater viscosity than that of PI-6 at measured temperatures, which is counter to the expected result, since a grater solid loading (PI-6) should make the slurry more viscous. Additional measurements of all samples should be conducted in order investigate further. However, both samples exhibit acceptable viscosity at temperatures 30 to 35℃, making them qualify as printable by inkjet printing.
	Table 3.12: Viscosity values of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization
	Since PG-based initial suspensions with milled LSM/YSZ displayed better stability, measurements of surface tension were conducted. Surface tension of NI suspensions was measured using the pendant drop method and results are presented on Figure 3.25 below.
	Figure 3.25. Comparative plot of surface tension over drop age of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization.
	The measured samples seem to exhibit a more stable surface tension over time, in comparison with water-based samples presented in a previous section (see Figure 3.16), indicating less evaporation at room temperature and stable ink composition on air. However, they behave similarly to the glycol-based samples presented in the previous section (see Figure 3.21). Most of the samples exhibit a surface tension of 22 ±3 mN/m, with sample PI-2 being an exemption with 31 ±2 mN/m. Since the preferred working values of surface tension for inkjet printing are from 28 to 33 mN/m, only PI-2 of these samples seem to be more adequate.
	Thermogravimetric analysis of the suspensions provided us with the thermal degradation rates. This data is presented on Figure 3.26 below. As in all glycol-based suspensions formulated so far, most of the mass of measured samples is evaporated before reaching 150℃. After 335℃, which is the boiling point of additive TEA, the remaining percentage indicates the solid loading. This remaining percentage however is less than the one used during formulation of 5 wt%, which should not be attributed to mass loss, but most likely to the sampling method and evaporation of solvents at room temperature.
	Figure 3.26. Thermogravimetric analysis of glycol-based suspensions of milled LSM/YSZ for solid loading vs solutions ratio optimization, with caption at 450 – 500 ℃.
	Overall, the solid loading vs solutions ratio optimization for glycol-based suspensions of milled LSM/YSZ provided us with a greater insight on the effect of these two parameters on suspension stability and printability. As observed, the PG:butanol ratio constitutes a key factor for the initial particle effective mean diameter, with the 70:30 ratio resulting in smaller particles sizes, indicating smaller aggregates are present, and thus a better initial particle dispersibility. On the other hand, solid loading constitutes a key factor for agglomeration ratio over storage, with the higher amounts of loading displaying improved mean diameter stability and lower measurement errors, indicating less aggregation over time and lower polydispersity of samples. On Figure 3.27, a comparative plot for the 70:30 solvent ratio samples over different solid loading tested is presented. The most promising results in regards to smaller starting mean diameter is achieved by the lower solid loading sample, PI-12 of 0.5 wt%, however stability over time on small mean diameters is best achieved by higher higher loading samples, PI-6 and NI-6 of 3 and 5 wt% accordingly. Some issues towards printability, however, still need to be addressed like optimization of surface tension, in order to ensure stability and repeatability of process. Regarding viscosity of these samples, the data indicates optimal printability can be achieved at 30 to 35 ℃, even so additional measurements in a variety of intermediate temperatures would also be useful.
	Figure 3.27. Comparative plot of particle mean effective diameter during storage of glycol-based suspensions of milled LSM/YSZ of 70:30 solvent PG:butanol ratio.
	Second testing parameter: filtration

	Since we established that the PG:butanol solvent ratio of 70:30 is the optimal for suspension stability and diminishing aggregation over time, there is still an issue to be address on the partial yet reversible sedimentation occurring in suspensions over time. For the convenience of the user during printing, for applications on large-scale automated systems, for printing fidelity reasons, and to avoid nozzle clogging a printing slurry should be homogeneous and consistent over time. Thus, in order to avoid any sedimentation and exclude big aggregates occurring right on the first day of formulation, the filtration of our most prominent suspensions was tested. Filters used were 0.45 μm nylon porous filters. The filtered suspension compositions are presented on Table 3.13 below.
	Table 3.13: Composition of filtered glycol-based suspensions of milled LSM/YSZ
	Optical observations of suspension stability are presented on Figure 3.28. The filtration of samples seem to have improved the suspensions, with no evidence of sedimentation. However, during filtration of the inks, an unknown quantity of material, solid powder and liquid vehicle, was kept in the filter, which is evident by the augmented transparency of the samples and decrease in volume. Thus we may presume that solid loading of filtered suspensions is not the same as in formulation, but lesser. In conclusion, filtration seem to improve dispersion of powders, while limiting massive sedimentation.
	Figure 3.28. Image of filtered glycol-based suspensions of milled LSM/YSZ of 70:30 solvent PG:butanol ratio on different solid loading, on formulation day, overview (left) and tilted samples (right).
	Third testing parameter: pH regulation

	As explained in section 3.1, the zeta-potential analysis of materials is a useful measurement for the ink development process. From the measured zeta potential of milled LSM/YSZ powders (see Figure 3.5), we established that the pH of LSM/YSZ suspensions should be regulated at around pH =9, to optimize stability and printability. However, we opted to explore the effect of pH on our optimal formulated suspensions, in the area of pH suggested for optimal inkjet printing of inks (4≤pH≤9), thus a pH regulation testing was conducted. To test the pH effect, two different routes were followed. The first method was to regulate pH by changing the content of the amine additive TEA, as is acts as a pH regulator. The second method was to regulate pH by using acidic solutions in different quantities and of different acids. Suspension compositions for pH regulation are presented in Tables 3.14 and 3.15 below.
	Table 3.14: Composition of glycol-based milled LSM/YSZ suspensions with pH regulation by additive
	Table 3.15: Composition of glycol-based milled LSM/YSZ suspension with pH regulation by acids
	First for the TEA content optimization, optical observations of suspension stability are presented on Figure 3.29. The use of TEA as a pH regulator is evident here since without any use of TEA, PI-0 sample has a pH = 6.5, and as expected from zeta potential measurement, the slurry tends to sediment more that pH region. The same behavior can be observed when adding 0.5 wt% of TEA, in sample PI-13, where we still observe sedimentation of powders. In comparison, when reaching a TEA content of 1 wt%, samples PI-6, the pH = 9 and the sedimentation is evidently diminished.
	Figure 3.29. Image of glycol-based filtered suspensions of milled LSM/YSZ with pH regulation by TEA content, overview (top) and tilted samples (bottom).
	The data of particle mean diameter over several days, are presented in a comparison plot, on Figure 3.30. Combining optical observations with particle mean effective diameter data, we can confirm that PI-6 with 1 wt% of additive TEA has both a stable mean diameter of particles over time, with very little sedimentation, and measurement error is generally low indicating a low polydispersity. However, all filtered samples exhibit small mean diameters, lower or equal to 200 nm during storage, which is much lower than the 0.45 μm upper limit for printability with inkjet printing. Unfortunately no more DLS data of PI-13 is available, however optical observations indicate that sedimentation on the 0.5 t% TEA sample would be greater than the 1 wt% sample.
	Figure 3.30. Comparative plot of particle mean effective diameter during storage of glycol-based filtered suspensions of milled LSM/YSZ with pH regulation by TEA content.
	Secondly, for pH regulation with acidic solvents, optical observations of suspension stability are presented on Figure 3.31. At the top row (a) of Figure 3.31, an overview of samples are presented in the following order: PI-3, PI-3 with 1 drop HCl 12M, PI-3 with 2 drops HCl 12M, PI-6, PI-6 with 1 drop HCl 12M, PI-6 with 2 drops HCl 12M, PI-6 with 2 drops HNO3 15M, PI-6 with 2 drops H3PO4 14M, PI-6 with 2 drops HCl 6M, and PI-6 with 2 drops HCl 2M. By the first day of formulation, sedimentation and phase separation is evident in some of the formulated samples. At the middle row (b) of Figure 3.31, the samples are tilted horizontally and the sedimentation becomes more visible with all of the pH regulated samples exhibiting greater sedimentation and even phase separation than the original PI-3 and PI-6 samples. At the bottom row (c) of Figure 3.31, the samples after several days of storage are presented, from different angles, confirming the instability of pH regulated samples.
	Figure 3.31. Image of glycol-based suspensions of LSM/YSZ with pH regulation by acid solutions, on formulation day overview (a), tilted (b) and after several days of storage (c).
	The pH values measured of pH regulated and original suspensions are presented on Table 3.16 below. In conclusion we established the effect of pH on our two most prominent inks and confirmed that a pH = 9 can achieve better suspension stability.
	Table 3.16: pH of glycol-based milled LSM/YSZ suspension with pH regulation by acids
	3.5. Ink-to-substrate interaction

	After the ink formulation and characterization of Ni/YSZ and LSM/YSZ suspensions, various of the formulated samples where tested on their interaction with acquired YSZ pellet substrates. These pellets are substrates fabricated to display low porosity, that will act as the electrolyte layer of the printed SOFC device, on top of which the optimal anode and cathode inks are to be printed in the future as a continuation of this work. Before rushing to printing procedures, first the ink-to-substrate interaction must be tested, in order to establish the following factors:
	1. what is the affinity of a drop of ink falling onto the substrate,
	2. what is the state of a deposited layer after deposition onto the substrate, and
	3. what is the state of a deposited layer after a post-deposition treatment.
	These factors, as we will establish in this section, may be conclusive in choosing the optimal ink composition for the inkjet printing of a thin film layer. In order to examine these parameters, a list of measurements and procedures are needed. For the affinity of a drop onto the substrate, contact angle measurements can be performed; for the state of the layer after deposition, the drops used in contact angle measurements can be dried and observed; and finally, for the state of the layer after post-deposition treatment, the same deposited and dried drops can be annealed and observed.
	However, before proceeding to the results of these experiments, one should keep in mind the following issues. A microscopic drop of the scale of 2 μL, as the ones generated by the contact angle goniometer dispenser syringe in this project, cannot be considered equivalent to a microscopic drop of the scale of 10 pL, as the ones generated by the nozzle of an inkjet printer printhead. Also, deposition one single droplet of such a volume (2 μL) is different to the deposition of many smaller droplets (10 pL) summing up to the same greater volume into a film. And last, the deposited drops produced by the as described testing method are thicker than a printed thin film that can be deposited by an inkjet printer. In these regards, there may be great differences in between the testing method and the actual printing, but nevertheless this method can provide formulators a general preview on the fidelity for printed layers.
	In this section, contact angle measurements, optical observations and SEM images of drops deposited onto YSZ pellets will be briefly presented. Starting by contact angle measurements, on Figure 3.32, a comparative overview of images of contact angles over time, for various formulated suspensions with different compositions is presented.
	Figure 3.32. Image of contact angle over time of various formulated suspensions at different compositions.
	The first observation on contact angle measurements of our samples, is that water-based suspensions in general exhibit higher initial contact angle than the glycol-based suspensions. However for final measurements, after 450 seconds, the observation is reversed, with droplets of glycol-based samples exhibiting a higher final contact angle than those of water-based samples. Measurements of droplets of water-based suspensions reveal an intensive reduction of the contact angle over time (up to 50 degrees loss), most probably due to evaporation of solvents and some absorption in the substrate structure. In contrast, the contact angle of droplets of glycol-based suspensions is decreasing much less over time (up to 5 degrees loss), which indicates a more stable composition in air and on top of the YSZ pellet substrate. Moreover, behavior of water-based suspensions onto the substrate seem to greatly depend on composition, with samples of higher ethanol content displaying a higher evaporation/absorption rate, as expected due to the low boiling point of ethanol solvent. In comparison, glycol-based droplets seem to depend less on suspension composition.
	After measurements of contact angles the droplets were kept in storage (inside a fume hood, exposed to the ambient air) to dry for several days, and then optically observed and recorded. Then half the samples were observed via SEM, and the other half were annealed in an air oven at 900 ℃, with a heating ramp of 10 ℃/min. Then the annealed samples were also optically observed and recorded, and then observed via SEM. On Figure 3.33, images of optical observations of deposited LSM/YSZ suspension drops onto YSZ pellets are presented. The samples in red squares are the droplets of water-based suspensions, while the samples in green squares are the droplets of glycol-based suspensions. The SEM sample preparation involves the coating non-highly-conducting samples with a conducting thin layer of gold, which is accomplished in a sputtering system under vacuum. On Figure 3.33 the first column depicts the samples of droplets onto YSZ pellets after drying (before annealing). On the second column the same samples were prepared for SEM observation by coating with an Au layer by sputtering. On the third column a different set of samples is presented before annealing, while on the fourth column the same samples are presented after the annealing post-deposition treatment and after sputtering with a layer of gold for the SEM observations to occur.
	Figure 3.33. Images of deposited droplets of LSM/YSZ suspensions onto YSZ pellet substrates, before annealing, after gold coating by sputtering, and after annealing post-treatment and gold coating by sputtering.
	The first thing we notice is that before annealing samples of deposited LSM/YSZ suspensions drops consist of dense black droplets of small dimensions (some mm in diameter) of varying sizes due to the variation of droplet sizes of the contact angle goniometer syringe. After sputtering procedure, the same samples are presented, with glycol-based drops staying intact while the water-based deposited drops have collapsed, most probably due to the vacuum applied during sputtering. This instability of water-based deposited drops indicated that the affinity of the ink onto the substrate is poor, while for the glycol-based deposited drops this is not the case. Moreover, with the different set of samples (third and fourth column) water-based inks seem to almost vanish after annealing, leaving a small residue of the original drop behinds. Again, the glycol-based droplets seem to perform well proving that the affinity of the ink to the substrate can bear the annealing procedure. This observations are not so unexpected since, from the literature overview on section 1.7, we have seen that water-based inks tend to perform poorly in regards to the layer stability and the affinity onto substrates.64
	After sample preparation, observation via SEM followed, with images acquired presented on Figures 3.34, 3.35 and 3.36, below. On Figure 3.34 the collapse of water-based drops is more evident, with large cracks splitting the drops in greater or smaller pieces, while in the case of glycol-based suspensions the drops seem intact. However, on both type samples a higher concentration of particles can be observed in the center of the deposited drop, which can be either attributed to heavier agglomerates remaining in the center of the drop during its initial spreading when deposited, or to an effect called the Marangoni effect, which is the flow of particles resulting from surface tension gradients.46,48 Also on the PG-based before annealing sample we can also observe a particle concentration increase in the outside perimeter of the drop, an effect called the coffee-ring effect, due to its similarity to coffee cup stains on a surface, which is attributed to the flow of particle due to evaporation in deposited droplets.46,48
	Figure 3.33. SEM images, in low magnification, of deposited droplets of LSM/YSZ suspensions onto YSZ pellet substrates, prior and after annealing.
	On Figure 3.34, SEM images of a higher magnification of the deposited drops is presented. On the left part, the water-based samples images are taken from parts of the droplets that cracked and stayed enough intact to observe. We can clearly see an amorphous phase present before annealing of water-based drops, that is not evident after the annealing, which is the PVP polymer of the water-based compositions. The PVP is acting as a binder in the deposited drop, keeping the particles from forming agglomerates and spread out, which is clear by the image of the fine continuous layer of particles after the annealing. Unfortunately, the PVP polymer is probably the cause of the collapse of drops and the cracks appearing after the annealing procedure due to its high temperature boiling point, as discussed on the thermogravimetric analysis results. Such a dense component of high volume, in comparison to water and ethanol solvents, could cause cracks during its evaporation, especially in this case where deposited layers are thick. In comparison, on the right part of the figure, the glycol-based samples images are presented. Layers prior and after the annealing process are visibly uniform and dense, with some porosity between particles, and some micro-cracks present after the annealing. As discussed in chapter 1, the electrode layers are expected to optimally have enough porosity for the molecules of gaseous fuel and gaseous catalysis products to be able to diffuse and penetrate the electrode layer.
	Figure 3.33. SEM images, in high magnification, of deposited droplets of LSM/YSZ suspensions onto YSZ pellet substrates, prior and after annealing.
	For the glycol-based samples, a comparison of the samples by solvent ratio and its effect on the porosity of the layers, indicates that by reducing the PG content a higher uniformity of the layer, and smaller cracks may be achieved.
	Finally, a comparison of the glycol-based samples by solid loading and its effect on the porosity of the layers is presented on Figure 3.34, with samples in different magnifications prior annealing, on the left part of the figure, and after annealing, on the right part of the figure. The after annealing samples clearly display greater cracks than the prior annealing equivalent samples. Images of samples before annealing seem to suggest that by increasing the solid loading the porosity of deposited drops is decreased slightly. However, from images of samples after annealing, no such conclusion can be drawn.
	Figure 3.34. SEM images, in low and high magnification, of deposited droplets of glycol-based LSM/YSZ suspensions onto YSZ pellet substrates, prior and after annealing.
	4. Conclusions
	4.1. Summary and conclusion


	To summarize, in this thesis two electrode materials, the anodic Ni/YSZ and the cathodic LSM/YSZ powders, have been studied as pigments for inkjet ink formulation. Ink compositions were based on some initial testing of dispersions in various solvent, as presented, but also on personal past experience and on literature review of state-of-the-art publications. The suspensions formulated are categorized in three different sections, based on the main solvent used in the vehicle of the ink. The first group of suspensions was the water-based (or aqueous-based) suspensions, with nanopure distilled water as the basic component, tested on both the anodic and the cathodic material. The second group was the glycol-based suspensions, with ethylene glycol or propylene glycol as a basic component, tested on both the anodic and the cathodic material. And the third group was the terpineol-based suspensions, with terpineol solvent as a basic component, tested only for the anodic materials.
	These slurries were characterized by different means in order to asses three factors: the stability of suspensions, the printability of suspensions, and the ink-to-substrate interaction. The first factor was evaluated for each slurry by optical observations of sedimentation and particle analysis measurements to observe the mean diameter of aggregating particles over time. In addition to the previous two measurements, the second factor was also evaluated for each slurry by viscosity measurements on different temperatures and surface tension measurements. Finally, the ink-to-substrate interaction could be evaluated by thermal degradation measurements of the slurries and the deposition of micro-droplets of the suspensions onto YSZ pellets, which led to additional characterisation of contact angle measurements over time, optical observations and SEM imaging.
	In conclusion, significant progress on the ink development of anode and cathode materials for inkjet printing deposition of SOFC was made, with a novel series of inks tested on through normal storage conditions. Suspensions of LSM/YSZ powders that were subjected to a ball-milling treatment on 700 rpm for 30 minutes, exhibited week-long suspension stability. Optimization of composition for the milled LSM/YSZ suspensions, indicated that glycol-based compositions are more stable and homogeneous over time than water-based compositions. This was achieved by regulation the propylene glycol to butanol solvent ratio at 70:30, by regulating the solid loading of milled powders at 3 wt%, by regulating the pH of the suspensions with the use of amine additive TEA at a 1:3 ratio of additive TEA to cathode powder, and by excluding big aggregates of powders after the formulation of the suspensions by passing the liquid slurry through a nylon porous of 0.45 μm pore diameter filter. After deposition of a bulk micro-drop of the formulated suspensions, water-based suspensions were established as unstable under vacuum or annealing conditions, leading to massive cracks and collapse of deposited drops, while glycol-based were stable producing denser films composed of sintered nanoparticle interfaces, with the presence pores and small cracks, while changing the composition would lead to the alteration of the film porosity before annealing.
	4.2. Future suggestions – perspectives

	The prospect of this project is to continue the research established by this thesis in the following years, and as it was highlighted by the challenges and deficiencies of this project, there many suggestions for the continuation of this work. Some of the main issues to be addressed are based on the ink development procedures followed in this work, like extending the parameters tested on LSM/YSZ suspensions, to Ni/YSZ compositions. Also, a hole unfinished chapter of terpineol-based LSM/YSZ suspensions is still in progress, as well as ink formulation with LSM/YSZ procured pastes. Other suggestions are more small-scale oriented, like optimizing the LSM/YSZ or Ni/YSZ particle size of solid powders by further ball milling treatment, or even using ball milling as a treatment for formulated slurries, as is reported in the literature. Also, the missing data of this work, like viscosity measurements at intermediate temperatures, or surface tension measurements of Ni/YSZ water-inks, could be conducted. Moreover, in regards to the ink-to-substrate tests, optimization on the post-deposition process should be conducted in order to latter use the optimized protocols on printer film post-treatment.
	The following scopes of this work are to be focused on the manufacturing of printed layers by testing the optimal inks from ink development. On the printing process to follow, the parameters that should be tested and optimized are: the droplet formation, the deposited film thickness, the deposition patterns, the annealing temperatures, steps, and atmosphere used. And lastly characterization of the fabricated films shall follow with optical observations and SEM imaging for layer density and homogeneity, profilometry for measuring the thickness, porosity measurements to establish the porosity achieved, and finally I-V curves and catalysis experiments in controlled conditions in order to assess the performance of the fabricated anode and cathode layers.
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	APPENDIX I: LIGBIO-GASOFC

	LIGBIO-GASOFC: Αποδοτική μετατροπή λιγνίτη προς ηλεκτρική ενέργεια με ταυτόχρονη χρήση βιομάζας σε κυψέλη καυσίμου στερεού ηλεκτρολύτη υποβοηθούμενη μέσω εσωτερικής και εξωτερικής καταλυτικής αεριοποίησης.
	Το παρόν ερευνητικό έργο εστιάζει στην ανάπτυξη καινοτόμου διεργασίας ενεργειακής αξιοποίησης των εγχώριων ορυκτών πόρων (λιγνίτης) και αγροτικών υπολειμμάτων σε προηγμένες διατάξεις συζευγμένης αεριοποίησης/κυψελών καυσίμου (GASOFC) και άμεσης τροφοδοσίας στερεών καυσίμων (DCFC), με υψηλές αποδόσεις και χαμηλό περιβαλλοντικό αποτύπωμα, σε πλήρη συμφωνία με τον Υποτομέα 7.7.4/Θεματικός Τομέας 7.7, της πρόσκλησης.
	Η καινοτόμος προσέγγιση στο LIGBIO-GASOFC περιλαμβάνει την αεριοποίηση των πρωτογενών και βέλτιστα επεξεργασμένων στερεών καυσίμων/ξυλανθράκων τόσο εξωτερικά αλλά και εσωτερικά της κυψέλης καυσίμου διαμέσου μίας καταλυτικά υποβοηθούμενης διεργασίας. Ειδικότερα στο έργο, αρχικά θα εξεταστεί η αποδοτικότητα ενός συζευγμένου συστήματος εξωτερικής αεριοποίησης-SOFC (GASOFC) όπου έμφαση θα δοθεί στη βέλτιστη διασύνδεση των δύο διατάξεων και στην μεγιστοποίηση της απόδοσης προς αέριο σύνθεσης (> 90%) και της μετέπειτα χρήσης του σε SOFC. Σε αντίθεση με την εξωτερική συνδεσμολογία, το πλεονέκτημα της άμεσης προσέγγισης (Direct Carbon Fuel Cell, DCFC) μέσω της εσωτερικής καταλυτικής αεριοποίησης με χρήση καυσαερίων CO2/H2O ως μέσων αεριοποίησης, έγκειται στην απευθείας ηλεκτρο-οξείδωση των προϊόντων της αεριοποίησης (CO/H2) στην άνοδο της DCFC, αίροντας τους περιορισμούς διάχυσης και κινητικής που απορρέουν από την περιορισμένη επαφή του στερεού καύσιμου και της διεπιφάνειας ηλεκτροδίου/ηλεκτρολύτη, προσεγγίζοντας αποδόσεις >60%. Το έργο θα εστιαστεί στην περαιτέρω βελτιστοποίηση, κλιμάκωση μεγέθους και την συγκριτική αξιολόγηση των συστημάτων GASOFC και DCFC. Ιδιαίτερη σημασία θα δοθεί στην ανάπτυξη ενεργών/σταθερών ηλεκτροδίων/καταλυτών, τα οποία θα χρησιμοποιηθούν τόσο για την καταλυτική αεριοποίηση των στερεών καυσίμων όσο και για την ηλεκτρο-oξείδωση των H2/CO και Λιγνίτη/Βιομάζας στις SOFCs/DCFCs. Επιπλέον, για την κατασκευή των διατάξεων SOFC/DCFC μοναδιαίας κυψέλης (150 mW/cm2) και των αντιστοίχων συστοιχιών (0.2 kWel), θα χρησιμοποιηθούν δύο προηγμένες τεχνικές εναπόθεσης, η τρισδιάστατη εκτύπωση (3D/inkjet-printing) και ο θερμικός ψεκασμός με υγρή τροφοδοσία (LPS). Η χρήση της τεχνικής LPS παρέχει τις δυνατότητες χρήσης νανο-υλικών και αποφυγής του σταδίου πυροσσυσωμάτωσης. Παράλληλα, η 3D-εκτύπωση αποτελεί την πλέον εργονομική, οικονομική και ενεργειακά αποδοτική τεχνολογία καθώς μπορεί εύκολα να ενσωματωθεί σε βιομηχανικές γραμμές παραγωγής. Στην συγκεκριμένη κατεύθυνση, οι ερευνητικές προσπάθειες θα εστιαστούν στην ανάπτυξη κατάλληλων μελανιών μέσω της ανάπτυξης νανουλικών και της διασποράς τους για την δημιουργία σταθερών αιωρημάτων. Στην συνέχεια θα πραγματοποιηθούν πειράματα τόσο στην συζευγμένη διάταξη GASOFC όσο και στην διάταξη DCFC σε εργαστηριακή και ημι-πιλοτική κλίμακα. Με την πρόοδο υλοποίησης του έργου, θα καταστεί εφικτή η εκπόνηση μελέτης βιωσιμότητας των προτεινόμενων τεχνολογιών ενώ θα αποτιμηθεί και το περιβαλλοντικό τους αποτύπωμα. Τέλος, οι δύο βιομηχανικοί εταίροι του έργου σε συνεργασία με τους ερευνητικούς φορείς θα εκπονήσουν το σχέδιο διάχυσης και αξιοποίησης των αποτελεσμάτων.
	Την υλοποίηση της διεπιστημονικής έρευνας στο LIGBIO-GASOFC θα αναλάβει κοινοπραξία αποτελούμενη από 2 ακαδημαϊκούς φορείς (ΠΔΜ, ΠΚ) και 1 ερευνητικό κέντρο (ΙΤΕ), συγκροτώντας τον ερευνητικό πυλώνα, και 2 εταιρίες που αποτελούν τον βιομηχανικό πυλώνα του έργου και δραστηριοποιούνται στην ανάπτυξη υλικών (ΕΒΕΤΑΜ) και στην παραγωγή ενέργειας (ΔΕΗ-ΚΔΕΠ), εξασφαλίζοντας βάσει του εύρους της τεχνογνωσίας και της διαθέσιμης υλικοτεχνικής υποδομής τους, την πλήρη κάλυψη των επιστημονικών/τεχνολογικών προκλήσεων του έργου προς την κατεύθυνση της απρόσκοπτης και επιτυχούς υλοποίησης του καθώς και της βέλτιστης αξιοποίησης των αποτελεσμάτων.
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