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ABSTRACT

This thesis centers on the use of 3D direct write printing peaseto produce Solid
Oxide Fuel Cell (SOFC) structures having engineered porosity raacro structure. The
objective of the work presented here is to be able to locallyaigmbrosity in the anode and
cathode structure using 3D direct write printing methods. Wweak understood that grading the
electrodes enhances the SOFC’'s performance. A hierarchigaliged porous electrode
structure, varying from smallest pores at the electrodevelgtet interface to largest pores at
electrode/gas interface can be printed via 3D direct write mgthagyers as thin as 15um have
been achieved using this process. The change in the degree aidelgmbrosity achieved by
varying the graphite loading fraction has been experimentadlyped out. The feasibility of
changing the composition/porosity within a layer has been demwmustrahich also opens up
possibilities for varying chemical composition within a layer/plane.

The second contribution of this work centers on the synthesis ofnmelbd electrode
architecture aimed at producing structures with extremelytéwtuosity. The proposed direct-
write synthesis approach overcomes limitations of alternagipeoaches by allowing symmetric
ribs and channels to be printed that balance out shrinkage stréssegroposed channel
architecture has been demonstrated, and models correlating ppacasseters with resulting

surface area have been developed.
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CHAPTER 1: INTRODUCTION

1.1 POROUS MATERIALS

Porous materials are solids containing pores or voids. Porositirisdlas the fraction
of the pore volume to the total volume occupied by the structure. Poadasats typically have
a porosity range of 0.2-0.95 (2% - 95%). According to “The Internationa&n of Pure and
Applied Chemistry (IUPAC)”, porous material can be classifiesedeon their pore sizes as a)
Macroporous (50nm<pore diameter), b) Mesoporous (2nm < pore diametenns) 50 c)
Microporous (pore diameter < 2nm) [1]. The mechanical propertigsoaius materials are
heavily influenced by pore size, pore geometry and the magnitude of porosity.

Porous metals, ceramics and glasses are already inwesgoins industrial applications
involving chemistry, biotechnology, mechanical design and electronicse floesus materials
have various applications from daily necessities (e.g. pugfyuater with porous ceramic
filters), to use in modern industries (e.g. removal of dust from pigity process gases for
semiconductor production). Depending on the application, different pore stzases, local
distributions and pore orientations are required [1]. For instarm®sipy and pore size in
biomaterial scaffolds play a critical role in bone formation amdrowth in vitro and in vivo.
For in vitro testing, lower porosities have been shown to be moretieffe whereas higher
porosities and pore sizes have been shown to be more effectiveieo testing. However,
mechanical properties diminish with increasing porosity, thesekiyng a limit for pore size and
porosity. Thus, a balance must be reached depending on mechanicaj limalle experienced
with the scaffold [2].

The research presented here focuses on engineering the geomattiarestof porous

electrodes (anode and cathode) of a Solid Oxide Fuel Cell (SQ$i6Yy 3D Direct Write
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Technology (DW printing). The objective is to locally control #ime and shape of pores in the
anode and cathode layers. The geometric structure, in turn, defines the pore mygrphologw
porous the structure is. Porous materials play a vital roldhendevelopment of fuel cell
technology. The functions of these materials include the massport of gases to and from the
active sites, the mechanical support of the fuel cell structndethee conduction of electrons and
ions [3]. The porous electrode properties significantly affedit performance through their
influence on electrochemical properties such as activation enengyic resistance, exchange
current density, etc [4]. Furthermore, graded porous anodewtsicif a SOFC can be designed
to optimize the gas transport through the substrate in order toamamgh electrochemical

activity for fuel oxidation at the anode/ electrolyte interface [5].
1.2 SOLID OXIDE FUEL CELLS (SOFC)

SOFC's are electrochemical devices that convert chemicedyedeectly into electrical
energy without the need for combustion. The advantages of SOFC’s irsgldefficiencies,
fuel adaptability, low emissions, low noise and reliability. Ongomadvantage SOFC’s over
other fuel cell technologies is the fuel adaptability. Most éadll technologies operate with pure
hydrogen, whereas SOFC’s can be made to run on a variety gfduelfisas hydrogen, methane,
butane, natural gas, diesel, gasoline, etc. SOFC components aréytyjmogoosed of ceramic
materials and consist of no moving parts. Due to the use of ceraaterials, the cells can
operate at temperatures as high as 1,000°C. This produces exhassitgaseperatures ideal
for use in combined heat and power applications and combined-cyclacefamier plants.
SOFC’s can be manufactured using many of the techniques empémiaadin the electronics

industry [6][7].



The components of a SOFC include an anode, electrolyte, cathode aodniméets. A
SOFC cell consists of two porous electrodes separated bydagaslitight electrolyte (Figure 1).
During operation, fuel is introduced to the anode, and oxygen is introdacte tcathode.
Oxygen (Q) molecules are reduced at the cathode and are transported throwdécthayte
layer to the anode. Oxidation of the ions then takes place in the,ahadecreating electrons
and water. When a load is connected, the liberated electrons t@wvetie anode through the
external load device and then back to the cathode (Figure 1). Tleatcareated by one cell is
very small, so SOFC’s are typically connected in series feiaek that meet the needs of the
application. The power created from a SOFC depends on the vetechtthe fuel disassociates
to create electrons in the anode and the rate at which oxygeeadorisne with hydrogen to

form water. An interconnect layer separates each individual cell.

Fuel [Hi) H:O - Heat
Anaode

ZH: + 20" =2H-0+ 4 e- e

Cathode O +4e-=20

T !

A Lnused Air out

Figure 1 Solid Oxide Fuel Cell (Not to scale)



Each SOFC component has specific material characteristttp@rosity requirements.
Electrolytes need to be dense and non-porous to prevent short circuitbegndust possess
high ionic conductivity for oxygen ions to travel from the cathode t@tiogle. The anode needs
to be very porous to allow the fuel to flow towards the electralyée mass transport). The
cathode also needs to be porous in order to allow oxygen moleculesath tke
electrode/electrolyte interface. It is typically considedsbirable to grade the porosity of
electrodes to increase the SOFC performance. Large open pacinsda structures are desired
near the gas channel to enhance mass transport, whereasr-sinall pores are desired near the
electrolyte to enhance molecular diffusivity and electrochdnaicavity. This in turn creates

higher power density and power output.

1.3 SOFC FABRICATION METHODS

1.3.1 Traditional approaches

SOFC’s have traditionally been made using adaptations to both ftlmclkand thin film
processing techniques.

The common thick filmapproaches include tape casting, tape calendaring, screen printing
and wet spraying where fabrication is usually carried out iergayt is then followed by firing at
high temperatures (1300 °C-1700 °C).

Thin film deposition approach that have been used to form cell comganehide chemical
and physical process such as chemical vapor deposition (C\d3)nalspraying (PS) and spray
pyrolysis [6][7].

These conventional methods are not particularly well suited fargardocal control of
chemical composition and/or structure. Thus, there is a need tor@xgternative fabrication

methods. The research described here employs 3D direct wnitengrio allow chemical



composition and structure of a SOFC to be precisely engineenesl.allows one to locally
control the size and shape of pores in the anode and cathode laydrenaadthe resulting
porosity. The method used for this research is a form of additiveifaxuring that utilizes
micro-dispensing technology. This method allows one to control theiatateposition rate and
path simultaneously. This is a major advantage of this process aveusvanore traditional
fabrication processes. The direct-write technique is also caphgtading porosity/composition

within a layer in addition to grading porosity in successive layers.

1.3.2 3D Direct Write Methods

For this research, an nScrypt Tabletop series microdispensimgnsysth a SmartPump
has been utilized for fabrication (Figure 2). The fuel cellemal is introduced in a slurry form
(referred to as paste or ink), and the tool is capable of printifdyhigscous materials up to 1
Million cP. For fabrication, component geometry can be imported @omputer Aided Design
(CAD) software, such as ProEngineer or Solidworks. Alternativepytican be provided in the
form of machine code. For a CAD file, a part is built layeddyer from the bottom up. Any

pattern can be printed in the XY plane or raised into the Z plane for a confonfaaks [8]




b) Smart Pump setup

Pressure (0- 100 PSI)

<
«

Feed Rate in X and Y directio eedle Position

ner Diameter: 12.5 - 125

L >
]

c) Schematics of a Smartpump
Figure 2 a) nScypt Benchtop Model b) SmartPump setupc) Schematics of a Sma pump

The SmartPump is@recise micr-dispensing pump that consists gi@sitive pressure
pump with a computeceontrolled needle val. TheSmartPump can control starts and s as
well as material flow rate forlarge range of ink viscosities. The computamtrolled needls
valve provides active valving to control flow chetexistics and inclLesopening, closing an
suck-back. The deadlume inside thSmartPumpanges from 0.025 cc to 0.1 cc. With th
features and degree of control, it is possibleigpehse very small volumes of material dowi

20 picoliters ané range of viscosities from ‘entipoise to over 1,000,000 centipc [8]



Once the SmartPump is setup as shown in Figure 2(b), air pre@sii@ PSI) is applied
to the 3cc syringe barrel containing the ink. The pressure pushesktia the main valve
body. The valve opening is then regulated to control the amounkajaimg to the ceramic
nozzle. Ceramic nozzles are available with diameters rafiging12.5 — 125 pm. The material
comes out through a nozzle as shown in Figure 2(c).

This method is flexible with regard to materials and part geégm®W printing
processes can print micro lines, dots, three-dimensional printedustésiets well as conformal
patterns that follow a 3D contoured surface. The process haslearamge of applications
including printed conductors, resistors, optics, adhesives, sealantsofdérs, encapsulants,

wire bonding, underfilling, flip-chip bumping, MEMS, etc.



CHAPTER 2: LITERATURE REVIEW

This chapter is broken into seven sections and provides literauvi@vr on SOFC,
advantage of SOFC, disadvantages of SOFC, materials use in &@#iCations of fuel cells,

fabrication methods for SOFC and the problems faced by SOFC technology.
2.1 SOLID OXIDE FUEL CELLS

A fuel cell is a device that generates electricity bgh@&mical reaction. Every fuel cell
consists of an anode, cathode and electrolyte layer. The cathodecaledsgrve as electrodes,
one positive and one negative, respectively. The reactions that prddoteigy take place at
the electrodes. The electrolyte transports ions from oneradlectto the other. Typically,
hydrogen is the basic fuel, however fuel cells also requirgasxyA single fuel cell generates a
small amount of direct current (DC) electricity. Thus, individoalls are typically assembled
into a stack to generate sufficient electricity for the apgibm. The common types of fuel cells
are phosphoric acid (PAFC), molten carbonate (MCFC), proton exchamgerane (PEM) and
solid oxide fuel cells (SOFC), all named after their elegtesl [9][10]. Table 1 provides a

comparison between various fuel cell technologies.



Table 1 Comparison of Fuel Cell Technologies [10]

Comparison of Fuel Cell Technologies DO imgen Peram
* Backup power
* Portable power el
Polymer Solid organic ft?;?u?s:gnation) 70-90% (low- | - >mall fg#gs?!:enc?g;gt;g?#;%
Electrolyte polymer poly- 50 - 100°C <1kW — rade waste distributed management problems
Membrane perfluorosulfonic 122 - 212°F 250kW 25.359% ﬁeat) generation - Low tgm eratll:.l're
(PEM)* acid fstationarv) * Transportation * Quick sta?rt—up
= Specialty
vehicles
. = Cathode reaction faster in
Agueous solution -
Alkaline of potassium 90 - 100°C 10kW - | oo ;m\ﬁg’;‘; - Military ?{'}kﬁi"']”h‘f;'f;trfrgm‘;h;a“
(AFC) mgﬁg{tjr?xmaked 194 - 212°F 100kW heat) = Space « Can Use a variety of
catalysts
SOKW — o :
. - - Higher overall efficiency
g'(‘;:f"""”‘ ';g;'go';';;‘sjp{:f’;c 150 - 200°C %zh':jvgkw >40% 5% * Distributed with CHP
- 302 - 392°F generation = Increased tolerance to
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SOFC'’s use a hard and non-porous ceramic compound as the glectintl they operate at
very high temperatures (~1000°C). The two most common design conbgsrédr SOFC's are
the planar design and the tubular design showifigare 3. In a planar design, the components
are assembled in flat stacks. The air and fuel flow through clzaboit into the interconnect
and/or the cathode and anode. In the tubular design, components are akserobieentric
rings around a hollow tubular cathode. Air flows through the tube, andflfwed over the
exterior surface as shown in Figure 3(b) [11]. Tubular SOFCGgukesare closer to
commercialization and are being produced by several companies aheuwdrtd. SOFC’s are
suitable for stationary applications as well as for auxilgower units used in vehicles to power

electronics [12].



UNIT CELL
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Alr Electrolyte
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a) Planar SOFC b) Tubular SOFC

Figure 3 Configuration for a planar design SOFC andubular design SOFC

There are 3 primary configurations for self-supporting planar S©F&ectrolyte-
supported cells, cathode-supported cells and anode-supported cells. YE&esupported
SOFC'’s utilize a thick electrolyte layer (100-200pum) and 30-100thpiok electrodes. They
typically exhibit high ohmic resistance and low polarization comagat for both the anode and
the cathode. Cathode-supported cells exhibit lower ohmic losses thue tfinner electrolyte,
high anode polarization concentration and low cathode polarization conaentrBlie anode
supported cell is the most commonly used self-supported structurethicheanode (500-
1000um) supporting a thin (5-50um) electrolyte and cathode exhibiteHavic resistance and
low cathode polarization concentration. The anode exhibits lower milarizconcentration
when compared to cathode-supported cells.

Fuel cell systems typically use pure hydrogen as a fuel, b&CSCcan use hydrogen or
other forms of fuels such as methane, butane, natural gas, dieseheyastali During operation,
the fuel (assuming the fuel is hydrogen) passes over the arode oxidizes the Hmolecules
under high temperature, thus producing electrons that are free to kloReoeach Hmolecule,

two electrons are created. On the cathode side, high-temperaygenois blown across the
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cathode where it is reduced to negatively charged ions. Each ox@gemdlecule catalytically
acquires 4 electrons and splits into two oxygen ions as showable 2. These oxygen ions are
conducted through the electrolyte membrane where they then comitméydrogen on the
anode side. The products of this cycle are electric currenty \@ate heat. When a load is
connected between the anode and cathode, an electric circugaigedr Each cell typically
produces little more than one volt, so individual cells are assenmblagears/stacks to generate a
useful voltage. Figure 4 provides a visual summary of a SOFQglperation. The basic
chemical reactions in a SOFC running on hydrogen fuel during thatapeare shown below
[12] [13].

Table 2 Chemical Reactions of a SOFC

Anode Reaction: 2H,+2F =>2HO +4¢é
Cathode Reaction: O, +4e=>20C
Overall Cell Reaction: 2H,+ O, =>2HO
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Fuel (H;) H:O + Heat

a 1

Anﬂd@xidation Reaction

2Hz; + 20" =2H;0+4 e- e

Electrolyte -

Cathode 0. +4e-=20"
Reduction Reaction

T 4

Ajr Unused Air out

Figure 4 SOFC Operating Concept
2.2 ADVANTAGES OF SOFC

A fuel cell generates electricity by an electrochemicatess which offers many advantages
over traditional energy conversion systems including higherieiiy, reliability, modularity,
fuel adaptability and lower emissions.

Fuel cells running on pure hydrogen theoretically produce zerssems. Even with other
forms of fuel, they produce very low levels of nitrogen oxides JN8ulfur oxides (SQ) and
much lower levels of carbon dioxide (@@ompared to conventional power sourcesy Qhe
main constituent of acid rain and photochemical smog. SOFC’s iganficantly reduce
pollution caused by combustion of fossil fuels. The only byproduct iervead heat. The waste
heat can be captured for beneficial purpose (co-generation). Fisehieebso very quiet, which
reduces noise pollution. Fuel cell power plants qualify under severabemental certifications

established by the government, such as the Leadership in Energyneinoniental Design
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(LEED) program and Renewable Energy Standards (RES). Thkesmthem eligible for
significant financial incentive programs. Fuel cell energy poplants can reduce emissions
generated by fossil-fuel-based backup generators [12][13][14].

The South Coast Air Quality Management District found that adelelbower plant running
on natural gas emits 98% fewer nitrogen oxides than the dsstoeth tough standard.
Successful implementation of fuel cells in transportation could patigntake the automobile
out of the climate change debate. Fuel cell power plants@reean that some cities have
exempted the technology from air permit requirements. A programstall eight fuel cells is
well underway at wastewater treatment plants around New Ydyk They are expected to
eliminate nearly 170 tons of regulated emissions and more than 9,000f toadon dioxide,
and to reduce fuel oil consumption by 3,000 barrels per year. Adligdawer plant may create
less than one ounce of pollution per 1,000 kilowatt-hours of electricityuped, compared to
the 25 pounds of pollutants for conventional combustion generating systemsvas in Figure

5. [12][13][14].

FUEL CELL EMISSIONS

25

{Pounds of emissions par 1000 kWh NOx,
CO, SOx, Hydrocarbon, Particulates)
50 ! 2 E

1.5

1.0

0.5

s
Average U.S. Microturbine Combined cycle Fuel cell
fossil fuel plant gas turbine

Figure 5 Fuel cell emissions comparisons [14]

Typically fuel cells run on hydrogen and will continue to genepat®er as long as fuel is

supplied. SOFC’s can use a wide variety of fuels: fossil figelsh as natural gas and coal,
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alcohol fuels, such as methanol or ethanol; hydrogen compounds containiadhon, such as
ammonia or borohydride; or biomass, methane, landfill gas or anaeddaster gas from
wastewater treatment plants. SOFC’s can be instrumentah@wable energy systems, as they
have the ability to harness energy from bio-gases genefaiedindustrial and agricultural
plants, landfills and waste water treatment. This charanteggialifies them for financial
incentives in certain areas. In some places where digestpraghgction volume is variable, fuel
cell plants are designed to operate through automatic blending with natufaBtja4].

The U.S. consumes approximately 21 million barrels of oil per day,thmitdomestic
production is only 6 million barrels per day. Hence, the majority lofasumed in the United
States is imported. The cost to import oil is approximately $41@mitivllars a year. SOFC'’s or
any other fuel cells do not require conventional fuels such asndilcan therefore reduce
economic dependence on foreign countries. [12]

Fuel cell energy production can be located on-site (i.e. distribute@rpg@neration), in
which case the users are assured of increased reliability.iSThisnecessary requirement for
applications such as hospitals, universities and manufacturingtiéscilFuel cell energy
production can operate independently of the grid, and have an availabi§f6 compared to
35% for wind and solar technologies. The National Power Laboratanyatss that the typical
computer location experiences 289 power disturbances a yeardhaitaide the voltage limits
of the computer equipment, causing U.S. businesses to lose $29 bitioallgnFuel cells may
help prevent loss of power and the resulting damage. Fuel celisctdéan, high quality power,
crucial to an economy that depends on increasingly sensitive compuéglisal equipment and
machines. A fuel cell does not run down or require rechargingloms as fuel is supplied, it

will produce energy in the form of electricity and heat [12][13][14].
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The only moving parts in fuel cells are involved with water, hedtar management (i.e.
pumps, blowers and compressors). When compared to internal combustioasgetiggne are
significantly fewer moving parts that require maintenance. Thigiin reduces the operating
costs. Fuel cells can also be monitored remotely and any problems dealt wkti [qusit

Fuel cells are also very versatile. They can be stacked toageriee desired power output
and are capable of achieving outputs in the megawatt rangecdigedre very quiet, so they can
be placed close to businesses or residences where noise pollutiodesrable. The use of
smaller stationary fuel cells can lead to a more stabilized and de@=unatwer grid [15].

Fuel cells have a higher efficiency than diesel or gasneagFuel cells are typically 2-3
times as efficient as internal combustion engines for vehmtesportation which operate at only
10-16% efficiency. A fossil fuel powereplant operates at about 35% electrical generation
efficiency. Fuel cell power generation systems in operatamnachieve 40% to 50% electrical
generation efficiency utilizing hydrocarbon fuels [15]. Fuell power plants generate more
electricity per unit of fuel than almost any other distribigedrgy source. Fuel cell power plants
can achieve efficiency of over 80% if used in co-generation applications.

SOFC'’s operate at high temperatures for increased effieenaihich can reduce the need
for expensive precious metals used in other cell types. The higietetures require longer start
up times though, so SOFC'’s are better suited for continuous operatian than intermittent
operation. SOFC’s exhibit fuel efficiencies up to 70%. If combingth heat recovery
technologies, a total system efficiency of up to 85% can beszhi[13]. The table below

compares tubular SOFC systems with other fuel cell systems and otkeatgenoptions.
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Table 3 Comparison of tubular SOFC systems with otér fuel cell systems [13]

Diesel Stirling

PEM PAFC MCFC SOFC Micro-GT _ _
Engine Engine

Electrical

efficiency

u=ing natural 35 40 45-50 45-50* 30 35 30
gas [net
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Overall, SOFC'’s produce near zero emissions, allow for fuel flexipéity efficient,

operate quietly and require low maintenance compared to many existing teadsologi
2.3 DISADVANTAGES OF SOFC

There are several obstacles that need to be overcome bétmspread use of SOFC’s
occurs. The biggest disadvantage for any fuel cell type is the cost. dittesome SOFC systems
in use today, but relatively few are cost effective. Forataty fuel cells, typical capital costs
for installed systems exceed $5,000 per kilowatt, well above thetteapital cost of $1,000-
$1,500 used by most energy generation developers [15]. Thus, thereas édsue of economic

feasibility [10].
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Fuel cells are still in a relatively early stage of develeptnand commercially available
systems are limited. This emerging technology requiredaiskg early adopters as end users in
order to ultimately expose more consumers to the benefits ofcélisl In order to become
widely accepted as a clean distributed generator of energy, cgllsl must prove their
adaptability for a variety of applications. Fuel cell systems aled teehave a longer lifespans or
be easily and cheaply replaced [10].

In addition to the above issues, the high-temperature operation oC’'SQR’s other
disadvantages. It results in a slow start-up and requires sagifibermal shielding to retain
heat and protect personnel. This is suitable for utility applicatlmurtsnot for transportation and
small portable applications. As for car makers who are lookingadues cell energy, fuel cell-
powered cars can take longer to fuel and drive shorter distancesthiearcars, which is a major
issue that needs to be addressed. The high operating tempeatgarpkce stringent durability
requirements on materials used for the anode, cathode, electrolyte and intrfibine

Fuel cells are also categorized as energy losers. It caugrmbsting more to produce
hydrogen energy than what is earned by using hydrogen in filelfeeeling these fuel cells is
still a problem since the production, transportation, distribution andgstarfhydrogen is a
difficult issue. Hydrogen is expensive to produce: it takes 1,600sjdolproduce an amount of
hydrogen yielding only 1,000 joules, while it takes only 167 joules to prodncamount of
gasoline yielding 1,000 joules [10]. The current method (electrolgsid reforming) of
producing hydrogen produces greenhouse gases. In the long term, windaametgy hydrogen
from water in the ocean. In the short run, it is likely to cornenfreformed natural gas which is
currently the cheapest and most efficient way to make hydrodgenpdtential for SOFC’s to

directly operate on multiple hydrocarbon sources in addition to pa®den can alleviate this
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problem. They can operate using other forms of fuel: fossil faetd) as natural gas and coal;
alcohol fuels, such as methanol or ethanol; from hydrogen compounds contanaagbon,
such as ammonia or borohydride; or from biomass, methane, landfiirgasaerobic digester

gas from wastewater treatment plants [10][15].
2.4 MATERIALS IN SOFC

The selection of materials for the four components (anode, cathtetgrolgte and
interconnect) of a SOFC is a challenge. SOFC’s operateghatemperatures (700°C - 1000 °C)
in order to achieve sufficiently high current densities and power ottpatmaterial for each of
the components must therefore be able to withstand operation at thegerhperatures. Each
component’s material must have the conductive properties requireddopés function in the
cell. Since the components are stacked, reactivity and inteisiiff between the components
must be kept to a minimum. The thermal expansion coefficients afotin@onents must be as
close to one another as possible in order to minimize thermasesraeghich could lead to
cracking and warping [11][16].

The electrolyte material must have very high ionic conductivity artually no electronic
conductivity, so that the oxygen ions can easily diffuse through tlceradge membrane. It
must be fully dense so that reactant gases from the anodatode sides do not pass through
it. The electrolyte should also be as thin as possible to redaagistance oxygen ions have to
travel to get to the anode. This minimizes ohmic/resistive logsséise cell. Yttria-stabilized
zirconia (YSZ) and doped cerium oxides are the two most commueriaia used for SOFC
electrolytes [9][11][16]. Table 4 summarizes the advantages disablvantages of various
electrolyte materialsn a SOFC [17]. A list of other commonly used SOFC materiald by

Sigma-Aldrich is tabulated in Table 5.
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Table 4 Advantages and disadvantages of possibleefrolyte candidates for SOFC [17]

YSZ (Yttria- GCO ( Gadolinium doped LSGM (Lanthanum ScSZ(Scandia-doped
stabilized zirconia) ceria) Strontium Gallate zirconia)
Magnesite)
Excellent stability in Good compatibility with Good compatibility with Excellent stability in
oxidizing and reducing | cathode materials cathode materials oxidizing and reducing

environment

environment

Excellent mechanical Mixed electronic-ionic

Better long term

stability (3YSZ2) conductor at low p® stability than 8YSZ?
(application in anode
cermets)
> 40,000 h of fuel cell | Electronic conduction at low| Ga-evaporation at low Availability and price of
operation possible pO,—low OCV pO.sIncompatable with NiQ| scandium
High quality raw Mechanical stability Mechanical stability

materials available

Low ionic conductivity
(especially 3YSZ)

Incompatible with some
cathode materials

Table 5 Sigma-Aldrich materials for SOFC applicatios

Materials Description

| Composition

Anode Materials

Nickel oxide - Cerium samarium oxide for coatin#)/SDC,>99% trace metals
basis

(CeQ-SmO3), 40 wt. %
NiO, 60 wt. %

Nickel oxide - Yttria-stabilized zirconia99%, general applications, NiO/YSZ

NiO, 60 wt. %
Y ,05-Zr0,, 40 Wt. %

Nickel oxide - Yttria-stabilized zirconia for coagjs, NiO/YSZ

(YzOg-ZfOz), 34 wt. %

NiO, 66 wt. %
Nickel(ll) oxide 99.99% trace metals basis NiO
Vanadium(lll) oxide 99.99% trace metals basis oY,
Vanadium(V) oxide 99.99% trace metals basis 0N
Cathode Materials
Lanthanum nickelate, strontium doped nanopowdedP<im particle size (BET) LaSr NiO,
Lanthanum nickelate nanopowder, <100 nm partide BET) LaNiO4
Lanthanum strontium cobalt ferrite LSCF 6428 060 4C0y JFey 05

Lanthanum strontium cobalt ferrite composite cathpdwder, LSCF/GDC

Cey.dGdy.10,, 50 wt. %
Lag 6S1h.4C0p F& ¢03, 50 wit.

Lanthanum strontium cobalt ferrite powder, <(irb particle size LieS1o.4C0p F ey g03
Lanthanum strontium ferrite powder, <QB particle size LpeS1 sFeC;
Lanthanum strontium manganite LSM-2®9% La gSry ,MnO;
Lanthanum strontium manganite LSM-35 Lag g5Sro.39MIN0O5

Lanthanum strontium manganite composite cathodedpovi. SM-20/GDC10

Ce.dGth.10;,, 50 wt. %
Lag ¢Sty ,MnO3, 50 wt. %

Lanthanum strontium manganite composite cathodedpovi.SM-20/YSZ>99%

(Y203)0.0dZrO2)0.02 50 wt.
%

—r A

Manganese cobalt oxide spinel, powder, 4Orbparticle size

“MneCo, O
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Electrolyte Materials

Cerium oxide, praseodymium doped nanopowder, <tO@article size GePro0;
Cerium(1V) oxide-calcium doped nanopowder Ce a0
Cerium(lV) oxide-gadolinium doped <Own particle size, powder, contains 10 mol % Gdh1Ca 0105
gadolinium as dopant

Cerium(1V) oxide-gadolinium doped nanopowder, corgd 0 mol % gadolinium as dopant 08 10,
Cerium(1V) oxide-gadolinium doped nanopowder, carg®0 mol % gadolinium as dopant @8 0,
Cerium(lV) oxide-samarium doped <Qubn particle size, powder, contains 20 mol % sama&asm Sm Ce gO01.9
dopant

Cerium(1V) oxide-samarium doped nanopowder, costaih mol % samarium as dopant 068m 1:0,
Cerium(1V) oxide-gadolinium doped nanopowder, carg®0 mol % gadolinium as dopant @8 .0,
Cerium(lV) oxide-samarium doped <Qub particle size, powder, contains 20 mol % samadsm SmCe, 019
dopant

Cerium(1V) oxide-samarium doped nanopowder, costaim mol % samarium as dopant 068m 150,
Cerium(1V) oxide-gadolinium doped nanopowder, corg®0 mol % gadolinium as dopant @8 0,
Cerium(lV) oxide-samarium doped <Qub particle size, powder, contains 20 mol % samadsm SmCe, gO01.9
dopant

Cerium(1V) oxide-samarium doped nanopowder, costaih mol % samarium as dopant 068m 1:0,
Cerium(1V) oxide-yttria doped nanopowder CeygsY 0102
Zirconium(lV) oxide-yttria stabilized nanopowder (Z2r02)0.94Y 203)0.03
Zirconium(lV) oxide-yttria stabilized nanopowder (Z2r02)0.9A’Y 203)0.08
Zirconium(lV) oxide-yttria stabilized nanopowderl@0 nm particle size (BET) (@2)1.4(Y 203)x
Zirconium(lV) oxide-yttria stabilized submicron pder, 99.5% trace metals basis (purity (Zr0O5)0.04(Y 203)0.053
excludes ~2% Hfg)

Zirconium(lV) oxide-yttria stabilized submicron pder, 99.9% trace metals basis (purity (Z2r0Oz)0.9A'Y 203)0.08

excludes ~2% Hf)

For zirconia based SOFC'’s, the cathodes are commonly m

ceramics doped with strontium (LSM) because of its compayibilith the YSZ electrolyte. Its
coefficient of thermal expansion (CTE) must closely match dhatSZ. Cathodes need to be

electrically conductive, porous and have properties that can anthgiperation in a reducing

environment.

Anodes need to have properties similar to those of the catlwodptehat the material must
have properties to withstand operation in an oxidizing environment. Anoeled to have
electronic conductivity, have a CTE that is compatible with teetmlyte, and they need to be
porous. Nickel (Ni) is a commonly used material for anodes duestabtindance and

affordability. The most common anode is made out of a NiO-YSZ catepaghere YSZ
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provides structural support for the Ni particles. It also improgdesion of the anode to the
electrolyte [11][16].

Interconnects are used to physically separate one cell fnenother and to electrically
connect each cell in series so that the electricity gemefatecach cell can be combined as
shown in Figure 3. It is exposed simultaneously to both the reducing atidimxienvironment
of the cell. Interconnects must exhibit very high electricahduictivity, should remain
impermeable to gases to avoid mixing of fuel and oxygen directly, mawe a CTE that closely
matches both the electrodes and the electrolyte, and must bealemert with respect to the
other fuel cell components. In a SOFC, doped lanthanum chromite is wdtzh as the
interconnection for cells intended for operation at about ADO[8]. In many cases,
interconnects are applied to the anode by plasma spraying. Thesntine cell is co-fired
[9][11][16]. A summary of desired properties and processiggirements for SOFC component

layers are tabulated below in Table 6 [19].
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2.5

Table 6 Micro-structural and property of SOFC compment layers [19]

Microstructure

Electrical

Chemical

Thermal
Expansion

Chemical
Compatibility

Anode

Porous, many

triple-phase
boundaries.
stable to
sintering.

Electronically

and preferably
ionically
conductive.

Stable in fuel

atmosphere:
preferably also
stable in air for

redox tolerance.

Catalytic for
oxidation and
reforming but
not for carbon
deposition.

Compatible with

other layers,
especially
electrolyte.

Minimal

reactivity with
electrolyte and
interconnect.

Electrolyte

Dense, thin, free
of cracks and
pinholes.

Ionically but not
electronically
conductive.

Stable in both
oxidizing and
reducing
environment.
Minimal
reduction and
resulting
electronic
conductivity in
reducing
conditions.

Compatible with
other layers,
especially
structural
support layer.

Minimal
reactivity with
anode and
cathode.

Cathode

Porous, many
triple-phase
boundaries,
stable to
sintering.

Electronically
and preferably
ionically
conductive.

Stable in air
environments.
Catalytic for
oxXygen
reduction.
Resistant to
performance loss
caused by
chromium
deposition.

Compatible with
other lavers,
especially
electrolyte.

Minimal

reactivity with
electrolyte and
interconnect.

Interconnect

Dense separation

between cells,
porous or
channeled gas
transport paths.

Electronically but

not ionically
conductive;
conductive oxide
layer.

Stable in both air

and fuel
environments.
Resistant to rapid
oxidation.
Minimal
chromium
cvaporation.

Compatible with

other layers,
especially
electrolyte.

Minimal reactivity

with anode and
cathode.

APPLICATIONS OF FUEL CELLS

There are many applications for fuel cells. Fuel cells meeeasingly being used to power
trucks, buses, boats, trains, planes, scooters, forklifts and bicyclese are also fuel cell
powered vending machines, vacuum cleaners and highway road signduidiriieel cells for
applications with cellular phones, laptop computers and portable eiestame under research
and commercialization. Some hospitals, credit card centers, tditens and banks are using

fuel cells to provide power to their facilities. Wastewateatment plants and landfills are using
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fuel cells to convert the methane gas they produce into elgctribelecommunications
companies are installing fuel cells at cell phone, radio and 911 towers [14].

Many of the major automakers are working aggressively to coonafize a fuel cell vehicle.
Fuel cell based vehicles produce almost zero carbon emissions\vend hagher rate of energy
efficiency than vehicles based on internal combustion technology. [§¢ehanufacturers, such
as DaimlerChrysler, Ford, General Motors, Honda and Toyota aneelgctesearching and
developing transportation fuel cells for future use in cars, truclisbases. There are already
hydrogen powered cars on the street today, such as HONDA F&XyCPremacy Hydrogen
RE Hybrid, Mazda RX-8 Hydrogen RE, etc. These manufactureedsreéargeting buses, trucks
and ships to be powered by fuel cells. Toyota's FCHV-BUS andddes-Benz (Daimler AG)
Citaro bus are already in use. Also, the Type 212 submarindsbysbe German and lItalian
Navy’s use fuel cells to remain submerged for weeks without the need tcesurfac

Portable SOFC’s are small and contained and can be designedvdniety of purposes.
These units can provide back-up electrical generation for mjlitangporary or special needs
applications. As technology advances and fuel cells become sntladlgpptential applications
for portable fuel cells are limitless. Laptop computers, cellplaones, video recorders and
hearing aids could potentially be powered by portable fuel €8 The Spanish company
Jofemar sells Vision Multiseller H2, an autonomously powered vendiamghine that runs on
hydrogen.

Another area where fuel cell technology is heavily pursueariAtixiliary Power Units
(APUs). APU’s need to be relatively small, light and durable. $pecifications for this
application are approximately 3kW to 5kW, 42 VDC, 50 kg and 50 literse Projections range

from USD 200-1000. Large market potentials have been forecast fos APldng-haul trucks
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and busses for supplying air conditioning and other electrical sewitesut the need to idle a
large diesel engine, thereby reducing pollution and increased fuel savings.

Delphi, a leading global supplier of electronics and technologresutomotive, commercial
vehicles and other market segments, is focusing on the developme@FGfsSthat generate
electric power for commercial vehicles, stationary power generation iteryrapplications.

SOFC’s have advantages over battery-electric vehicles, whiclre@erecharging that takes
time and electricity. Fuel cell-based vehicles can be refupladkly at a filling station just like
gasoline cars. However, manufacturers must overcome certdiang/es, such as the issue of
storing hydrogen gas onboard vehicles, the availability of hydrddiemg fuel stations,
generation of hydrogen, transportation of hydrogen to fuelingpstatgetting people to drive
hydrogen based vehicles, etc [13]. Another influential factor istiseeptibility of funding for
fuel-cell technology to change with different political administrations.

Last, industrial applications for stationary power generation septethe first area of
significant market penetration for fuel cell systefitse advantage of stationary fuel cell systems
is that they could provide a clean source of on-site power teargety of end users
(manufacturing facilities, hospitals, universities, airports, eltt.1999, the First National Bank
of Omaha (FNBO) installed a 800-kW fuel-cell system as tlmgry power source for its
200,000 square foot Technology Center's critical lo&tlere are more than 250 stationary fuel
cell systems generating power for industrial applicatiooarat the world. The majority of them
are PAFC'’s, but there are also SOFC, MCFC, and PEM fueinstdlllations in operatiohey
are designed for installation in permanent settings such as l®spaaks, airports, military

bases, and universities [13].

24



A market research report, "Global Fuel Cell Market by Technplogpplication,
Component, Installation, Cost, Geography, Trends and Forecasts (2011 - 2bB¢6),"
MarketsandMarkets predicts that the global fuel cell mark#étreach $1.6 billion from an
estimated $240 million in 2010 with CAGR of 17.6 percent during 2011 - 2016. In 2®10, t
global fuel cell market was valued at $650 million with 0.14 milliorit shipments and is
estimated to reach $1.6 billion in 2016. Also by 2016, annual fuel cell shipmadl reach 10
million units from 0.14 million units in 2010 with a CAGR of 115% during 2612016. In
terms of MW capacity, those 10 million units will be equivalent to 3/VMi80 compared to a
mere 240 MW in 2010. Other various market research reports preditdrsirends of drastic
increases in fuel cell technology and an increase in market value.

The market share that will belong to SOFC'’s is unclear,tlwatlibe significant. SOFC’s are
primarily targeted for use in three energy applicatiorsticstary energy sources (residential,
CHP and DG, base load), transportation (automobile, truck and aiacpafiary power units)

and military applications (soldier power, battery charger) [11] [17]} [14
2.6 FABRICATION of SOFC’s

Traditionally there have been two common fabrication approaches fongnaOFC’s. One
approach is based on thick film deposition techniques whereas the oottesed on thin films
deposition techniques (vapor or spray deposition techniques). The comménfilimc
approaches include tape casting, tape calendaring, screen paimdirvget spraying. Fabrication
is carried out in layers and is then followed by sintering dt tegiperatures (1300°C - 1700°C).
The vapor/spray deposition approaches involve formation of cell componentsuppart by
chemical and physical processes such as chemical vapor deposisom glaraying, dip coating

and spray pyrolysis [6] [7].
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2.6.1 Tape Casting and Freeze Tape Casting

The tape casting method is used for the production of thin and widaiceegpes from
ceramic slurry. The slurry is created by mixing the weegpowder, an ink vehicle and additives.
The ceramic slurry is spread across the tape bed (conbelgemwhere a doctor blade helps to
form a flat and even layer. The layer is then dried and ready for post-pngcessi

This process is extensively used in fabrication of SOFC structiimeselectrodes and the
electrolyte. The tape casting method with a co-firing probessbeen successfully applied to
fabricate an anode-supported electrolyte for the SOFC unif2§ll A planar anode-supported
electrolyte has been fabricated using a tape casting mdthbthvolved a single step co-firing
process. A thin 10 um layer of dense electrolyte on a NiO/Y 8eteanode without warpage
has been fabricated with this method [4][21].

A modified version of the tape casting process, called fresze casting (FTC), has being
investigated for fabrication of SOFC’s (Figure 6). When an aqusalusf particles is tape cast
on a suitably cold substrate, the thick film freezes. The fregmogess entails nucleation and
growth of ice crystals. The growth and expansion of ice pastidece the solid particles to
interact with each other in the inter-dendritic regions betwkerice crystals, thereby causing
local concentration of solid particulates. When the ice crystalseanoved by a subsequent
freeze drying process, the solid particles remain intact. fideze dried thick film is then
sintered in a conventional furnace. The void space left by the vdhnmerly occupied by the
ice crystals leads to a porous structure. In this process, parasitye tailored through choice of
the liquid vehicle, the concentration of suspended ceramic partikefeezing temperature set

point, and time on the cold bed [22][23].
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Figure 6 Freeze Tape Casting Process [23]

Functionally graded and continuously aligned pore structures hawebaken successfully
fabricated by an FTC process for use in SOFC’s. The FTC prpcegsles a direct means of
forming and controlling complex pore structures in a ceramit [@dt. A study conducted to
fabricate porous alumina sintered bodies by a Gelate-Freezihgadnghowed that different pore
size and porosity could be controlled through proper selection of thenalamd water content
in the slurry, the cooling temperature and the casting directioe. ##o& and porosity can be
controlled by the alumina and the water content in the slurry. Thes poient along the cooling
direction [25]. Porous, hollow ceramic components have also been produecleeze casting

technique [26].

The bi-electrode supported cell (BSC) is fabricated usingRh€ process. The BSC
structure uses porous YSZ scaffolds on either side of a 10-20 ptmolgteclayer. The cell is

structurally symmetrical as shown in Figure 7. The porous supporctigies can be
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hierarchically graded with this process and can be tailorecatinmze fuel and air flow towards
the electrolyte. Both electrodes support the thin electrolyte andicamicro-channels for gas

flow [27].
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Figure 7 Cross section of sintered BSC [27]

1

2.6.2 Tape Calendaring

In a tape calendaring process, two or more strips of filmga@led to create multilayer
structures as seen in Figure 8 [28]. The multilayer structurébezof the same film type or of
different types. The process has been used to produce multdggsrby laminating and rolling
individual layers. The multilayer tapes are cut to sizes amdh&n sintered to form multilayer

cells. This process is also widely used in making SOFC structures.
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Figure 8 Tape Calendaring Process [28]
2.6.3 Screen Printing
Screen printing is a process where ink is applied to the subblydirst placing a screen
over the substrate as shown in Figure 9. Ink is placed on the scregireasre is applied to
squeeze ink through the open areas of the screen. Regions inrdbe san be selectively
masked off if desired. This forms an ink image on the prirgurgstrate. This approach is also

widely used in SOFC fabrication [29][30].
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Figure 9 Screen Printing Process [31]

Active anode layers have been screen printed onto the anode teuf2®ja Similarly,
screen-printing technology has been used to manufacture plaR& &Yices using YSZ as the
electrolyte, LSM as the cathode and NiO-YSZ cermet for theeanta electrode thickness of
20um was achieved when screen printed onto the die pressed electrolyte [30].

2.6.4 Wet Spraying

The wet spraying process (Figure 10) is used for depositionsolvant-particulate. The

mixture is sprayed through a nozzle onto the substrate from d @fisance. Wet spray

processing costs much less than vacuum based CVD and sputtering deposition processing

Spray Gun

Substrate

Figure 10 Wet Spraying Process
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The spray coating technique has been used to fabricate dense ec8adlge films on
NiO-YSZ porous anode substrates. A single fuel cell of Ni-YSZ/¥XSM-YSZ has been

successfully prepared by this technique [32].
2.6.5 Spin Coating

Spin coating is widely used to apply thin films on a flat sulestr&pin coating uses
centrifugal force that causes the fluid to spread outwalidlha from the center of the spinning
substrate. The process involves deposition of small amount of liquidiahateto the center of
the substrate, which is then followed by spinning the substtaterg high speed for a fixed
amount of time. The sample is then dried. The process can be repeateal times to form a
multi-layered structure.

Spin coating has been used to fabricate porous cathode and thin eked¢aydys [33]. Nano
structured porous thin cathodes consisting 0819 sCo0; (SSC) and GaSmy 019 (SDC)
have been fabricated on an anode-supported electrolyte film usirgpitheoating technique.
The spin coated layer thicknesses werg@@0for the SSC-SDC cathode and,izb for the SDC
electrolyte.

2.6.6 Spray Pyrolysis

Spray pyrolysis is a process in which a thin film is depoditedpraying solution on a hot
surface as shown in Figure 11. The solvent evaporates lesolidgoehind on the substrate. The
system contains a spray nozzle, a furnace for heating the sejpatraechanical system for the

rotor, a thermocouple included temperature controller, and an air compregsor [34
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measuring cylinder

Slubstrate

Figure 11 Schematic of Spray Pyrolysis Process [34]

The cermet SOFC anodes composed of a Ni-SDC (Nickel-Sam&apad Ceria) SOFC
have been prepared by spray pyrolysis [35].
2.6.7 Vacuum Deposition Techniques

Vacuum deposition techniques based on magnetron sputtering, vacuum plagmoasm
laser ablation, and electrochemical vapor deposition can be useditat@l8OFC structures.

Below is the summary of the findings [36].
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Techniques Precursor Deposition Typical Features
materials Rate microstructures
RFand reactive | Oxide or <~5um/h Dense or porous Produces dense, crack-free films on
DC magnetron metal target films, often obtain dense and porous substrates; applicable
sputtering columnar to wide range of compositions; low
structures substrate temperature; can be combined
with photolithography to produce
unusual configuration
Vacuum plasma | Oxide or <~10um/h Dense or porous Large scale deposition possible;
spray metal films; anisotropic substrates may be dense or porous;
powder feed; grain structure; relatively high substrate temperatures
variation LAFAD method can
(LAFAD) used produce multilayer,
metal target superlattice
structures
Laser ablation Oxide or Upto 600 Dense films, used Intermediate substrate temperatures;
metal target um/h, most | to produce epitaxial | not easily up-scaled; particularly useful in
studies used | films producing high-quality oriented films for
1 um/h rate fundamental research; can be combined
with photolithography to produce
unusual configuration
Electrochemical | Metal halides | <50um/h Dense filmson Currently used in commercial SOFC
vapor (XrCla,YCL3) porous substrate, production of thin electrolytes; high
deposition columnar reaction temperatures; limited range of
structures compositions possible; produces dense
film on porous substrate

Figure 12 Comparison of Vacuum deposition methodf producing think films relevant to SOFC

applications [36]
2.6.8 Dip Coating
Dip coating (Figure 13) is a process of creating thin films where the atéstdipped into
a liquid coating solution. The substrate is then withdrawn at a controlled spedtickness is

influenced by withdrawal speed, fluid viscosity and the surface tension.
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Figure 13 Dip Coating Process

SOFC structures have been fabricated using this process. A dipgcsip followed by
co-sintering has been used to form the thin and dense YSZ efefilvhs on the outer surfaces
of NiO/YSZ micro tubes to form anode/electrolyte half cellsaper of porous LSM membrane

with a 20um thickness has also been also dip coated to form a cathode [37] [38].

2.6.9 Plasma Spraying

Plasma Spraying (PS) is a thermal spraying depositioregsoewhere material deposition
occurs by introducing the material to the plasma jet origigatitom a plasma torch. The
material can be in a liquid, suspension or powder form.

The coating material that is in a powder form is carrredn inert gas stream and into the
plasma jet where it is heated and propelled towards the atghsBecause of the high
temperature and high thermal energy of the plasma jet, niaterth high melting points can be
sprayed [39].
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Thermal PS processing for nano-powder production and cell fabricati8@BEC has been
performed [40]. The PS process creates sufficiently higipeéemtures to melt all the materials
fed into the plasma. This technique has been applied to directly depusional layers as well
as nano-powders for SOFC applications. This processing technique daesguig the use of
organic solvents, offers easy to adjust process parameters anficangniime savings in
production of the cell. The cost is also reduced when compared wikhfilmcprocesses that
require sintering processing steps. Plasma spraying is caggiieducing extremely thin layers
and can make continuously graded structures by varying the deposiaterial and spray
distance. However, the porosity range of a plasma sprayed fageto 15%, thus making it

difficult to produce a fully dense electrolyte [41].

2.6.10 Direct Write Printing

Direct write printing is a form of additive manufacturing whargart is built by printing
successive layers of materials one on top of the next. One foDWabrinting commercialized
by nScrypt is a pressure-driven micro-extrusion process whaterials in the form of an ink
come out through a nozzle of a certain diameter. The deposition iscadlyotontrolled and can
produce the desired shape in a planar or a conformal surface. Glhmoltegy is extremely
flexible with regard to the materials and the patterns thatbe printed. DW printing can print
micro lines, dots, three-dimensional printed structures and conforimédgrstructures. The
process has a wide range of applications including conductorstorgsieptics, adhesives,
sealants, frit, solders, encapsulants, wire bonds, underfilling, flip-chip bumping Syi&i[42].

The DW micro-fabrication approach has been demonstrated forcddbri of a single
chamber SOFC [43][44]. NiO-YSZ anodes and LSM cathodes hawnepbieéed via direct write

printing on a YSZ electrolyte [43].
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2.6.11 Ink Jet Printing

Ink Jet printing is a variation of direct write printing whedeposition occurs by
dispensing droplets of ink onto the substrate through a nozzle. Thetecarmgays of inkjet
printing: thermal and piezoelectric.

Ink-jet printing has been successfully used to fabricate theralge and the anode
functional layers of a SOFC. The ink-jetted electrolyte layerse largely or completely free of
pinholes and relatively thin in comparison to those electrolytes prddmwcenore conventional
ceramic processing methods. Ink-jetting could be used to produce the atexmlyte and
cathode structures of a SOFC [45][46]. SOFC’s have been fabricatipbyiting the NiO-YSZ
anode interlayer, the YSZ electrolyte layer, and the LSM-YB& [aSM cathode layers on a
NiO-YSZ support using inkjet printing. Inkjet printed SOFC’s reslite an electrochemical

performance consistent with traditional processing methodologies [47].
2.6.12 Comparison of Popular SOFC Fabrication Processes

Table 7 summarizes the more common SOFC fabrication technidqaeg with some
characteristics [31]. It is challenging to develop novel methodshaan precisely control the
pore structure (e.g., porosity, pore size and shape, interconnéetimeen pores, and pore
alignment) in a cost effective way to improve mechanical prigseand electrical performance
of a SOFC. Of all the processes, the freeze tape castingsprased to produce the bi-electrode
supported cell (BSC) is one of the most promising methods for the pimduwat porous
electrodes [27]. Table 8 provides a summary of some of the majufataurers of SOFC’s and

their respective technologies [48][49].
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Table 7 Summary of SOFC fabrication processes [31]

Fabrication Technique Grading capability  Cost (time/complexity)  Porosity Thickness
Tape casting Poor High 0-60 =T um
Screen printing Poor High 0-60 =8 um
Dip coating Poor High 0-60 >10 pm
Spin coating Yes High 0-60 =l um
Extrusion casting No Low 0-60 N/A
Tape calendaring Poor Low N/A N/A
Plasma spray Yes Low 5-20 =Particle size
Electrostatic spray deposition Yes High 0-60 =Particle size
Ultrasonic mist spray pyrolysis Yes Medium 0-55 >Particle size

Table 8 SECA Industry Team Design & Manufacturing 48][49]

SECA Industry Team Design & Manufacturing

Team

FuelCel Energy
YWerza Power Systems

‘WorleyParsons
PrML

UTC Powwer
Delphi
Battelle Memaotial Institute

Rollz-Royce Fuel Cell Systems
Case Western Reserve University
University of Connecticut
ORML
PHML

Design
Anode-supparted planar
= 8007 C
Lowy-cost ferritic =5 interconnects

SSIZh:m2 active area cells

Anode-supported planar

= 300° C

Lowy-cost ferrtic 5% interconnects
403 oim? active area cells
Uitra-compact

Fapid tranzient capakility

Integrated planar (segmented-in-zeries)

= 800° C

Pressurized operation
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Tape casting
Screen printing

Stamped interconnects

Tape casting
Screen printing
Stamped interconnects

Lazer welding

Extruzion

Screen printing



2.6.13 Future State of SOFC's

The Solid State Energy Conversion Alliance (SECA) was founddukifatl of 1999. SECA
is collaboration between the Federal Government, private indusageiic institutions and
national laboratories devoted to the development of low-cost, modulauahfiiekible SOFC
technologies suitable for a variety of power generation applications [48][49]

The SECA FY 2010 annual report emphasized that the SECA fugirogilam is a critical
element of the Department of Energy’'s (DOE) office of fossiergy technology portfolio.
Currently, coal is a primary resource for reducing dependencemorted oil and natural gas.

In the US, more than half of the nation’s electricity supply isegated from coal. Coal is a
nonrenewable energy source that produces sulfur dioxidg,(B@ogen oxides (NQ, carbon
dioxide (CQ) and particulates. SChas been linked to acid rain and increased incidence of
respiratory illnesses. N(has been linked to the formation of acid rain and photochemical smog.
CQO; is the primary greenhouse gas emission from energy use.uRdeschave been linked to
the formation of acid rain and increased incidence of respiratory illnes3g$9).

There is a need to develop an alternative energy source thatrg climate friendly and
would reduce dependence on imported oil. SECA’s technology offeategrinan 99 percent
carbon capture, less than 0.5 parts per million (ppm)eéxtissions, reduced water requirements,
and a coal-to-electricity efficiency exceeding 50 percena higher heating value (HHV) basis
and as high as 60 percent HHV for advanced pressurized systems (Figure [30].[49]

The ultimate objective is to enable the generation of efficieogt-&ffective electricity
from domestic coal with near-zero atmospheric missions of &@ air pollutants (99% GO

capture) and minimal use of water in central power generation applications.
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Figure 14 SECA Objectives [49]

The SECA program is focused on developing technology required for cang&MdFC
stack technologies that can be mass-customized for a wide @ngpplications, such as
stationary power generation, mobile power generation, military powapgplications,
transportation applications, etc. The objectives of the SECA pro@rabie 9) in the year 2007

were as follows:

Table 9 SECA Objectives

Current SOFC Characteristics SECA Objectives
High operating temperature Wider operating tempeeatange
Intolerant of sulfur in fuels Sulfur-tolerant anode
Internal or external fuel reformation Capability fin-cell reformation
Reliance on natural gas or other limited fue|s \édbel processors for common liquid fuels (diekekosene)
Limited thermal cycling, load follow capability Impved capabilities
Low system power density Higher power density ¢c@lists and weight reduction

Future SECA program objectives include:

e By 2010, a test stack running for 5,000 hours with a degradation of less than 2.0 percent
per 1,000 hours and costs of $700 per kilowatt or less for the system power block. The
SECA cost goal for stacks is $175 per kilowatt or less.

e By 2012, a 250-kilowatt to 1-megawatt fuel cell module demonstration.

« By 2015, a 5-megawatt proof-of-concept fuel cell system to demonstrate system
integration, heat recovery turbines, and power electronics.

e By 2020, a full-scale demonstration of a 250- to 500-megawattrateshgasification

fuel cell power plant.
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The high efficiency and environmental friendliness of SOFC’'s hdready been well
established by Siemens Energy for stationary base-load ampigaProduct validation and cost
reduction are now primary objectives for stationary market apmitatiwith further cost and
performance improvements needed for other mass market applicatumiis,as military and
transportation. Under Siemens Energy's SECA program, the above w@geatie being
addressed with the expectation that small-scale SOFC produche ctarted quickly, cycled in
and out of operation as needed, and operated. Below is a list (Tabté 46ne of SOFC

manufacturers and their technologies [48].
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Table 10 SOFC Manufacturers and their Technologief48]

Manufacturer Country Achieved | Year | Attributes and status
Acumentrics Corp. USA 2w 2002 | Microtubular SOFCs, 2kW for uninterruptible power
Adelan UK 200W 1997 | Microtubular, rapid start-up and cyclable
Ceramuc Fuel Cells Ltd Australia SEW 1993 | Planar SOFC, laboratory stack testing, 600 operating hours for 5 KW stack, developing
25kW 2000 [ 40 kW fuel cell system
Delphi/Battelle USA SEW 2001 | Developing 5 kW units based on planar cells
Fuel Cell Technologies (with Siemens Canada SEW 2002 | 5KW prototype SOFC under test, 40 percent electrical efficiency. Several Field trals
Westinghouse Power Cotporation) planned in Sweden, USA, Japan, etc.
2kW 2002
General Electric Power Systems USA 0.7TEW 1999 | Planar SOFCs, atmosphenic and hybrid systems
(formerly Honeywell and Allied Signal) 1EW 2001
Global Thermoelectric Canada 1EW 2000 | Planar SOFCs, 5000 hours fuel cell test
MH/Chubu Electric Japan 4EW 1997 | Planar SOFC, laboratory stack testing, 7500 operating howrs
15EW 2001
MHUElectric Power Development Co. | Japan 10kW 2001 | Tubular SOFC, pressurized operation, 10 KW laboratory testing for 700 hours
Rolls-Royee UK 1EW 2000 | Planar SOFC, laboratory testing, developing 20 kW stack for hybrid systems
Siemens Westinghouse Power UsA 5EW 1995 | Tubular SOFC, several units demonstrated on customer sites. More than 16,000 single
Corporation 10EW | 1998 | stack operating howrs, first hybrid SOFC demonstration
220kW | 2000
SOFCo (McDermott Technologies and | USA 0.7EW 2000 | Planar SOFC, laboratory testing, 1000 operating hours, developing 10 kW versatile
Cummins Power Generation SOFC npit
Sulzer Hexis Switzerland | 1kW 1993 | Planar SOFC, field trails of many testing
2002
Tolyo Gas Japan 17EW 1998 | Planar design laboratory festing
TOTOEyustm Electric Power/Nippon | Japan 25EW 2000 | Tubular SOFC, laboratory testing, developing 10 KW system for 2003
Steel

2.7 PROBLEM STATEMENT

SOFC'’s consist entirely of solid-state materials and atiéiZzast oxygen ion conducting
ceramic as the electrolyte; SOFC’s operate in the temperainge of 700—1000°C. SOFC’s can
produce electrical energy for as long as the fuel and oxidemtsupplied to the electrodes. The
performance is expected for at least 40,000 hours. However, thenpenfor of SOFC’s degrade
over time, which limits the practical operating life of SOF@% indicated in Figure 15. The
aging mechanisms of the anode, cathode, and interconnects have fleegder many studies
[9][16][51]. Some literature suggests that development of newerabs, optimization of
microstructures and lower operating temperatures are desfabthe long-term stability of

SOFC’s [51][52].
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(b)

Figure 15 Structural stability in the composite cahode during operation at 850-C, 300mAcm-2 in air: (a)
Initial state and (b) after operation of 5000 h [5]

The high-temperature operation of SOFC’s places rigorous duwaltghjuirements on all
SOFC components. A key challenge for SOFC technology is the dewaiboph low-cost
materials with high durability at high temperatures.

The fabrication of ceramic structures is a technical challenge BBCSOThe state-of-the-art
processing methods for the fabrication of SOFC single cdbyés-by-layer deposition methods
such as tape casting, screen printing, wet spraying and tegpelaang. These steps are then
followed by co-sintering. However, these traditional wet mécatechniques face certain
problems [41]:

e Multiple separate instruments such as an extruder or tape caster, sareanagrd furnaces,
etc. are needed for the multiple steps.

e High-temperature firing leads to a substantial and rapid isergacapital costs due to the
long processing times. The time required to ramp the deposited kwyand from a high-
sintering temperature and hold them there for sufficient densification isrsemificant.

e The size enlargement of single cells creates serious prshiae to large total shrinkage or
thermal expansion mismatch strain, which leads to macro-cragksteswarping, or cell

fracture during high temperature firing steps.
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e High-temperature firing steps lead to inter-reactions betweeneadjeell layers.
e Some novel anode materials cannot be sintered at high temperatures due to lngv melti
temperatures.

Plasma spray (PS) processing is an alternative method fardaibg SOFC'’s. PS processing
potentially provides a much simplified and cost-effective choioe fAbricating SOFC
components [53]. This process allows one to make a SOFC byirgptae entire multilayer
SOFC in one consecutive plasma process, using only one piece of equgmd within a few
minutes. The layers are very thin, which results in improved perfarenand reduced material
consumption. However, it is a capital-intensive technology. Furtbrermthe process
development work and the transfer of the technology onto an industrial isca challenge
[54][55].

In the context of SOFC electrode structures, porous materigisaplanportant role in the
development of fuel cell technology. The function of these matarielades the transport of
gases to and from the active sites, the mechanical support afubti®, and the support of
active electrodes. Understanding of the key parameters influeéheeperformance of these
materials in an operating SOFC. It remains a challenge f#uinfyel cell technology, and is an
area where there remain significant opportunities for research [3].

It has been shown that increasing levels of graded porosity ingrthe electrode
performance [56][57][58][59]. The grading of electrodes redubesmass transfer losses and
increases the volumetric reactive surface area close tceldwtrode-electrolyte interface.
However, the highly graded structures produced are complex, and hencwrareostly to
fabricate. Also, the sintering temperature and fabrication techsiduaee effects on the

microstructures of the graded electrodes and therefore on their diectrical performance.
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It is challenging to develop novel methods which can preciselyaiotte pore structure
(e.g., porosity, pore size and shape, interconnection between poresorandlignment) and
hence the porosity of a structure. The conventional methods are lkstitexl for precise local
control of material and/or structure. Thus, there is a need for an alterrédmieafion method.

Today, an increasingly popular method for fabricating SOFC igdrégpe casting, which
works well for a simple part such as a multilayer structuavever, it faces challenges when it
comes to fabricating multifunctional, multimaterial components vatimplex geometries.
Generally, the resulting microstructure using freeze tapingas controllable, but the linear
channels can result in shrinkage and curling along that one dasstiucture is mechanically
strong in only one direction. The aim is to develop alternative methadlsallow channels in
any orientation in order to produce balanced shrinkage stressedraity siechanical strength
in all direction. It must also be capable of fabricating multifiomal, multimaterial components
with complex geometries.

One such approach is to employ direct-write printing methodddw #he structure to be
engineered. It is an additive manufacturing process, whereiahateposition and path control
can occur simultaneously. The fuel cell material is introdueed paste, which is typically
composed of the electrode material, an ink vehicle, a fugititerrahand some additives. The
pores are defined by the holes left by fugitive material bl@hs off at sintering temperatures.
By varying the amount and size of fugitive material, various pore morphologidgeazbtained.

This process allows the flexibility of changing the ink compositiethin a layer, unlike
other processes that can only change composition in between. |ays#s advantages,

disadvantages and limitations of direct write methods will also be discussed
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A graded electrode structure printed via 3D direct-write prontvill be demonstrated. The
structures can be stacked to form a multi-layer component usinghéti®d. For instance, by
changing the composition of the layer from layer-to-layer (porous to porous or vice-versa), a
hierarchically graded porous structure can be engineered.

Anode-supported planar button cells and cathode-supported planar button dele wi
fabricated using 3D direct write printing methods thereby demonstragngrocess capability of
producing anode and cathode layers via 3D direct write printing.

Last, various engineered electrode structures will be dematstiat alternative method
of creating the electrode structure similar to that ofeldxtrode supported cell (BSC) using 3D
direct write printing will be presented. Single cell BS@'ave already been demonstrated;
however, the fabrication and performance of a multi-cell stakrainains a challenge. 3D
direct write methods could potentially be used to resolve $Bisei of fabricating the multi-cell

BSC stack. Geometries that are not possible by any other methods will alsoussetis
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CHAPTER 3: METHODOLOGIES

3.1 LOCAL CONTROL OF ELECTRODE ARCHITECTURES

The first problem to be approached addresses the desire toclhigaly grade the
porosity of the electrodes, i.e. create smallest pores on ttteodle structure in the Triple Phase
Boundary (TPB) region (electrode/electrolyte interface), arakemthe largest pores at the
electrode/fuel (or air) interface. The structure in between shoeldraded. The TPB is a
conceptual zone in the cell where the hydrogen oxidation reactiorthandxygen reduction
reaction occurs. It is highly desirable to increase the Tdt&.zZThe synthesis approach being
explored involves direct-write printing in which the fuel cell tpas micro-extruded onto the
substrate, one layer at a time.

Pores are defined in the structure by introducing pore formens,as graphite powder, to
the fuel cell ink in the desired proportion. During the sintering psotesgraphite powder burns
off, leaving behind pores which make the structure porous. By varyingpdhe former
concentration in the paste, a more or less porous structure caloricated. In theory, the higher
the concentration of pore formers, the more porous the structuresisg tthis concept,
hierarchically graded porous structure can be fabricated. Byotlorgrthe concentration of pore
formers in the paste for each individual layer being printed on euthin a given layer, the
porosity of a structure can be locally controlled. An nScrypt Smarp micro-extrusion system
is used for this purpose. This method allows printing of layersiasas 10 um and line widths
as narrow as 110 um (based on post sintered NiO-YSZ ink profiles¥8Z substrate). This
process allows the ink composition to be changed within a layer as well as aebdayers.

The second problem to be approached involves engineering a bo@éestipported cell

(BSC) like structure by printing ribs separated by channelslivect write methods. The goal is
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to create ribs with vertical walls having extremely low uosity (discussed in section 3.6).
Tortuosity is a defined as a ratio of the length of the patlydiseakes to reach point A to point
B to the shortest distance between points A and B. This approach:

¢ Allows reactant gases to easily permeate the electrode

e Provides a shorter conductive path for electrons and ions, thus reduciatj olrmic

losses

e Creates a surface that is easier to infiltrate with active cathodeatsate

e Opens up the possibility of creating arbitrarily complex rib/chhramehitectures

designed to balance shrinkage stresses during sintering, thusvingomechanical
strength and durability of the cell.

Arbitrarily tall ribs can be achieved by printing lines on topeath other. Using this
approach, electrode geometries similar to those of the BSCteamtcine can be created. A
baseline model will be presented that will allow tailoring #etdres of the lines printed, such as
line width, line height, line profile, channel width, etc., to get a desired georaképe.

All fabrication work, unless otherwise specified, has been done viat-girdge printing
using an nScrypt Tabletop Series Smartpump micro-extruder. drfeus tools used throughout
this research were:

e nScrypt Tabletop Series Smartpump micro-extruder
e THINKY mixer — ARM 310

e MTI Furnace — KSL1600X

e Hirox Microscope — KH-7700

e 45 TON SHOP PRESS

e Scanning Electron Microscope (Amray 1830 SEM)

e GE 250W heat lamp
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e A set of 15mm pressing dies from MTI Corporation — EQ-Die-15D

3.2 GENERAL CHARACTERIZATION OF DIRECT-WRITE PRINTED

STRUCTURES

Although there are different direct write printing technologi@Scrypt’'s micro-extrusion
DW process is used in this research. nScrypt’s process funstiansimilar manner to how one
would write using a pen or pencil. The material being printed istecplate loaded ink or paste.
Fabrication is carried out by laying down lines in any directiesired using a 3-axis computer
controlled tool-path, so any geometry can be printed on a flatanfarmal surface (i.e. surface
that conforms to the shape of a part). The tool path is fed irothe df machine code for the
system’s Aerotech motion controller. The printed lines haveicewidth, height and profile
whose values are a function of the selected process parameters.

Suppose that one would like to print a solid 1 mm X 1 mm square. If the line width is 0.2mm,
then 5 lines of 1mm length could be printed to make a square. Howevextthded bead of
ink/paste produces a rounded line as shown in Figure 16, so a suitphieetelistance must be
selected to create a flat surface. Step-over is the déstarectool scan is offset from the adjacent
scan, just like in CNC machining. Figure 17 shows a profile of lines printed aextedhiffstep-over
distances. If a step-over of 0.1mm is chosen in the above exampiea tio¢al of 10 lines of
1mm length will be needed to make a Imm X 1mm square. In getiexdine profile (tapered
angle, line width and height) and step-over needed must be expeadigndetermined each time

a new ink or paste is formulated.

48



a) Line printed at a different stef-over produces different surface profil¢

b) Track marks on a printed profile: a) Side-view (left) b) Top-down view (right)

Figure 16 Track marks left after printing a) Simulated profile b) Actual Profile
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|

Figure 17 Array of printed lines with varying step-over (top-down view)

The characteristics of the ink need to be undedsszowell. The use of highly viscous ir
typically results inprinted tracks with fairly vertical side walls, wieas the use of less visc

inks typically results in printed tracks with a rataperedshape as shown iFigure 18. The
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surface tension of the substrate also plays a vital role gasrits external force on the deposited

ink.

Figure 18 Profiles Printed tapered profile of lesviscous ink (left) vs. high viscous ink (right)

The printing is also heavily dependent on the nScrypt tool's processngi@rs. The
controllable tool process parameters of an nScrypt Smartpump are:
a) Translation Speed (mm/sec) — The printing speed in x-diredioand y-directionf().
b) Valve Open Position (mm) — The distance the valve opens to control the flow of ink
c) Dispensing height (mm) — The distance between the tip of the nozzle and the substrate
d) Pressure (PSI) — The amount of air pressure applied to syramgaining the ink or paste
being dispensed.
Additional factors the user has control over include:
I. Nozzle size — The diameter of the orifice in the dispensing tip
ii. Ink formulation - Particle size, solid loading fraction, viscosity, etc.
lii. Post deposition sintering schedule — Ramp up rate, hold temperature, hold duration
To summarize, the printing output is heavily dependent on a significant number of process
parameters and additional factors under the user’s control.

3.2.1 Preliminary Process Characterization

A preliminary study was conducted to examine the effecipeéd, Pressure, and Valve

Position on the line width and line height. Figure 19 shows the tool configuration.
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Dispensin
g height

Feed Rate in X and Y direction

Pressure (0- 100 PSI)

nScrypt Tip

Substrate

Figure 19 Schematics of a Smartpump

Valve Needle Position

Nozzle (Diameter: 12.5 — 125 um)

Dispensing Height

Lines were printed using the process settings shown in Table 11, and thegdiseltwidths

and heights were measured using a Hirox KH-7700 optical microsdtyme NiO-YSZ ink

printed was prepared by mixing 8.5 grams NiO-YSZ (Fuel CalleMals) with 4ml Terpineol in

a Thinky ARM 310 mixer at 2000 rev/min for 10 minutes. This ink wastgnt on mylar film

through a 280 um ceramic nozzle on the nScrypt machine with a dispdmasigigt of

approximately 100 um. The samples were dried under a heat lamp for one hour.

Table 11 General Linear Model: Height, Width versusSpeed, Pressure, Valve Position

sec

Factor Type | Levels Values
Speed Fixed 8 5, 10, 15, 20, 25, 30, 35, 40 mm
Pressure Fixed 3 0.4,0.5,0.6 V (0.5V = 10PSI)
Valve Position| Fixed 3 0.5, 0.6, 0.7 mm
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One line was printed at each setting. Table 12 and Table 13Isteowidth and line height

results from the preliminary tests respectively.

Table 12 Line width results

Pressure 04| 04| 04 0.5 0.5 0.5 0.6 0.6 0.6
Valve
Position 0.5| 06| 0.7 0.5 0.6 0.7 0.5 0.6 0.7

Table 13 Line height results

Pressure | 0.4 0.4 0.4 0.5 0.5 0.5 0.6 0.6 0.6
Valve
Position 0.5 0.6 0.7 0.5 0.6 0.7 0.5 0.6 0.y

57 57 59 95 101 109 137 138 184
37 54 43 63 73 83 80 76 102
30 40 39 60 62 62 74 77 89
28 39 33 45 50 52 66 75 78
28 32 28 48 45 48 55 63 81
25 33 32 37 40 47 52 60 7]
17 31 26 35 39 44 45 95 7]

The data was entered into JMP for statistical evaluation. AN@VA results for the line
height suggest that Speed, Pressure, Valve Position, and thetiotebstween Pressure*Valve
Position and Pressure*Speed are statistically significant fa¢te0.05). The ANOVA results

for the line width were the same as the ones for line heigbb, Ahe line height and width were
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highly correlated (R = 0.92), so it may not be necessary to uredsoth features for
characterization purposes provided similar inks are used (Figure 20 (c)).

Table 14shows the analysis of variance (ANOVA) results for printed heights and Table 15
shows the ANOVA results for printed line widths.

The ANOVA results for the line height suggest that Speed, Peesdalve Position, and
the interaction between Pressure*Valve Position and Pressure*Speestdtsstically significant
factors ¢=0.05). The ANOVA results for the line width were the same asoties for line
height. Also, the line height and width were highly correlated=(B.92), so it may not be
necessary to measure both features for characterization purpogeegrsimilar inks are used
(Figure 20 (c)).

Table 14 ANOVA for line height

Summary of Fit
RSquare 0.99818
RSquare Adj 0.995385
Root Mean Square Error 29.43096
Mean of Response 884.9167
Observations (or Sum Wgts) 72

Analysis of Variance

Sum of

Source DF Squares Mean Square F Ratio
Model 43 13301222 309331 357.1200
Error 28 24253 866 Prob>F
C. Total 71 13325476 <.0001*

Effect Tests

Sum of

Source Nparm DF Squares F Ratio Prob>F
Pressure 2 2 2410659.7 1391544 <.0001*
Valve Position 2 2 380534 21.9662 <.0001*
Speed 7 7 297569.4 49.0774 <.0001*
Pressure*Valve Position 4 4 19891.6 5.7412 0.0017*
Pressure*Speed 14 14  1070345.1 88.2647 <.0001*
Valve Position*Speed 14 14 18592.6 1.5332 0.1630
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Table 15 ANOVA for line width

Summary of Fit
RSquare 0.987906
RSquare Adj 0.969332
Root Mean Square Error 5.140873
Mean of Response 56.73611
Observations (or Sum Wgts) 72

Analysis of Variance

Sum of

Source DF Squares Mean Square F Ratio
Model 43 60445.986 1405.72 53.1894
Error 28 740.000 2643 Prob>F
C. Total 71 61185.986 <.0001*

Effect Tests

Sum of

Source Nparm DF Squares F Ratio Prob>F
Pressure 2 2 9910.0750 187.4879 <.0001*
Valve Position 2 2 260.8333 4.9347 0.0146*
Speed 7 7 1545.9000 8.3562 <.0001*
Pressure*Valve Position 4 4 960.8889 9.0895 <.0001*
Pressure*Speed 14 14  4940.5833 13.3529 <.0001*
Valve Position*Speed 14 14 437.0000 1.1811 0.3409

Among all the significant factors and interactions, Pressurdhgamost impact on the
printed profile (both line width and height) followed by interactietmeeen Pressure*Speed and
then the Speed. The effects are more visible in the box plots shelamw I Figure 20. As
pressure is increased the line width and the line height ies.eke more open the valve is the
more comes out, which increases the line width and the line heiglitrApeed, the faster the
printing process the thinner the line width and smaller the line height.

As previously mentioned, however, the shape of the deposited line isnual
dependent upon ink properties and surface tension with the substrate. Altheughi®VA
showed no or very little statistical significance of otheernattions, it is important to understand

that the process parameters influence each other.
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Width By Valve Position

Width By Pressure

Width By Speed
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a) Box plot for Line width vs. Valve Positron , Presste and Speed
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b) Box plot for Line height vs. Valve Positron , Preagre and Speed

Bivariate Fit of Height By Width
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Height = 81.44816 + 14.161501*Width

Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

c) Correlation between height and width

Figure 20 Box plots and the height/width correlatio
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There are limitations on how much speed, pressure, valve opening pedstig height can
be adjusted. If the valve is fully open, further opening it would not cassgnificant impact on
the printing output.

Increasing the pressure increases the ink flow rate, whichmmptoduces wider lines. Once
the maximum flow out rate through the nozzle is achieved, fuizeeases in pressure do not
significantly change output. Rather, it has been observed thasexeair pressure can actually
lead to air pockets in the ink which lead to voids and uneven lines during printing.

The faster the lines are printed, the narrower the lines beddoweever, there is a limit to
how fast a given ink can successfully be printed. The upper limit depends on a numbtersf fa
such as ink viscosity, pressure applied, nozzle diameter, etc. Assalinotger parameters are
kept constant, there is a maximum speed above which the printeddigiestd break up into a
series of dots rather than a continuous path (Figure 21). If ttee fiogv rate of ink through the
nozzle is lower than the translation speed of the nozzle over theasepstien a tensile stress is
exerted on the extruded ink (i.e. the extruded bead is being “strétuliess it exits the nozzle).
If that stress is great enough, the ink stream begins to brealonperGely, it is possible for the
flow rate of ink out of the nozzle to exceed the translation spettk nozzle over the substrate.
In this case, the extruded bead can actually experience coropredsch leads to a barreling
effect. Based on the preceding explanation, the significance @faaion effects between

Pressure and Speed in the ANOVA are not surprising.
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a) Starti'ﬁ'gbé‘lnt' b) low translational speed c) Fast translational speed

Figure 21 Effect of speed on line profile

The dispensing height is the distance between the nozzle tip asdbteate as shown in
Figure 19. Li et al. [42] showed that the ink flow rate incredsea point as the dispensing
height is increased (assuming pressure is kept constant) as ishBigare 22. The smaller the
dispensing height, the more it affects the flow-rate. The heaghbaoly be increased to a certain
value, beyond which the ink will not dispense onto the substrate. For many instanceswilie ink
move up the nozzle if the dispensing height is too high because tiegokg to flow in the

direction of least resistance.
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Dispensing height {microns)

Figure 22 Flow rate vs. Dispensing height [42]
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3.2.2 Effect of Ink Formulation

The ink formulation method used was the same 10Dl experiments described here. 1
flow chart inFigure 23shows the steps used in creation of an ink fortipgnpurpose. Once tf
desired quantity of fuel cell powders, pore formiek vehicle or any other materials w

measured, mixing was done in a THINKY ARM { mixer (www.thinkyusa.cor). This mixer

utilizes counter rotating centrifugal forces toateea thoroughly mixed ink. All the ink createc
this research was mixed for 10 minutes @ 2000 RRNMhe THINKY mixer unles otherwise

specified.

Mix fuel cell powder and

Spintheinkinan

ink vehide in the desired Transferthe inktoa

appropriate container in

the THINKY MIXER for x
¥$Zand 3ml of Terpeniol minutes @y RPM the nScrypt tool

¥

ratio. Eg: 5 grams of NiO- syringe and place itin

¥

Figure 23 Ink formulation method for DW experiments

It is important to note that the type of materthk material particulate size/size distributi
and the amount of ink solvent and its type (polanen-polar) greatly affect the ink rheolog
There are two rheological classifications basedwdrether the ink is Newtonian or r-
Newtonian. One of the most important ink properigeyiscosity. Water has a viscosity o
centipoise (cP) and is a Newtor fluid. Effective viscosity can be better understood biog
at the behavior of viscous fluids at different shedies. By examining ink viscosity as a funct
of shear rate, one can determine whether the i Newtonian, thixotropic, dilatant ¢

pseudoplastic as shownHigure24.
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Newtonian

Viscosity

v

Shear Rate
Figure 24 Viscosity vs. Shear Rate for various fluid type
Rheological behavior of the N-YSZ inks used in this research was measured us
Brookfield viscometer and was shown to exhibit titiiopic behavior as seen Figure 25. A
thixotrpic inkbecomes less viscous whetirred. The ink constitutents were 12 grams |-YSZ

powder (Fuel Cell Materials) and 10ml Terpeniolxed in a THINKY mixer for 10 minute:

Behavior of NiO-YSZ ink
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Figure 25 Thixotropic behavior of NiO-YSZ ink
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To create porous structures, a fugitive pore former (%wt, %wm), isttypically added to the
ink. Pore former materials burn off at sufficiently high tempemtthus leaving voids in the
previously occupied volume. Porosity can be controlled by varyinqkheomposition in three
different ways. The first method is to vary the volume fractiopavé former (%wt, %vol, etc.).
The second method is to vary the pore former size (e.g. 2 um — B0 henthird method is to
vary the pore former shape (spherical, irregular, fibrous, eteh@sgn in Figure 26. These three

methods can be combined as needed to create a porous structure of desired pore morphology

a) Carbon Fibers [r=3um, |=(50~250 um)]  b) StarcliPowder (~50um) c¢) Graphite powder (2-15um)
Figure 26 Various pore forming agents

A list of the materials and their respective suppliers usdthisnresearch are provided in

Table 16.
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Table 16 List of Material and their respective suppers

Material Supplier Powder Sizes Comments
(PSD d50)
Nickel Oxide-YSZ Anode Powder for fuelcellmaterials.con 0.5-1.2pum Anode materig

Coating Applications (NiYSZ-P)

i

Ink Vehicle (VEH)

fuelcellmaterials.con

n

Not Applicable

Terpiheo

al

|

r

Lanthanum Strontium Manganite | fuelcellmaterials.con 0.3-0.6 um Cathode Mater
(20%) Cathode Powder (LSM20-P)
LSM-YSZ Composite Cathode Powdefuelcellmaterials.com - Cathode Materig
(LSMYSZ-P) - 50% YSZ by weight
Yttria-Stabilized Zirconia 8 mole% TC fuelcellmaterials.con 0.5-0.7 um Electrolyte
Grade (YSZ8-TC) Material
YSZ-8 Substrate Buttons (YSZ-Sub fuelcellmaterials.com NA yRaifitered
20mm YSZ disk
Graphite powder, natural, microcrystal Alfa Aesar 2-15um Pore former
grade, APS 2-15 micron
Graphite Powder (TC307) Asbury Carbon 2.6 um Pore forme
Poly Viny Alcohol (PVA) Alfa Aesar NA Binder

3.3 GRADED STRUCTURES

Structures of varying porosity were fabricated using nScryptectdiwrite printing

technique. Specifically, porosity of a NiO-YSZ anode structuregvaded. The anode structure

was made porous by adding pore former (%wt. or %vol) to the NiD-¥i&. Asbury Carbon

graphite powder (TC307) was used as a pore former. The TC307 gaguireteypowder has an

average patrticle size of 2.6 um (PSD d50). The ink compositions usedarying pore former

concentrations are listed in Table 17. Figure 27 shows the relapohstween pore former

weight and volume concentrations in the anode ink composition.
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Table 17 Summary of various anode compositions twreate structures of different porosity

NiO-YSZ GRAPHITE
Total %pore | Terpineo | NiO | Densit | NiO | Graphit | Densit | Graphit | %Por
powder | forme | (ml) - y (g/cc) | - e(@ |y(glcc)| e(co) e
Sampl | weight(g | r (wt.) YSZ YSZz forme
e ) (9) (cc) r (vol.)
1 5.00 0 5.00 500 155 3.22 0.04 0.13 0.00 0J000
2 5.00 1 5.00 495| 155 | 3.19| 0.05 0.13 0.37 10.50
3 5.00 2 5.00 490 155 3.15 0.10 0.13 0.75 19.16
4 5.00 3 5.00 485| 155 | 3.12| 0.15 0.13 1.12 26.43
5 5.00 4 5.00 480 155 3.09 0.2@ 0.13 1.50 32.61
6 5.00 5 5.00 4.75| 155 | 3.06| 0.25 0.13 1.87 37.94
7 5.00 10 5.00 450 155 290 0.5( 0.13 3.74 56.34
8 5.00 15 5.00 425| 155 | 274| 0.75 0.13 5.61 67.21
9 5.00 20 6.00 400 155 2.57 1.0¢ 0.13 7.48 74.38
% pore former(volume) vs. %pore former(weight)
120.0
={li=%Pore fomer(vol.) ==%NiYSZ (vol.)
100.0 = |
:g; 80.0
]
€ 600
S
g
S 400
X
20.0
0.0
0.00 20.00 40.00 60.00 80.00 100.00

%Pore former (wt.)

Figure 27 Relation between pore former (%wt) vs. pag former (%volume)

62



In order to evaluate porosity levels, each ink formulation showralneT17 was printed
on sintered YSZ substrate to an approximate film thickness of 40using the nScrypt
SmartPump micro-dispensing tool. Samples were sintered at 1400ZChfmurs using a ramp
rate of 5°C/minute. The samples were then examined under a Hiioalapicroscope in order
to qualitatively assess porosity. Micrographs for each experaineodition are shown iRigure
28. There is an increase in porosity from 0%wt. to 5%wt. (0% vol. to 33%gmalphite, but the
5%, 10%, 15% and 20% labeled samples appear to be very similar.oAsei€kxpected, there is
an upper limit on the amount of pore former that can be added to imgeassity. Beyond this
level, additional pore former amounts have no apparent effect.

During the firing process, the solid oxide particles begin to stoig@ether while the
graphite particles are burned off. The SOFC particles can osg/ tbgether if there is contact
between adjacent particles. The addition of too much graphite quoneif creates space between
SOFC particles such that they cannot fuse with each other. a&shitg burns off during
sintering, SOFC particles collapse on to each other beforagfusan begin. Based on
experimental results shown iRigure 2§ the upper limit on pore former concentration is
approximately 5% wt. (~ 38%vol.). Any increase in graphite concentréeyond 5%wt. does
not cause a noticeable increase in porosity. It is worth notingcthipsing particles can
actually arrange into a denser structure than is achievitdlovier volume fractions of pore
former. Thus, care must be taken in selecting the amount of porer ftrraehieve the desired

porosity. The size and shape of the pore former also play a vital role.
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Figure 28 Images of various anodes with differentr&ction of pore former
(The number labeled is the %weight of pore-former)

Hierarchically graded porous structures can be created dsig-write techniques by
printing layer(s) on top of each other in which the amount of fusreer is varied from layer to
layer. Figure 29shows 4 layers printed onto a fully sintered YSZ substrate. @yerd at each
composition (0% wt. and 15%wt. Alfa Aesar graphite as pore formverg printed via the

nScrypt direct write method. The total layer thickness was 6@vjiiimaverage thickness of ~15

um per layer.
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85 wt% SDC + 15 wt% graphite
L 2 printed layers
30 pum thick

100 wt% SDC + 0 wt% graphite
2 printed layers
30 pum thick

Figure 29 Graded porous Semarium Doped Ceria (SDGtructure (4 layers printed at 2 different

compositions)

3.4 GRADED STRUCTURE WITHIN A LAYER

While the preceding section addressed the topic of gradingspracture between layers,
the direct write method is also suitable for grading the compaosibr porosity within a
plane/layer. This approach can be used to create gas flow channel in a S@6Gesec

The tool set-up for grading structure within a layer is shawrigure 30 A 3 way-luer
connector was used; two ports are used as inputs from the syaimgjéise third one used as an
output where the ink extruded through a nozzle. By controlling the pressuttee syringes,
different proportions of the two inks can be extruded side-by-side. For iasthaone of the inks
is a fuel cell material and the other a fugitive materiad, fugitive material will burn off during
sintering leaving long channels behind. This methodology worked faellyfor inks with lower

viscosities, but high viscosity experiments performed here wengccessful due to the large
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amount of backpressure. When pressure on one oasexnsignificantly hgher than the other
then ink backflows from one syringe barrel to thieeo rather than coming out of the nozzle

positive displacement dispensing technique is thezesuggested to improve the proc
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Figure 30 Tool setup io vary composition within a layer/plane

Although attempts to grade composition within anglausing pneumatic mic-
dispensing were not successfiigure 31conceptually demonstrates the princifThis was
done via a two step process using nScrypt singlenah Smartpump. First, lines consisting
ink with 2% pore former concentratiwere pmted with some spacing in between tines on a
die-pressed NiO-YSZ wintered disk. Then, the ink with 5% pore formenaantration wa
printed in the space between the already printegsliThe structure was then sintered at 14(
for 2 hours and insected under a Hirox optical microscojThe image below shows a pu
sintered topdown optical micrograph with graded porosity/compos within a layer. The les
porous region to the left consists of I-YSZ with 2% pore former, and the more porouson

to the right consists of NiQ'SZ with 5% pore formel
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Figure 31 Graded Porosity/Composition — within a layer

3.5 SOFC FABRIACTION USING DIRECT WRITE METHODS

An electrolytesupported button cell based (YSZ electrolytewere fabricated using
nScrypt's direct write micraispensing method. The electrol-supported cell based on Y¢
consists of an anode layer, and two cathode (LSM/3% LSM) layers

Fully sintered 20mm YS-8 disks (Fuel Cell Materials) were used as thetrolyte
support layer. One anode layer and two cathodedayere printed in the configuration sho
in Figure 32 The cathode consisted of two distinct printecfaycontaining LSM/YSZ and LSI

with pore former resmtively. The pore former was added to make thectres more porou

Cathode 2: LSM + 5%wt pore former

Cathode 1:LSM/YSZ

Electrolyte: Die Pressed YSZ substrate

Anode 1: NiO-YSZ

Figure 32 Schematics of a electrolyte-supported cell
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First, the LSM/YSZ ink was printed onto the disk and dried under tléw@® for one
hour. A second layer of LSM with 5% Alfa Aesar graphite ink viestprinted and dried under
a heat lamp for one hour. The cell was then fired at 1000°C for 2 habtra wamp speed of 5
°C per minute. On the back side of the disk, a layer of NiO-YSZ &k pvinted and dried under
a heat lamp for one hour. The button cell was then co-sintered in afuM@ce (KSL-1500X)
at 1400°C for 5 hours with ramp rate of 5°C per minute. The diametextluddes and anode
printed were 15mm each.

A 125 pum inner diameter ceramic nozzle was used to printyatdaof this button cell
using the nScrypt machine. The dispensing height was kept at ~50 ath [Bprers.Table 18
summarizes the ink composition and the printing process parameters for traydéestipported

cell.

Table 18 Electrodes ink composition and process priing parameters for Electrolyte-supported cell

3D Direct Write Tool Parameters
Structure Composition Speed | Pressure Valve' Stepover
mmis) | es)y | OPeNINg | im)
(mm)
4.5 grams LSM + 0.5 grams Alfa
Cathode 2| Aesar Graphite+ 4mL Ink Vehicle 16 5 2.3 200
(VEH)
Cathode 1 8.2 grams LSM/YSZ + 4mL VEH 10 5 2.3 200
Anode 1 10 grams NiO-YSZ + 4ml VEH 10 6 2.3 150

Figure 33 shows the resulting electrolyte-supported cells tidtide an 80 pum thick

cathode, a 40 um anode and a 250 um electrolyte.
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a) Electrolyte supported button Cell (20mm electrolyte 15mm electrodes)

b) X-section of electrolyte-supported cell

Figure 33 Electrolyte-supported cell

The testing of the button cells were done at the SOFC CentBcariomic Excellence
located in the Horizon Research building at University of Soutblia (USC), South Carolina,
U.S.A. For testing the button cells, the samples were prepared by brushamptteeand cathode
sides with platinum slurry (Haraeus CI11-5349) which serves asuthent collector. The button
cell was co-fired at 950°C for 0.5 hours at a ramp up rate of 2°@ipaite. Platinum wire was
preferred due to the high testing temperature and to endure longeydies. Finally, ceramic
sealing paste was brushed around the perimeter of the celltd o the ceramic tube prior to

testing.
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The cell was heated to 600°C in hydrogen to reduce NiO to Ni in-situ. The settaklized
at 600°C for 2 hours before the electrochemical test was petbr Electrochemical
characterizations were performed at a temperature of 800°C andeent pressure. Fuel cell
performance was measured with a Versa STAT 3-400 testrsyBienceton Applied Research).
Hydrogen (3%HO) was used as fuel (40 ml per minute), and stationary air vk ass the
oxidant. AC impedance was measured at open cell circuit in tipeeiney range from 0.05 Hz to
100 kHz on a potentiostat/galvanostat with built-in impedance analyzer.

An open circuit voltage (OCV) of around 1 Volt at 800°C was achievedwihicomparable
to other SOFC fabrication methods. However, the polarizatiostaese was excessively large
as shown in Figure 34. This may be due to the fact that the catlasdeintered at 1400°C. It is
likely that a chemical reaction between LSM and YSZ forméeka conductive La-Zr-O phase
at that temperature. Calcinating the cathode at no more than 12083¢ with electrode

thickness <100 pm should improve the performance of this cell.
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Figure 34 Impedance spectra of YSZ-electrolyte sumpted cell at 800°C in wet H2.
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3.6 ENGINEERED STRUCTURES

The bi-electrode supported cell (BSC) structure produced via ftapeecasting has very
unique properties that potentially offer high power density and efitgi. A single cell BSC has
already been demonstrated; however, the fabrication and performaaaawfi-cell stack still
remains a challenge [60].

Despite the many intriguing aspects of the freeze tape stascture, one of the
challenges with the process is the fact that the pore mawtse is linearly aligned with the
direction of freeze tape casting. During sintering, the shrinlsagjeerefore much greater in the
direction of the channels than it is in the direction perpendicaldng channels. Likewise, the
structure is much weaker in the direction orthogonal to the chamisitation. One of the
principle aims of this research is therefore to develop a proepsble of replicating the unique
freeze tape cast structure while also providing the flexildititgproduce ribs and channels in any
desired geometric pattern.

For this research, direct write techniques have been used te ar&8C like structure
with arbitrarily complex geometry. By laying down lines on tidpeach another, a significant
height can be built up by this process. If these lines are pant®sime step-over distance, then a
structure loosely comparable to that of the freeze tape cast BSC stractire fabricated.

3.6.1 Initial Trials for Micro-Extrusion of Vertical Ribs

Up to this point in the thesis, the direct-write technique has bsed to print and fill
circular anode or cathode layers. In order to demonstratéifégsof direct-write methods for
production of BSC-like structures, it is necessary to stack swigle lines of ink on top of one

another while avoiding slump or collapse of the printed stack while the ink dries.
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To do this, the anode material (NiO-YSZ) has been used. The ink ades imthe ratio
of 12 grams NiO-YSZ per every 3ml VEH (Terpineol). The ink wasrdughly mixed in a
THINKY mixer for 20 minutes @ 2000 RPM. The ink was then trandeiwea 3cc syringe and
placed in the nScrypt tool.

A toolpath was written to print lines with various step-over dists. The step-over
settings were 400, 300, 280, 250, 230 and 200 pum (see Appendix A for anexémphachine
code). A fully sintered YSZ disk was used as a substrate. tAdysr was printed on the YSZ
disk, and the dispensing height was increased by 70um. A secondvis/éhen printed. The
dispensing height was increased by another 70um and a third taptedpA total of 11 layers
were printed with +70 pum dispensing height adjustments per [Elyerprocess parameters used
are summarized in Table 19. A 125 um ID ceramic nozzle was used for extrusion.

Table 19 Process parameter for a BSC like structure

Valve
Number of Dispensing Speed Pressure Opening
layers Height (mm) (mm/s) (PSI) Stepover (um) (mm)

1 -59.47 1.5 40 2.4
2 -59.40 2.0 40 2.4
3 -59.33 2.0 40 2.4
4 -59.26 2.0 40 2.4
5 -59.19 2.0 40 2.4
6 -59.12 2.0 40 400, 300, 280, 2.4
7 -59.05 2.0 40 250 230 200 2.4
8 -58.98 2.0 40 ’ ' 2.4
9 -58.91 2.0 40 2.4
10 -58.84 2.0 40 2.4
11 -58.77 2.0 40 2.4

The sample was then dried under a 250W heat lamp at a distanéeedff@ one hour.
The height of the green unsintered structure was ~810um when meastivethe Hirox
Microscope (KH-7700). The sample was then sintered at 1400°C for 2 h@urarap up rate of

5°C per minute. The height of the sintered sample was ~650 por€R3%). The walls of the
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resulting ribs are smooth and vertical and show no obvious sighsngbiag. The rib width for
the processing conditions was roughly 100pum.

Figure 36 shows results from the rib and channel trials in whiclstdpeover distance
was varied. The rib width was about 100 um. The smallest spafimipout 130um was
observed for a step-over distance of 230um and the largest chaultiel oviapproximately
300um was observed for 400um step-over setting. The average $siakheach individual
layer post sintering was approximately 60um. The height shrinkdgemas (810-650)/810 ~
20%.

One problem encountered was that the printed ribs severely wagegl thkeir length
during the sintering process and delaminated from the substrageisTlikely caused by two
issues. The first is that the substrate was fully sinteried for the sintering process. When the
printed ribs shrink on a “pre-shrunken” substrate, it is likely thate will be significant stress
between the ribs and the substrate. These stresses can be mininpaetifiyon an un-sintered
die-pressed disk as demonstrated in the next experiment. The sesoadsithat the shrinkage
takes place primarily along one axis parallel to the dwactif the ribs. This leads to warping
along the lengthwise direction of the ribs as is commonly satnthe freeze tape casting

structure. This issue can be addressed through printing of non-linear rib gesmetri
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Figure 353D printed BSC like structure: side-view of the line (left) and Xsection (right)

AN

Figure 36 Lines at different step-over distances

Figure 36 showhe variation in the channel width as «-over is varied. Issues arise wt
the stepaver is decreased, as seen towards the right $itttedmage where lines are getti
closer and closer. There is a limit on how close lthes can be printed befoihey touch one
another. As mentioned previously, the dispensinghtes a critical parameter. As the ink us
is highly viscous, the dispensing height becomes evore important. The dispensing heigh
+70um per layer was used in this experiment.ials where the height was less than 70um
nozzle tended to clog up and produced inconsistetriusion with blobs of ink dispensi

randomly during the printing process. With a 125 pozzle, the diameter of the extrudatt
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also 125 um. For gap distances less than 125 um, the extrudatessamni¢ being compressed
to a certain extent as it exits the nozzle. Below 70 pnr lageements, the ink faces excessive
backpressure resistance during the extrusion that leads to inenhgianht results. For layer
heights greater than 70um, the extruded ink tended not to adhere Viely thielprevious layer,
and misalignment of subsequent print layers was common. This kedg diue to the poorly
attached extrudate getting pulled towards one side of the alpeiatiyd line. In some cases, the
extrudate was not continuous. In summary, initial trials indicated sihecessful printing of
smooth vertical built-up ribs is heavily dependent upon layer thicknésshveontrols both

adhesions to previous layers as well as the shape of the compressed extruded bead.
3.6.2 Micro-Extrusion of Vertical Ribs On Unsintered Subsites

The next step was to address the problem of warping in thegribts. For this purpose,
a 15mm anode disk was die-pressed. The BSC like lines were printieel die pressed disk and
then co-sintered.

The powder constituents for the anode disk (substrate) were 8 Bli@vgSZ powder
and 2 grams graphite (TC307). The powder was mixed in a VQN high bpéedill for 20
minutes. Several drops of PVA solution, created by mixing 5 graitiis RWA with 100 ml
distilled water, were added to the mixed powder. The powder waseallto dry and was then
die pressed at 3 metric tons for 25 seconds.

The ink composition for this experiment was slightly changed byngdgtiaphite powder
(Asbury TC307). The new ink composition consisted of 12 grams NiO-Y SZ r@masggraphite
(4% wt.) and 3ml VEH (Terpineol). The reason for adding the graphite was totheakd more
viscous and the printed lines more porous (as graphite burns off doergintering process).

Instead of printing long straight lines as in the previous expatimaeseries of nested concentric
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circles having a step-over of 250 um were printed. This was dogrestire symmetric shrinkage
stresses and to produce a patterned structure with greater mechegmcghsh all directions.

A tool path was written for the nScrypt machine to print conmegtrcles. The initial
outer diameter was 6mm (6000 pum) and each successive circle was offsdtbg@a0 microns
(i.e. step-over of 250um). Lines were printed on the un-sinteregrdgsed NiO-YSZ anode
disk. Concentric rings for the first layer were printed, and thpedsing height was then
increased by 50um. A second layer of concentric rings were th@egon top of the first layer
of rings. The dispensing height was then increased by another 50pantlardl layer printed. A
total of 6 layers were printed with +50 pum dispensing height ad@mdén The process
parameters for the above experiment are tabulated in Table 205Tjim ceramic nozzle was
used for extrusion.

Table 20 Process parameter for a BSC like structuraith step-over of 250um

Number of Dispensing Speed Pressure Valve Opening
layers Height (mm) (mm/s) (PSI) Step-over (um) (mm)
1 -58.90 0.75 46 2.4
2 -58.85 0.75 46 2.4
3 -58.80 0.75 46 250 2.4
4 -58.75 0.75 46 2.4
5 -58.70 0.75 46 2.4
6 -58.65 0.75 46 2.4

The sample was then dried under the 250W heat bulb at a distanéeedf@ one hour.
The height of the green (unsintered) structure was ~378um when stkasitn the Hirox
Microscope (KH-7700). The sample was then sintered at 1400°C for 2 h@urarap up rate of
5°C per minute. The height of the sintered sample was ~27Fjgme 3j). The sample along
with the die-pressed disk showed no warping and no delaminatbie 21below provides a

summary of the results.
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Table 21 Summary of results of BSC like concentricircles

Pre-Sintered | Post-Sintered Shrinkage

(%)

Die pressed disk 15 mm 12mm 20

6mm circle diameter 6000 pm 4770 pm 21

Height 378 um 290 um 23

Individual rib width 98 um 75 pm 23

Individual channel width 134 pm 130 pm 3

Stepover (line+channel) 250 um 206 pm 18

c) X-section (Post Sintered)

d) Side-viewtd tine (each layer is visible)
Figure 37 BSC like concentric circle structures

This demonstrates the potential of direct-write printing to produmgneered electrode
structures with low tortuosity and balanced shrinkage stresses. keftorts should focus on

minimizing rib and channel widths in order to increase the totalaée surface area. In the
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next experiment, another concentric ring structure is faledcaith reduced step-over distance
in an attempt to determine the minimum channel width between n8sta illustrate the

repeatability of the process.
3.6.3 Increasing the Area Density of Microextruded Ribs

The steps for this trial were identical to the settingsd useprint the concentric ring
structure. The only change was that the step-over distance for the canciecles was varied in
an attempt to determine the minimum channel width between ribso%eplistances used were
180, 150, 120 and 100um. An 8 layer structure and a 16 layer structureaingcatéd. The 75
pim ceramic nozzle was used for extrusion. Table 22 summarizpsotess parameters used for

each experiment.

Table 22 Summary of process parameters for 100,12%0 and 180 um step-over concentric circle

Layer Dispensin Speed Pressure Valve Openin
Nunzber Heigl?wt (mn?) (mpm/s) (PSI) Step-over (Um) (mn?) k
1 -58.90 0.75 46 2.4
2 -58.85 0.75 46 2.4
3 -58.80 0.75 46 2.4
4 -58.75 0.75 46 2.4
5 -58.70 0.75 46 2.4
6 -58.65 0.75 46 2.4
7 -58.60 0.75 46 2.4
8 -58.55 0.75 46 2.4
9 -58.50 0.75 46 2.4
10 -58.45 0.75 46 2.4
11 -58.40 0.75 46 ]iSz% ]i50% 2.4
12 -58.35 0.75 46 2.4
13 -58.30 0.75 46 2.4
14 -58.25 0.75 46 2.4
15 -58.20 0.75 46 2.4
16 -58.15 0.75 46 2.4

During the printing process, the ribs printed with just a 100 pmostepdistance actually
touched each other; hence no channels were created with a 100 piavesteThe smallest
channel was observed during printing with a 120 um step-over distAhdhis setting, rib
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widths for 8 layers and 16 layers were 335 and 600 um respectivglyg§r38). The average
thickness per layer was approximately 40 um. The smallest ehardth observed was 20 pum.
The predicted rib and channel dimensions based on shrinkages (see 3écBpfrom earlier
trials agree very well with the actual rib and channel dimensions as shdwable 23. While the
rib width was unchanged from the previous experiment (~75 um), thenel width was
successfully decreased from 130 um down to 20 pum. The impact oh#mgecon active surface

area in the electrolyte layer is substantial and is discussed in the n@xi.sec

Table 23 Predicted profile of the BSC like structue with step-over of 120 um

Pre- % Predicted Actual post- Variability

Sintered shrinkage | post-sintered sintered (%)
Die pressed disk diameter 15 mm 20% 12 mm 12 mm ~0
Height (8 layers) 426 um|  23% 328 um 335 um ~2
Height (16 layers) 750 pm 23% 578 pm 600 um ~4
Individual rib width 98 um 23% 75 um 78 um ~4
Individual channel width 22 um 3% 21 um 20 um ~3
Step-over (line + channel)] 120 pm 18% 98 um 98 um ~0
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oA

200 gm

a) 8 layers

E
c) 16 layers
e) Top-down viewof lines printed (Post sintered) at a ste-over distance of 120ur
Figure 38 Structured Electrodes: 8 layers and 16 layers
3.6.4 Analysis

Efficiency in a SOFCs a function of a very large number of factors. previously

discussed, the nature of porosity in the anodecatitbde layers greatly influences things suc
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active surface area, gas permeability, and condrigiath length which affect ohmic loss
Sections 3.5.1 through 3.5.3 have given detailh@n the architecture of an electrode car
manipulated via the microextrusion based d-write process. In b section, the effect of tho:

changes on area density of the electrode is ardhl

Figure 39 BSC structure [27]

Using directwrite printing, it has been demonstrated that aopable approximation -
the freeze tape cast BSC structure showrFigure 39 can be produced. Two importe
observations can be made. The first is the rib and channel widths can be varied with
certain range through proper selection of procemsmeters. The second is that the
themselves can be modified to produce ribs witlhegitsmooth vertical walls or scallop
vertical walls as shown iRigure40. All of these structures provide high surface aréh vow

tortuosity, which is highly desirable for a variatiyreasons
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a) Vertical walled lines b) Scalloped walled line

Figure 40 Sideby-side comparison of engineered BSC like structure

In the case where a rib has smooth vertical wélls,surface area and porosity can
analyzed as a function of rib achannel geometry as follows (Figure)41Assuming that th
ribs are approximated by rectangles with heih), line width (), channel widthw), length of

line (len) and number of linesJ:

7'y ing (len)

Line width (/) <

A 4

Hefight (

Chapiel[width(

Figure 41 Modeling of smooth vertical walls
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The total surface area calculated above includes all sig sidine ribs and assumes that
the structure are fully dense, whereas the top/bottom and frontéieek ivould be covered in a
real cell and the structure will be porous. So, the actual total surface area is:

Area

Actual total surface area = 2 *n x h x len,where n =
(l+w)

Since the structure is actually porous, the actual total suaisa will go up depending on
the chosen porosity of the ribs. This arrangement provides chdonéh& gases to easily flow
into. It also provides a better means for solution infiltration tegles commonly used for
cathodes.

Using typical values for an anode layer (say a 20mm x 20quare button cell with h
=500um thick), Figure 42 shows the effect of channel wi@tk 20 to 150um) on actual total

surface area fdr= 50, 75 and 100 pm.

Effect on surface area as a function of line and channel width
| =50 micron ==@==|=75 micron =ll=|= 100 micron

6.00E+09

5.00E+09

4.00E+09 L

3.00E+09

2.00E+09 P—,—

Area (micron 72)

1.00E+09

0.00E+00

0 20 40 120 140 160

60 80 100
Channel width (micron)

Figure 42 Effect on surface area as a function ohannel width
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In Figure 35, the ability to produce ribs having smooth verticdevglls was
demonstrated. Note that the sidewalls shown in Figure 37 (conceng®) exhibit scalloping
due to a slightly smaller layer thickness that compressedetireded bead. A rib having
scalloped side walls has a greater amount of surface area thanthilssn@oth walls. The degree
to which process parameters influence surface area in the printed ribgfsrthanalyzed.

The surface area of the rib is a function of extruded bead diarartk the layer
thickness. When a viscous paste is extruded through a round orifick tétke on a cylindrical
shape that may be less than, approximately equal to, or greatethth orifice diameter. If the
gap between the orifice and the substrate is less than thelia@agter, then the bead will be
“squashed” to a certain extent. By depositing multiple beads on teachf other to create a fin
structure, it is possible to create a wall having scallops. Theffeet is a wall whose surface

area is greater than that of a perfectly vertical wall.

Bead Radius {r)

b Layer Height (h)

T

With a perfectly vertical wall, the edge length equal¥Vith a scalloped wall as shown

above, the scalloped edge length can be calculated as a functienbefad radiug’) and layer

height ). The angle that is swept by the scalloped edpes (determined as follows:

a Y
sin (—) =12

2 r

h
= 25i -1 <—)
a Sin o
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Since the circumference of a circle having radiisstd, the length of the arc swept through an

anglea on that circle is determined as follows:

a sin‘l(h/zr)rrd
Edge Length (one side) = 360 nd = 180

Table 24 computes the scallop edge length as a function of h&ygit and radius
(assuming that a radius = 50 um). If the scallop edge leagtbmpared with a vertical wall
edge length oh, then the percent increase in edge length grows rapidly asyteHaight
increases relative to a given bead radius. Since surfacesasiaply edge length multiplied by
the length of the rib, the increase in overall electrode surfee® scales directly with the
increase in edge length. This increase in surface aresoi@ehieved with very little influence
on the tortuosity of the electrode, but could have a negative impact aretti@nical properties

of the structure.

Table 24 Scalloped Edge length as a function of layheight and radius

Layer Height (h) | Radius (r) | Scallop Edge Length| Percent Increase
(um) (um) (um) In Edge Length
50 50 52.4 4.7%
60 50 64.4 7.3%
70 50 775 10.8%
80 50 92.7 15.9%
90 50 112.0 24.4%
100 50 157.1 57.1%

By way of example, the 8 layer structure shown in Figure 43 hasexrage diameter of
46.5 um £ 5.5 um and an average layer height of 36.4 um + 4.8 une ([@@blThe ink was
extruded though a 75 pm nozzle. The ratio of the bead radius of theeeklaydr to the nozzle
size is 0.62 (= 46.5/75). Using the formula above for calculating theledgth, an increase of

14.8% surface area was calculated for scalloped line when compared to wetlical

Vertical height = 36.4 um
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Figure 43 8 layer structure

Table 258 layer structure height and diameter summar

Layer Diameter(um) | Height(um)
1 58 46
2 57 45
3 53 39
4 57 42
5 50 34
6 43 33
7 47 41
8 48 43

Average 46.5 36.4

Std. dev 5.5 4.8

In practice,the bead radius is a function of the printing paeters and the in
composition. By adjusting process parameters (sppegbsure and dispensing height), b

radius and the degree of scalloping can be engdegithin limits
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Smaller channels and thinner lines can further be achieyeatijosting the following
process parameters and using other alternate methods:
1) Process Parameters:
a. Make the ink thicker (higher ink viscosity) as it will not flow caag much on the
substrate.
b. Print on a cold substrate (below freezing temperature of ink) mamze the flow
out of ink.
c. Print on a substrate with a higher surface tension so that the ink does not flow out.
d. Print via a smaller diameter nozzle if possible. The use oflemszed powders
may be needed to prevent clogging.
e. Apply less pressure to extrude the ink out of the ceramic nozZessagressure
reduces the volumetric flow rate during printing.
f.  Print with a higher translation speed to “stretch” the bead and get thinner lines
g. Adjust the dispensing height where minimum flow rate of ink is achieved.
2) Alternate Methods
a. Co-extrusion: This process prints 2 different ink pastes through &eratzthe same
time with little or no mixing. If one is a fugitive matdriand the other the fuel cell
material, the stripe of fugitive material will burn off leagibehind a channel. This
way finer channels and ribs can be created. By controlling tie o the two
materials, various ratios of lines to channels can be achieved.
b. Use alternative direct-write technologies: Optomec’s Aerdsb(AJ) Technology is
capable of producing finer feature sizes (< 15um). The advargltfes AJ process

include: feature sizes to 15 microns, thin layer deposits from 100naterial
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viscosities from 1- 1,000 cP, nanomaterial deposition capabilitytyatml print on
non-planar substrates, and low temperature processing. A drawbackngfaus
raster-based technology with smaller features sizesaisthe deposition time can

increase dramatically.
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CHAPTER 4: SUMMARY AND CONCLUSIONS

41 SUMMARY

Controlling electrode composition and porosity in a SOFC is verjeciggng; however,
the 3D direct write process provides a novel approach to engindees® structures. A graded
electrode structure, which is desirable from a mass transpepgotive, has been fabricated
using nScrypt’s 3D direct write microextrusion method. 3D diredewnicroextrusion allows
precise local control of material and/or structure and can betaggdduce engineered porous
electrodes. This also translates into ease of quantifying/mgdéknstructure as the dimensions
are known before printing or can be easily measured under a light microscope.

The change in degree of porosity of electrode by varying the graphiteddaalction has
been experimentally mapped out qualitatively. The feasibility of nging the
composition/porosity within a layer has been demonstrated, which agemp®ssibilities of
varying the physical structure within a layer as well as betweerslaye

The baseline has been set to create a BSC like freezedsipstructure. The engineered
structure has tortuosity close to one (i.e. straight line patrghwhiproves gas flow through the
porous membrane. Low tortuosity in the ribs also reduces conductivéepgth and associated
resistivity losses. The surface area of the electrodes cancteased by fabricating closely
spaced ribs having scalloped vertical wall surfaces which ha¥ehsurface area than vertical
walls. Increase in surface area positively impacts the iordaetectrical properties of electrodes
and hence the cell.

An electrolyte-supported button cell fabricated via this techniqoeved OCV ~ 1V @
800 °C which is comparable with button cells fabricated using otblenddogies. Porous anode,

porous cathode and dense electrolyte can all be fabricated using 3D direchethods.
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Last, this method is capable of fabricating multifunctional, mul@malt components
with complex geometries; one simple example is the concentrad spiucture. These structures
provide enhanced mechanical strength in all directions and balanéeklagkr stresses. This

eliminates the propensity of freeze tape cast structures to shrink prialartyone axis.

4.2 FUTURE WORK

4.2.1 Next Steps

The next logical step in this research is to fabricate a nuofb®OFC button cells from a
variety of materials and to begin comparing the performancepofl or concentric ring
architectures with those of conventionally porous electrodes.

The work presented here demonstrates the feasibility with prodwdtgiructured electrodes
via direct-write techniques and further engineering it by adjgisthe process parameters.
Various geometries are possible using 3D direct write method#hédldnger term question still
remains “what should the structure look like”? As our understanding stcteece improves and
models are developed, they can be used to suggest specificallthe/isatucture we print should
look like. The next step would then be to use the direct-write technétpsesibed in this thesis
to experimentally validate scientific models.

nScrypt's pneumatically actuated multi-material micro-mixiogl is potentially a very
useful method for grading chemical composition on the fly. It can grad@aterial composition
between electrolyte and electrode as well as for grading thefqgrarer concentration in the ink
being extruded (i.e. create graded porosity). This method is wigddsfor extruding “mixed”
low vicious inks, but faces challenges when it comes to mixiglghhviscous inks and then co-
extruding them. Thus, the future work should investigate positive despkE@ multi-material

dispensing for this purpose
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4.2.2 Co-Extrusion

As stated before, co-extrusion enables one to print finer lineshamhels. If a line width
of x is possible under certain conditions, then co-extruding electroderapbitg pastes at a
ratio of 7:3 will theoretically allow one to produce rib widths@?x and channel widths of

0.3x. Co-extrusion can be applied to co-extrude 3 inks and potentially more.

a) 3D Printing (Lines and Spaces) b) Co<eusion with 3D Printing, Pre (left) and Post (Right) Sintered

Figure 44 Co-extrusion Process

By way of example, assume that a total of 4 lines and 3 spd@gual width are printed
as shown in Figure 44(a). If two inks are co-extruded under the sana#ions as the lines
were originally printed, then 7 co-extruded lines can be prindetsy-side (Figure 44(b)).
When sintered, the fugitive material burns off leaving behind a chahhelresulting profile
when compare to 3D printed process can be seen in Figure 44(b). Iedhehare there were 4
lines and 3 spaces, there are now 7 lines and 7 spaces that asgenam width. This
drastically increases the surface area of the electrdtlesratio between the lines and spaces
can be controlled via process characterization.

The image below shows results from a preliminary attempo-axtrusion of a fuel cell
ink and graphite ink (Figure 45). The lines were printed side-by-smguring that there were
maximum contact and minimum overlap in-between lines. Obtaining temsiBow rates
between co-extruded inks with very different rheological propeidiaschallenge; however the

process is conceptually quite simple and warrants further explorafhe graphite ink and
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NiO-YSZ paste were cextruded with no gaps -between lines. After sintering, the grapt
portion burned off leavingehind glong channel [Figure 46)]. The resulting profilcconsisted
of a rib and channdkimilar to BSC like structur. This process can be further develope

create finer lines and channels thi ratio of line to channel width can lkentrolled via proces

parameters.

a) Presintered profile b) Post sintered profile

Figure 45 Co-extrusion results

4.2.3 Alternate 3D Direct Write Too— Optomec

Optomec’s Aerosol Jet proceshttp://www.optomec.conbegins with an atomizer th

aerosolizes a source ink. The aerosol stream igdaio a ceramic nozzle in flowing nitrog
carrier gas. Patrticles in the resulting aerosaasir out through a zzle that is directed at ti
substrate, thereby resulting in deposition. Pattgrns accomplished by movement of
computereontrolled platen, and the relatively large (>5mstandoff distance from tf
deposition head to the substrate allows acc material deposition on ngplanar substrate

over existing structures and into chanr
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4.3 CONCLUSIONSs
This thesis has demonstrated that 3D direct write printingoi®mising approach to locally

controlling the porosity, composition, and structure of SOFC componentsidfge ability to
vary porosity/composition within a layer opens up possibilities ofingrcomposition within a
layer/plane (most research in the past has been in varying dtiorpos—between layers).
Although future work will be needed to fully exploit the potenéidvantages of this approach, it
has great possibilities for:

¢ Enhancing mass transport through the porous layers

e Shortening conductive path lengths and reducing ohmic losses

e Overcoming durability issues associated with mismatches irficdeat of thermal

expansion between dissimilar materials

e Facilitating solution infiltration of cathode layers
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Appendix A

A sample script to fill a 6mm circle with 600 um step-over lines on aypStol

absolute

pen SMARTPUMP_1

speed 30
trigvalverel 1.2
move -6 0

move -5.99 -0.34
move -5.99 0.34
move -5.39 2.63
move -5.39 -2.63
move -4.79 -3.6
move -4.79 3.6
move -419 4.28
move -4.19 -4.28
move -3.59 -4.8
move -3.59 4.8
move -2.99 5.19
move -2.99 -5.19
move -2.39 -5.49
move -2.39 5.49
move -1.79 5.72
move -1.79 -5.72
move -1.19 -5.87
move -1.19 5.87
move -0.59 5.96
move -0.59 -5.96
move 0.01 -5.99
move 0.01 5.99
move 0.61 5.96
move 0.61 -5.96
move 1.21 -5.87
move 1.21 5.87
move 1.81 571
move 1.81 -5.71
move 2.41 -5.48
move 2.41 5.48
move 3.01 5.18
move 3.01 -5.18
move 3.61 -4.78
move 3.61 4.78
move 4.21 4.27
move 4.21 -4.27
move 4.81 -3.58
move 4.81 3.58
move 5.41 2.58
move 5.41 -2.58
valverel 0 10
move 14 0 O

0O00000000000000000000000000000000O00000OOCN
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