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ABSTRACT

Stationary solid oxide fuel cells (SOFCs) haverbéemonstrated to provide
clean andeliable electricitythroughelectreachemical conversion of various fuel sources
(CH4 andother light hydrocarbons)To become a competitive conversion technology the
costs of SOFCs must be redudedess than $400/kWAluminosilicaterepresents a
potentiallow costalternative to high purity alumirfar SOFCrefractory applications.
The djectives of this investigation are @) study changes of aluminosilicate chemistry
and morphology under SOFC conditions, i@ntify volatilesilicon species released by
aluminosilicates, (3identify the mechanissof aluminosilicate vapor depositian
SOFC materials, and (determine the effects aluminosilicate vaporsn SOFC
electrochemical performancét is shown thermodynamically and empirically that low
cost aluminosilicate refractory remaichemically and thermally unstable under SOFC
operating conditions between 8@ and 1000C.

Energy dispersive spectroscopy (ER8J Xray photoelectron spectroscopy
(XPS) of the aluminosilicate bulk and surface identified increased concentrations of
silicon at the surface after exposure to S@@aSes at 1000°C for 100 hours. The
presence of water vapor accelerated surface diffusion of silicon, creating a more uniform
distribution. Thermodynamic equilibrium modeling showed aluminosilicate remains
stable in dry air, but the introduction of watapor indicative of actual SOFC gas
streams creates low temperature (<1000°C) silicon instability due to the release of
Si(OH) and SiO(OH). Thermal gravimetric analysis and transpiration studies identified
a discrete drop in the rate of silicon volagiliiefore reaching steady state conditions after
100-200 hours. Electron microscopy observed the preferential deposition of vapors
released from aluminosilicate on yttria stabilized zirconia (YSZ) over nickel. The
adsorbent consisted of alumina rich ctustenclosed in an amorphous siliceous layer.
Silicon penetrated the YSZ along grain boundaries, isolating grains in an insulating
glassy phase. XPS did not detect spectra shifts or peak broadening associated with
formation of new SiZr-Y-O phases. SOF€&lectrochemical performance testing 608
1000 C attributed rapid degradation (0.1% per hour) of cells exposed to aluminosilicate
vapors in the fuel stream predominately to ohmic polarization. EDS identified silicon
concentrations above impurity levelsthe electrolyte/active anode interface.



INTRODUCTION

Problem Overview

Solid oxide fuel cells (SOFCs) electrochemically convert fuel directly into
electricity. The combustion free process is not limitedtheyCarnot cycle efficiency,
permittinghigherheating valu¢HHV) efficienciesfor a natural gas SOFC power plant
in excesof 60% when thermal energg recoveredn a combined cycldl] The
t her mody na miigs Obafrdversibie Rigl cely defines the maximum efficiency
obtained when all of Gibbs free energy is converted into electricity without the loss of
heat.

Qidea= @G [/ pH
For example, agell operating on pure +and Q at 25°C where the product,B is in
l iquid form has a change of &daédhangefinr ee ene
thermalethapy ( goH) o f res8lthg iBa thekinbdynarhieefficiency &3%.
H+% QY 0
PC =G, + % Go,i Ghyp

In order to reach target cost levels where SOFCs are competitive with@ilesr
efficiency standardechnologies the overall power block cost must be redudegh
purity alumina refractory is used extensively throughout large stationary fuel cell systems
ashigh temperature insulation and fuel or oxidant delivery tulsésmens Engy Inc.
has estimated thaigh purity alumingAl,O3) refractory componenesmbodynearly 1/3

of the overall power block cost tubular stationary SOFCs



Aluminosilicaterepresents a potential alternative to high purity alurtonaduce
costswithout sacrificing mechanical strength, resistance @ontial shock and creep
Aluminosilicates are alumina (AIOs) based compounds containing silica (8iOrhe
presence of silien in aluminosilicate reduces the overall dogeliminating the
extensive processing of raw materials required to remove naturally occurring silicon
impurities from alumina.The ®lid solution range of alumirsdicates can be studied in
t he sy sdedag@yFigpréla As silica concentration exceeds 20 weight % the
regions of liquid phases further expand combined with 8&longer in solution with
alumina. The extent of silicon in solution with alumina affects the stability of silicon

due to changes in bonding and hence oxygen coordination.

2200 3Al203-2Si0»

2000  Liqua U\ |
(L) alumfina + L
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mullite
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1400
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Figurel: Aluminasilica phase thgram

Mullite is analumingsilicate compound of considerable technical importance as

an advanced ceramic material because of its superior mechanical and thermal properties



at high temperatures. It is based on replacement of idh3 with Si 4 ions. The
chemical composibins are represented as:
AlL[Al 242,Sk.2,] O10.x = Al44+2:S-2xO10x

Mullite is a nonstoichiometric compound with x denoting the # of missing oxygen atoms
per average unit cell, varying between 0.2 and 2.@corresponding to 590 mol%
Al;0z). 3:2Mullite, 3Al,03-2Si0,, is produced via solid state reactions during heat
treatment of raw materials.

X =0.25, ~ 72 wt. % AD3
2:1 Mullite, 2AL0O3-SIO,, is fusedmullite produed bycrystallizing aluminosilicate
melts.

X =0.40, ~ 78 wt.% A3
Electro neutralitys obtained by addition of NaK* and C&" by either doping or natural
occurring impurities.

Silicon impurities in YSZ havéeen shown to detrimentally affect the
electrochemical performance of SOHRsthe formatiorof glassy phases that transport
neither electrons, protons naxygen iong3][4][5] Silicon poisoning due to refractory
decomposition has not been previously addresdeel process of silicon poisonimng
SOFCs due to aluminosilicate refractory materials can be broken down into a four step
procesgFigure2): (1) changes in the aluminosilicaterface exposed to SOFfas
streams(2) release of silicon vapors into thasstreams(3) deposition of
aluminosilicate vapors on SOFC materjasd (4) degradation of SOFC electrochemical

performance.
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Solid gatediffusion of siliconfrom thealuminosilicatebulk to the surfacef
refractoryinsulationboardsandgas deliverytubes changes the surface chemistry and
morphologyof the refractory Chemical and morphological changes in the
aluminosilicate surfaceubsequentlpffectthe prevalence afhemical reactiosleading
to volatilization Silicon vaporsvolatilized from the aluminosilicatgassolid interface
arethentransported ira gagousphasefrom the refractory to SOFC componentdigh
temperature condensation/adsorption of silicon vapor species can thus lead to
degradation Silicon related degradation 80OFG s correlated to a glass phase forming
at the electrolyte/electrode @rfacesvhich actsas an electadal insulator, adversely

affects O, exchange kinetics of electrodes aradi®sinterface delamination.

Reporting of Research Findings

Three independent manuscripts address the aforementioned subject matter.
The first manuesript was published in a peer reviewed proceeding publication. The
second and third manuscripts have been submitted to peer reviewed journals. Additional
content that further supports the manuscripts is included as a chapter in this document
titl eldem&Snutpal Re s u |l {Tablelasnmimarizeés she sulgjiestimatiero .
organization in the documents, and lists the experimental techniques used to address the

spedfic problem statements.



Tablel: Organization of research findings

Publication Title Research Focus Areas Experimental Techniques

1 PROGRESS IN UNDERSTANDING SILICA TRANSPORT P VOLATILITY, Sl POISON TERRA, FEEM, EDS, EPT

AND EFFECTS IN SPERFORMANQGH

5 SILICON VOLATILITY FROM ALUMINA AND ALUMINOSIL VOLATILITY TERRA, DIL, T®S, RBS*

UNDER SOFC OPERATING CONDI[TJONS
INVESTIGATION OF ALUMINOSILICATE AS A SOFC REFI

3 (8] ALUMINO, DEPOSITION, SI POI¢ FEM, EDS, XPS, XRD, El
4 DissertationSupplemental Research Discussion VOLATILITY, SI POISON TERRA, EPT-§EM
Research Focus Areas Experimental Techniques

Change in aluminosilicate chemistry and morphology (ALUMINC Dilatometry (DIL)

Silicon volatility from aluminosilicate (VOLATILITY) Electrochemical Performance Testing (EPT)

Silicon deposition on fuel cell components (DEPOSITION) Energy Dispersive-tdy Spectroscopy (EDS)

Silicon poisoning in SOFCs (SI POISON) Field Emission Scanning Electron Microscopy5@H)

MassSpectroscopy (MS)

Rutherford Backscattering Spectroscopy (RBS) *
Thermal Gravimetric Analysis (TGA)
Thermodynamic Equilibrium Modeling (TERRA)
X-ray Diffraction (XRD)

X-ray Photoelectron Spectroscopy (XPS)




ExperimentaProcedures

The majority of &perimental methods are described in detail throughout the
manuscripts[6][7][8] Experimental methods not described in the manuscripts but
related to the supplemental results chapter are presented here. In adddiceryvew of
the experimental techniques utilizedalsoprovided The following flow diagam
summarizes thprogress, planning, and methodaofagilized to complete this
investigation. It should be noted in some cases this work was an iterative process, such
that results further down the line were brought back to an earlier stageafualysis or
changes in interpretation. Originally FEEM/EDS and XRD were conducted to study
morphdogical and chemical changes. After completion of the volatility and gas phase
transport analysis, XPS was used to identify the chemical composition of the
aluminosilicate in order to correlate volatility reactions with phases present at the gas
solid interfaces. Furthermore, XPS was applied after completion of the silicon poisoning
in SOFCs experiment set. XPS was used to determine if new phases were formed

between the YSZ and siliceous deposits to further understand the poisoning mechanisms.



Concurrent Literature Review

Morphological and
Chemical Changes

¢ FE-SEM/EDS

eldentify changes in the
bulk and surface
microstructures due to
thermal treatments.

eUtilize elemental spectral
mapping to identify
changes in materials from
the bulk to the bulk-
surface (<20 pm) due to
solid state diffusion and
chemical reactions at the
gas-solid interface.

* XRD

eDetermine if phase

changes occur to material
powders after thermal
treatment.

* XPS

eDetermine changes in
oxidation state at the
atomic surface (<0.01 pm
depth) and in the bulk.

Figure3: Investigation flow diagram

Volatility and Gas
Phase Transport

* Dilatometry

*Measure instabilities in
chemical expansion when
held at constant
temperature for long
durations to detect
decomposition,
volatization or phase
change.

+ Thermodynamic

Equilibrium Modeling

ePredict volatile reactants
when a solid is exposed to
different gases at various
temperatures and
pressures, neglecting
kinetics.

e Identify critical
temperatures, pressures,
relative humidity and gas
concentrations where
thermal instabilities are
predicted.

* TGA-MS

*Detect decomposition of
material due to exposure
to high temperatures and
various gases.

eldentify volatile gases
released during TGA
experiments.

A

Vapor Deposition of
Volatile Gases

¢ FE-SEM

#|dentify differences in
morphology between
solid state reactants and
vapor deposited species
indicative of dissimilar
bonding.

*Determine where
substrates vapor species
preferentially deposit.

s |dentify changesin
substrate microstructures
due to solid state
reactions with vapor
deposits.

* EDS

*Use elemental spectral
mapsto determine the
composition of vapor
deposits.

eDetermine the avenue of
diffusion into the bulk
based on elemental
concentration gradients of
the substrate and vapor
deposits.

* XPS

*Determine if reactions are
occurring between
substrate and vapor
deposited species to form
new chemical compounds.

Silicon Poisoning of
SOFCs

¢ Electrochemical
Performance Testing

sDetermine if the presence
of high surface area
powders in the fuel line
accelerate SOFC
degradation.

eConduct V-I scans to
identify the dominant
causes of degradation and
ensure fuel supply is not
restricted due to collapse
of the flow field.

* Post-Mortem Fuel
Cell Analysis via FE-
SEM/EDS

eLocate high
concentrations of silicon
vapor deposited on the
cell to determine
poisoning mechanisms.

ldentify areas of
delamination associated
with increased mechanical
stresses due to siliceous
vapor deposits with
significantly lower TEC.




Aluminosilicate Refractory Material

The primary refractory materialvestigatedhs an alternative to high purity
alumina is ahigh density freeze caatuminosilicate Chemical analysis performed by
Siemeng£nergy Incshowedd5.1 wt% ALOg3; 4.6 wt % SiQ. XRD phase analysis
results indicate 13.80 wt BAI,0:RSi0,, < 0.2% free silica and the balance®{.[9]
The aluminosilicatés a thermally stable materi@able?2) that can withstand high
temperature fluctuations and gradiecygnmon in statinary SOFCs

Table2: Aluminosilicatematerialproperties

Mechanical Property Thermal Property

Theoretical Density 3.9 glcm® Thermal Expansion 7.4 10°%°C
Actual Density 2.742.80 glcm® 25-1000°C

Relative Density 7072 % Thermal Conductivity

Flexural StrengtHylOR dry 1924 MPa RT 8.6 Wm™K*!
Flexural StrengthMOR humid 1721 MPa 260°C 6.1 WmK!
t2Aaaz2yda wlkaa 0.17 538°C 41 WmhK?
Shear Modulus, G 33.23 GPa 815°C 3 wrmhK?
Young's Modulus, E 7753 GPa 1093°C 2.9 wWm™K?!
Weibull Modulus, m 10.811.3

Fracture Toughness,&dry 1.982.00 MPa/m?

Fracture Toughness,&khumid ~ 1.001.57 MPa/m"?

Source]9]

AluminosilicateMorphology and Chemistry

To study changes in the morphology and chemistth@fluminosilicate
refractory due to exposure to SOFC gases at high temperataygkotoelectron
spectroscopy (XPS), field emission scanning electron microscop$ENE coupéd
with energy dispersive spectroscopy (EDShay diffraction (XRD) and dilatometry

were employed][8] Prior to selection of the aluminosilicate freeze cast refractory



described previously arstudiedthroughout the manuscriptéie microstructure of high
purity (99.8% A}Os3) aluminapowder(Inframat) various densitjow purity alumina
(97% A,03, 3% SIQ) rigid refractory boards (Zircar ZAL5AA & ZAL -45AA), and
aluminosilicate (437% ALOs, 5357% SiO,) refractory needled blanket (Unifrax
Durablanket Syvere studiedria FESEM. The rigid refractory boards utilize a high
purity alumina binder making it well suited to use where silica cannot be tolerated. The
density of the refractory boards ZAI5AA and ZAL-45AA are 0.24 and 0.72 g/cc,
respectively. The Durablanket refractoraisompletely inorganic flexible blanket spun
from crosslinked aluminosilicate ceramic fiber&ach material was separately exposed
to unconditioned air at 900°C for 72 hours prior texamination of the microstructures.
FE-SEM was utilized to imageefractory microstructures at high resolution by
exciting low energy secondary electrons with a primary high energy electron beam (up to
20 keV). To produce the image map the detector scans across the surface, measuring
secondarylectron intensity as aufiction of position. EDS coupled to FEEM utilizes
the high energy beam of charged particles bombarding the surface to produce an
elemental composition map that can be superimposed over {8&MEnicrograph. The
incident beam excites and ejects antetecfrom an inner shell, creating an electron hole.
In order to minimize energy an electron from an outer higher energy shell fills the hole.
The difference in energy between the higeergy and loweenergy shells is released

in the form of an xay. (Figure4)



Intensity
(arbitrary units)

kicked-out .
electron *- -

Energy (keV)

Figure4: EDS schematic and aluminosilicate spectra

Emitted xrays can reach the detector from up to 20 um below the syFapee5),
making EDS a bulsurface sensitive technology compared with XPS which is surface

sensitive. EDS is a qualitative chemical analysis measurement theidgsoonly

elemental detail.
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Figure5: EDS penetration

XPS was used to study changes in chemical compositions and relative
concentrations of the constituents in aluminosilicate after high temperature (1000°C)

exposure to SOF@ases for 100 hours. XReasurements albmsed on the



photoelectric effect. When a material is impacted with low enemgys (<1.5 kV)
electrons from each orbital are ejected. An electron energy analyzer measures the
kinetic energy othe ejecteadectrons. The kinetic energy, or binding energy, is
correlated with electrons released from a specific subshell of an eldfigpneE).

Shifts in the spectra ambserved due to binding coordination, permitting the
identfication of chemical compoundsd oxidation states of catiané\n electron

detector counts the electrons releassdblinghe correlation of spectra intensity to
relative concentration. A rdlge concentration comparison assa samplesetafter
undergoing several different thermal treatment cycles is useful for detecting significant
changes in surface chemist¥PS is a very surface sensitive technique (<0.01um) due
to the low energy of #gnimpact xrays and scattering of ejected electrons from below the
surface. Space resolved XP8as not available but would have proved useful in
identifying oxidation state of vapor deposits, detecting chemical changes in substrate
grains versus grain bodaries, and determining the oxidation state of silicon deposits at

the SOFC electrolyte/anode interface.
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Figure6: XPSschematic

X-ray diffraction was utilized to detect phase changes in aluminosilicate due to
thermal treatmdrassociated with SOFC operation/henhigh energy-rays(up to

40kV) impact atoms within a crystal structure they diffract into many specific directions.

Q9 Q9

Figure7: XRD spherical waves



Fundamentally the process involves quantaechanicprocesses of absorption and re
emission by the electrons indHattice planes, which produspherical waves.FHgure7)
For most angles the-amittedx-rays interfere destructively with each othevjmg off a
net signal of zero. However, when theta corresponds with-8ipacing according to
Br agg 6 s=2@&ing), constructive interference of tierays occurs, and a signal
is attained. Thediffraction pattern obtained revaaletailed information about the
chemical composition and crystallographic structuepowder is used to avoid
preferential ordering of the crystals when tryingledermne molecular concentrations
Thin-film analysis can be conducted at low angles on a solid to identify the presence of
new phases near the surface, but cannot be used for quantitative ahalggis XRD
usesahest age and r api d teZethpesmawravithiphaseghanges uderr r e | a
a controlled atmosphere. Additionally;situ XRD can providdime dependencef
phase changesssociated with kinetic limitations. -Bitu XRD is not presently available
at MSU.

Dilatometrywasused to measutée change in relative length of aluminosilicate
samplesiue to thermahnd chemicagxpansiorwhen exposed to SOFC gases at 1000°C
for 100 hours A chemicalchange in sample length when temperature is constant is

likely due to decomposition, volatizatier phase changfr]

Silicon Volatility and Gas Phase Transport

The dominant volatile species of silicon vapors released from
aluminosilicate, mullite and silica under SOFC operatioigditions were predicted

utilizing thermodynamic equilibrium modeling software (TERRA8]).7] Theclosed



systems are muitomponentonsisting of gaseous phase, immiscible condensed phase

and solid solution component3o predict the partial pressure of all three phases the

systembébs entropy is maximized (1in

turn

while simultaneouslgpplyingconservation of internal energy and mass, and the

electraoneutrality condition The normalization conditions for each of the solid solutions

are satisfied[10] Pressure, temperature and compositiortfaz&ey constraintslefined

e 69§ § o)

Table3: Thermodynamic equilibrium variables

oo

WAIIH S ™

A
o

Stoichometric coefficients

Stoichometric coefficients

Mole fraction of the element j in the system

# of gas components

# of moles

# of components in a solid solution x

# of single immiscible condense phase components

Universal gas constant

Standard entropy of gas phase i at temperature T and pressure 1 atm
Standard entropy of a sitegcondense phase componenffunction(T) only]
Standard entropy of component g of the solid solution x

mi

n



Table 3 Continued

T Temperature

U Total internal energy of the system

U Internal energy of gas phase components

U Internal energy of single immiscible components of condense phase
Uy Internal energy of components of solid solutions

X # of solid solutions

A Specific volume of thgasousphases

Since thermodynamic equilibrium modeling does not account for kinetics and is
limited on available thermohemical data, thermal gravimeteoalysis (TGA) coupled
with mass spectrometry (MS) and transpiration techniques were emplb$ed.
Empirical results provide an estimate of time when a steady state condition relative to
thermodynamic equilibrium modeling is reach&&A measures the change of mass in a
small sample undertagh temperatureontrolled atmospheifer extended periodsA
TGA is extremely responsive, allowing the detection of milligram weight changes as a
result of silicon vaporization. The MS sniffs a small sample of gases exhausted from the
sample in the TGA, transporting it to a quadrupole mass spectrometer in envathe
MS measures the mass to charge ratio of ionic compounds and eleAlentsnpounds
with an equal mass to charge ratio travel along the same phgnviacuum. When
subjected to an electric or magnetic field the compounds will change their path.
Knowing the change in position the mass to charge ratio can be calculated to determine
compound compositionslranspiration studiesieasured the quantity of silicon
condensed downstream on a cooled carbon wafer via Rutherford Backscattering
Spectrometr¥RBS).[12] This work was completed by MSU collaborators and is

outside the scope of this dissertation. For more information refer to the manRgcfjpt



Thermodynamic equilibrium calculations obtained via TERRA vedseutilized
to determine the poteatifor infiltrating the aluminsilicate material with guitable
solution precursodopant to lock up free silicon and reduce theasé ratesThese
resultsare reported in the supplemental results sectidre following three dopants were
evaluated afive weight percent.

1. CalciumOxide via CalciumNitrate- Ca(NG;)2

2. MagnesiumOxide via MagnesiunNitrate- Mg(NOs),
3. TitaniumOxide via Titanium Isopropoxidé Ti[OCH(CHz)2]4

Deposition ofAluminosilicate Vapore®n SOFC Materials

The deposition of vapors released from aluminosilicate on YSZ and nickel
pellets at high temperatures under SOFC fuel or oxidant atmosReye®e8) was
studied utilizing FESEM, EDS and XP38] FE-SEM micrographs of agglomerations
are compared with EDS maps wrielate bulksurface morphology with elemental
composition. XPS expands on the EDS elemental maps by providing chemical

composition information of the substrate and bonded agglomerations.

Aluminosilicate Powder 1000°C
1 atm
5% H, 95% N,
5% H, 95% N + H,0 Gas Phase
Air + H,0 | LR

—

Vapor Deposition

e \
Nickel or YSZ Pellet in Nickel or YSZ
Direct Physical Contact Downstream Pellet
with Aluminosilicate

Figure8: Depositionexperimentaletup



Silicon Poisoning in SOFCs

Electrochemical performance testing on SOFC electrolyte supported cells

(ESC) was conducted to determine the affects of aluminosilicate vapors
within the fuel streamThe single cell test fixture, described in detail elsewhere
[13][6][8], utilizes a seal free design and permits the studying of planar SOFCs up to 6

cm in dianeter. Figure9)

Figure9: Planar SOFC single cell test fixture

In addition to the results reported in the manuscf§l{$], electrochemical VI scans
characterizing the polarization lossesS®FC unit cells due to exposure to
aluminosilicate vapors are presented in the supplemental reBubtscells operate
below their ideal potential due to activati@mhmic, and concentration polarizations.
(Figurel0) Oh mi ¢ p o |l &) darzbe expressed Witt the following equation:

dphm = "R














































































