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ABSTRACT 

Stationary solid oxide fuel cells (SOFCs) have been demonstrated to provide 

clean and reliable electricity through electro-chemical conversion of various fuel sources 

(CH4 and other light hydrocarbons).  To become a competitive conversion technology the 

costs of SOFCs must be reduced to less than $400/kW.  Aluminosilicate represents a 

potential low cost alternative to high purity alumina for SOFC refractory applications.   

The objectives of this investigation are to: (1) study changes of aluminosilicate chemistry 

and morphology under SOFC conditions, (2) identify volatile silicon species released by 

aluminosilicates, (3) identify the mechanisms of aluminosilicate vapor deposition on 

SOFC materials, and (4) determine the effects of aluminosilicate vapors on SOFC 

electrochemical performance.  It is shown thermodynamically and empirically that low 

cost aluminosilicate refractory remains chemically and thermally unstable under SOFC 

operating conditions between 800̄C and 1000̄C.  

 

Energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy 

(XPS) of the aluminosilicate bulk and surface identified increased concentrations of 

silicon at the surface after exposure to SOFC gases 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 water vapor indicative of actual SOFC gas 

streams creates low temperature (<1000°C) silicon instability due to the release of 

Si(OH)4 and SiO(OH)2. Thermal gravimetric analysis and transpiration studies identified 

a discrete drop in the rate of silicon volatility before 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 clusters enclosed 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 Si-Zr-Y-O phases.  SOFC electrochemical performance testing at 800-

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 levels at the electrolyte/active anode interface. 



 

INTRODUCTION 

Problem Overview 

Solid oxide fuel cells (SOFCs) electrochemically convert fuel directly into 

electricity.  The combustion free process is not limited by the Carnot cycle efficiency, 

permitting higher heating value (HHV) efficiencies for a natural gas SOFC power plant 

in excess of 60% when thermal energy is recovered in a combined cycle. [1]  The 

thermodynamic efficiency, ɖideal, of a reversible fuel cell defines the maximum efficiency 

obtained when all of Gibbs free energy is converted into electricity without the loss of 

heat. 

ɖideal = ȹG / ȹH 

For example, a cell operating on pure H2 and O2 at 25°C where the product H2O is in 

liquid form has a change of Gibbs free energy (ȹG) of 237.1 kJ/mole and a change in 

thermal enthalpy (ȹH) of 285.8 kJ/mole resulting in a thermodynamic efficiency of 83%. 

H2 + ½ O2 Ÿ H2O 

ȹG° = G°
H2

 + ½ G°
O2

 ï G°
H20

 

In order to reach target cost levels where SOFCs are competitive with other lower 

efficiency standard technologies the overall power block cost must be reduced.  High 

purity alumina refractory is used extensively throughout large stationary fuel cell systems 

as high temperature insulation and fuel or oxidant delivery tubes.  Siemens Energy Inc. 

has estimated that high purity alumina (Al 2O3) refractory components embody nearly 1/3 

of the overall power block cost in tubular stationary SOFCs.   



 

Aluminosilicate represents a potential alternative to high purity alumina to reduce 

costs without sacrificing mechanical strength, resistance to thermal shock and creep.  

Aluminosilicates are alumina (Al2O3) based compounds containing silica (SiO2).  The 

presence of silicon in aluminosilicate reduces the overall cost by eliminating the 

extensive processing of raw materials required to remove naturally occurring silicon 

impurities from alumina.  The solid solution range of aluminosilicates can be studied in 

the systemôs phase diagram (Figure 1).  As silica concentration exceeds 20 weight % the 

regions of liquid phases further expand combined with SiO2 no 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. 

 

Figure 1: Alumina silica phase diagram 

Mullite is an aluminosilicate compound of considerable technical importance as 

an advanced ceramic material because of its superior mechanical and thermal properties 
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at high temperatures.  It is based on replacement of Al 3
+
 ions with Si 4

+
 ions.  The 

chemical compositions are represented as: 

Al 2[Al 2+2xSi2-2x]O10-x = Al4+2xSi2-2xO10-x 

Mullite is a non-stoichiometric compound with x denoting the # of missing oxygen atoms 

per average unit cell, varying between 0.2 and 0.9 [2] (corresponding to 55-90 mol% 

Al 2O3).   3:2 Mullite, 3Al2O3·2SiO2, is produced via solid state reactions during heat 

treatment of raw materials.   

x = 0.25, ~ 72 wt. % Al2O3 

2:1 Mullite, 2Al2O3·SiO2, is fused-mullite produced by crystallizing aluminosilicate 

melts. 

x = 0.40, ~ 78 wt.% Al2O3 

Electro neutrality is obtained by addition of Na
+
, K

+
 and Ca

2+
 by either doping or natural 

occurring impurities.   

Silicon impurities in YSZ have been shown to detrimentally affect the 

electrochemical performance of SOFCs by the formation of glassy phases that transport 

neither electrons, protons nor oxygen ions.[3][4][5]  Silicon poisoning due to refractory 

decomposition has not been previously addressed. The process of silicon poisoning in 

SOFCs due to aluminosilicate refractory materials can be broken down into a four step 

process (Figure 2): (1) changes in the aluminosilicate surface exposed to SOFC gas 

streams, (2) release of silicon vapors into the gas streams, (3) deposition of 

aluminosilicate vapors on SOFC materials, and (4) degradation of SOFC electrochemical 

performance.  



 

 

Figure 2: Silicon poisoning in SOFCs 

  



 

Solid state diffusion of silicon from the aluminosilicate bulk to the surface of 

refractory insulation boards and gas delivery tubes changes the surface chemistry and 

morphology of the refractory.  Chemical and morphological changes in the 

aluminosilicate surface subsequently affect the prevalence of chemical reactions leading 

to volatilization.  Silicon vapors volatilized from the aluminosilicate gas-solid interface 

are then transported in a gaseous phase from the refractory to SOFC components.  High 

temperature condensation/adsorption of silicon vapor species can thus lead to 

degradation.  Silicon related degradation in SOFCs is correlated to a glass phase forming 

at the electrolyte/electrode interfaces which acts as an electrical insulator, adversely 

affects O2 exchange kinetics of electrodes and causes interface delamination. 

Reporting of Research Findings 

 Three independent manuscripts address the aforementioned subject matter.  

The first manuscript 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 

titled ñSupplemental Results and Discussionò.  Table 1 summarizes the subject matter 

organization in the documents, and lists the experimental techniques used to address the 

specific problem statements. 

  



 

Table 1: Organization of research findings 

  Publication Title Research Focus Areas Experimental Techniques 

1 
PROGRESS IN UNDERSTANDING SILICA TRANSPORT PROCESS 
AND EFFECTS IN SOFC PERFORMANCE [6] 

VOLATILITY, SI POISON TERRA, FE-SEM, EDS, EPT 

2 
SILICON VOLATILITY FROM ALUMINA AND ALUMINOSILICATES 
UNDER SOFC OPERATING CONDITIONS [7] 

VOLATILITY TERRA, DIL, TGA-MS, RBS* 

3 
INVESTIGATION OF ALUMINOSILICATE AS A SOFC REFRACTORY 
[8] 

ALUMINO, DEPOSITION, SI POISON FEM, EDS, XPS, XRD, EPT 

4 Dissertation Supplemental Research Discussion VOLATILITY, SI POISON TERRA, EPT, FE-SEM 

Research Focus Areas 
 

Experimental Techniques 

Change in aluminosilicate chemistry and morphology (ALUMINO) 
 

Dilatometry (DIL) 

Silicon volatility from aluminosilicate (VOLATILITY) 
 

Electrochemical Performance Testing (EPT) 

Silicon deposition on fuel cell components (DEPOSITION) 
 

Energy Dispersive X-ray Spectroscopy (EDS) 

Silicon poisoning in SOFCs (SI POISON) 
 

Field Emission Scanning Electron Microscopy (FE-SEM) 

  
Mass Spectroscopy (MS) 

  
Rutherford Backscattering Spectroscopy (RBS) *  

  
Thermal Gravimetric Analysis (TGA) 

  
Thermodynamic Equilibrium Modeling (TERRA) 

  
X-ray Diffraction (XRD) 

  
X-ray Photoelectron Spectroscopy (XPS) 



 

Experimental Procedures 

The majority of experimental 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 addition, an overview of 

the experimental techniques utilized is also provided.  The following flow diagram 

summarizes the progress, planning, and methodology utilized 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 stage for re-analysis or 

changes in interpretation.  Originally FE-SEM/EDS and XRD were conducted to study 

morphological 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. 

 

 



 

 
 

Figure 3: Investigation flow diagram 



 

 

 

Aluminosilicate Refractory Material 

The primary refractory material investigated as an alternative to high purity 

alumina is a high density freeze cast aluminosilicate.  Chemical analysis performed by 

Siemens Energy Inc. showed 95.1 wt% Al2O3; 4.6 wt % SiO2.  XRD phase analysis 

results indicate 13.80 wt % 3Al2O3Ā2SiO2, < 0.2% free silica and the balance Al2O3.[9]  

The aluminosilicate is a thermally stable material (Table 2) that can withstand high 

temperature fluctuations and gradients common in stationary SOFCs. 

Table 2: Aluminosilicate material properties  

Mechanical Property     Thermal Property     

Theoretical Density 3.9 g/cm
3
 Thermal Expansion 7.4 10

-6
/°C 

Actual Density 2.74-2.80 g/cm
3
 25-1000°C 

  Relative Density 70-72 % Thermal Conductivity 
  Flexural Strength, MOR, dry 19-24 MPa RT 8.6 W*m

-1
*K

-1
 

Flexural Strength, MOR, humid 17-21 MPa 260°C 6.1 W*m
-1
*K

-1
 

tƻƛǎǎƻƴϥǎ wŀǘƛƻΣ ˄ 0.17 
 

538°C 4.1 W*m
-1
*K

-1
 

Shear Modulus, G 33.23 GPa 815°C 3 W*m
-1
*K

-1
 

Young's Modulus, E 77.53 GPa 1093°C 2.9 W*m
-1
*K

-1
 

Weibull Modulus, m 10.8-11.3 
    Fracture Toughness, KIC, dry 1.98-2.00 MPa/m

1/2
 

   Fracture Toughness, KIC, humid 1.00-1.57 MPa/m
1/2

       
Source: [9] 

Aluminosilicate Morphology and Chemistry 

To study changes in the morphology and chemistry of the aluminosilicate 

refractory due to exposure to SOFC gases at high temperature x-ray photoelectron 

spectroscopy (XPS), field emission scanning electron microscopy (FE-SEM) coupled 

with energy dispersive spectroscopy (EDS), x-ray diffraction (XRD) and dilatometry 

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



 

 

described previously and studied throughout the manuscripts, the microstructure of high 

purity (99.8% Al2O3) alumina powder (Inframat), various density low purity alumina 

(97% Al2O3, 3% SiO2) rigid refractory boards (Zircar ZAL-15AA & ZAL -45AA), and 

aluminosilicate (43-47% Al2O3, 53-57% SiO2) refractory needled blanket (Unifrax 

Durablanket S) were studied via FE-SEM.  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 ZAL-15AA and ZAL-45AA are 0.24 and 0.72 g/cc, 

respectively.  The Durablanket refractory is a completely inorganic flexible blanket spun 

from cross-linked aluminosilicate ceramic fibers.  Each material was separately exposed 

to unconditioned air at 900°C for 72 hours prior to re-examination of the microstructures.   

FE-SEM was utilized to image refractory 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 

secondary electron intensity as a function of position.  EDS coupled to FE-SEM utilizes 

the high energy beam of charged particles bombarding the surface to produce an 

elemental composition map that can be superimposed over the FE-SEM micrograph.  The 

incident beam excites and ejects an electron from 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 higher-energy and lower-energy shells is released 

in the form of an x-ray.  (Figure 4)   

 



 

 

 

Figure 4: EDS schematic and aluminosilicate spectra 

Emitted x-rays can reach the detector from up to 20 µm below the surface (Figure 5), 

making EDS a bulk-surface sensitive technology compared with XPS which is surface 

sensitive.  EDS is a qualitative chemical analysis measurement that provides only 

elemental detail. 

 

Figure 5: 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 SOFC gases for 100 hours.  XPS measurements are based on the 



 

 

photoelectric effect.  When a material is impacted with low energy x-rays (<1.5 keV) 

electrons from each orbital are ejected.   An electron energy analyzer measures the 

kinetic energy of the ejected electrons.  The kinetic energy, or binding energy, is 

correlated with electrons released from a specific subshell of an element (Figure 6).  

Shifts in the spectra are observed due to binding coordination, permitting the 

identification of chemical compounds and oxidation states of cations.  An electron 

detector counts the electrons released, enabling the correlation of spectra intensity to 

relative concentration.  A relative concentration comparison across a sample set after 

undergoing several different thermal treatment cycles is useful for detecting significant 

changes in surface chemistry.  XPS is a very surface sensitive technique (<0.01µm) due 

to the low energy of the impact x-rays and scattering of ejected electrons from below the 

surface.   Space resolved XPS was not available but would have proved useful in 

identifying oxidation state of vapor deposits, detecting chemical changes in substrate 

grains versus grain boundaries, and determining the oxidation state of silicon deposits at 

the SOFC electrolyte/anode interface. 

 



 

 

 

Figure 6: XPS schematic 

X-ray diffraction was utilized to detect phase changes in aluminosilicate due to 

thermal treatment associated with SOFC operation.  When high energy x-rays (up to 

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

 

 
 

Figure 7: XRD spherical waves   



 

 

Fundamentally the process involves quantum mechanics processes of absorption and re-

emission by the electrons in the lattice planes, which produce spherical waves.  (Figure 7)  

For most angles the re-emitted x-rays interfere destructively with each other, giving off a 

net signal of zero.  However, when theta corresponds with the d-spacing according to 

Braggôs Law (ql sin2 Ö= d ), constructive interference of the x-rays occurs, and a signal 

is attained.   The diffraction pattern obtained reveals detailed information about the 

chemical composition and crystallographic structure.  A powder is used to avoid 

preferential ordering of the crystals when trying to determine 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 analysis.  In-situ XRD 

uses a hot-stage and rapid 2ɗ scanning to correlate temperature with phase changes under 

a controlled atmosphere.  Additionally, in-situ XRD can provide time dependence of 

phase changes associated with kinetic limitations.  In-situ XRD is not presently available 

at MSU. 

Dilatometry was used to measure the change in relative length of aluminosilicate 

samples due to thermal and chemical expansion when exposed to SOFC gases at 1000°C 

for 100 hours.  A chemical change in sample length when temperature is constant is 

likely due to decomposition, volatization or phase change. [7] 

Silicon Volatility and Gas Phase Transport 

 The dominant volatile species of silicon vapors released from 

aluminosilicate, mullite and silica under SOFC operating conditions were predicted 

utilizing thermodynamic equilibrium modeling software (TERRA).[6][7]  The closed 



 

 

systems are multi-component consisting of gaseous phase, immiscible condensed phase 

and solid solution components.  To predict the partial pressure of all three phases the 

systemôs entropy is maximized (in turn minimizing Gibbôs Free Energy of Formation) 

while simultaneously applying conservation of internal energy and mass, and the 

electroneutrality condition.  The normalization conditions for each of the solid solutions 

are satisfied.  [10]  Pressure, temperature and composition are the key constraints defined.   

 

Table 3: Thermodynamic equilibrium variables 

aei Stoichiometric coefficients 

aji Stoichiometric coefficients 

bj Mole fraction of the element j in the system 

k # of gas components 

n # of moles 

Qx # of components in a solid solution x 

R # of single immiscible condense phase components 

R Universal gas constant 

Si
0 Standard entropy of gas phase i at temperature T and pressure 1 atm 

Sr
0 Standard entropy of a single condense phase component r [function(T) only] 

Sxq
0 Standard entropy of component q of the solid solution x 

  



 

 

Table 3 Continued 
 

T Temperature 

U Total internal energy of the system 

Ui Internal energy of gas phase components 

Ur Internal energy of single immiscible components of condense phase 

Uxr Internal energy of components of solid solutions 

X # of solid solutions 

 ˄ Specific volume of the gaseous phases 

 

Since thermodynamic equilibrium modeling does not account for kinetics and is 

limited on available thermo-chemical data, thermal gravimetric analysis (TGA) coupled 

with mass spectrometry (MS) and transpiration techniques were employed. [11]  

Empirical results provide an estimate of time when a steady state condition relative to 

thermodynamic equilibrium modeling is reached. TGA measures the change of mass in a 

small sample under a high temperature controlled atmosphere for extended periods.  A 

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 a vacuum.  The 

MS measures the mass to charge ratio of ionic compounds and elements.  All compounds 

with an equal mass to charge ratio travel along the same path in the vacuum.  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 compositions.  Transpiration studies measured the quantity of silicon 

condensed downstream on a cooled carbon wafer via Rutherford Backscattering 

Spectrometry (RBS). [12]  This work was completed by MSU collaborators and is 

outside the scope of this dissertation.  For more information refer to the manuscript 2. [7] 



 

 

Thermodynamic equilibrium calculations obtained via TERRA were also utilized 

to determine the potential for infiltrating the aluminosilicate material with a suitable 

solution precursor dopant to lock up free silicon and reduce the release rates.  These 

results are reported in the supplemental results section.  The following three dopants were 

evaluated at five weight percent. 

1. Calcium Oxide via Calcium Nitrate - Ca(NO3)2 

2. Magnesium Oxide via Magnesium Nitrate - Mg(NO3)2 

3. Titanium Oxide via Titanium Isopropoxide ï Ti[OCH(CH3)2]4  

 

Deposition of Aluminosilicate Vapors on SOFC Materials 

 The deposition of vapors released from aluminosilicate on YSZ and nickel 

pellets at high temperatures under SOFC fuel or oxidant atmospheres (Figure 8) was 

studied utilizing FE-SEM, EDS and XPS. [8]  FE-SEM micrographs of agglomerations 

are compared with EDS maps to correlate bulk-surface morphology with elemental 

composition.  XPS expands on the EDS elemental maps by providing chemical 

composition information of the substrate and bonded agglomerations. 

 

Figure 8: Deposition experimental setup 



 

 

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 stream.  The 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 diameter.  (Figure 9) 

 

Figure 9: Planar SOFC single cell test fixture 

In addition to the results reported in the manuscripts [6][8], electrochemical VI scans 

characterizing the polarization losses of  SOFC unit cells due to exposure to 

aluminosilicate vapors are presented in the supplemental results.  Fuel cells operate 

below their ideal potential due to activation, ohmic, and concentration polarizations.  

(Figure 10)  Ohmic polarization (ɖohm) can be expressed with the following equation: 

ɖohm = i*R 




















































