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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 800C and 1000C.  

 

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, ηideal, 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. 

ηideal = ΔG / ΔH 

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 (ΔG) of 237.1 kJ/mole and a change in 

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

H2 + ½ O2 → H2O 

ΔG° = G°
H2

 + ½ G°
O2

 – 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 (Al2O3) refractory components embody nearly 1/3 

of the overall power block cost in tubular stationary SOFCs.   

       1



 

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 system’s 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: 

Al2[Al2+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% 

Al2O3).   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.  

       3



 

 

Figure 2: Silicon poisoning in SOFCs 
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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 “Supplemental Results and Discussion”.  Table 1 summarizes the subject matter 

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

specific problem statements. 
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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. 
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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 % 3Al2O3∙2SiO2, < 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

 

Poisson's Ratio, ν 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 
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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)   
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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 
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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. 
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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   
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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 

Bragg’s Law (  sin2  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 2θ 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 
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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 

system’s entropy is maximized (in turn minimizing Gibb’s 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 
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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 

ν 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] 
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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 – 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 
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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 (ηohm) can be expressed with the following equation: 

ηohm = i*R 
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where i is the current flowing through the cell, and R is the total cell resistance.  The total 

ohmic cell resistance is the culmination of electronic, ionic and contact resistance. 

R = Relectronic + Rionic + Rcontact 

The electronic resistance occurs in the electrodes, current collectors and interconnects.  

Silicon poisoning can be observed as an increase in ohmic polarization due to formation 

of an ionic and electronically insulating siliceous glass phase at the electrolyte/electrodes 

interfaces; or as an increase of activation polarization due to the reduction of catalytic 

activity at nickel sites that are blocked by formation of a siliceous barrier layer.  

Concentration polarization is due to an inadequate supply of fuel or oxidant reaching the 

electrochemically active triple phase boundary (TPB). 

 
Figure 10: Electrochemical polarization behavior in Voltage-Current (VI) curves 
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Abstract 

One of the enabling technologies required for commercialization of high 

efficiency solid oxide fuel cell (SOFC) stacks is the development of low cost ceramic 

refractories capable of withstanding the harsh environment during start-up and steady 

state operation. Although low density, high purity fibrous alumina materials have been 

used for more than two decades in manufacturing of SOFC stack components, their low 

mechanical strength and high cost have precluded their use in the next generation pre-

commercial generator modules. 

 

A current trend in SOFC stack design is to use high strength, low purity mullite 

bonded, cast ceramics which can be produced in large volume at a relatively low cost. 

Sufficient strength is required to provide structural support of the stack and its upper 

internals in addition to withstanding the severe thermal gradients in both steady state and 

transient conditions. To reduce costs while achieving suitable mechanical strength, 

thermal shock, and creep resistance, certain levels of silica and other impurities are 

present in the refractory ceramic. Silica, however, has been established to poison SOFC 

anodes thus degrading cell performance and stack life. Therefore, silica transport within 

the stack has become a dominant issue in SOFC generator design. As a result, an 

important design requirement for the stack ceramic materials is to develop a fundamental 

understanding of the silicon species transport process based on refractory composition 

and gas atmosphere in effort to minimize silicon species volatilization through the porous 

material. 

 

The vaporization behavior of the Al-Si-O system has been investigated in 

numerous studies and verified experimentally. It is well known that when aluminum 

silicate components are exposed to a reducing atmosphere, the partial pressure of oxygen 

is low, therefore this causes formation of volatile SiO(g). This SiO(g) gaseous phase is 

transported by the fuel stream to the anode/electrolyte interface and electrochemically 

oxidizes back into SiO2 over the triple phase boundaries (TPB) by the oxygen 

transported via the fuel cell. This re-deposition process of SiO2, known also as Si 

poisoning, blocks the reaction of fuel oxidation as it takes over the reactive sites, leading 

to noticeable degradation in cell performance. In this paper, the status of research on 

formation of volatile silicon species in aluminosilicate SOFC insulation materials is 

examined. The formation of volatile SiO(g), SiO(OH)(g), and SiO(OH)2(g) are indicated 
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to facilitate silicon transport in anode fuel streams. Silica deposition is shown to degrade 

fuel cell anode performance utilizing a novel SOFC silicon poisoning test setup, and 

silica deposition is only observed on YSZ in the electrochemically active regions of the 

cell. 

 

Manuscript 

 The remaining content of this manuscript is copyrighted by Siemens 

Energy, Inc. and is licensed to ASME for publication and distribution only.   The full 

version of this proceedings paper is available online in the Proceedings of the ASME 

Eight International Fuel Cell Science, Engineering & Technology Conference in 

Brooklyn, New York, USA.  
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Abstract 

Thermodynamic equilibrium modeling indicates the introduction of H2O in 

oxidizing environments decreases Si stability due to formation of volatile hydroxide and 

oxy hydroxides.  3Al2O3·2SiO2 bond offers only a slight improvement on silicon stability 

over SiO2 in humidified oxidizing environments.  In reducing atmospheres Si stability is 

improved by the presence of H2O and Al2O3, transitioning from SiO and silane as the 

dominant volatile species to hydroxides, oxy hydroxides and SiO with increasing water 

vapor partial pressure.  Transpiration, thermal gravimetric and dilatometry studies reveal 

initial rapid releases of Si from SOFC refractory materials followed by slower solid state 

diffusion limited release.    

 

1.0 Introduction   

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

clean, reliable electricity via electro-chemical conversion of various fuel sources.  To 

become a competitive conversion technology for commercial and consumer application, 

the costs of SOFC systems must be reduced.  For large stationary tubular systems a large 

fraction of the overall generator module costs are from the relatively expensive high 

purity (>99.8%) alumina (Al2O3) refractory boards and fuel or oxidant delivery tubes. 

The replacement of high purity alumina refractory with aluminosilicate (alumina [Al2O3] 

plus silica) offers promise to drive down system costs.  Raw material costs of 

aluminosilicates are lower than high purity alumina due to the extensive processing 

required to remove naturally occurring silica impurities from alumina. Mullite (Al4+2xSi2-

2xO10-x with x ranging between 0.18 and 0.88 [1]) is an aluminosilicate based on 
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replacement of Al 
3+

 ions with Si 
4+

 ions.  It is a widely used refractory of considerable 

technical importance due to its superior mechanical and thermal properties at high 

temperatures (low thermal expansion coefficient [5.45*10
-6

/°K] [2] and hence excellent 

thermal shock resistance, beyond that of even high purity alumina [8.8*10
-6

/°K]
 
[3]).  

However, prior to the implementation of aluminosilicate the thermal stability and hence 

release of silicon vapors from these materials under humidified reducing and oxidizing 

environments must be investigated to ensure high temperature SOFC performance and 

reliability is not sacrificed due to silicon contamination.   

Long duration SOFC performance may be limited in part by silicon impurities 

that form an oxide at the Triple Phase Boundary (TPB).  [4][5][6]  The silicon oxide does 

not participate directly in the oxygen exchange reaction, acting as an ionic insulator by 

blocking active sites supporting oxygen exchange. [7] The silicon oxide also retards 

water at the TPB which may cause the electrical conduction of the SOFC layers to be 

much lower. [8]  Schmidt et al [9] showed that nickel electrode polarization was 

increased due to silicon impurities in electrolyte material via impedance spectroscopy. 

Acceptable levels of silicon impurities for SOFC operation remain unclear due to 

the difficulties in quantifying the various sources of silicon.  Silicon is second only to 

oxygen as the most abundant element in the earth’s crust and is found throughout SOFC 

systems, manufacturing plants and laboratories.  Silicon sources include oil vapors in 

laboratory air from vacuum pumps and gas seals [8], bulk powder impurities that diffuse 

to the surface [10][11] and high temperature processing artifacts from furnace insulation 

and SiC or MoSi2 heating elements.  The source of interest in this investigation is SOFC 

refractory materials for insulation and gas delivery tubing which constitutes the largest 
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concentration of potential silicon contamination.  Figure 1 illustrates the process of 

silicon poisoning in tubular SOFCs due to refractory materials including insulation and 

fuel or oxidant delivery tubes.  Silicon migrates via solid state diffusion (1) from the bulk 

to the surface of the low purity alumina or aluminosilicate refractory insulation and fuel 

or oxidant delivery tubes.  At the gas-solid interface chemical reactions driven by 

thermodynamics and kinetics occur between silicon and the humidified fuel or oxidant 

gas streams (2).  The volatile silicon species are then transported in gas phase to the 

SOFC (3).  Finally, the silicon diffuses through the electrodes to the triple phase 

boundary (4) where it acts as an electrical insulator and adversely affects O2 exchange 

kinetics. 

The volatility of vapor species from silica (SiO2) has been studied extensively. 

[12][13][14][15][16][17][18][19][20][21][22][23]  It was found that in dry oxygen, SiO2 

is remarkably durable at 1000 °C. [24] However, literature findings [17][19][20][23]
 
 

suggest silicon hydroxides and –oxy hydroxides play an important role in the volatility of 

Si from silica in the presence of water vapor (Eqns. 1-4), which is ubiquitous in fuel cell 

gas streams. The decomposition of the Al6Si2O13 phase on the bulk surface of mullite into 

alumina through removal of the silica component as silicon hydroxide has been reported 

in air at 1500 °C with 30 wt% water vapor [25] (Eqn. 5).  The silicon oxy hydroxide 

gases may be electrochemically reduced to silicon monoxide and deposited on the solid 

oxide fuel cell (Eqn. 6). Furthermore, hydrocarbon fuel reformation in the SOFC 

consumes water leading to a lower partial pressure of water vapor on the fuel anode side 

(Eqn. 7) and could cause silica deposition from silicon hydroxide (reverse of Eqn. 1).  

       28



 
 

The reformation process also releases carbon monoxide which has been shown to react 

with silica and mullite to form volatile silicon monoxide (SiO) (Eqns. 8-9). [26][27] 

1 SiO2(s) + 2H2O(g) → Si(OH)4(g) 

2 2SiO2(s) + H2O(g) → 2SiO(OH)(g) + ½O2(g) 

3 SiO2(s) + H2O(g) → SiO(OH)2(g) 

4 2SiO2(s) + 3H2O(s) → Si2O(OH)6(g) 

5 Al6Si2O13 (s) + 4H2O(g) → 3Al2O3 + 2Si(OH)4(g) 

6 SiO(OH)(g) + O2
-
 (g) → SiO(s) + H2O(g) + 2e

-
 

7 CH4 + H2O → CO + 3H2 

8 2SiO2(s) + H2(g) +CO(g) → 2SiO(g) + H2O(g) +CO2(g) 

9 Al6Si2O13 (s) + 2CO(g) → 3Al2O3(s) + 2SiO(g) + 2CO2(g)  

SiO can volatize at high temperatures as a result of the interaction between solid 

state silica and Si (Eqn. 10). [28]  In a reducing H2 atmosphere at high temperature 

silicon dioxide will break down to form silicon monoxide due to the low partial pressure 

of oxygen (Eqn. 12) even in the presence of water vapor. [29]  Similarly, the reduction of 

mullite by hydrogen gas to form volatile SiO has been reported (Eqn. 13). [30] Since SiO 

condenses easily to amorphous monoxide on cooler surfaces [31] it is likely to form a 

glassy layer on the SOFC surface in a reducing atmosphere.   Condensed SiO can readily 

accept available oxygen at SOFC temperatures to form silicon dioxide (Eqn. 14).  

Furthermore, condensed SiO(s) undergoes a phase transformation (decomposition) to the 

more stable mixture of SiO2(s) + Si(s) over the wide temperature range of 27-1450 °C 

(Eqn. 15). [31] 
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10 SiO2(s) + Si(s) → 2SiO(g)  

11 SiO2(s) + H2(g) → SiO(g) + H2O(g) 

12 SiO2(s) → SiO(g) + ½O2(g) 

13 Al6Si2O13 (s) + 2H2(g) → 3Al2O3(s) + 2SiO(g) +2H2O(g) 

14 2SiO(s) + O2(g) → 2SiO2(s) 

15 2SiO(s) → SiO2(s) + Si(s) 

Volatile silane gases (SiHx, where x=1,2,4) have the potential to form as a result 

of interaction of silica with water vapor (Eqns. 16-17) or hydrogen (Eqns. 18-20) in 

reducing atmospheres due to the low partial pressure of oxygen. The silane gases then 

may deposit as silica when exposed to oxygen at the triple phase boundary (TPB).  

Mullite heat treated in a CO environment at temperatures between 1000 and 1600 °C was 

shown to decompose into corundum (Al2O3) and SiO (Eqn. 21). [27]
 
During tests 

conducted by Kronert and Buhl an increase in the quantity of corundum was observed as 

a function of reduction temperature and time, where results suggest the rate the reaction 

proceeds is governed by gas diffusion and not the reaction at the phase boundary. 

16 2SiO2(s) + 2H2O(g)→ 2SiH2(g) + 3O2(g) 

17 SiO2(s) + 2H2O(g)→ SiH4(g) +2O2(g) 

18 2SiO2(s) + H2(g) → 2SiH(g) + 2O2(g) 

19 SiO2(s) + H2(g) → SiH2(g) + O2(g) 

20 SiO2(s) + 2H2(g) → SiH4(g) + O2(g) 

21 Al6Si2O13 (s) + 2CO(g) → 3Al2O3(s) + 2SiO(g) + 2CO2(g) 
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Brady [17] calculated the likely volatile silicon-containing molecular species from 

silica in humidified air based on: (1) experimental results reported in the literature 

[13][14][15][32] regarding the concentration of silica in the vapor phase when steam is 

equilibrated with siliceous molecules, and (2) Newton’s [33] calculated ratio of fugacity 

to pressure for gases which obey the van der Waals equation of state in reduced form.   It 

was concluded that Si(OH)4 and Si2O(OH)6 were the likely volatile silicon species at low 

temperatures (205-260°C), with the former predominating at pressures from 

approximately 400-2000 atm and the latter dominating at lower pressures from 33-400 

atm.  Based on findings [18] [20][21] analyzed and verified by Jacobson[20] it appears 

that silicon hydroxide (Si(OH)4) is the dominant vapor species from silica at temperatures 

from approximately 900-1100 °C with x(H2O)=0.37 atm and P(total)=1 atm, whereas 

above 1100 °C silicon oxy hydroxide (SiO(OH)2) release may also be important.  Opila’s 

[23] discussion of the findings of Hashimoto [18] and Krikorian [21] indicates that in an 

oxidizing environment from 1100-1500 °C with a partial pressure of water vapor ranging 

from 0.1-1.0 atm Si(OH)4 and SiO(OH)2 remain the dominant volatile species, where at 

x(H2O)=0.1 atm SiO(OH)2 dominates and at x(H2O)=1.0 atm contributions from both 

Si(OH)4 and SiO(OH)2 are significant.  
 

The volatile silicon gases represent a potential problem since humidified oxidant 

and hydrogen fuel streams in SOFCs are in direct contact with the refractory materials at 

temperatures from 800-1000°C.  Therefore the stability of silicon phases in 

aluminosilicates represents a potential roadblock to their implementation in SOFCs, 

particularly systems designed for long operational cycles. Despite great efforts made in 

understanding Si volatility from silica compounds, little efforts have been made to 
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understand the release of Si from aluminosilicates including 3:2 mullite under SOFC 

operating conditions.  The objectives of this investigation are to: (1) identify the volatile 

silicon species that can be released by alumina or aluminosilicate refractory compounds 

under SOFC operating conditions, (2) identify potential mechanism(s) of volatilization 

and (3) quantify the overall rate of release. 

2.0 Experimental Procedure 

 All molecular compositions reported throughout this paper are stated in molar 

concentration unless otherwise noted.  A custom formulated aluminosilicate refractory 

compound developed for SOFC applications (MSU1) was thermodynamically modeled 

and experimentally studied via thermal gravimetric analysis (TGA), dilatometry and 

Rutherford Backscattering (RBS) techniques.  MSU1 refractory represents a lower cost 

alternative than both high purity alumina and pure mullite, with sufficient silicon content 

for experimental study.  MSU1 was prepared by freeze casting and sintering to obtain a 

relatively high theoretical density (~70%) and low porosity (20-23%) refractory with 

molar concentrations calculated via x-ray diffraction of approximately 96.31% alumina 

(Al2O3) and 3.69% mullite (Al6Si2O13).  The molar concentration of free silica and 

impurities present in MSU1 was below the XRD phase detection limit of 0.4%. 

2.1 Theoretical Thermodynamic Equilibrium Calculations  

Thermodynamic modeling software (TERRA) models the equilibrium states in 

isolated multi component systems containing gaseous phase, immiscible condensed phase 

and solid solutions components.  TERRA software is described in detail elsewhere [34] 

therefore only a brief discussion is included here.  TERRA is a version of the ASTRA 

code which utilizes the universal method and calculation algorithm based on the 
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fundamental principles of chemical thermodynamics.  In compliance with the second law 

of thermodynamics the system's entropy is maximized.  Simultaneously conservation of 

energy and mass for the isolated system and the electro neutrality condition are applied to 

obtain all phase equilibrium parameters.  TERRA interfaces with a large thermochemical 

database containing amongst others silica, alumina and aluminosilicates (including 

mullite) refractory compounds, as well as aluminum and silicon based compounds in the 

gaseous phase compatible with JANAF-NIST and SGTE.
 
[35] [36] [37]  The database 

was further expanded for this study to contain the expected volatile silicon gases 

including Si(OH)2, Si(OH)4, SiO(OH), SiO(OH)2 and H2SiO based on data published by 

Sandia National Laboratory. [38]  Thermodynamic equilibrium modeling simulated the 

previously mentioned MSU1 aluminosilicate material (Al2O3 96.31%, Al6Si2O13 3.69%), 

high purity alumina (Al2O3 99.96%, SiO2 0.04%), pure 3:2 mullite (Al6Si2O13 or 

alternatively written as 3Al2O3·2SiO2), and quartz (SiO2).  All modeling experiments 

were conducted throughout a temperature range of 600-1400°C and the pressure was set 

at atmospheric (0.1 MPa) since fuel and oxidant streams in SOFCs are not typically 

pressurized.  Thermodynamic modeling environments simulated include dry air (Ar 

0.933%, CO2 0.030%, N2 78.088%, O2 20.949%), high humidity air (Ar 0.589%, CO2 

0.019%, N2 49.267%, O2 13.217%, H2O 36.909%), low humidity air (Ar 0.911%, CO2 

0.029%, N2 76.243%, O2 20.454%, H2O 2.363%), hydrogen (H2), humidified hydrogen 

(H2 97.69%, H2O 2.31%), simulated reformate gas (CO 5.1%, CO2 23.8%, H2 11.9%, 

CH4 15.4%, H2O 43.4%, N2 0.4%), syngas (CO 2.1%, CO2 8.6%, H2 84.5%, CH4 3.0%, 

N2 1.8%) and humidified argon (Ar 64.3%, H2O 35.7%). 

2.2 Dilatometry 

       33



 
 

Dilatometry studies were completed using an upright dilatometer (Linseis L75), 

force controller box (Linseis L75/N2), alumina push rod and type S thermocouple.  A 

preloading force of 300 mN was applied to the samples.  Dilatometer measurements were 

completed on solid (7 x 7 x 2 mm) blocks cut with a diamond saw from a large freeze 

cast block of the MSU1 aluminosilicate material.  The tests were separately run on new 

samples for 100 hours at 1000°C in humidified air, hydrogen forming gas (5.2% H2, 

Balance N2) and humidified hydrogen forming gas.  A compressed gas cylinder provided 

the hydrogen forming gas while the ultra-high purity (UHP) hydrocarbon free 

compressed air was provided with a zero air generator (Packard 2500).  Gases were fed to 

a gas control box (Linseis L40/2054) where flow rates were controlled at 1.5 liters per 

hour at P(total)=0.10 MPa.  For humidification the compressed gases leaving the flow 

controller box were introduced into the bottom of a bubbler cylinder of deionized water at 

ambient temperature.  Complete saturation is assumed based on the gas path length 

through the water resulting in the partial pressure of water vapor during humidified 

experiments of x(H2O)=0.027 atm in air and x(H2O)=0.023 atm in the reducing hydrogen 

forming gas.    Gases were then introduced into the bottom of the airtight dilatometer 

high purity alumina furnace chamber starting 2 hours prior to the heating cycle, passed 

over the sample and evacuated through the top.  Dilatometer baseline measurements were 

collected separately under each atmosphere and subtracted from sample runs to 

compensate for equipment thermal expansions which vary in the different gases.   All 

experiments were ramped from ambient to 1000°C at a rate of 5°C per minute and held at 

temperature for 100 hours. 

2.3 Thermal Gravimetric and Coupled Mass Spectrometry Analysis 
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TGA was conducted on an upright system (Linseis Thermowaage L81).  An 

MSU1 freeze cast block was crushed into a powder utilizing a mortar and pestle 

(Diamonite
TM

) manufactured from finely powdered synthetic sapphire.  Particle size 

analysis on the powder was conducted using a standard light optical microscope.   Results 

indicate an average particulate size of 477 μm, ranging from 66 to 1765 μm with a 

standard deviation of 361 μm.  Sample sizes were approximately 1850 mg, where results 

are normalized and presented as relative weight change (%).  TGA experiments on MSU1 

were run in humidified air, hydrogen forming gas (5.2% H2, Balance N2) and humidified 

hydrogen forming gas to study the change in weight at 1000 °C over 250 hours, after the 

initial heating cycle from ambient to 1000°C at a rate of 5°C per minute.  Gases were 

supplied and controlled identical to the methods described for the dilatometer 

experiments.   

TGA coupled with evolved gas analysis via mass spectrometry  the volatility of 

3:2 mullite (Al6Si2O13), low purity alumina (Al2O3 96% SiO2 4%) and high purity 

alumina (Al2O3 99.9% SiO2 0.1%) held at 850°C in argon (99.999% pure) plus 20 weight 

percent H2O for up to 50 hours according to the techniques described in detail elsewhere. 

[39] Gases flowing at a constant rate of 30 liters per hour and steam were introduced 

through a water flask heated to give the desired water vapor partial pressure.  TGA 

coupled with evolved gas analysis was conducted using a thermobalance (sensitivity of 

10
-7

 g) of symmetrical thermoanalyser (SETARAM-TAG 160model).  Volatile silicon 

species were identified utilizing a Quadrupole Mass Spectrometer (PFEIFFER 

VACUUM Instruments QMS 422) located inside the oxidation system.  Respective 

backgrounds were subtracted from all mass spectrometry results. 
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2.4 Transpiration System utilizing Rutherford Backscattering (RBS) 

A simple transpiration experiment for evaluating volatile impurities in SOFCs 

systems was developed as described by Collins. [40]  The transpiration apparatus 

consisted of a 33 cm long tube furnace with a 35 mm diameter heating zone used to heat 

low purity alumina, mullite and quartz tubes as well as MSU1 refractory cubes to a max 

temperature of 800°C in the furnace’s central heating zone.  Volatility measurements 

were carried out on each tube by fitting a bubbler to one end of the tube, thus providing 

humidification to the incoming gas stream.  On the exiting end of the tube, a 27 mm 

diameter water cooled copper heat-sink, fitting snugly within the tube, condensed volatile 

elements from the outpouring gas stream.  The primary focus of this study was to 

measure raw Si release rates from tubes and refractory materials.   

To facilitate RBS analysis, a thin glassy carbon wafer was well adhered to the 

copper heat-sink using carbon tape.  Wafers were swapped out with new ones every 48 

hours to measure the amount of Si condensed on their surface.  In the RBS measurements 

a clean peak in the spectrum, quantifying the amount of Si collected, was obtained 

because the carbon substrate has a lower atomic mass than Si on its surface.  Therefore 

backscattered ions from Si registered at a higher energy in the backscattering spectrum 

than backscattered ions from C.  By calculating a yield of backscattered ions from Si, a 

quantitative computation for total μg of Si collected per 48 hour investigation was 

obtained.  Uniform Si collection over the entire area of the condensing surface was 

confirmed with multiple measurements at several locations on the C wafer.   

Three different tubes were used in this study:  a low purity alumina tube (Al2O3 

95.5%, SiO2 2.90%, MgO 1.10%, CaO 0.28%, Na2O 0.09%, Fe2O3 0.11%), a 3:2 mullite 
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tube (Al6Si2O13 78.3%, Al2O3 13%, MgO 0.8%, CaO 0.4%, Na2O 0.8%, Fe2O3 2.1%, 

K2O 2.5%, TiO2 2.1%), and a clear fused quartz (SiO2 100%) glass tube.  Additionally, 

the aforementioned MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) refractory freeze cast 

blocks were cut into 2 cm
3
 cubes and placed in the 800°C zone of the furnace inside a 

quartz tube.  The quartz tube was utilized based on the highest consistency of silicon 

release as a background.  Measurements were carried out to observe any additional Si 

release above the baseline obtained for the quartz tube alone.  Quartz, low purity alumina 

and mullite tubes, and the MSU1 refractory blocks were tested in humidified air with 

x(H2O)=0.60 atm at a flow rate of 0.8 liters per minute.  Additionally, quartz tubes were 

tested in humidified air with x(H2O)=0.023 atm, and in humidified forming gas (5% H2, 

balance N2) with x(H2O)=0.58 atm. 

3.0 Results 

Thermodynamic equilibrium modeling via TERRA software identified numerous 

volatile silicon species for high purity alumina, mullite, MSU1 and silica materials under 

the previously described high temperature SOFC environments. All plots list only Si 

compounds in gaseous form, neglecting all condensed compounds and non-silicon 

containing gases. However the non-silicon containing gases were not excluded from 

equilibrium calculations. A comparison of the dominant volatile Si gases released from 

MSU1 versus high purity alumina, mullite and silica in humidified air (x(H2O)=0.37atm) 

is presented in Figure 2 and illustrates that Si(OH)4 is the dominant species.   Figure 3 

shows the contrast in Si gas species volatized from MSU1 when exposed to different 

SOFC environments.  Silicon in MSU1, mullite and high purity alumina is 

thermodynamically predicted to behave nearly identical in all SOFC gases with the 
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exception of pure hydrogen.  Figure 4 shows the significant differences in volatile silicon 

species from mullite and high purity alumina in H2 for comparison with MSU1 in Figure 

3.  The mullite figure includes a series of modeling artifact peaks at 800°C due to a 

discontinuity in the thermodynamic database.  The total equilibrium partial pressure of 

volatile Si gases in the various SOFC environments can be contrasted in Figure 5 for 

MSU1, pure mullite and the current industry standard high purity alumina.  The effect of 

water vapor partial pressure on total silicon vapor release from MSU1 as predicted by 

thermodynamic equilibrium modeling is shown in Figure 6. 

TGA results of the MSU1 powder in humidified air, hydrogen forming gas and 

humidified hydrogen forming gas at 1000°C for 250 hours are shown in Figure 7.  TGA 

coupled mass spectrometry results of the high purity alumina, low purity alumina and 3:2 

mullite in humidified argon are presented in Figure 8 and Table 1.  The mass 

spectrometer indicated the presence of SiO (g) for the mullite sample and silicon oxy 

hydroxide (Si2O(OH)6) for the low purity alumina.  Dilatometer normalized results are 

presented in Figure 8 as relative length change.  The variations of thermal expansion 

coefficient (TEC) in the MSU1 aluminosilicate material under humidified UHP air and 

humidified hydrogen forming gas at 1000°C throughout 100 hours are presented in Table 

2.   

The RBS results of silicon transport rates from quartz, low purity alumina and 

mullite tubes are presented in Figure 10.  Humidified air (x(H2O)=0.60 atm) was passed 

through the tubes at a flow rate of 0.8 liters per minute for the experimental data shown in 

Figure 10.  Volatility measurements using three MSU1 cubes inside a quartz tube can be 

seen in Figure 11 and are compared with baseline measurements from the empty quartz 
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tube.  Measurements indicated volatilization of Th, Ru, Zn, Cr and Ca from the MSU1 

cube.  Th, Ru, Zn, Cr and Ca had also been detected in the RBS data from alumina and 

mullite tubes during early stages of heating. Figure 12 compares the Si released from 

experiments performed with humidified air (x(H2O)=0.60 atm & x(H2O)=0.023 atm) 

using identical quartz tubes.  Figure 12 also shows data where humidified hydrogen 

forming gas (5% H2, balance N2) was passed through an empty quartz tube at flow rates 

of 0.80 liters per minute with x(H2O)=0.60 atm.   The atmosphere conditions for each 

RBS experiment at 800 °C and 1 atm were thermodynamically modeled and all 

simulations indicate Si(OH)4 will dominate at an equilibrium partial pressure ranging 

between  

10
-9

 and 10
-10

 atm.  All other Si gaseous species volatilized were negligible. 

4.0 Discussion 

As silica concentrations in aluminosilicates exceed 30 wt % (42 mol %) the 

regions of liquid phases expand and SiO2 is no longer found in solution with alumina.   

Solid solutions of SiO2 in aluminosilicates exist due to the differences in diffusion 

coefficients of the aluminum and silicon cations. 
[41]

  The extent of silicon in solution 

with alumina affects the stability of Si due to changes in bonding and hence oxygen 

coordination. Intermediate forms between silicon dioxide to elemental silicon exist due to 

silicon’s electronic structure 3s
2
p

2
 which can have four different degrees of oxidation (1

+ 

(3s
2
p

1
), 2

+ 
(3s

2
), 3

+ 
(3s

1
), 4

+
 (2s

2
p

6
)). [26]  Thermodynamic equilibrium modeling has 

shown Si can volatize from alumina and aluminosilicate refractory materials and be 

transported in the gas phase under high temperature SOFC conditions as silicon 

monoxide SiO, silicon hydroxide Si(OH)x, silicon oxy hydroxides (SiOx(OH)4-2x)n and 
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silicon hydrides (SinH2n+2).  The thermodynamic simulations are based on Gibb’s Free 

Energy of Formation utilizing the governing equation: ΔGrx=ΔHrx-T(ΔSrx).  It is 

important to note that these simulations do not account for reaction rates and other kinetic 

barriers for interaction but are intended to provide a basis for experimental work and 

theoretical understanding of volatile species present in the system.   The thermodynamic 

simulation is limited by bulk volatilization as opposed to volatilization from high surface 

area (large positive curvature) yielding variation from equilibrium to empirical 

characterization.   

Sources of Si in MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) and pure mullite 

(Al6Si2O13) are modeled identically as 3:2 mullite (3Al2O3:2SiO2 represented as 

Al6Si2O13) such that the only difference is the presence of Al2O3 in MSU1.  

Correspondingly, the sources of Si in the high purity alumina (Al2O3 99.96%, SiO2 

0.04%) and silica (SiO2) are modeled as silicon dioxide (SiO2) such that the only 

difference is the high purity alumina also contains Al2O3.  The different entropies of 

formation for each solid combined with the imposed thermodynamic restrictions to 

conserve energy and mass of the isolated systems and obey the electro neutrality 

condition can result in varying equilibrium partial pressures of Si gases despite no change 

in the solid state Si compounds.  Thermodynamic equilibrium models estimate the 

stability of Si in each material and are not normalized based on the total amount of 

material required.  For example, although the stability of Si chemically bonded as 

Al6Si2O13 in the MSU1 and mullite models is equivalent under the simulated humidified 

air (x(H2O)=0.023 atm) at ambient pressure, this cannot be interpreted as the same 

amount of Si gases will be introduced into the SOFC because the mass of Si present in 
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MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) is significantly lower than in the mullite (100% 

Al6Si2O13).   Normalization is not conducted here because the same mass of one 

refractory would not necessarily provide an equivalent R-value or structural support for a 

different refractory due to varying properties such as thermal conductivity, density, 

fracture toughness and yield stress.  RBS tests establish a means to quantitatively analyze 

Si release rates by first acquiring long term baseline data on a variety of tubes while 

simultaneously providing insight to the cost/performance ratio of gas-feed tube materials.  

The baseline analysis performed provided a way of evaluating SOFC refractory materials 

in reducing and oxidizing environments.  

Alumina is known to volatize at high temperatures in the presence of water vapor; 

however the volatility is not an issue for SOFCs despite long lifetimes (>100,000 hours) 

since the operating temperatures are well below 1300 °C where alumina volatility by 

Al(OH)3(g) becomes an issue.  [29]  Furthermore, no reports to date have indicated 

alumina poses a threat to long term operation of SOFCs despite its adoption of use as the 

industry standard SOFC refractory material.  Thermodynamic modeling did not exclude 

volatile alumina or other impurity species from equilibrium calculations; however they 

are absent from all equilibrium graphs for clarity and simplicity.  Considerations of their 

effects on results are only presented when necessary to stay within the scope of this 

paper.  

4.1 Oxidizing Environments 

All thermodynamic simulations of high purity alumina, MSU1, mullite and silica 

in dry air suggest silicon remains sufficiently stable throughout SOFC operating 

temperatures corresponding to what has been reported in the literature.  [24] However, 
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the addition of steam to air in the thermodynamic model mimicry of actual SOFC oxidant 

streams results in significant volatility of silicon hydroxide (Si(OH)4) and -oxy hydroxide 

SiO(OH)2 from MSU1, mullite and silica as seen in Figure 2.  Silicon vapor species in 

SOFC humid atmospheres most likely contain water vapor bonded to SiO2 molecules 

since SiO2 has a very low vapor pressure at temperatures between 800-1000 °C.  Si(OH)4 

was previously shown to be the dominant species from 900°C to 1150°C in the presence 

of water vapor with x(H2O) = 0.37 and P(total) = 0.1 MPa. [19]  At moderate steam 

partial pressures and temperatures above 925°C, SiO(OH) & SiO(OH)2 have been 

designated as important contributors; while at steam pressures above 10 MPa and 

temperatures up to 1525°C, Si2O(OH)6 has also been designated an important contributor. 

[19][20]  Equations 1 and 3 describe the likely breakdown of the SiO2 when exposed to 

water vapor in an oxidizing environment, volatilizing the silicon and oxygen completely. 

Thermodynamically the formation of silicon hydroxide (Si(OH)4) is favored, however 

since equation 1 requires the interaction of two H2O molecules with one molecule of SiO2 

it may be kinetically limited.  Equation 5 shows the breakdown of mullite to form silicon 

hydroxide (Si(OH)4), yielding Al2O3.  The stability of silica at SOFC operating 

temperatures in humidified air (x(H2O)=0.37 atm) at ambient pressure, Figure 2, suggests 

that the SiO2 bond is less stable than the Al6Si2O13 bond.  However, Al6Si2O13 likely 

offers only a slight improvement in silicon volatility in oxidizing atmospheres containing 

water vapor, Figure 2, due to its high silica activity (0.3-0.4). [42] 

As the steam partial pressure increases the stability of Si in MSU1 decreases 

(Figure 6), where the effect is more enhanced at low temperatures (600-800°C) than 

above SOFC operating temperatures (1000-1400°C).  RBS data (Figure 12) used to 
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validate the formation and volatization of silicon species confirms the silicon 

volatilization process strongly depends on moisture content.  However this data does not 

necessarily correlate directly to fuel cell degradation since at high temperatures the 

volatile phase may not readily condense in the SOFC unless the formation of stable Si 

solids is stimulated by an external element such as catalysis or electrochemical oxygen 

transport. RBS Si volatility measurements of the quartz, low purity alumina and mullite 

tubes in humidified air generated a few unexpected results.  The fused quartz (pure 

amorphous SiO2) tube consistently registered the fewest μg of Si collected per 48 hours, 

contrary to what is predicted via equilibrium modeling.  Both the low purity alumina and 

mullite tubes released large amounts of Si during the first 100-200 hours of heating 

(Figure 10).  These results could indicate free Si and silica residing on the low purity 

alumina and mullite tubes’ surface due to the sintering or manufacturing process, and 

suggest that free silica is less stable than the bulk refractory.  Further, the extremely 

smooth surface morphology of the quartz tube can kinetically limit the volatization of Si 

compounds.  It is interesting to note that mullite tubes consistently produced the highest 

volatility over 600 plus hours of testing (Figure 10).  If 3:2 mullite and free silica are the 

primary impurities in the 96% pure alumina tube, as suggested by manufacturer 

specifications and chemical analysis of other aluminosilicate materials, the principle 

source for long term (greater than 700 hours) Si release could be accounted for in low 

purity alumina tubes.  A large amount of Si was also initially released from the MSU1 

cube samples (Figure 11) providing further evidence for observations made on the mullite 

and low purity alumina tubes.  Based on equilibrium modeling it is believed that all RBS 

experiments in humidified oxidizing environments were dominated by the release of Si as 
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Si(OH)4 and then condensed as SiO2 on the carbon substrate according to equation 1.  

The TGA results of MSU1 (Figure 7) showing a more rapid weight loss during hours 0-

85 than hours 86-250 at 1000°C in a humidified oxidizing atmosphere suggests that the 

decomposition of MSU1 is slowed due to solid state diffusion limitations as represented 

by a discrete change in slope at 85 hours.  This initial release of Si may still be 

detrimental to the SOFC, requiring initial thermal pre-treatment or chemical surface 

treatments to lock up free/high surface area silica and aluminosilicate compounds.  

Furthermore, the volatilization of Zn and Ca from the MSU1 cube, low purity alumina 

and mullite tubes also supports that impurities from the manufacturing process reside on 

the surface of the refractory materials.  While Zn and Ca are common impurities in 

refractory materials, evidence of Ru and Th is unusual.  A metal bonded diamond saw 

blade was used to cut MSU1 into smaller cubes which could have deposited impurities on 

the surface of the refractory specimen yielding a potential source for some of the 

elements.   

The decline in TEC measured via a dilatometer of MSU1 in humidified UHP air 

and humidified H2 forming gas during the first 85 hours at 1000°C (Table 1) indicates a 

transport limited process in which an oxygen gradient exists in the refractory specimen 

even though the material has substantial open porosity.  The slow diffusion of oxygen 

into the bulk may be an additional contributing factor to the initial rapid release of Si 

observed via TGA and RBS. Upon reduction, many ionic oxides yield increases in 

thermal expansion as the oxide transitions to a more metallic state.  In this case, reduced 

oxygen stoichiometry causes the cation(s) to increase in electron density, thus expanding 

the ionic radii.  These results indicate a continued drop in thermal expansion thus 
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suggesting phase changes (specifically the silicon impurity phase) associated with 

changes in oxygen stoichiometry.  All dilatometer results of MSU1 (Figure 8) include the 

presence of an 8 hour cyclic pattern in relative length change for which the inclusion of 

H2O enhances this effect.  The experiments were started at random times of the week yet 

cycle times coincide.  Furthermore, experiments on different materials and calibration 

tests do not indicate these cyclic patterns reducing the likelihood that building pressure 

fluctuations, laboratory activities or system noise is the cause.  It is speculated that 

surface reactions may be causing a phenomenon similar to spallation where new surface 

exposed is volatized or transformed into different phases; however further investigation 

into this phenomenon is required before any conclusions can be drawn.  

4.2 Reducing Environments 

The thermodynamic modeling results of MSU1 in a dry hydrogen reducing 

environment (Figure 3) predict silicon monoxide and silane gases dominate the release of 

Si at SOFC operating temperatures.  In the dry reducing H2 atmosphere from 600-1350 

°C the presence of alumina in MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) significantly 

increased the thermodynamic equilibrium stability of Si locked up in the Al6Si2O13 

structure compared to the pure mullite (Al6Si2O13).  The presence of alumina in MSU1 

has also been shown empirically to stabilize the SiO2 reaction with H2 gas, where the rate 

limiting step is bulk diffusion. [43]  A driving force for Si degradation in the dry reducing 

atmosphere is the minimization of the system’s entropy by increasing the oxygen partial 

pressure.  In MSU1 the Al2O3 and Al6Si2O13 are both sources of oxygen, whereas in pure 

mullite only the Al6Si2O13 bonds can be broken down to release oxygen.  Despite the 

greater stability of the alumina, since MSU1 is 96.31% Al2O3 oxygen will still be 

       45



 
 

harvested at a significant rate from the alumina, reducing the breakdown rate of Si bonds 

to minimize the system’s entropy.  In the TGA experiment of MSU1 in dry hydrogen 

forming gas (Figure 7), the initial rapid weight loss observed is attributed to both the 

release of oxygen due to low partial pressure and silicon volatilization as silane and SiO.   

The presence of H2O in a hydrogen reducing environment results in greater Si 

thermodynamic equilibrium stability in MSU1 from 600-800 °C (Figure 5), however to 

the contrary Si is more volatile from 800-1600 °C.  This same trend is predicted for the 

SiO2 impurity in alumina (Figure 5), except that the lower temperature region is extended 

up to 980 °C. Silicon remains more stable when exposed to humidity in a reduced 

atmosphere from 600-1400 °C because oxygen is harvested not only from Al6Si2O13, 

SiO2 and Al2O3 but is also released during the breakdown of H2O.  Therefore the 

presence of steam in the reducing atmosphere decreases the likelihood of forming silane 

and SiO while increasing formation of silicon hydroxide (Si(OH)4) and –oxy hydroxide 

(SiO(OH)2). In the RBS experiment at a water vapor pressure of 0.60 atm there was no 

noticeable difference in Si volatility rates from quartz between the reducing and oxidizing 

carrier gases (Figure 12), similar to what is predicted via equilibrium modeling (Figure 

5).  RBS measurements in the reducing gases were not carried out beyond 100 hours, 

because it was assumed that the quartz tube was volatilizing Si at a constant rate. As 

expected the TGA-MS results showed the greatest weight loss for mullite in the 

humidified argon reducing atmosphere; and the low purity alumina lost more weight 

compared to the high purity alumina (Figure 8).  This indicates that despite 

approximately equal equilibrium stability of Si, the atomic concentration of silicon is the 

leading factor in determining the quantity of Si released into the system.  Mass 
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spectrometry showed the volatilization from 3:2 mullite and low purity Al2O3 under 

humidified reducing argon gas at 850°C to be SiO and Si2O(OH)6, respectively.  The 

presence of volatile SiO gas suggests decomposition of mullite due to the low partial 

pressure of oxygen despite the presence of water vapor. [30]  Si2O(OH)6 suggests SiO2 

impurities in the low purity alumina reacted with water vapor (Eqn. 4) as suggested by 

Brady’s calculations [17] at lower temperatures (205-260 °C) and higher pressures (33-

400 atm).  Thermodynamic modeling predicted under the TGA-MS experimental 

conditions that the Si in the mullite as Al6Si2O13 and in the alumina as SiO2 would 

preferentially volatilize as Si(OH)4 yet the lack of observation of silicon hydroxide via 

mass spectroscopy may be due to surface adsorption, bulk absorption or the following gas 

phase reaction: 

22 2Si(OH)4(g) → Si2O(OH)6(g) + H2O(g) 

5.0 Conclusions and Recommendations 

Results show the influence of material composition, atmosphere and temperature 

on chemical stability of Si in aluminosilicate, alumina and silica.  Thermodynamic 

modeling illustrates the strong dependence of operating temperature on silicon release.  

Low temperature SOFC operating conditions (< 800°C) demonstrate the high Si stability 

required due to thermodynamic limitations on the reaction rates.  Si remains stable in 

aluminosilicates, silica and alumina in a dry oxidizing environment for high temperature 

SOFCs.  However, increasing H2O partial pressure significantly reduces stability of Si in 

alumina and aluminosilicates in an oxidizing atmosphere, with the effects more enhanced 

at low SOFC temperatures.  Thermodynamic modeling, mass spectrometry results and 
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literature findings demonstrate that steam at SOFC temperatures results primarily in the 

formation of volatile silicon hydroxide Si(OH)4, with silicon oxy hydroxide SiO(OH)2 

becoming more significant with increases in temperature.  In humid oxidizing 

environments the Al6Si2O13 bond offers only a slight improvement on the stability of Si 

over SiO2.  Therefore the driving factor in material selection for SOFCs exposed to moist 

oxidizing environments should be the total quantity of silicon by mass. 

Si stability of mullite in a dry reducing atmosphere at SOFC temperatures is poor 

due to the driving force to minimize the system’s free energy by increasing the partial 

pressure of oxygen.  The primary Si volatile gases in the dry reducing atmosphere are 

SiO and silane.  The presence of alumina in aluminosilicate and high purity alumina 

significantly improves the stability of the Si solid phases.  Contrary to the oxidizing 

environment, the addition of water vapor to the reducing atmosphere improves the low 

temperature stability of Si in mullite by equilibrating the oxygen partial pressure through 

decomposition of H2O.  The increased release of silicon hydroxide and oxy hydroxide in 

the humidified reducing environment is overshadowed by the greater decrease in SiO and 

silane volatility. 

An initial rapid release of Si was observed in the TGA and RBS experiments 

during approximately the first 100 hours at temperature, after which the rate was 

decreased indicating that the process is limited by solid state diffusion.  Dilatometer 

results also suggest oxygen diffusion into the bulk is slow and non-uniformities in the 

MSU1 refractory are subject to decomposition, volatization, or phase change.   It is 

believed that non-uniformities of Si and SiO2 on the surface combined with the slow 
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diffusion rates of oxygen into the bulk are the causes for the initial accelerated release 

rates.   

SOFC developers investigating the replacement of expensive high purity alumina 

with low purity alumina or aluminosilicates including 3:2 mullite are recommended to 

consider a pre-installation thermal treatment, surface treatments and other manufacturing 

processes to lock up the Si in the bulk.  Results demonstrating that low purity alumina 

released a significant quantity of silicon oxy hydroxides at 850°C should lead SOFC 

developers to use caution when selecting refractory materials containing significant 

quantities of Si. Alumina has been shown to successfully act as a protective layer against 

various corrosive compounds including water vapor for silicon based ceramics and 

should be considered as a potential environmental barrier coating for aluminosilicate 

refractory materials utilized in SOFCs.  [44]  Several silicate environmental barrier 

coatings (EBCs) such as barium strontium aluminosilicate (BSAS) [45] and rare earth 

(RE) silicates of the RESi2O5 [46] structure have been developed to limit volatility of 

silica-forming ceramics used in high temperature environments where high partial 

pressures of water vapor are present, such as in power or propulsion applications. The 

presence of CaO in aluminosilicate has been shown to reduce the activation energy, 

suggesting a potential dopant to lock up the silicon.  [43] 
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Figures 

 

Figure 1: Silicon poisoning in tubular SOFCs due to Si volatization from refractory 

insulation and gas delivery tubing. 

 

 

Figure 2:  Thermodynamic equilibrium partial pressures of Si vapor species (left) or total 

partial pressure of volatile Si gases (right) from MSU1 (Al6Si2O13 3.69% Al2O3 96.31%), 

high purity alumina (Al2O3 99.96% SiO2 0.04%), mullite (Al6Si2O13) or silica (SiO2) in 

humidified air (O2 – 13.217%, H2O – 36.909%, Ar – 0.589%, CO2 – 0.019%, N2 – 

49.267%).   P (total) = 1 atm 
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Figure 3:  Thermodynamic equilibrium partial pressures of Si vapor species from MSU1 

(Al6Si2O13 3.69% Al2O3 96.31%) in various SOFC fuel or oxidant gases. P (total) = 1 atm 

 

 

Figure 4: Thermodynamic equilibrium modeled volatility of Si vapor species from 3:2 

mullite and high purity alumina in hydrogen. P (total) = 1 atm 
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Figure 5:  Thermodynamic equilibrium modeled total volatile Si gas formation in SOFC 

gases from MSU1 refractory material (Al6Si2O13 3.69% Al2O3 96.31%), mullite 

(Al6Si2O13) and the current SOFC industry standard high purity alumina fuel/oxidant 

delivery tube (Al2O3 99.96% SiO2 0.04%).  P (total) = 1 atm 

 

 

Figure 6:  Effect of water vapor on the thermodynamic equilibrium partial pressure of Si 

gases volatilized from MSU1 (Al6Si2O13 3.69% + Al2O3 96.31%). 
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Figure 7:  MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) thermal gravimetric analysis for 250 

hours at 1000°C. 

 

 

Figure 8:  TGA-MS data for refractory insulations in Ar + 20% H2O up to 50 hours at 

850 °C. 
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Figure 9:  Dilatometer analysis of MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) at 1000°C for 

100 hours in unconditioned air, humidified air (x(H2O)=0.023 atm), hydrogen forming 

gas (5.2% H2, 94.8% N2) and humidified forming gas (5.1% H2, 92.7% N2, 2.3% H2O). 

 

 

Figure 10:  RBS data from transpiration experiments showing Si volatility rates versus 

total heating time for 3:2 mullite, low purity alumina and quartz tubes at 800°C in 

humidified air.  x(H2O)=0.60 atm 
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Figure 11:  RBS comparison of volatility rates for an empty quartz tube and the identical 

quartz tube containing MSU1 (Al2O3 96.31%, Al6Si2O13 3.69%) samples at 800°C, 

exposed to the same humidified air. x(H2O)=0.60 atm 

 

 

Figure 12:  RBS volatility rates of quartz tubes at 800°C in humidified air 1 

(x(H2O)=0.023 atm), humidified air 2 (x(H2O)=0.60 atm) and humidified forming gas 

(5% H2, balance N2 [x(H2O)=0.58 atm]). 
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Tables 

Table 1: TGA-MS summary of compounds released at 850°C in argon + 20 wt% H2O. 

Composition 
Time 

(hrs) 

Volatile 

Compound 

Ion 

Current 

(A) 

3:2 Mullite 

25 Al2O3 1.70E-11 

50 Al2O3 1.70E-11 

50 2SiO 1.86E-11 

Low Purity 

Alumina 

25 Al2O3 1.73E-11 

25 Si2O(OH)6 1.67E-11 

High Purity 

Alumina 
50 Below Detection Limits 

 

Table 2:  Change in MSU1 aluminosilicate (Al2O3 96.31%, Al6Si2O13 3.69%) thermal 

expansion coefficient (TEC) from hours 0 to 100 at 1000°C. 

Environment TEC (*10
-6

 

K
-1

)  

Humidified Air 9.3 → 8.0 

H2 Forming Gas 7.79 → 7.83 

Humidified H2 Forming 

Gas 

7.8 → 7.3 
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Research Highlights 

 Enriched mullite surface concentrations indicate the bulk is a long term Si source. 

 Si diffusion at the aluminosilicate surface is accelerated in the presence of H2O. 

 Vapors from aluminosilicate preferentially deposit on YSZ rather than Ni.   

 Amorphous siliceous deposits diffused into the YSZ along grain boundaries. 

 Aluminosilicate vapors in the SOFC anode fuel stream caused rapid degradation. 

Abstract 

Aluminosilicate represents a potential low cost alternative to alumina for solid 

oxide fuel cell (SOFC) refractory applications.   The objectives of this investigation are to 

study: (1) changes of aluminosilicate chemistry and morphology under SOFC conditions, 

(2) deposition of aluminosilicate vapors on yttria stabilized zirconia (YSZ) and nickel, 

and (3) effects of aluminosilicate vapors on SOFC electrochemical performance.    

Thermal treatment of aluminosilicate under high temperature SOFC conditions is shown 

to result in increased mullite concentrations at the surface due to diffusion of silicon from 

the bulk.  Water vapor accelerates the rate of surface diffusion resulting in a more 

uniform distribution of silicon.  The high temperature condensation of volatile gases 

released from aluminosilicate preferentially deposit on YSZ rather than nickel.  Silicon 

vapor deposited on YSZ consists primarily of aluminum rich clusters enclosed in an 

amorphous siliceous layer.  Increased concentrations of silicon are observed in enlarged 

grain boundaries indicating separation of YSZ grains by insulating glassy phase.  The 

presence of aluminosilicate powder in the hot zone of a fuel line supplying humidified 

hydrogen to an SOFC anode impeded peak performance and accelerated degradation.  

Energy dispersive x-ray spectroscopy detected concentrations of silicon at the interface 

between the electrolyte and anode interlayer above impurity levels.  

1.0 Introduction 

Aluminosilicate is a potential alternate material for refractory and gas delivery tubing 

throughout solid oxide fuel cells (SOFCs) due to its high tolerance to thermal shock [1], 

low thermal conductivity, and relatively low cost.  Stationary tubular SOFCs utilizing 

high purity alumina refractory have been operated at 1000°C for over 69,000 hours with 
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less than 0.1% degradation per 1,000 hours  [2], however the industry standard alumina 

requires expensive processing of the raw material to remove naturally occurring silicon 

impurities.   The studied aluminosilicate containing silica chemically bonded as mullite 

(96.3% Al2O3, 3.7% Al6Si2O13) can be freeze cast to a wide variety of shapes for which 

density can be readily manipulated, minimizing manufacturing wastes and further 

reducing cost.  The introduction of Si is of concern due to the potential for silicon 

diffusion from the aluminosilicate bulk to the surface where a chemical reaction can 

occur, volatizing the silicon and transporting it in a gaseous form to the fuel cell.  

Aluminosilicate components can be exposed to air and fuel streams supplied to the fuel 

cell; therefore silicon poisoning issues are relevant in both reducing and oxidizing 

atmospheres. It has been shown that silicon accumulates at the triple phase boundary 

(TPB) where it creates a glassy silicon oxide phase.  [3-5] This glassy phase represents an 

electronic and ionic insulator [6], retards water [7] and may block active nickel catalytic 

sites resulting in increased activation polarization and thus degradation.  The presence of 

silicon at the TPB may be due to vapor deposition but also can be due to solid state 

diffusion of silicon impurities in the SOFC electrolyte or silica based glass seals.  [8-10] 

Regardless of the mechanism of transport, the long duration operational requirements of 

SOFCs exceeding 40,000 hours will likely provide sufficient time for transport related 

degradation. 

Chemical reactions at the gas-solid interface can result in the volatility of harmful 

silicon vapors from aluminosilicate refractory.  It is therefore important to understand the 

change in the aluminosilicate surface chemistry due to bulk diffusion.  Silicon diffusion is 

very sluggish in silica and aluminosilicates due to the strong covalent bonding within the 
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SiO4 tetrahedra [11,12]. After reacting aluminosilicate (79.8 % SiO2, 20.2% Al2O3) with 

H2 gas at temperatures from 1300-1500°C, Tso and Pask [13] observed the formation of 

an outer surface layer of α-Al2O3 void of SiO2 and an intermediate transition layer with 

SiO2 content similar to that of mullite.  After reacting 3:2 mullite with H2 the alumina 

outer layer void of SiO2 was again observed.  The depletion of SiO2 may be due to the 

release of SiO gases (Eqn. 1) in a reducing atmosphere.  Mullite was also reported to 

decompose into corundum (Al2O3) and volatile silicon monoxide (SiO) gas in a carbon 

monoxide (CO) environment (Eqn. 2), where the rate is governed by diffusion rather than 

the reaction at the phase boundary. [14-15] 

1 Al6Si2O13 (s) + 2H2(g) → 3Al2O3(s) + 2SiO(g) +2H2O(g) 

2 Al6Si2O13 (s) + 2CO(g) → 3Al2O3(s) + 2SiO(g) + 2CO2(g) 

The volatility of silicon vapors from silica at high temperatures has been studied 

extensively.  [16-25] Recently, thermodynamic equilibrium modeling, thermal 

gravimetric coupled with evolved gas analysis and Rutherford Backscattering 

transpiration studies were reported to explore the volatility of silicon vapors from silica, 

3:2 mullite and aluminosilicate under SOFC operating conditions. [26,27]  It was found 

that an initial rapid release of silicon vapors was followed by a diffusion limited slower 

release, indicating that surface residues from manufacturing processes or changes in 

surface chemistry and morphology are contributing to a decrease in chemical reactivity at 

the gas-solid interface.  The mullite bond (3Al2O3·2SiO2) was shown to offer only a 

slight improvement in silicon stability over SiO2 in the presence of water vapor where 

volatile silicon hydroxide (Si(OH)4) (Eqns. 3 & 4) and oxy hydroxide (SiO(OH)) (Eqns. 
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5 & 6) gases dominate. [22,23,25]  In addition to silicon hydroxide, oxy hydroxide and 

monoxide, volatile silane gases may form in a reducing atmosphere. [27] 

3 SiO2(s) + 2H2O(g) → Si(OH)4(g) 

4 Al6Si2O13 (s) + 4H2O(g) → 3Al2O3 + 2Si(OH)4(g) 

5 2SiO2(s) + H2O(g) → 2SiO(OH)(g) + ½O2(g) 

6 Al6Si2O13(s) + H2O(g) → 3Al2O3 + 2SiO(OH)(g) + ½O2(g) 

Some species in vapor form could have little to no effect on SOFC performance if 

they never condense and deposit which may be likely under 700 – 1000C operation, 

although it could become an emissions concern if harmful vapors are vented.  Singh and 

Vora [28]showed that silicon can deposit on nickel anode SOFC fibers at 1000°C in the 

presence of methane reformation.  However, the chemical reformation of methane on the 

nickel surface may yield an additional mechanism (i.e. low partial pressure of water 

vapor (Eqn. 7)) to promote silicon deposition (Eqn. 8) that may not be present in pre-

reformed or hydrocarbon free streams.  Silicon monoxide gas has been shown to form an 

amorphous monoxide when condensing on a cooler surface, followed by a phase 

transformation to a more stable mixture (Eqn. 9). [15]  Silane gases may also deposit at 

the TPB when exposed to oxygen ions transported across the electrolyte. 

7 CH4 + H2O → CO + 3H2 

8 Si(OH)4(g) → SiO2(s) + 2H2O(g) 

9 2SiO(s) → SiO2(s) + Si(s) 

The objectives of this investigation are to: (1) study the changes in bulk and surface 

chemistries of aluminosilicate refractory due to diffusion and gas-solid interface 

reactions, (2) identify the chemistry and bonding mechanisms of aluminosilicate vapors 
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deposited on yttria stabilized zirconia (YSZ) or nickel, and (3) determine the effects of 

volatile gases released from aluminosilicate on solid oxide fuel cell performance.  While 

extensive efforts have been made to investigate silica and aluminosilicates for a wide 

variety of high temperature applications this study is specifically focused on SOFC 

environments at temperatures between 800 – 1000°C.  For IT-SOFC operating 

temperatures (600-800°C) solid state diffusion and volatility of silicon are limited by 

thermodynamics and kinetics [27], making their observation difficult in experiments 

truncated to last several orders of magnitude less than 40,000 hours.  SOFC silicon 

poisoning experiments were conducted at 800°C to minimize causes of degradation 

observed at 1000°C such as nickel agglomeration [29], degradation of 8 YSZ (8 mole % 

yttria) electrolyte to 9.5 YSZ [30] and delamination due to variations in thermal 

expansion coefficient.     

2.0 Experimental Material and Methods 

Three separate experiments were conducted: (1) examination of the changes in 

aluminosilicate surface morphology and chemistry, (2) evaluation of aluminum and 

silicon deposition on YSZ and nickel, and (3) silicon poisoning in electrolyte supported 

SOFCs. A low cost aluminosilicate composition (96.3% Al2O3, 3.7% Al6Si2O13) was 

utilized for this study and freeze cast prior to sintering to achieve approximately 70% 

theoretical density.   Samples were cut into 14 mm squares, 2 mm thick, from a sintered 

refractory block utilizing a slow speed diamond saw and air dried for 24 hours.   

Additionally, aluminosilicate powder was crushed from the sintered refractory into a 

powder utilizing a mortar and pestle (Diamonite
TM

) manufactured from finely powdered 
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synthetic sapphire.  Samples were thermally treated in a 6 cm diameter alumina (99% 

Al2O3) tube (McDanel AP35) furnace under controlled flow atmospheres.  Gases were 

fed to a gas control box (Linseis L40/2054) where flow rates were regulated at 1.5 liters 

per hour and 0.7 MPa.   The series of gases utilized included humidified ultra-high purity 

(UHP) air, hydrogen forming gas (5% H2 Balance N2), and humidified hydrogen forming 

gas.  A compressed gas cylinder provided the hydrogen forming gas while the UHP 

hydrocarbon free compressed air was provided with a zero air generator (Packard 2500).  

The specified gases were humidified utilizing a bubbler containing deionized water at 

ambient temperature.  Complete saturation is assumed based on the gas path length 

through the water resulting in the partial pressure of water vapor during humidified 

experiments of x(H2O)=0.027 atm in air and x(H2O)=0.023 atm in the reducing hydrogen 

forming gas.    Aluminosilicate square samples under the controlled flow atmospheres 

were heated from ambient to 1000°C at a ramp rate of 5°C per minute, held at 

temperature for 100 hours, cooled to ambient conditions at 5°C per minute and stored in 

polyethylene airtight bags at room temperature until analysis.  The untreated samples 

were analyzed as the freeze cast and sintered block prior to any long duration thermal 

treatment.     

The morphology and chemistry of silicon species deposited on nickel oxide and 

YSZ pucks was studied utilizing nickel oxide (Alfa Aesar Lot #C01R001) and 8 mol % 

yttria stabilized zirconia (TZ-8YS, Tosoh Corporation) powder separately pressed into 

pellets (1.27 cm diameter) in a uniaxial press at 35 MPa and 70 MPa, respectively.  NiO 

and YSZ pellets were pressure-less sintered in air at 5 °C per minute from ambient to 

1400 °C (NiO) and 1500 °C (YSZ), dwelled at the maximum temperature for 2 hours, 
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and cooled back to ambient temperature at 5 °C per minute.  Four pellets at a time were 

then thermally treated in the alumina tube furnace in humidified UHP air, forming gas 

(5% H2, balance N2), or humidified forming gas.  Gases were controlled as previously 

described.  One NiO and one YSZ pellet were placed in the furnace in direct physical 

contact with the aforementioned aluminosilicate powder; two additional pellets (one NiO 

and one YSZ) were placed 15 cm downstream free of physical contact with the 

aluminosilicate powder.  Both sets of pellets were placed within the hot zone of the 

furnace, equidistance from the center. 

2.1 Characterization 

Field emission scanning electron microscopy (FE-SEM), energy dispersive 

spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS) and x-ray diffraction 

(XRD) were used to study the change in the bulk (> 20 µm below surface), bulk-surface 

(penetration depth of < 20 µm) and surface (< 0.01 µm penetration depth) of 

aluminosilicate under SOFC operating conditions.  FE-SEM (Zeiss VP55 Supra) was 

used to image the microstructure of the aluminosilicate, bonding of the vapor deposited 

aluminum and silicon on the YSZ and NiO pucks, and cross sections of SOFC unit cells.  

Sputter coating using an iridium target at 20 mA for 30 seconds, carbon tape and graphite 

paste were used to permit the imaging of the electronically insulating samples.  EDS 

elemental mapping was used to evaluate the dispersion of Si in the sputter coated 

aluminosilicate, YSZ and NiO samples.  Bulk-surface scans show the atomic 

concentrations with a penetration depth of less than 20 μm, and cross section scans study 

the bulk. EDS is not a quantitative method but does effectively detect small variations in 
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trace Si concentration as a function of position and can be used for relative comparison.  

EDS maps, point scans and line scans were conducted with a 20 kV energy beam.  XRD 

(X1-Advanced Diffraction System, Scintag Inc., USA) was utilized to detect the presence 

of new phases in the aluminosilicate powder after thermal treatment for 100 hours at 

1000°C under humidified air, forming gas or humidified forming gas.  The XRD tube 

introduced the x-rays at 45 kV and 40 mA, while the detector was operated at 1kV.  

Scans were collected from 2θ angle of 20° to 95° at step increments of 0.05°.  Phases 

were compared against the database of JCPDS powder diffraction files.  

XPS, also known as electron spectroscopy for chemical analysis (ESCA), was 

used to study the changes in surface molecular chemistry of the aluminosilicate, YSZ and 

NiO samples due to thermal treatments as previously described.  All XPS spectra were 

obtained using a PHI MultiTechnique system (Model 5600).  The Electron Energy 

Analyzer (Model 10-360) incorporated into the 5600 is an SCA, and the input lens to the 

analyzer is an Omni Focus III lens.  All spectra were obtained with the x-ray source 

operating at 300 watts (15 kV).  The excitation x-ray source used was a MgKα 

monochromator (Model 10-610) located at 54.7° relative to the analyzer axis.  The Omni 

Focus III lens was used to scan the spectrum while the SCA was operated at constant pass 

energy, resulting in constant resolution across the entire spectrum.  All of the spectra 

were obtained using an 800 µm diameter analysis area and samples were mechanically 

fastened to the specimen mount. A broad scan survey spectrum was first obtained to 

identify the elements present and the elemental composition.  All XPS spectra recorded 

and stored using the software system (AugerScan Version 3.22) were taken at a pass 

energy of 46.95 eV with a step size of 0.400 eV.  Since the samples studied were 
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insulating charge compensation was applied.  To ensure proper charge correction on the 

insulating samples the position of the C 1s line from adventitious hydrocarbon was 

measured.  Any shift from 284.8 eV [31], indicative of static charging, was compensated 

with adjustment of emission control (mA) and electron energy (%). Once the survey scan 

was completed detailed multiplex scans of the peaks of interest were obtained for a more 

comprehensive picture of the chemical composition.  The narrow scans were adjusted to 

encompass the peaks and were obtained with pass energy of 23.5 eV and a step size of 

0.025 eV.  Each scan was swept and cycled repeatedly for averaging.  XPS peak 

intensities of the Al(2p) and Si(2p) spectrums were measured for the aluminosilicate after 

background signals were subtracted using the Shirley integration method.  The 

background level upon which the peak is superimposed is a characteristic of the 

specimen, the excitation source and the transmission characteristics of the instrument.  

Surface Si/Al ratio was calculated using the equation below [32]; 

10 (Conc. of Si)/(Conc. of Al) = (ISi/IAl) x (ASFAl/ASFSi)  

where I and ASF are the intensity of the spectrum and the atomic sensitivity factor of an 

individual element, respectively. The ASF of each element for the monochromatic x-ray 

source utilized at 54.7° are Al(2p) = 0.234 and Si(2p) = 0.339. [31] 

2.2 Electrochemical Performance Test 

 The electrochemical performance test apparatus utilized has been described in 

detail elsewhere. [26,33]  Commercial grade electrolyte supported button cells (NextCell) 

with an electrolyte diameter of 25 mm and active area of 1.2 cm
2
 were operated at 

constant voltage (0.7 V) and temperature (800 °C) for over 225 hours.  The cells were 
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brought from ambient to 800 °C at a rate of 2.5 °C per minute in a clamshell furnace, 

with N2 supplied to the anode (50 mL/min) and UHP air to the cathode (50 mL/min).  

During operation H2 (99.999%) humidified via a room temperature bubbler to saturation 

was supplied to the anode (73 mL/min) and UHP air was supplied to the cathode (218 

mL/min).  The cell was sandwiched between two 6 cm diameter Inconel metal platens 

which delivered the fuel to the anode (top) and air to the cathode (bottom) through a 

0.635 cm hole bored through their center axis.  Stacked from the bottom to top platen was 

silver paste enhancing the electrical connection, silver mesh disc, button cell and nickel 

foam without contact paste.  The sample cell (100610) had 10.5 grams of the 

aforementioned aluminosilicate powder in the hot zone of the fuel feed line while the 

reference cell (100625) did not have any aluminosilicate present.  Post mortem cross 

sectional analysis was conducted on fractured cells via FE-SEM and EDS. 

3.0 Results & Discussion 

3.1 Aluminosilicate Surface Morphology and Chemistry 

FE-SEM micrographs with EDS maps overlaid are presented in Figure 1 for the 

aluminosilicate samples untreated or after heat treatment for 100 hours at 1000°C in dry 

reducing gas, humidified reducing gas or humidified air.  Micrograph EDS maps of the 

aluminosilicate show silicon dispersion across the bulk-surface.  The aluminosilicate 

material after treatment in humidified hydrogen or humidified air indicates Si migration 

is accelerated in the presence of water vapor, yielding a more uniform distribution of Si at 

the bulk-surface.  Surface diffusion occurs along defects and is typically faster than bulk 

chemical diffusion in silicon systems. [34] EDS maps of the cross section of all the 
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aluminosilicate samples after thermal treatment show the dispersion of Si in the bulk is 

mainly between alumina clusters.  Solid state diffusion of silicon within the 

aluminosilicate bulk is likely occurring along these grain boundaries.  The EDS cross 

section map of the forming gas sample (Figure 1 top center) includes the bulk-surface, 

demonstrating a higher concentration of Si in the bulk-surface compared to the bulk.  

Uncertainty for EDS concentration analysis is generally ±5% [35] and can only be used 

for relative comparison rather than to obtain quantitative data.  Figure 2 shows relative Si 

concentration calculated using EDS is significantly higher at the bulk-surface compared 

to the bulk for all thermally treated samples, but not the untreated sample.  The 

enrichment of silicon concentrations at the surface is likely due to silicon diffusion rather 

than alumina volatility since alumina has been demonstrated to be stable in the presence 

of water vapor up to 1300°C [36].  Higher relative silicon concentrations at the bulk-

surface indicate the rate of silicon solid-state diffusion in the bulk is faster than the rate 

for which silicon at the bulk-surface is depleted via chemical volatility. The formation of 

a surface chemistry rich in silicon supplied from the bulk may yield long term steady 

state silicon volatility rates governed by chemical reactions at the gas-solid interface until 

the bulk and bulk-surface regions are depleted or a hermetic barrier is formed.   

The increase in Si/Al relative concentration ratio from XPS data of the thermally 

treated samples, Figure 3, indicates the migration of silicon to the surface from the bulk 

during thermal treatments.  This surface XPS trend is found to be similar to the EDS 

bulk-surface scans.  The Al(2p) and Si(2p) peaks for each sample are normalized and 

superimposed in Figure 4 to show peak shifts associated with changes in bonding 

characteristics of Al-Si-O. Variations in the ratio of alumina to aluminosilicate can be 
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correlated with shifts in the Al(2p) and Si(2p) spectrum maxima. [32] Since the dynamics 

involved in variations of bindings energies are imperfectly understood, we rely on 

experimental data from standard materials.  The range of reported binding energies for 

several directly comparable aluminum [37-40] and silicon [31,39,41-45] spectra, Table 1, 

that were carefully evaluated to instrumental calibration and static charge reference 

values  are shown with vertical gray bars in Figure 4.  The Si(2p) peaks show 

considerably more noise than the Al(2p) due to the low relative concentration of silicon 

in the refractory utilized in this study.  The Al(2p) peak binding energy of the untreated 

aluminosilicate sample indicates it is composed mainly of alumina near the surface.  

Thermal treatment resulted in an increase in binding energy of the Al(2p) peak 

corresponding to increases in the quantity of mullite, in agreement with the EDS results 

and Si/Al ratio previously discussed. The Si(2p) peaks for the reducing samples indicate a 

binding energy corresponding to SiO; whereas the untreated and oxidizing heat treated 

samples show a distribution associated more closely with aluminosilicates.  SiO is stable 

in a reducing atmosphere at 1000°C, and would remain stable after cool down in the 

reducing atmosphere to ambient temperatures when the aluminosilicate is exposed to air.  

The shoulder at the right edge (99.5 eV) of the Si(2p) spectrum is due to the presence of 

crystalline silicon (Si) [42].  This shoulder was previously identified in another 

aluminosilicate XPS study [32] as the second satellite peak of the Al(2s) spectrum 

indicating the presence of extra aluminum oxide.  However, the use of a 

monochromatized x-ray source in this study eliminates these satellite spectra. [46]  This 

is confirmed by the absence of the entire family of minor satellite peaks from the Al(2s) 

main spectrum peak located at lower energies (Mg displacement, eV: α3 – 8.4, α4 – 10.1, 
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α5 – 17.6) [31] in all XPS spectrum.  Crystalline silicon on the surface of the sample will 

react with oxygen or hydrogen to form more stable compounds. [27]  The depletion of 

crystalline Si at the surface may be one of several contributing factors leading to the 

previously reported [27] initial break-in period of rapid silicon release which is followed 

by slower diffusion limited silicon volatility.   

All XRD scans of the aluminosilicate powder untreated or thermally treated 

include the presence of diffraction peaks at the same 2θ angles, demonstrating no new 

phases are detected within the limits of XRD.  All diffraction peaks were identified and 

correlated with 3:2 mullite [47] (PDF 15-0776) and alumina [48] (PDF 43-1484) 

reference diffraction patterns, demonstrating impurity levels are below detection limits.  

Variations in compound peak intensities related to enrichment of discrete SiOx phases are 

indistinguishable or convoluted due to preferred orientation. 

3.2 Aluminum and Silicon Deposition on YSZ and Nickel 

FE-SEM images with corresponding EDS elemental maps of the YSZ pellets are 

shown in Figure 5 to illustrate the interactions of YSZ, Si and Al in the different 

atmospheres studied.  Strong interaction of the aluminum/silicon adsorbate with the YSZ 

substrate downstream of the aluminosilicate source, as indicated by wetting of the 

adsorbate, is shown in both fuel and air atmospheres.  Conversely, YSZ specimens in 

direct physical contact with the aluminosilicate powder in the fuel atmospheres were void 

of glassy deposits suggesting a stronger affinity towards silicon vapor species (Figure 6 

left).  The FE-SEM micrographs and EDS maps in Figure 5 clearly indicate aluminum 

rich clusters are enclosed in an amorphous siliceous layer, but also establishes that 
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aluminosilicate is volatizing to the downstream pellet.  The YSZ downstream sample 

treated in humidified forming gas (Figure 5 bottom row) includes significantly smaller 

and more evenly dispersed aluminum containing clusters throughout the amorphous 

siliceous layer in comparison to both YSZ samples treated in humidified air.  Tubular 

silicon deposits are also observed in the top right hand corner of the humidified forming 

gas EDS/FE-SEM image indicating preferential growth. Figure 5 and Figure 6 (right) 

reveal extensive grain and grain boundary enlargement around the edge of the clusters 

due to the amorphous siliceous layer.  Furthermore, the EDS line scan in Figure 6 

confirms increases in the Si concentration (marked a, b, c, d or e) correlate with the grain 

boundaries locations marked correspondingly along the EDS scan arrow, clearly 

indicating silicon diffusion into the YSZ along grain boundaries, potentially isolating 

YSZ grains with a glassy phase.   

XPS scans of the same samples were conducted using an 800 µm diameter spot 

size to ensure maximum averaging.  Although FE-SEM and EDS maps show migration 

into the YSZ, Figure 7 shows that no changes in peak shape or binding energies are 

apparent in the Zr(3d) and Y(3d) spectra, implying no new compounds are being formed 

with the YSZ and deposited silicon within detection limits.  This confirms that the 

mechanism of silicon transport occurs through grain boundaries, and while the silicon 

may not affect the individual grains from a chemical perspective, an insulating grain 

boundary region can effectively nullify oxygen ion transport.  Under a reducing 

atmosphere Al(2p) peaks from the YSZ samples in direct contact with aluminosilicate are 

greater in intensity than the downstream samples, suggesting higher concentrations of 

aluminum.  This correlates with the EDS results that show samples in direct contact with 
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the aluminosilicate, which is predominately alumina (96.3% Al2O3, 3.7% Al6Si2O13), 

have unperturbed chunks physically adsorbed to the surface; where the downstream 

samples include regions rich in alumina that are encapsulated in an amorphous siliceous 

based layer adsorbed onto the YSZ and penetrating the grain boundaries.  The amorphous 

layer is likely thick enough to inhibit the escape of photoelectrons from the alumina rich 

under layer, resulting in what appears to be a lower concentration of aluminum.  

Substantial noise to signal ratio in the Al(2p) spectra from the humidified air samples 

suggests the siliceous amorphous layer is coherent. 

The nickel pellets were all carefully inspected via FE-SEM and EDS for 

aluminum or silicon bonded to the surface. While small chucks of the aluminosilicate 

refractory are apparent on the nickel surface no wetting or diffusion of silicon into the 

nickel grain structure is visually apparent on either the nickel samples in direct physical 

contact with the aluminosilicate or downstream of the aluminosilicate (Figure 8 and 

Figure 9).  The nickel sample downstream of the aluminosilicate in flowing humidified 

forming gas (Figure 8) had tubular aluminosilicate rods (similar to the YSZ sample 

thermally treated in the same atmosphere) that appeared physically deposited on the 

nickel, but were absent of a wetted amorphous siliceous layer.  SiO is suggested via 

thermodynamic equilibrium modeling as a significant volatile silicon gas released from 

aluminosilicate under a reducing atmospheres at 1000°C [27]; the observation of 

aluminosilicate rod shaped deposits only under a humidified reducing atmosphere 

suggests water vapor encourages preferential growth. Clusters (~20 µm in diameter) on 

the surface of the nickel pellets after thermal treatment in humidified air include large 

amounts of refractory impurities (Na, Cl, K, Rh, S, Ca and P) and silicon.  Refractory 
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impurities may decrease the activation energy of aluminosilicates, in turn increasing the 

volatility of silicon containing gases.  These impurities appear to have a stronger affinity 

for the nickel substrate as they were not detected on YSZ pellets. 

The surface of the nickel is visibly different in Figure 8 compared with Figure 9 

due to the reduction of the nickel oxide pellet to form metallic nickel. EDS line scans 

(Figure 8) demonstrate the presence of oxygen correlates with aluminum and silicon yet 

is absent where nickel is present, indicating the reduction of nickel oxide to metallic 

nickel during the thermal treatments in the reducing atmospheres is the cause of change 

in morphology.  The change in chemical composition from nickel oxide to nickel metal 

can result in significantly different interactions and wetting of adsorbate with aluminum 

and silicon vapor deposits.  However, despite the weaker metallic bonding in the reduced 

nickel samples the formation of an amorphous siliceous phase or silicon 

adsorption/diffusion into the nickel bulk is not apparent, indicating that silicon poisoning 

may be more strongly associated with degradation of oxygen ion transport in YSZ 

electrolytes and anode cermets. 

3.3 SOFC Silicon Poisoning 

 Results of electrochemical performance testing presented in Figure 10 on two 

identical commercial SOFC button cells under duplicate experimental conditions, with 

the only exception the presence of aluminosilicate in the hot zone of the anode fuel 

delivery tube, indicate silicon poisoning can occur in relatively short time scales at lower 

temperatures than the studies above.  The reference cell (100625) performed as expected 

based on the manufacturer’s specifications. [49]  However, the sample cell (100610) with 
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aluminosilicate present reached 71% of the reference cell peak performance and degraded 

15% in 150 hours.  The reference cell and sample cell followed an identical rate of 

performance increase during the first 15 hours.  The initial SOFC break-in period 

showing substantial performance improvement during startup may be attributed to 

changes in the electrode microstructural and cathode/electrolyte interface chemistry [50], 

or activation of the anode through reduction of the nickel oxide to nickel metal and 

increase of the triple-phase boundary [51].  The reference cell continues to increase 

current output during cell activation to 0.14 A at 0.7 V until it stabilizes at 150 hours.  

However, the sample cell current output begins to steadily decline at 100 hours after 

reaching a maximum of only 0.10 A at 0.7 V.  A previously conducted experiment in our 

research facility on commercial electrolyte supported SOFCs from an alternate supplier 

where the aluminosilicate was introduced in-situ into the hot zone of the fuel delivery 

tube demonstrated immediate performance degradation followed by a steady state decline 

in power output further supporting the silicon induced degradation of these cells is due to 

the refractory material.  [26]  The aluminosilicate powder represents a high surface area 

flow field designed to reduce kinetic limitations and accelerate the volatility of silicon 

species.  Although the high surface area flow field may not be a direct representation of 

commercial applications for aluminosilicate refractory, the long operating times of 

stationary SOFCs and extensive use of refractory material provide an ample opportunity 

for silicon poisoning by vapor species. 

Post-mortem cell analysis via FE-SEM and EDS (Figure 11) on the sample cell 

revealed silicon within the YSZ electrolyte.  A clear distinction in silicon concentration 

was identified in the anode interlayer compared with the electrolyte suggesting silicon 
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impurities in the YSZ are a significant source.  Furthermore, small regions of relatively 

high concentrations of silicon are observed at the anode/electrolyte interface in the 

sample cell as seen in the EDS line scan (Figure 11).  At this time we are not able to 

determine whether the silicon has migrated via solid state diffusion from the anode 

interlayer and electrolyte, or if it was vapor deposited as condensed volatile gases 

released from the aluminosilicate.  However, the absence of high silicon concentrations at 

the TPB of the reference cell, poor sample cell performance and rapid degradation in the 

sample cell compared to the reference cell suggest silicon is indeed being transported 

from the aluminosilicate powder and deposited in the hot regions of the fuel cell.  

Additionally, delamination at the TPB was prevalent across the sample cell but not the 

reference cell.  The presence of a siliceous glass between the anode interlayer and 

electrolyte generates the potential for mechanical stresses due to the mismatch of thermal 

expansion coefficients that can lead to delamination. 

The replacement of high purity alumina with aluminosilicate to reduce SOFC costs 

where the insulation is not isolated from the cells (tubular more so than planar) is shown 

to substantially increase degradation.  This study suggests that aluminosilicates do release 

SOFC degrading vapors such that, in parallel with stainless steel interconnect studies and 

chromium volatility, the development of environmental barrier coatings or infusion of 

different compounds into the aluminosilicate are necessary to lock up the silicon.  

Further, planar SOFCs commonly employ glass seals which can introduce a significant 

source of silicon.  Due to the required physical contact between the glass seal and 

electrolyte to separate oxidant and fuel gas streams, and the observed rapid diffusion of 

silicon into the YSZ microstructure along the grain boundaries, solid state diffusion of 
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silicon from the glass seal to the TPB seems very plausible.  Lower temperatures below 

800C will facilitate kinetic limitations of silicon transport and volatilization, however, 

the deviation from reference cell performance after only 15 hours at 800°C suggests that 

transport of silicon to active cell regions will be degrading.  Furthermore, silicon’s 

affinity for YSZ observed in the deposition study suggests volatile silicon gases from 

glass seals may also represent a significant source of long term degradation.   

4.0 Conclusion 

It was shown that silicon can diffuse through aluminosilicate refractory bulk to the 

gas interface, enriching surface mullite concentrations.  Surface diffusion is accelerated 

by water vapor, creating a more uniform distribution of silicon on the aluminosilicate 

surface.  In the absence of hydrocarbon reformation and electrochemical activity, vapors 

from aluminosilicate were preferentially deposited on yttria stabilized zirconia rather than 

nickel in both fuel and air atmospheres.  Surface adsorption and grain boundary diffusion 

of siliceous species was detected on the YSZ samples, potentially isolating YSZ grains 

with a glassy phase; whereas the aluminosilicate was scarcely perturbed upon adsorption 

to the nickel samples.    The presence of aluminosilicate powder within the hot zone of 

the fuel line supplying the anode caused cell performance to deviate from the reference 

cell free of aluminosilicate after 15 hours at 800°C, reaching 71% of the maximum power 

density achieved by the reference cell and degrading 0.1% per hour.  Post fuel cell testing 

identified anode/electrolyte interface delamination and concentrations of silicon above 

impurity levels in the interface region. 
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5.0 Glossary 

EDS – Energy dispersive x-ray spectroscopy  

FE-SEM – Field emission scanning electron microscopy 

SOFC – Solid oxide fuel cell 

TPB – Triple phase boundary 

XPS – X-ray photoelectron spectroscopy 

XRD – X-ray diffraction 

YSZ – Yttria stabilized zirconia 
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Figures 

 

Figure 1: FE-SEM micrographs with overlaid EDS maps of the cross sections (top row) 

or bulk-surface (bottom row) of aluminosilicate material untreated or thermally treated at 

1000°C for 100 hours in the stated gas.  Si is displayed in green (light gray tone) and Al 

is displayed as red (dark gray tone). 

 

 

Figure 2: Qualitative EDS analysis of relative silicon concentration (with error bars) on 

the cross section or bulk-surface of aluminosilicate specimens treated for 100 hours at 

1000C.  All scans were taken at 100 x magnification; scan areas are approximately 0.88 

mm
2
 (1.1 mm x 0.8 mm). 
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Figure 3: Relative surface Si/Al concentration ratio calculated via XPS utilizing the 

Al(2p) and Si(2p) spectrum from aluminosilicate samples untreated or after thermal 

treatment in the stated gases for 100 hours at 1000°C. 

 

 

Figure 4: XPS surface scans of the Si(2p) and Al(2p) spectra from an aluminosilicate 

samples untreated or after thermal treatment for 100 hours at 1000°C in the stated gases.  

Gray bars indicate ranges of reported peak maxima (Table 1). 
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Figure 5: EDS elemental maps (left) (Si-green (light gray tone), Al –red (mid gray tone), 

Zr-blue (dark gray tone)) and corresponding FE-SEM micrographs (right) of YSZ pellets 

in direct physical contact or downstream of the aluminosilicate source at 1000°C for 100 

hours in flowing humidified air or humidified forming gas.     
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Figure 6: FE-SEM micrograph and EDS line scan of YSZ pellets in direct physical 

contact (left) or downstream (right) of aluminosilicate source for 100 hours at 1000°C in 

the stated gases. 

 

 

Figure 7: XPS surface scans of the Zr(3d), Y(3d) and Si(2p) peaks from on YSZ samples 

in direct physical contact or downstream after thermal treatment for 100 hours at 1000°C 

in oxidizing and reducing atmospheres. 
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Figure 8: FE-SEM micrographs and EDS line scans of a nickel pellet in direct physical 

contact (left) or downstream (right) from aluminosilicate (MSU1) powder for 100 hours 

at 1000 C in flowing humidified forming gas . 

 

 

Figure 9: FE-SEM micrograph and x-ray spectrum (20kV) of a nickel pellet in direct 

physical contact with the aluminosilicate source at 1000°C for 100 hours in flowing 

humidified air.     
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Figure 10: Electrochemical performance test on two identical electrolyte supported SOFC 

unit cells (1.23 cm
2
 active area) at 800°C, constant voltage (0.7 V) and flow rates (H2 – 

73 mL/min, UHP air – 218 mL/min).  Sample cell (100610) included 10.5 grams of 

aluminosilicate powder in the hot zone of the fuel feed line. 

 

 

 

 

 

Figure 11: FE-SEM micrograph and Si EDS line scan of the cross section of the planar 

SOFC sample cell (100610) after being run for 250 hours at 800°C and constant voltage 

(0.7 V) with aluminosilicate present in the hot zone of the fuel delivery system.  A Si 

peak is detected at the triple phase boundary; the constant detection level in the 

electrolyte is presumably YSZ impurity. 
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Tables 

Table 1 

Compound [Citation] Binding Energy (eV) 

  Si 2p Al 2p 

Si [43] [44] [31] 99.5   

SiO [42] 101.7   

Al [37] [38]   72.8 

Al2O3 [38] [39] [40]   73.7-74.7 

Al2SiO5, sillimanite [39] [41] 102.6 74.6 

Al2SiO5, kyanite [41] 102.8 74.7 

Al2SiO5, mullite [41] 103.0 74.8 

SiO2 [45] [39] 103.3-103.7   
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SUPPLEMENTAL RESULTS & DISCUSSION 

Alternative Refractory Material Microstructures 

 Microstructures of the alumina powder, dense alumina refractory board 

and aluminosilicate refractory blanket are presented in Figure 11.  The high purity 

alumina powder microstructure remained unchanged after thermal treatment in 

unconditioned air at 900°C for 72 hours.  Sintering as indicated by necking between 

powder agglomerations and grain development were not observed.  Alumina is well 

known to remain stable in air at 900°C for extended periods.  The untreated low density 

alumina refractory board (ZAL-15AA) contained small agglomerations (1-2 µm) of 

inorganic alumina binder attached to the surface of ceramic fibers.  After thermal 

treatment the presence of the agglomerations is significantly reduced suggesting solid 

state diffusion or gas phase volatility.  High surface area inorganic binders may represent 

a significant source of silicon vapors in SOFC refractory materials if a silicon based 

binder is used.  The microstructure of the refractory blanket processed without inorganic 

binders consisted of aluminosilicate ceramic fibers absent of any small agglomerations.  
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Figure 11: Micrographs of alternative SOFC refractory materials. 

 

Aluminosilicate Morphology and Chemistry 

XPS Curve Decomposition 

 XPS spectra can be deconvoluted and curve fit with multiple components 

to identify molecular compositions at the surface.  For comparison with results presented 

in the third manuscript [8], curve fitting of the Si(2p) peak from the aluminosilicate 

surface was completed (Figure 12).  The background of the XPS spectra was first 
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subtracted utilizing the Shirley integration method.  Gaussian, Lorentzian and mixed 

functions can be used for curve fitting.  Due to similarity in results and arbitrary nature of 

the choice, curves were fit with 100% Gaussian functions.   The full width at half 

maximum (FWHM) for the fitting curves were set in accordance with values reported in 

the literature. [14] [15]  The resultant curve shown in maroon (Figure 12) is the 

summation of all decomposed curves.  The maxima of decomposed peaks (Table 4: XPS 

curve fit summaryTable 4) do not correlate with reported maxima values for pure 

compound reference curves from the literature (Table 5).  Significant shoulders due to the 

emergence of additional peaks were not recorded. Deconvolution produces sharper peaks 

and aids in identifying the exact energy of peaks; however, deconvolution of the spectra 

also did not establish the presence of multiple peaks.  Therefore it was concluded XPS 

curve fitting is not applicable to this data set. 

Table 4: XPS curve fit summary 

Atmosphere Curve # Area Area % Position Intensity FWHM 

Dry Forming Gas 1 3335 85% 101.9 1362 2.3 

  2 597 15% 99.2 244 2.3 

Humidified Air 1 3315 87% 102.0 1354 2.3 

  2 490 13% 98.9 200 2.3 

Humidified Forming 
Gas 1 3651 100% 101.8 1429 2.4 

Untreated 1 977 85% 102.2 421 2.2 

  2 169 15% 100.1 69 2.3 

 

Table 5: Published Si(2p) binding energies 

Compound Si(2p) Binding Energy (eV) Reference 

Si 99.5  [14] [16][17] 

SiO 101.7   [18] 

Al2SiO5 102.6-103  [15] [19] 

SiO2 103.3-103.7   [19][20] 
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Figure 12: XPS curve fits 

 

X-ray Diffraction 

All XRD scans of the aluminosilicate powder untreated or thermally treated at 

1000°C for 100 hours include the presence of diffraction peaks at the same 2θ angles 

(Figure 13), demonstrating no new phases are detected within the limits of XRD.  There 

are noteworthy fluctuations in relative peak intensities suggesting the chemical 

composition varies between untreated and thermally treated samples.  However, due to 
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the potential of preferential ordering of the crystals XRD cannot be used to draw any 

conclusions regarding changes in the chemical composition. 

 

Figure 13: X-ray diffraction pattern of aluminosilicate powder 

 

Deposition of Aluminosilicate Vapors on SOFC Materials 

Formation of a zirconium silicide (ZrSixOy) has been reported [21] in ultrathin 

ZrO2 films prepared by chemical vapor deposition on Si(100) above 900°C in a vacuum.  

The silicide was identified via XPS based on the introduction of a silicide peak in the 

Zr(3d) spectra.  The silicide peak remained absent from Zr(3d) spectra reported [8] after 

exposing YSZ to aluminosilicate at 1000°C for 100 hours under SOFC gases, reaffirming 

no chemical reactions appear to be occurring between the zirconia and aluminosilicate 
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adsorbent. Hughes and Sexton [22] identified intergranular phases in YSZ as a silicate 

thin film which did not form new phases with zirconia or yttria in specimens when 

sintered below1400°C.  In addition to yttrium orthosilicate (Y2O3∙SiO2), other stable 

yttrium silicates are known where the ratio of yttria to silica is less than 1. [23] Chemical 

shifts in spectra maxima of Y(3d), consistent with shifts reported in thin films containing 

a significant fraction of silicate (Y-O-Si) bonding units [24], are attributed to the donation 

of electrons from yttrium to neighboring Si-O bonds in agreement with the 

electronegativities of Y, Si and O.  These chemical shifts in the Y(3d) spectra were not 

observed in the YSZ samples exposed to aluminosilicate at 1000°C for 100 hours under 

SOFC gases (Manuscript 3, Figure 7).  While secondary silica based phases are favorable 

at SOFC sintering and fabrication temperatures, no secondary phases are evident in vapor 

deposited silicon species at SOFC operation temperatures.    

The formation of nickel-silicon alloys during the high temperature deposition of 

aluminosilicate vapors on nickel substrates was not observed in this study [8] despite the 

existence of several known stable compounds (NiSi, NiSi2, Ni2Si, Ni3Si, Ni3Si2 and 

Ni5Si2). [25]  A thin film of SiO2 oxide on Ni films was reported to inhibit the Ni-Si 

reaction below 800°C, but in the absence of the oxide NiSi2 was found to exist at 800 and 

900°C.  [26]  Therefore it is reasonable to conclude that deposited silicon phases on the 

nickel were the more stable oxides, inhibiting reaction between the nickel substrate and 

siliceous adsorbent.  Furthermore, these results suggest nickel introduced during the 

sintering process of the refractory may aid in the lockup of the silicon. 
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 Further investigation was conducted to determine if the cluster found on 

the sample treated in humidified air and in direct contact with the aluminosilicate powder 

[8] is an anomaly or indicative of pockets where vapor species could deposit.  This 

sample was the only specimen in direct contact with the aluminosilicate powder showing 

agglomerations that formed a siliceous layer which wet the surface and diffused into the 

YSZ along enlarged grain boundaries.  Furthermore, this aluminosilicate agglomerate 

was a linear ridge, in contrast to the deposits reported on downstream samples that 

appeared circular.  An additional cluster which wet the YSZ surface was observed on this 

humidified air sample in direct contact with the aluminosilicate (Figure 14).  This cluster 

is circular, similar to the other clusters reported.  Further analysis of the other YSZ 

samples in direct contact with the aluminosilicate powder did not lead to the discovery of 

clusters which wet the surface.  These results suggest the aluminosilicate has a higher 

tendency to form vapor species in a dry or humidified reducing atmosphere, but not in 

humidified air. 

 

Figure 14: Aluminosilicate cluster on YSZ in direct contact with powder after heat 

treatment in humidified air at 1000°C for 100 hours. 
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Silicon Volatility 

Thermodynamic Equilibrium & Kinetics 

 Chemical equilibrium is reached when a reaction occurs at the same rate in 

both directions.  Kinetics determines the time required to reach equilibrium.  In 

consecutive reactions the rate-determining step (diffusion, chemical reactions at the 

surface, etc.) often determines the kinetics.  Kinetics is mainly influenced by the physical 

state of the reactants, concentrations of the reactants, temperature, pressure and the 

presence of catalysts.  In a closed system isolated from its surroundings equilibrium will 

eventually be reached despite kinetic limitations.  However, in an open system the flow 

rates of gases must be chosen to eliminate any diffusion effects or kinetic limitations and 

permit equilibrium pressure to be established.  Based on the stabilization of volatility 

rates measured via TGA and RBS [7] it appears thermodynamic equilibrium is reached 

after an initial instability period extending 100-200 hours.  This initial instability period is 

due to changes in the aluminosilicate interface where gas-solid chemical reactions are 

occurring.  The burn-off of manufacturing residues and surface impurities may contribute 

to initial rapid releases.  In addition, the formation of an aluminosilicate surface 

chemistry rich in silicon supplied from the bulk may yield long term steady state silicon 

volatility rates governed by chemical reactions at the gas-solid interface until the bulk 

and bulk-surface regions are depleted or a hermetic barrier is formed.   
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Thermodynamic Equilibrium Dopant Studies 

Additional thermodynamic simulations were performed to estimate the ability of 

liquid dopants to react and, consequently, lock up the free silica in less volatile phases.  

The calcium nitrate decomposition begins at low temperatures (<200°C), reacting with 

silicon to form CaSiO3.  The CaSiO3 remained stable until 1200°C, the temperature limit 

of the simulation. Volatile silicon hydroxides, oxy hydroxides and dioxides continued to 

develop at SOFC operating temperatures indicating that even with additional CaSiO3 

present the formation of volatile species continues under equilibrium conditions.  Higher 

dopant concentrations, kinetic transport limitations or surface effects may limit this 

behavior in experimental testing.   

Magnesium nitrate decomposed immediately to form the more chemically stable 

MgSiO3 which remained stable until 860°C under the modeled humidified air, H2 

forming gas, humidified H2 forming gas, and simulated reformate environments.  In the 

simulated reformate environment the magnesium nitrate first decomposed into MgCO3 

and then began forming MgSiO3 at only 60°C.  The MgSiO3 was then converted into 

MgSiO4 at 860°C until 1020°C when it decomposed into MgAl2O4. The presence of 

multiple magnesium silicate phases indicates significant potential of forming 

intermediate phases that may disrupt the volatilization process.  The silicon oxy 

hydroxides and dioxides continue to form despite the addition of the magnesium nitrate; 

however, the benefit of magnesium would be the ability to form secondary phases over a 

broader stoichiometry between magnesium and silicon.  Magnesium oxide is well 

understood to form surface hydrates when exposed to moisture indicating stability of the 
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mixed phases, but the volatilization of magnesium for which the affects in the anode are 

uncertain.   

Titanium is not available in the form of a nitrate as are many of the transition 

metals.  To facilitate penetration of the porous refractory a titanium solution, titanium 

isopropoxide, is available.  Nevertheless, the reaction with the aluminosilicate was 

modeled with titanium oxide, which is the decomposition product of the isopropoxide.  

The titanium dioxide remained stable when modeled in humidified air, humidified 

H2forming gas, simulated reformate, and syngas.  In the H2 forming gas model, the 

titanium dioxide decomposed from titanium propoxide to form the more stable TiN at 

350°C and Ti4O7 at 700°C.  The Ti4O7 is a unique metastable oxide of titanium. In an 

oxygen rich environment this phase will readily transition to TiO, Ti2O3, and TiO2 in a 

progressive manner.  The TERRA database includes the following titanium silicon 

compounds: TiSi, TiSi2 and Ti5Si3.  From the basis of the simulation, the titanium oxides 

did not react with silicon under the modeled conditions.   

Silicon Poisoning in SOFCs 

Voltage-current (VI) and power density curves (Figure 15) were collected at 

1000°C throughout the in-situ aluminosilicate poisoning electrochemical performance 

test previously reported [6].   A slight increase in power due to initial cell activation was 

observed between the scans taken at 2.5 and 13 hours.  Cell performance degraded 

rapidly after in-situ introduction of the aluminosilicate powder into the hot zone of the 

fuel gas stream at 24 hours.  The change in activation polarization attributed to formation 

of siliceous phases in the anode and deactivation of the nickel catalyst is negligible.  
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Furthermore, the absence of a significant drop in power output at high current densities 

eliminates concerns the fuel stream is restricted from reaching the anode due to the 

collapse of the aluminosilicate flow field.  The significant increase in ohmic polarization 

is plausibly due to the poor ionic conducting siliceous phases that were shown to deposit 

on YSZ electrolyte material and isolate individual grains. [8]  Extended operating periods 

common to stationary SOFC (>40,000 hours) will likely provide ample time to shut off 

ionic transport across the electrolyte. 

 

Figure 15: Electrochemical performance (1000°C) testing of ESC after in-situ 

introduction of aluminosilicate powder into the fuel stream at 24 hours. 

 Siemens’ tubular cells distribute the mechanical stresses, eliminate the use 

of glass seals, utilize a unique nickel anchoring technique to avoid solid state migration 

and are cathode supported which minimizes the electrolyte thickness; these modifications 

allow continuous operation at 1000°C.  The commercial cell results reported [8] using the 

permanent aluminosilicate flow field in the hot zone of the anode fuel feed line were 

conducted at 800°C for comparison with the aforementioned in-situ study conducted at 

1000°C.  The commercial electrolyte supported planar cell with the permanent flow field 

was operated at 800°C to avoid nickel agglomeration[27], degradation of 8 mole % YSZ 
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electrolyte to 9 mole % YSZ[28], failure of contact pastes and increased delamination 

due to thermal stresses.   The reference cell reached a stable power output in accordance 

with manufacturer’s specifications; in contrast the sample cell was rapidly poisoned by 

aluminosilicate vapors deposited at the TPB.  At 800°C the volatility of silicon gases 

from the aluminosilicate is slowed due to thermodynamic and kinetic limitations.  In the 

humidified H2 gas silicon volatility is predominately Si(OH)4 at 800°C, whereas at 

1000°C the release of SiO becomes significant.  The increased presence of SiO will result 

in vapor deposition at the anode/electrolyte interface due to the following reaction with 

oxygen ions transported across the membrane: 

2·SiO(g) + O2
-
 → 2·SiO2(s) + 2e

- 

Furthermore, the lower operating temperature increases the likelihood of vapor 

deposition due to the decreased stability of volatile gases. 
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CONCLUSION 

 Aluminosilicate (96.3% Al2O3, 3.7% Al6Si2O13) was investigated as a low 

cost alternative to high purity alumina for SOFC refractory insulation and fuel/oxidant 

gas delivery tubes.  Extensive research findings have been previously reported regarding 

the stability of aluminosilicate, mullite, alumina and silica.  However, this dissertation 

addresses lower temperatures and water vapor partial pressures associated specifically 

with SOFC conditions not previously explored.  Changes in aluminosilicate chemistry 

and bulk, volatility of silicon vapors, deposition of aluminosilicate vapors on SOFC 

materials and effects on SOFC electrochemical performance were studied to assess the 

suitability as a high purity alumina replacement.  It is shown thermodynamically and 

empirically that low cost aluminosilicate refractory remains chemically and thermally 

unstable under SOFC operating conditions between 800C and 1000C. 

Silicon was shown to diffuse along grain boundaries in the aluminosilicate bulk, 

enriching surface concentrations.  Accelerated diffusion in the presence of water vapor 

created a more uniform layer of silicon at the surface.  Chemical reactions at the dense 

aluminosilicate surface and SOFC gas stream interface releasing silicon vapors that can 

be transported to the fuel cell were thermodynamically modeled.  Thermodynamic 

equilibrium predicts aluminosilicate remains stable in dry air throughout SOFC operating 

temperatures; however in a dry reducing atmosphere aluminosilicate volatilizes into 

silicon monoxide (SiO) and hydrides (SiHx).  The introduction of water vapor replicate of 

actual SOFC gas streams significantly increases thermodynamic equilibrium partial 

pressures of volatile silicon hydroxide and oxy-hydroxide.  Despite the increase of silicon 
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hydroxide and oxy-hydroxide partial pressures, the total silicon vapor partial pressure 

remains higher in a dry reducing atmosphere than a humidified reducing atmosphere due 

to the low partial pressure of oxygen.  

Thermal gravimetric analysis demonstrated aluminosilicate powder was stable in 

humidified H2.  A discrete change in slope (Δ mass/Δ time) suggests decomposition of 

aluminosilicate at 1000°C is slowed after 85 hours due to solid state diffusion limitations 

and the burn-off of low stability crystalline silicon residues at the surface.  Steady state 

conditions maintained throughout the remainder of the 250 hour TGA experiment and 

after 100 hours in RBS transpirations studies suggest thermodynamic equilibrium is 

reached despite kinetic limitations. 

Aluminosilicate vapors were shown to preferentially deposit at 1000°C on YSZ 

rather than nickel.  Aluminosilicate vapors deposited on YSZ as alumina rich 

agglomerates enclosed in an amorphous siliceous layer.  The absence of peak broadening 

or shifting in Si(2p), Zr(3d) and Y(3d) XPS spectra reveal no new phases are being 

formed within XPS detection limits. High concentrations of silicon were identified in 

enlarged YSZ grain boundaries, indicating diffusion along grain boundaries.  Separation 

of YSZ grains by an insulating siliceous glassy phase which increase ionic resistance in 

the SOFC electrolyte appears to be an important mechanism of silicon poisoning.  A high 

surface area aluminosilicate powder within the hot zone of the anode fuel stream rapidly 

accelerated cell degradation.  VI scans denote degradation primarily to increases in ohmic 

polarization.  Silicon concentrations above impurity levels were detected at the 

electrolyte/active anode interface.  
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