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a b s t r a c t

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
ilicon poisoning
olid oxide fuel cell
-ray photoelectron spectroscopy
lectron microscopy
nergy dispersive X-ray spectroscopy

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 alumi-
nosilicate 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 concen-

interf
trations of silicon at the

. Introduction

Aluminosilicate is a potential alternate material for refractory
nd gas delivery tubing throughout solid oxide fuel cells (SOFCs)
ue to its high tolerance to thermal shock [1], low thermal conduc-
ivity, and relatively low cost. Stationary tubular SOFCs utilizing
igh purity alumina refractory have been operated at 1000 ◦C

or over 69,000 h with less than 0.1% degradation per 1000 h [2],
owever the industry standard alumina requires expensive pro-
essing of the raw material to remove naturally occurring silicon
mpurities. The studied aluminosilicate containing silica chemically
onded as mullite (96.3% Al2O3, 3.7% Al6Si2O13) can be freeze cast
o a wide variety of shapes for which density can be readily manipu-
ated, minimizing manufacturing wastes and further reducing cost.

he introduction of Si is of concern due to the potential for sili-
on diffusion from the aluminosilicate bulk to the surface where a
hemical reaction can occur, volatizing the silicon and transporting
t in a gaseous form to the fuel cell. Aluminosilicate components can

Abbreviations: EDS, energy dispersive X-ray spectroscopy; FE-SEM, field emis-
ion scanning electron microscopy; SOFC, solid oxide fuel cell; TPB, triple phase
oundary; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction; YSZ, yttria
tabilized zirconia.
∗ Corresponding author. Tel.: +1 406 579 8981; fax: +1 406 994 6292.

E-mail addresses: paulsgentile@hotmail.com (P.S. Gentile),
sofie@me.montana.edu (S.W. Sofie).

1 Tel.: +1 406 994 6299; fax: +1 406 994 6292.

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.12.106
ace between the electrolyte and anode interlayer above impurity levels.

Published by Elsevier B.V.

be exposed to air and fuel streams supplied to the fuel cell; therefore
silicon poisoning issues are relevant in both reducing and oxidiz-
ing 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 cat-
alytic 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 opera-
tional requirements of SOFCs exceeding 40,000 h 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 refrac-
tory. It is therefore important to understand the change in the
aluminosilicate surface chemistry due to bulk diffusion. Silicon dif-
fusion is very sluggish in silica and aluminosilicates due to the
strong covalent bonding within the SiO4 tetrahedra [11,12]. After
reacting aluminosilicate (79.8% SiO2, 20.2% Al2O3) with H2 gas at
temperatures from 1300 to 1500 ◦C, Tso and Pask [13] observed the
formation of an outer surface layer of �-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 (Eq. (1)) in a reducing atmosphere. Mul-
lite was also reported to decompose into corundum (Al2O3) and

dx.doi.org/10.1016/j.jpowsour.2010.12.106
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:paulsgentile@hotmail.com
mailto:ssofie@me.montana.edu
dx.doi.org/10.1016/j.jpowsour.2010.12.106
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olatile silicon monoxide (SiO) gas in a carbon monoxide (CO) envi-
onment (Eq. (2)), where the rate is governed by diffusion rather
han the reaction at the phase boundary. [14,15]

l6Si2O13(s) + 2H2(g) → 3Al2O3(s) + 2SiO(g) + 2H2O(g) (1)

l6Si2O13(s) + 2CO(g) → 3Al2O3(s) + 2SiO(g) + 2CO2(g) (2)

The volatility of silicon vapors from silica at high temperatures
as been studied extensively. [16–25] Recently, thermodynamic
quilibrium modeling, thermal gravimetric coupled with evolved
as analysis and Rutherford Backscattering transpiration studies
ere reported to explore the volatility of silicon vapors from silica,

:2 mullite and aluminosilicate under SOFC operating conditions.
26,27] It was found that an initial rapid release of silicon vapors
as followed by a diffusion limited slower release, indicating that

urface residues from manufacturing processes or changes in sur-
ace chemistry and morphology are contributing to a decrease in
hemical reactivity at the gas-solid interface. The mullite bond
3Al2O3 2SiO2) was shown to offer only a slight improvement in sili-
on stability over SiO2 in the presence of water vapor where volatile
ilicon hydroxide (Si(OH)4) (Eqs. (3) and (4)) and oxy hydroxide
SiO(OH)) (Eqs. (5) and (6)) gases dominate. [22,23,25] In addition
o silicon hydroxide, oxy hydroxide and monoxide, volatile silane
ases may form in a reducing atmosphere. [27]

iO2(s) + 2H2O(g) → Si(OH)4(g) (3)

l6Si2O13(s) + 4H2O(g) → 3Al2O3 + 2Si(OH)4(g) (4)

SiO2(s) + H2O(g) → 2SiO(OH)(g) + 1/2O2(g) (5)

l6Si2O13(s) + H2O(g) → 3Al2O3 + 2SiO(OH)(g) + 1/2O2(g) (6)

Some species in vapor form could have little to no effect on
OFC performance if they never condense and deposit which may
e likely under 700–1000 ◦C operation, although it could become
n emissions concern if harmful vapors are vented. Singh and Vora
28] showed that silicon can deposit on nickel anode SOFC fibers
t 1000 ◦C in the presence of methane reformation. However, the
hemical reformation of methane on the nickel surface may yield an
dditional mechanism (i.e. low partial pressure of water vapor (Eq.
7)) to promote silicon deposition (Eq. (8)) that may not be present
n pre-reformed or hydrocarbon free streams. Silicon monoxide gas
as been shown to form an amorphous monoxide when condens-

ng on a cooler surface, followed by a phase transformation to a
ore stable mixture (Eq. (9)). [15] Silane gases may also deposit

t the TPB when exposed to oxygen ions transported across the
lectrolyte.

H4 + H2O → CO + 3H2 (7)

i(OH)4(g) → SiO2(s) + 2H2O(g) (8)

SiO(s) → SiO2(s) + Si(s) (9)

The objectives of this investigation are to: (1) study the changes
n bulk and surface chemistries of aluminosilicate refractory due to
iffusion and gas-solid interface reactions, (2) identify the chem-

stry and bonding mechanisms of aluminosilicate vapors deposited
n yttria stabilized zirconia (YSZ) or nickel, and (3) determine the
ffects of volatile gases released from aluminosilicate on solid oxide
uel cell performance. While extensive efforts have been made to
nvestigate silica and aluminosilicates for a wide variety of high
emperature applications this study is specifically focused on SOFC
nvironments at temperatures between 800 and 1000 ◦C. For IT-

OFC operating temperatures (600–800 ◦C) solid state diffusion and
olatility of silicon are limited by thermodynamics and kinetics
27], making their observation difficult in experiments truncated
o last several orders of magnitude less than 40,000 h. SOFC sili-
on poisoning experiments were conducted at 800 ◦C to minimize
r Sources 196 (2011) 4545–4554

causes of degradation observed at 1000 ◦C such as nickel agglom-
eration [29], degradation of 8 YSZ (8 mol% yttria) electrolyte to 9.5
YSZ [30] and delamination due to variations in thermal expansion
coefficient.

2. Experimental material and methods

Three separate experiments were conducted: (1) examination
of the changes in aluminosilicate surface morphology and chem-
istry, (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 sin-
tering to achieve approximately 70% theoretical density. Samples
were cut into 14 mm squares, 2 mm thick, from a sintered refrac-
tory block utilizing a slow speed diamond saw and air dried for
24 h. Additionally, aluminosilicate powder was crushed from the
sintered refractory into a powder utilizing a mortar and pestle
(DiamoniteTM) manufactured from finely powdered synthetic sap-
phire. 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 L h−1 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 hydro-
gen 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 min−1, held at temperature for 100 h, cooled
to ambient conditions at 5 ◦C min−1 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 min−1

from ambient to 1400 ◦C (NiO) and 1500 ◦C (YSZ), dwelled at the
maximum temperature for 2 h, and cooled back to ambient tem-
perature at 5 ◦C min−1. 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 con-
trolled as previously described. One NiO and one YSZ pellet were
placed in the furnace in direct physical contact with the aforemen-
tioned 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 �m below surface), bulk-surface (penetration depth
of < 20 �m) and surface (<0.01 �m penetration depth) of alumi-



f Powe

n
S
b
a
u
p
l
d
s
a
s
t
o
s
(
d
a
f
t
a
i
J

(
i
t
u
E
S
s
(
m
a
t
s
o
m
s
t
u
a
s
T
p
s
w
e
m
c
s
w
w
s
a
S
p
t
S

(

w
s
e
a

P.S. Gentile, S.W. Sofie / Journal o

osilicate under SOFC operating conditions. FE-SEM (Zeiss VP55
upra) was used to image the microstructure of the aluminosilicate,
onding of the vapor deposited aluminum and silicon on the YSZ
nd NiO pucks, and cross sections of SOFC unit cells. Sputter coating
sing an iridium target at 20 mA for 30 s, carbon tape and graphite
aste were used to permit the imaging of the electronically insu-

ating samples. EDS elemental mapping was used to evaluate the
ispersion of Si in the sputter coated aluminosilicate, YSZ and NiO
amples. Bulk-surface scans show the atomic concentrations with
penetration depth of less than 20 �m, and cross section scans

tudy the bulk. EDS is not a quantitative method but does effec-
ively detect small variations in trace Si concentration as a function
f position and can be used for relative comparison. EDS maps, point
cans and line scans were conducted with a 20 kV energy beam. XRD
X1-Advanced Diffraction System, Scintag Inc., USA) was utilized to
etect the presence of new phases in the aluminosilicate powder
fter thermal treatment for 100 h at 1000 ◦C under humidified air,
orming gas or humidified forming gas. The XRD tube introduced
he X-rays at 45 kV and 40 mA, while the detector was operated
t 1 kV. Scans were collected from 2� angle of 20◦ to 95◦ at step
ncrements of 0.05◦. Phases were compared against the database of
CPDS powder diffraction files.

XPS, also known as electron spectroscopy for chemical analysis
ESCA), was used to study the changes in surface molecular chem-
stry of the aluminosilicate, YSZ and NiO samples due to thermal
reatments as previously described. All XPS spectra were obtained
sing a PHI MultiTechnique system (Model 5600). The Electron
nergy Analyzer (Model 10-360) incorporated into the 5600 is an
CA, and the input lens to the analyzer is an Omni Focus III lens. All
pectra were obtained with the X-ray source operating at 300 watts
15 kV). The excitation X-ray source used was a MgK� monochro-

ator (Model 10-610) located at 54.7◦ relative to the analyzer
xis. The Omni Focus III lens was used to scan the spectrum while
he SCA was operated at constant pass energy, resulting in con-
tant resolution across the entire spectrum. All of the spectra were
btained using an 800 �m diameter analysis area and samples were
echanically fastened to the specimen mount. A broad scan survey

pectrum was first obtained to identify the elements present and
he elemental composition. All XPS spectra recorded and stored
sing the software system (AugerScan Version 3.22) were taken
t a pass energy of 46.95 eV with a step size of 0.400 eV. Since the
amples studied were insulating charge compensation was applied.
o ensure proper charge correction on the insulating samples the
osition of the C 1s line from adventitious hydrocarbon was mea-
ured. Any shift from 284.8 eV [31], indicative of static charging,
as compensated with adjustment of emission control (mA) and

lectron energy (%). Once the survey scan was completed detailed
ultiplex scans of the peaks of interest were obtained for a more

omprehensive picture of the chemical composition. The narrow
cans were adjusted to encompass the peaks and were obtained
ith pass energy of 23.5 eV and a step size of 0.025 eV. Each scan
as swept and cycled repeatedly for averaging. XPS peak inten-

ities of the Al(2p) and Si(2p) spectrums were measured for the
luminosilicate after background signals were subtracted using the
hirley integration method. The background level upon which the
eak is superimposed is a characteristic of the specimen, the excita-
ion source and the transmission characteristics of the instrument.
urface Si/Al ratio was calculated using the equation below [32];

Conc. of Si)/(Conc. of Al) =
(

ISi

IAl

)(
ASFAl

ASFSi

)
(10)
here I and ASF are the intensity of the spectrum and the atomic
ensitivity factor of an individual element, respectively. The ASF of
ach element for the monochromatic X-ray source utilized at 54.7◦

re Al(2p) = 0.234 and Si(2p) = 0.339. [31]
r Sources 196 (2011) 4545–4554 4547

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 cm2 were operated at con-
stant voltage (0.7 V) and temperature (800 ◦C) for over 225 h. The
cells were brought from ambient to 800 ◦C at a rate of 2.5 ◦C min−1

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 alu-
minosilicate 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. Results and discussion

3.1. Aluminosilicate surface morphology and chemistry

FE-SEM micrographs with EDS maps overlaid are presented in
Fig. 1 for the aluminosilicate samples untreated or after heat treat-
ment for 100 h 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 aluminosili-
cate 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 aluminosilicate samples after thermal treat-
ment show the dispersion of Si in the bulk is mainly between
alumina clusters. Solid state diffusion of silicon within the alu-
minosilicate bulk is likely occurring along these grain boundaries.
The EDS cross section map of the forming gas sample (Fig. 1 top
center) includes the bulk-surface, demonstrating a higher concen-
tration 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. Fig. 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 sili-
con 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, Fig. 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
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Fig. 1. FE-SEM micrographs with overlaid EDS maps of the cross sections (top row) or bu
at 1000 ◦C for 100 h in the stated gas. Si is displayed in green (light gray tone) and Al is dis
figure legend, the reader is referred to the web version of the article.)

Fig. 2. Qualitative EDS analysis of relative silicon concentration (with error bars) on
the cross section or bulk-surface of aluminosilicate specimens treated for 100 h at
1000 ◦C. All scans were taken at 100× magnification; scan areas are approximately
0.88 mm2 (1.1 mm × 0.8 mm).

Fig. 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 h at 1000 ◦C.
lk-surface (bottom row) of aluminosilicate material untreated or thermally treated
played as red (dark gray tone). (For interpretation of the references to colour in this

scans. The Al(2p) and Si(2p) peaks for each sample are normalized
and superimposed in Fig. 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 correlated with shifts
in the Al(2p) and Si(2p) spectrum maxima. [32] Since the dynamics
involved in variations of bindings energies are imperfectly under-
stood, we rely on experimental data from standard materials. The
range of reported binding energies for several directly compara-
ble 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 Fig. 4.
The Si(2p) peaks show considerably more noise than the Al(2p) due
to the low relative concentration of silicon in the refractory uti-
lized 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 bind-
ing 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 sam-
ples 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

Table 1

Compound [references] Binding energy (eV)

Si(2p) Al(2p)

Si [42,43,31] 99.5
SiO [41] 101.7
Al [36,37] 72.8
Al2O3 [37–39] 73.7–74.7
Al2SiO5, sillimanite [38,40] 102.6 74.6
Al2SiO5, kyanite [40] 102.8 74.7
Al2SiO5, mullite [40] 103.0 74.8
SiO2 [44,38] 103.3–103.7



P.S. Gentile, S.W. Sofie / Journal of Power Sources 196 (2011) 4545–4554 4549

F mples
b

s
a
A
H
e
a
m
e
t
o
c
t
o
s

m
2
l
w
1
a
r
o

3

t
o
i
s
w
s
w
l
a
a
t

ig. 4. XPS surface scans of the Si(2p) and Al(2p) spectra from an aluminosilicate sa
ars indicate ranges of reported peak maxima (Table 1).

ilicon (Si) [42]. This shoulder was previously identified in another
luminosilicate XPS study [32] as the second satellite peak of the
l(2 s) spectrum indicating the presence of extra aluminum oxide.
owever, the use of a monochromatized X-ray source in this study
liminates these satellite spectra. [46] This is confirmed by the
bsence of the entire family of minor satellite peaks from the Al(2 s)
ain spectrum peak located at lower energies (Mg displacement,

V: ˛3 – 8.4, ˛4 – 10.1, ˛5 – 17.6) [31] in all XPS spectrum. Crys-
alline silicon on the surface of the sample will react with oxygen
r hydrogen to form more stable compounds. [27] The depletion of
rystalline Si at the surface may be one of several contributing fac-
ors leading to the previously reported [27] initial break-in period
f rapid silicon release which is followed by slower diffusion limited
ilicon volatility.

All XRD scans of the aluminosilicate powder untreated or ther-
ally treated include the presence of diffraction peaks at the same

� angles, demonstrating no new phases are detected within the
imits of XRD. All diffraction peaks were identified and correlated

ith 3:2 mullite [47] (PDF 15-0776) and alumina [48] (PDF 43-
484) reference diffraction patterns, demonstrating impurity levels
re below detection limits. Variations in compound peak intensities
elated to enrichment of discrete SiOx phases are indistinguishable
r convoluted due to preferred orientation.

.2. Aluminum and silicon deposition on YSZ and nickel

FE-SEM images with corresponding EDS elemental maps of
he YSZ pellets are shown in Fig. 5 to illustrate the interactions
f YSZ, Si and Al in the different atmospheres studied. Strong
nteraction of the aluminum/silicon adsorbate with the YSZ sub-
trate downstream of the aluminosilicate source, as indicated by
etting of the adsorbate, is shown in both fuel and air atmo-

pheres. Conversely, YSZ specimens in direct physical contact

ith the aluminosilicate powder in the fuel atmospheres (Fig. 6

eft) were void of dominant glassy deposits suggesting a stronger
ffinity towards silicon vapor species. The FE-SEM micrographs
nd EDS maps in Fig. 5 clearly indicate aluminum rich clus-
ers are entirely enclosed in an amorphous siliceous layer, but
untreated or after thermal treatment for 100 h at 1000 ◦C in the stated gases. Gray

also establishes that aluminosilicate is volatizing to the down-
stream pellet. EDS did not register a signal from the zirconia
substrate within the amorphous siliceous region. The YSZ down-
stream sample treated in humidified forming gas (Fig. 5 bottom
row) includes significantly smaller and more evenly dispersed alu-
minum 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 (Fig. 5
bottom right image) indicating preferential growth. Figs. 5 and 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 Fig. 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 �m
diameter spot size to ensure maximum averaging. Although FE-
SEM and EDS maps show migration into the YSZ, Fig. 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 the aluminosilicate, which is predomi-

nately 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
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ig. 5. EDS elemental maps (left) (Si-green (light gray tone), Al – red (mid gray tone
n direct physical contact or downstream of the aluminosilicate source at 1000 ◦C
eferences to colour in this figure legend, the reader is referred to the web version o
hick enough to inhibit the escape of photoelectrons from the
lumina rich under layer, resulting in what appears to be a lower
oncentration of aluminum. Substantial noise to signal ratio in
he Al(2p) spectra from the humidified air samples suggests the
iliceous amorphous layer is coherent.

ig. 6. FE-SEM micrograph and EDS line scan of YSZ pellets in direct physical contact (left
ases.
blue (dark gray tone)) and corresponding FE-SEM micrographs (right) of YSZ pellets
0 h in flowing humidified air or humidified forming gas. (For interpretation of the
article.)
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 struc-
ture is visually apparent on either the nickel samples in direct

) or downstream (right) of aluminosilicate source for 100 h at 1000 ◦C in the stated
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Fig. 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 h at 1000 ◦C in
oxidizing and reducing atmospheres.
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ig. 8. FE-SEM micrographs and EDS line scans of a nickel pellet in direct physica
000 C in flowing humidified forming gas.

hysical contact with the aluminosilicate or downstream of the
luminosilicate (Figs. 8 and 9). The nickel sample downstream
f the aluminosilicate in flowing humidified forming gas (Fig. 8)
ad tubular aluminosilicate rods (similar to the YSZ sample ther-
ally treated in the same atmosphere) that appeared physically

eposited on the nickel, but were absent of a wetted amorphous
iliceous layer. SiO is suggested via thermodynamic equilibrium
odeling as a significant volatile silicon gas released from alu-
inosilicate under a reducing atmospheres at 1000 ◦C [27]; the

bservation of aluminosilicate rod shaped deposits only under a
umidified reducing atmosphere suggests water vapor encourages
referential growth. Clusters (∼20 �m in diameter) on the sur-
ace of the nickel pellets after thermal treatment in humidified air
nclude large amounts of refractory impurities (Na, Cl, K, Rh, S, Ca

nd P) and silicon. Refractory impurities may decrease the activa-
ion energy of aluminosilicates, in turn increasing the volatility of
ilicon containing gases. These impurities appear to have a stronger
ffinity for the nickel substrate as they were not detected on YSZ
ellets.

Fig. 9. FE-SEM micrograph and X-ray spectrum (20 kV) of a nickel pellet in direct
physical contact with the aluminosilicate source at 1000 ◦C for 100 h in flowing
humidified air.
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Fig. 11. FE-SEM micrograph and Si EDS line scan of the cross section of the planar
◦

ig. 10. Electrochemical performance test on two identical electrolyte supported
OFC unit cells (1.23 cm2 active area) at 800 ◦C, constant voltage (0.7 V) and flow
ates (H2 – 73 mL/min, UHP air – 218 mL/min). Sample cell (100610) included 10.5 g
f aluminosilicate powder in the hot zone of the fuel feed line.

The surface of the nickel is visibly different in Fig. 8 compared
ith Fig. 9 due to the reduction of the nickel oxide pellet to form
etallic nickel. EDS line scans (Fig. 8) demonstrate the presence of

xygen correlates with aluminum and silicon yet is absent where
ickel is present, indicating the reduction of nickel oxide to metallic
ickel during the thermal treatments in the reducing atmospheres

s the cause of change in morphology. The change in chemical com-
osition from nickel oxide to nickel metal can result in significantly
ifferent interactions and wetting of adsorbate with aluminum and
ilicon vapor deposits. However, despite the weaker metallic bond-
ng in the reduced nickel samples the formation of an amorphous
iliceous phase or silicon adsorption/diffusion into the nickel bulk
s not apparent, indicating that silicon poisoning may be more
trongly associated with degradation of oxygen ion transport in
SZ electrolytes and anode cermets.

.3. SOFC silicon poisoning

Results of electrochemical performance testing presented in
ig. 10 on two identical commercial SOFC button cells under
uplicate experimental conditions, with the only exception the
resence of aluminosilicate in the hot zone of the anode fuel deliv-
ry tube, indicate silicon poisoning can occur in relatively short
ime scales at lower temperatures than the studies above. The
eference cell (100625) performed as expected based on the man-
facturer’s specifications. [49] However, the sample cell (100610)
ith aluminosilicate present reached 71% of the reference cell peak
erformance and degraded 15% in 150 h. The reference cell and
ample cell followed an identical rate of performance increase
uring the first 15 h. The initial SOFC break-in period show-

ng substantial performance improvement during startup may be
ttributed to changes in the electrode microstructural and cath-
de/electrolyte interface chemistry [50], or activation of the anode
hrough reduction of the nickel oxide to nickel metal and increase
f the triple-phase boundary [51]. The reference cell continues to
ncrease current output during cell activation to 0.14 A at 0.7 V
ntil it stabilizes at 150 h. However, the sample cell current output
egins to steadily decline at 100 h after reaching a maximum of only
.10 A at 0.7 V. A previously conducted experiment in our research

acility on commercial electrolyte supported SOFCs from an alter-
ate supplier where the aluminosilicate was introduced in situ into
he hot zone of the fuel delivery tube demonstrated immediate per-
ormance degradation followed by a steady state decline in power
utput further supporting the silicon induced degradation of these
SOFC sample cell (100610) after being run for 250 h 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.

cells is due to the refractory material. [26] The aluminosilicate pow-
der 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 repre-
sentation 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 poi-
soning by vapor species.

Post-mortem cell analysis conducted via FE-SEM and EDS
(Fig. 11) on the sample cell revealed silicon within the YSZ elec-
trolyte. A clear distinction in silicon concentration was identified
in the anode interlayer compared with the electrolyte suggesting
silicon impurities in the YSZ are a significant source. Further-
more, 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 (Fig. 11). At this time we are not able to
determine whether the silicon has migrated via solid state diffu-
sion from the anode interlayer and electrolyte, or if it was vapor
deposited as condensed volatile gases released from the alumi-
nosilicate. 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 alumi-
nosilicate powder and deposited in the hot regions of the fuel cell.
Additionally, delamination at the TPB (Fig. 12) 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 use anywhere
from 8 to 53% silica and 5–11% alumina [52,53]. Due to the required
physical contact between the glass seal and electrolyte to sepa-

rate oxidant and fuel gas streams, and the observed rapid diffusion
of silicon into the YSZ microstructure along the grain boundaries,
solid state diffusion of silicon from the glass seal to the TPB seems
very plausible. While reactivity of glass seals with chromia contain-
ing interconnects has been addressed [52,54], the volatilization of
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Fig. 12. FE-SEM micrographs illustratin

ilicon from the large class of SiO2 glass seals and effect on fuel
ell performance remains unclear. Individual research studies on
his large variety of sealing glasses may be impractical; however,
esearch focused on compositions such as G-18 [55] or other widely
sed commercial seals may be prudent to study. A calcium borate
eal free of silicon [56] or compositional modifiers (V, Ni, Cu, Mn,
i, Zr, Sr, Ba, Ca, Mg and B) [57] that hold the potential to lockup
ilica offer opportunity to mitigate concerns of silicon poisoning
ue to glass seals. Lower temperatures below 800 ◦C will facilitate
inetic limitations of silicon transport and volatilization, however,
he deviation from reference cell performance after only 15 h at
00 ◦C suggests that transport of silicon to active cell regions will
e degrading. Furthermore, silicon’s affinity for YSZ observed in the
eposition study suggests volatile silicon gases from glass seals may
lso represent a significant source of long term degradation.

. Conclusion

It was shown that silicon can diffuse through aluminosili-
ate refractory bulk to the gas interface, enriching surface mullite
oncentrations. Surface diffusion is accelerated by water vapor, cre-
ting a more uniform distribution of silicon on the aluminosilicate
urface. In the absence of hydrocarbon reformation and electro-
hemical activity, vapors from aluminosilicate were preferentially
eposited on yttria stabilized zirconia rather than nickel in both fuel
nd air atmospheres. Surface adsorption and grain boundary diffu-
ion of siliceous species was detected on the YSZ samples, poten-
ially isolating YSZ grains with a glassy phase; whereas the alu-

inosilicate was scarcely perturbed upon adsorption to the nickel
amples. The presence of aluminosilicate powder within the hot
one of the fuel line supplying the anode caused cell performance
o deviate from the reference cell free of aluminosilicate after 15 h
t 800 ◦C, reaching 71% of the maximum power density achieved by
he reference cell and degrading 0.1% per hour. Post fuel cell testing
dentified anode/electrolyte interface delamination and concentra-
ions of silicon above impurity levels in the interface region.
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