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a b s t r a c t

Solution infiltration remains limited in its advantage for processing metallic catalysts given the propensity
at high temperatures for nanometer scale materials to coarsen at rates far exceeding classic systems.
Using SOFC anodes as a model system, this study examines how aluminum titanate as an additive to
a porous Ni/YSZ cermet anode stabilizes a network of sub-micron nickel electrocatalysts formed from
solution infiltration. Temperature dependent secondary phase formation is studied with XRD and Raman.
Spatial evolution of the secondary phases that form is quantified using SEM/TEM/EDX to establish the
species present during the thermal activation process. Finally, these results are used to fabricate SOFC
atalyst stabilization
hermal coarsening
atalyst enhancement

membrane electrode assemblies, demonstrating the ease with which aluminum titanate can be added
to nickel catalyst systems and the efficacy of the doping process. Current density and EIS measurements
indicate that using aluminum titanate as an anode additive dramatically increases catalyst stability such
that the time required for degradation to 90% of initial current output was increased by a factor of 115
for modified catalysts.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Stability of catalyst microstructure, particularly for high-
emperature metallic catalysts, is an important issue in a multitude
f applications, particularly where nano-scale, high surface area
aterials are utilized. The attrition of precious metals from

utomotive catalytic converters has been sufficient to motivate
tudies that investigate the environmental impacts or harvesting
f platinum group metals from roadside soils [1–4]. In another
pplication, microstructure instability is a defining issue in imple-
enting infiltration based anodes in Solid Oxide Fuel Cells (SOFC).

he general consequences of metal catalyst coarsening are reflected
y the need for addition of excess catalyst during device fabrica-
ion and in decreased device efficacy as fine catalyst microstructure
oarsens. In this work, improvements to the microstructural stabil-
ty of high-temperature metallic catalysts are explored using SOFC
nodes as a model system in which catalyst percolation adds a pri-
ary constraint on system function. Specifically, this work uses the
ickel metal/yttria-stabilized zirconia (YSZ) composition.
Traditionally, SOFC anodes are made of a ceramic/metal (cer-

et) composite material consisting of a nickel metal catalyst and

∗ Corresponding author.
E-mail address: david.driscoll1@msu.montana.edu (D.R. Driscoll).

ttp://dx.doi.org/10.1016/j.apcata.2016.08.020
926-860X/© 2016 Elsevier B.V. All rights reserved.
yttria-stabilized zirconia (YSZ). Nickel provides an inexpensive cat-
alyst when compared to less abundant materials in the platinum
metals group. Ni retains high catalytic activity at the elevated
operating temperatures of SOFCs, and over years of development
has been established as the standard material for benchmarking
performance [5–7]. Fabricating Ni-based cermet electrodes usu-
ally involves mixing nickel oxide, YSZ, and a pyrolizable thermal
fugitive to achieve an equal volume mixture. This distribution of
materials satisfies the percolation limit (3-D connectivity) allow-
ing for simultaneous gas flow and electron flow through the anode,
with ion transport extended farther into the anode than the pla-
nar anode-electrolyte interface. While this method is convenient
for commercial production, it has several shortcomings. The high
nickel concentration of over 33 vol% limits the mechanical strength
of the YSZ and shifts the coefficient of thermal expansion for the
anode to approximately 13.4 ppm/◦C, much higher than that of
the YSZ electrolyte (∼10.8 ppm/◦C). Mechanical stresses induced
by thermal cycling can be detrimental to a cell/stack stability and
cause catastrophic failures [8]. From a weight perspective, the den-
sity of nickel, 8.9 g/cc, is substantially higher than that of YSZ at
5.9 g/cc. The high solids loading of nickel therefore can also result in

increased system mass which can be critically important in mobile
applications. This consideration is compounded by a percentage of
the nickel existing within the bulk of the cermet, not electroni-

dx.doi.org/10.1016/j.apcata.2016.08.020
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ally connected to the anode structure and not contributing to the
lectrochemically active three phase boundary.

A different approach to anode fabrication is to introduce the
ickel electrocatalyst by infiltration methods. Instead of being a
imple mixture of sintered Ni and YSZ particles, an infiltrated
lectrode starts with a YSZ scaffold rendered porous by one of
everal available methods. These methods include pyrolyzable
hermal fugitives, freeze tape casting which leaves porosity in a
reen state, or a chemical leaching method [9–11]. The sintered,
orous YSZ is then infiltrated with a solution-based nickel pre-
ursor such as nickel nitrate. Similar methods have also been
stablished for infiltration of common lanthanum-based perovskite
athodes [8,12–15]. Use of infiltration for both the fuel and air elec-
rodes lends itself to a symmetrical cell architecture where porous
caffolds can be applied to both sides of the electrolyte resulting in

 design that is scalable both in size and in quantity [16,17].
Depositing catalysts on a pre-existing scaffold via infiltration

ignificantly reduces the amount of catalyst material required.
iven an appropriate scaffold geometry, as little as 15 vol% of
xpensive [18], high mass density catalysts could be used to
roduce fuel cell electrodes with excellent thermal expansion
oefficient matching. Cells produced in this manner have already
hown excellent redox stability while retaining high catalytic
ctivity [12,19–21]. Because the scaffold and catalyst are pro-
essed in discreetly different steps means that catalysts previously
recluded due to high temperature reactivity with electrolyte
aterials can be considered as viable options for development.

or example, lanthanum strontium manganite (LSM) reacts with
SZ at temperatures above 1200◦ C to form La2Zr2O7, an ionic

nsulator [22]. This undesired outcome constrains how SOFC mem-
rane electrode assemblies are fabricated, given that LSM is often
sed as an SOFC cathode and YSZ is one of the most commonly
sed SOFC electrolytes. Moreover, material combinations for low
emperature-SOFCs that were previously considered impractical
ue to reactivity between phases at processing temperatures also
ecome feasible with infiltration [23]. Infiltrated cells localize cata-

ysts where they are most needed for activity and catalyst particles
ormed from infiltration tend to be much smaller than those used
n mechanically mixed electrodes. Furthermore, smaller catalysts
ave power densities that far surpass the performance of traditional
OFC cermet electrodes [17,19,24–26].

In high temperature applications, the advantages of electrode
abrication by infiltration have not been fully realized. This is due
argely to the fact that very fine nickel metal introduced by infiltra-
ion at particle diameters < 100 nanometers migrates and coarsens
ubstantially, degrading cell performance at rates much greater
han traditional anodes. At SOFC operational temperatures (700 ◦C
o 1000 ◦C) small nickel catalysts have been shown to coarsen and
gglomerate into larger particles that break up the original nickel
etwork. This behavior leads to two important problems; first, the

arger particles are less catalytically active than the smaller, original
etwork of particles due to the substantial decrease in surface area
reduced triple phase boundary length). Second, the coarsening of
ickel causes voids and separation in the nickel network, breaking
own the electron path for current collection and hindering overall
erformance of the anode [25–29].

Recent reports have shown that adding a minor amount of sec-
ndary phase additive, such as aluminum titanate (Al2TiO5 or ALT),

mproves the performance of Ni-infiltrated SOFC cermet anodes
30]. The proposed mechanism of improved anode stability cited
hemical interactions between the catalyst and substrate in which
ortions of the nickel network that had previously necked down to
 discontinuous path were instead stabilized at 800 ◦C [30,31]. This
ork suggested that high temperature reaction of the Ni-YSZ-ALT

ystem led to the formation of additional oxide phases, NiAl2O4
nd ZrTiO4, within the anode; however, the spatial distribution
 A: General 527 (2016) 36–44 37

and phase evolution of the secondary phases remained unchar-
acterized. Furthermore, NiAl2O4 and ZrTiO4 are not expected to
exhibit electro-catalytic behavior to facilitate electrochemical func-
tion despite the loss of primary phases [32,33]. If these secondary
phases stabilize small particles at high temperatures, these mate-
rials can be strategically added to stabilize nanoscale supported
catalysts. This approach may  be applied to several industries where
migration of a catalyst or metal phases on a ceramic oxide surface
has been shown to lead to failures such as automotive catalytic
converters [34], methane reforming systems [35], and multilayer
capacitors [36], as well as SOFCs [7,28,29,37].

In order to explore the electro-catalyst enhancement of ALT
additions in traditional SOFC anodes, experiments described below
identify the reaction pathways that form multiple secondary
phases in the nickel/zirconia system. Phase formation as a func-
tion of temperature during standard anode processing temperature
regimes was evaluated using complementary XRD and Raman
spectroscopy data. The spatial distribution and morphology of the
secondary phases with regard to the nickel/zirconia interfacial
region were assessed with FIB/TEM analysis and the mitigation
of nickel coarsening/spallation identified by SEM analysis of post-
tested nickel electro-catalysts. Voltammetry and Electrochemical
Impedance Spectroscopy (EIS) measurements were performed to
examine how the dopant influences degradation in the doped and
undoped systems. The merits of using SOFC anodes as a model cat-
alyst/support system to study these enhancement mechanism(s)
are bolstered by the attributes of a truly high temperature system
(700–1000 ◦C) combined with the added rigor of requiring catalyst
percolation for electronic conductivity.

2. Experimental

2.1. X-ray diffraction

Previous studies had performed XRD scans at coarse tempera-
ture intervals to find evidence of secondary phase formation and to
establish pertinent reaction temperatures [30]. In this study, a scan
of temperature intervals ranging from 1100 ◦C to 1400 ◦C was  com-
pleted to identify specific formations, intermediate phases, and a
more precise temperature window that provide tailorability of the
system. Powder mixtures of NiO (Alfa Aesar, 12359), YSZ (Tosoh,
8YS-YSZ), and Al2TiO5 (Alfa Aesar, 14484) were prepared at 12.1%
ALT, 29.4% YSZ, and 58.5% NiO on a molar basis. This ratio cor-
responded to equal bulk volumes of the three constituents. The
mixture was pressed into pellets in a 1.9 cm diameter die at 172 MPa
and heated to temperatures between 1100 and 1400 ◦C at 5 ◦C/min
up and 10 ◦C/min down with a 1 h dwell. Post sintering, pellets
were ground back to a powder in a Diamonite mortar and pestle
and scans were taken from 20◦ to 70◦ 2� with an XRD (Scintag
Inc. XGEN-4000). Powder spectra were then compared to relevant
powder diffraction files and compared to other temperatures.

2.2. Raman spectroscopy

Complimentary Raman spectroscopic measurements were per-
formed on the same samples following XRD measurements.
A Renishaw InVia spectrometer equipped with an edge filter
(∼150 cm−1 cutoff) and 50 x microscope objective collected the
Stokes-scattered light from a 488 nm Ar-ion laser (18 mW).  Room
temperature spectra were recorded with a 10 s exposure and 1
accumulation per spectrum.
2.3. Microscopy and elemental analysis

Samples were prepared specifically for examination by TEM and
contained significantly higher ALT percentages than practical for
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se in electrochemical cells to ensure the location of pertinent sec-
ndary phases for imaging and chemical characterization. Three
E-SEMs with Focused Ion Beam Milling attachments were used at
he Environmental and Molecular Sciences Laboratory (FEI Helios,
nd two FEI Quanta) for detailed elemental mapping and to prepare
amples for HR-TEM (Titan 80–300). Samples of 50 wt%YSZ and
0 wt%ALT were freeze tape cast in aqueous solution as described
lsewhere [9,38]. Freeze tape casting was utilized to produce an
rdered, columnar pore surface for ease of identification and FIB
ross-sectioning of catalyst/support interfaces for TEM analysis.
sing a 2.5 cm diameter punch, disks were cut from the tape and

intered up to 1400 ◦C with 1 h dwell at a rate of 5 ◦C/min up and
0 ◦C/min back down to room temperature. The nickel electro-
atalyst was applied in a fashion consistent through this study.
ickel nitrate (Ni(NO3)2*6H2O, Advanced Materials, 28C-NT-01),
as applied to the surface of the disks until saturated, then placed

nder a vacuum for 60 s to prevent bubble entrainment. The sam-
les were placed in a 500 ◦C furnace to decompose the nickel nitrate
nd form nickel oxide. Infiltration was then repeated until loading
eached the desired threshold. The sample with ALT in the bulk
as placed in the furnace and heated to 1400 ◦C to activate the

nchors with a 1 h dwell and the standard heating and cooling
ate of 5 ◦C/min and 10 ◦C/min, respectively. Samples were finally
xposed to a reducing atmosphere of 5%H2/95%N2 at 800 ◦C for
8 h. This allowed the nickel oxide to reduce and mild thermal
oarsening to occur with the intention of easing the location of the
econdary phases for the microscope studies. Disks were placed
n the SEM with FIB and, through the focused ion beam attach-

ent, samples of approximately 10 �m in width were removed for
EM/EDS analysis. EDS and TEM analysis were performed on the
ame FIB cross sections so as to render the penetration depth of
DS a non-issue in correlating TEM images with EDS determined
omposition.

.4. Electrochemical cells

Cell fabrication and electrochemical testing was carried-out in
 manner consistent with the formation of ALT anchors as detailed
revious work [31]. Significantly, a major focus of this effort was
o compare multiple ALT doped and traditional cells at a fixed
nd known catalyst loading. The electrolyte supported cells were
ased on commercially available electrolytes (Fuel Cell Materials,
11103) composed of 8 mol% yttria YSZ and were approximately
00 �m in thickness with a diameter of 32 mm.  Electrode scaf-
olds were applied through aerosol spraying of an aqueous mixture
f YSZ and cornstarch in a 40:14 mass ratio with appropriate
inder (Ethyl Cellulose, Sigma-Aldrich 200646), plasticizer (PEG
00, Sigma Aldrich, P3015), and dispersant (R.T. Vanderbilt Co.,
arvan C-N). Once sprayed and dried at 70 ◦C, the scaffolds were

intered to 1200 ◦C for 1 h with heating and cooling rates of
◦C/min. In this way, prepared electrode scaffolds were 50 �m

hick with approximately 40% porosity and 28 mm diameter.
In each cell, the anode was infiltrated prior to and separately

rom the cathode. In undoped cells, those without Al and Ti addi-
ives, a solution of 6 M nickel nitrate (Ni(NO3)2*6H2O, Advanced

aterials, 28C-NT-01), where the hydrated state of the nitrate was
onsidered, was added to the scaffold via pipette. Solution was
dded until the scaffold was fully saturated with the infiltrant.
he nitrate was then decomposed in a box furnace at 400 ◦C ulti-
ately yielding NiO [39]. This process was then repeated until a

atalyst loading of 20% of the total (YSZ + porosity) scaffold vol-
me  had been achieved utilizing an analytical balance (Sartorius,

PA225D) to track infiltration loading. Using three un-infiltrated
ells with sintered porous scaffolds, a combination of FE-SEM study
nd mass measurement revealed the scaffold bulk density prior to
nfiltration to be 2.3 g/cm3. For all cells loaded with catalyst, a den-
 A: General 527 (2016) 36–44

sity of 6.67 g/cm3 for NiO and the measured scaffold density were
used with repeated mass measurements to obtain 20 vol% cata-
lyst loading. Doped cells were infiltrated with a catalyst solution of
nickel nitrate (Ni(NO3)2*6H2O, Advanced Materials, 28C-NT-01),
aluminum nitrate (Al(NO3)3*9H2O, Fluka, 06275), and titanium
lactate (C6H18N2O8Ti, Sigma-Aldrich, 388165) in the correct sto-
ichiometry to produce NiO with Al2TiO5 at 2 mol%. Ultimately, this
yielded 2mol% ALT in NiO infiltrated to 20vol% of the electrode
scaffold. Infiltrated anodes were then sintered to 1400 ◦C, which
had been previously shown to impart efficacy of the ALT doping
strategy [30].

Cathodes were prepared identically across all tested cells and
then infiltrated in a similar fashion using a combination of nitrates
in the correct stoichiometry to form (La0.6Sr0.4)0.95FeO3 − x. A den-
sity of 6.24 g/cm3 was assumed for LSF in achieving a loading of
20 vol%. Complete cells with the cathode were sintered to 900 ◦C
for 1 h to allow formation of the ABO3 perovskite phase from the
precursors prior to cell testing.

Cells were tested in a clamshell furnace which held a seal-less
Inconel platen-type test fixture, dedicated to clean runs, described
elsewhere [40]. Gas flow control was  accomplished using a MKS
647C flow control system. Silver mesh was  used at the cathode with
nickel foam at the anode and joints completed with a paste made
from AgO (Alfa Aesar, 43268) dispersed in xylene to create electrical
continuity. Copper wire affixed to the Inconel platens connected in
series with the cell and Agilent N3301A electronic load and Agilent
6651A power supply. Cathodes were fed air from a zero air gen-
erator, and anodes were fed a humidified hydrogen nitrogen mix.
Gases were flowed at a ratio of 3N2: 4H2 to the anode. All cells were
run at 850 ◦C and 0.7 V unless otherwise noted [41–43].

2.5. Electrochemical impedance spectroscopy

In order to characterize how the electrochemical processes dif-
fer between the doped and undoped cells, EIS experiments were
conducted on the each of the cell types. A silver mesh current col-
lector was  secured to the cathode with platinum paste while a gold
mesh current collector was attached to the anode with gold paste
to ensure that the anodic reactions were completely due to the
electrode material. The cell was  secured to an alumina tube with
alumina paste (Ceramabond 552-VFG, Aremco), which created a
seal between the cathode and anode atmospheres, and heated to
800 ◦C at a rate of < 1 ◦C in a custom designed assembly described
elsewhere [44,45]. The LSF cathode was  exposed to air (85 ml/min)
and the anode was exposed to 50:50H2: Ar (each at 100 ml/min)
gas mixture. EIS was  collected with a Princeton Applied Research
VersaStat MC  over a frequency range of 100,000–0.1 Hz with rms
amplitude of 10 mV.  Prior to and post polarization, EIS was recorded
at open circuit voltage (OCV). Degradation under polarization was
evaluated by collecting EIS throughout the course of each experi-
ment where the cell was  held at 0.7 V for 16.5 h.

3. Results & discussion

3.1. Al2TiO5-NiO-YSZ reaction study

XRD and Raman characterization in this work establish reaction
products, that include secondary phases, as a function of temper-
ature. The presence of these materials, post-processing, frame the
mechanisms proposed for catalyst anchoring. Characterization of
samples at processing temperature intervals of 50◦ from 1000 ◦C

to 1400 ◦C yielded unanticipated findings showing the formation
of desirable secondary phases and potentially deleterious phases.
Powder mixtures used for this study contained ALT concentrations
elevated higher than would be used for anchoring in electrochem-
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Fig. 1. Complete XRD patterns for NiO/YSZ/ALT mixture from 20 to 70◦ 2� and reaction temperatures ranging from 1100 ◦C–1400 ◦C. Phases are identified as follows. A: NiO,
B:  NiAl2O4, C: Zr5Ti7O24, D: YSZ, E: m-ZrO2, F: NiTiO3.
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ig. 2. Normalized Raman spectra from ALT-Ni-YSZ samples showing composition
ave  been offset for clarity. Phases are identified as follows. A: NiO, B: NiAl2O4, C: Z

cal cells in order for all relevant phases to be observable given
he 3–5% detection limits of XRD methods. Raman spectroscopy
rovides complementary chemical analysis to validate XRD results.

The complete XRD patterns and Raman spectra are presented
n Figs. 1 and 2, respectively. Due to the complex nature of relat-
ng phase evolution at 9 temperatures over 20–70◦ 2�, windows
f small 2� range are presented containing representative peaks
sed for product identification. These results are summarized in
able 1 that reports phase formation as a function of temperature.
ig. 1 highlights cubic YSZ (∼30◦ 2�) being destabilized in favor
f monoclinic ZrO2 (∼28◦ 2�) at intermediate temperatures, NiO
∼43◦ 2�) persisting at all temperatures, secondary phase NiAl2O4
∼37◦ 2�) increasing in concentration with reaction temperature,
nd secondary phase Zr5Ti7O24 (30.7◦ 2�) reacting for maximum
oncentration at around 1200 ◦C and then decreasing in prevalence
ntil it is barely detectable at 1400 ◦C. Fig. 2 shows complementary

aman spectra that illustrate how sintering temperature effect the

ormation of the secondary phases in a similar manner to the XRD
ata. The most intense vibrational modes associated with YSZ at
620 (615 cm−1 for the cubic phase and 630 cm−1 for the tetrago-
nges as a function of sintered temperature ranging from 1000 to 1400 ◦C. Spectra
24, D: YSZ, E: m-ZrO2, F: NiTiO3.

nal phase) and NiO at 1090 cm−1 are present at all temperatures.
The feature at 615 cm−1 corresponding monoclinic ZrO2 appears
in spectra collected from samples sintered at 1000–1300 ◦C. The
strongest signals from the Zr5Ti7O24 secondary phase at 214 cm−1

and 322 cm−1 begin to grow in at 1100 ◦C and are visible at the
higher temperatures. Interestingly, the NiTiO3 and NiAl2O4 sec-
ondary phases exhibit an inverse relationship with the amount
of NiTiO3 decreasing as temperature increases and disappearing
≥ 1250 ◦C while NiAl2O4 forms more readily at the higher temper-
atures >1050 ◦C.

Fig. 3 contains all diffraction patterns from 1000 ◦C to 1400 ◦C
over the 23–29◦ 2� range with the representative peaks of m-
ZrO2 and NiTiO3 labeled. ALT was not observed by Raman or
XRD at any of the tested temperatures indicating complete,
or nearly complete, decomposition. At sintering temperatures
between 1000 ◦C–1300 ◦C, monoclinic zirconia is observed despite

the 8 mol% yttria in the beginning YSZ. This destabilization of YSZ is
discussed with the additional context of Fig. 4 at the end of this sec-
tion. Finally, in the temperature range of 1000 ◦C to approximately
1250 ◦C, the unanticipated presence of a NiTiO3 is observed. Forma-
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Table  1
Summary of temperature dependence in phases observed by XRD and Raman.
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ion of these phases is corroborated by Raman spectra with strong
ibrational bands at 702 cm−1 for NiTiO3 and 169 cm−1 for m-ZrO2
46].

Fig. 4 shows XRD data in an expanded range from 29.7 to
0.9◦ 2�. The two features that appear identify cubic and tetrag-
nal yttria-stabilized zirconia at approximately 30.2◦ 2� and
r5Ti7O24 − x at approximately 30.7◦ 2�. The Zr5Ti7O24 − x, sec-
ndary phase is detectable at all temperatures with maximum
oncentrations observed at 1150 ◦C–1200 ◦C, the same tempera-
ure window where m-ZrO2 concentrations were also maximized.
r5Ti7O24 − x is confirmed in the Raman spectra with vibrational
ands at 214 and 322 cm−1 [47]. The YSZ identifying peak in the
RD undergoes a shift to larger angles in samples sintered at higher

emperatures indicative of a shrinking lattice parameter. This result
s explained by the smaller Ti4+ substituting for Zr4+ in the YSZ
attice as the Zr5Ti7O24 decomposes at high temperatures leaving
dditional Ti to dissolve into the YSZ lattice [48].

The presence of Zr5Ti7O24 − x may  be beneficial from an elec-

rochemistry perspective. Given the necessity of Y2O3 for the

ig. 3. Cu-k� X-ray diffraction of the Al2TiO5/NiO/YSZ powder mixture in the 23–29◦

� range. All samples were heated at 5 ◦C/min up and 10 ◦C/min down with a 1 h
well. Phases are identified as follows. E: m-ZrO2, F: NiTiO3.
Fig. 4. Cu-k� X-ray diffraction of the Al2O3/TiO2/NiO/YSZ powder mixture in the
29.7–30.9◦ 2� range. All samples were heated at 5 ◦C/min up and 10 ◦C/min down
with a 1 h dwell. Phases are identified as follows C: Zr5Ti7O24, D: YSZ.

formation this phase, oxygen vacancies would be required by the
reaction proposed here [47,49,50]:

Y2O3 → 2Y
′
Zr + V.O + 3Oxo

The discovery of Zr5Ti7O24 with oxygen vacancies suggests the
potential of an electrochemically active secondary phase associ-
ated with the generation of oxygen ion conductivity and potentially
associated electronic conductivity as a result of charge compensa-
tion.

The remaining interactions of nickel with ALT to form anchoring
phases are presented in Fig. 5. The peak at 63◦ 2� corresponds to
NiO, which is observed at all temperatures between 1000 ◦C and
1400 ◦C, as expected. The peak at approximately 65.5◦ 2� repre-
sents NiAl2O4, another secondary phase that can play an important
role in catalyst anchoring. The relative amount of NiAl2O4 steadily
increases with temperature.

The absence of ALT, TiO2, and Al2O3 at any temperature com-
bined with the formation of NiAl2O4 by 1050 ◦C and Zr5Ti7O24 at
1000 ◦C suggests that temperatures as low as 1050 ◦C are suffi-

cient to form secondary phases from the ALT and its decomposition
products. The formation of m-ZrO2 beginning at 1000 ◦C is concern-
ing in an anode environment due to the lack of this phase’s ionic
conductivity. The appearance of m-ZrO2 is not surprising, how-
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ig. 5. Cu-k� X-ray diffraction of the Al2O3/TiO2/NiO/YSZ powder mixture in the
2–66◦ 2� range. All samples were heated at 5 ◦C/min up and 10 ◦C/min down with

 1 h dwell. Phases are identified as follows. A: NiO, B: NiAl2O4.

ver, as Zr5Ti7O24 formation is reported to require the presence of
mall amounts of yttria [47,51,52]. Consequently, recruiting Y for
he zirconium titanium oxide will leave c-YSZ yttria deficient and
estabilize the ionically conducting cubic phase. The concentration
f the monoclinic phase begins to fall dramatically at temperatures
bove 1300 ◦C. Finally, the formation of NiTiO3 was  not anticipated
nd was observed in small quantities over a limited temperature
ange with both XRD and Raman methods. To optimize this sys-
em for maximum catalytic efficiency and durability, formation
f NiTiO3 presents an attractive opportunity where it has been
eported to be an active catalyst [53,54]. Future studies to form
iTiO3 directly through infiltration may  provide an alternate cata-

yst enhancement with a Ti-only doping scheme.
While XRD and Raman analyses of the NiO-YSZ-ALT system do

ot directly explain the ALT enhancement of catalyst stability, these
esults certainly illustrate the complexity of the system while pro-
iding a useful basis for determining ideal processing temperatures.
emperatures near 1300 ◦C ideally balance the high temperature
equirement to form secondary phases thought to anchor catalysts
nd to avoid incorporating the insulating monoclinic ZrO2 phase
nto the anode, with the low temperature advantage of maintaining
ignificant concentrations of Zr5Ti7O24-x and NiTiO3.

.2. Microscopy and elemental analysis

XRD and Raman data in Figs. 1–5 show that a variety of phases
orm when a YSZ scaffold is infiltrated with nickel and ALT and that
he relative abundance of these materials is strongly dependent
n processing temperature. An important objective of this work is
o establish the spatial distribution of secondary anchoring phases
elative to nickel metal on YSZ to elucidate mechanisms that fos-
er catalyst enhancement. The FIB cross-section in Fig. 6 provides
irect evidence that ALT derived phases form in close proximity to
he nickel catalyst by establishing the presence of Ni/Al and Zr/Ti
ixtures at Ni/YSZ interfaces. EDS was utilized on FIB-prepared
amples to identify the chemical composition of two grains of YSZ
ith a nickel particle as labeled and three additional grains. The

riginal hypothesis for ALT catalyst enhancement, suggested a con-
 A: General 527 (2016) 36–44 41

tinuous composition gradient that progresses from YSZ to ZrTiO4
to ALT to NiAl2O4 to nickel [30]. While XRD has already suggested
that ALT does not exist in the thermally treated system, the discrete
grains in Fig. 6 dispel the hypothesis of a composition gradient as
had been suggested previously.

The right-hand panel of Fig. 6 contains EDS spectra correspond-
ing to the labeled grains in the TEM image. Area 1, which sits
adjacent to two YSZ grains, contains primarily the constituents of
YSZ plus titanium. The spectrum also contains small amounts of
nickel and copper. The copper, a known artifact of the TEM grid,
can be dismissed. Most importantly, the co-presence of YSZ and
titanium combined with results from XRD and Raman studies leads
to the conclusion that a discrete grain containing largely Zr/Ti exists
immediately adjacent to grains of YSZ where the solubility limit of
Ti in YSZ is reported as about 10–15 mol% [55]. The role of the nickel
in Area 1 is less clear. NiTiO3 would be a clear candidate for exis-
tence within the grain at lower sintering temperatures, but nickel
ions in solution with the ZrO2 are also possible. As indicated by
EDS, Area 2 is of very similar composition to Area 1. While the role
of nickel in the grains is uncertain, these grains do provide direct
evidence for the Zr/Ti secondary phase occurring at the boundaries
of YSZ grains and nickel particles.

Area 3, immediately adjacent to the observed nickel, is com-
posed of nickel and aluminum. Again corroborating with XRD and
Raman results, this area is identified as NiAl2O4. Given that this
sample was  prepared from Al2TiO5, combined with the progression
in Fig. 6 from YSZ to Zr/Ti to NiAl2O4 to Ni, suggests clear spatial
progression of the secondary phases that serve to enhance fuel cell
based electro-catalysts.

3.3. Electrochemical cells

While TEM observation identifies secondary phase formation at
the interface between the catalyst and ceramic support in discrete
grains, the influence of these phases is not fully understood. Elec-
trolyte supported SOFCs with and without doped anode catalysts
were studied by voltammetry and EIS to identify the electrochem-
ical contributions of the secondary phases.

3.4. Ni metal coarsening

Current density curves were collected for cells with and with-
out the ALT dopant. Fig. 7 shows SEM images of YSZ substrates
infiltrated with Ni and with a Ni/ALT mixture. These structures,
after being sintered at 1400◦ C in the manner described above,
were then subjected to a reducing atmosphere at 800◦ C for 50 h.
In comparing the Ni microstructure, evidence of nickel coarsening
at 800 ◦C is readily apparent in the cell without ALT. ALT doping
appears to restrict the Ni coarsening with average grain sizes after
50 h approximately half of that observed in the pure Ni. More-
over, heavy spallation of the Ni from the YSZ substrate is readily
apparent in the pure specimen while essentially non-existent in
the ALT doped sample. The clear difference in propensity for spal-
lation suggests particle anchoring as a mechanism of performance
enhancement in ALT doped anodes. This qualitative analysis cor-
roborates the improvement of degradation rate associated with ALT
use that is described below and provides context for discussion of
that improvement.

3.5. Electrochemical cell degradation

The comparative performance of anodes infiltrated with ALT

was determined by testing the efficiency and stability of four cells
under a constant voltage at 0.7 V. Cells were fabricated with identi-
cal anode and cathode preparation, with the only difference being
the addition of ALT to the anode of two cells. Stability data in Fig. 8
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Fig. 6. TEM image and corresponding EDS analysis of FIB cross-section from YSZ/ALT tape cast infiltrated with nickel nitrate and then reduced.

Fig. 7. FESEM images of nickel on YSZ electrolytes. Left: ALT-doped nickel, and Right: Pur

Fig. 8. Specific current output over the first 25 h of operation for 4 infiltrated cells.
A
a
o

s
a
B

ll cells were run at a constant 0.7 V and 850 ◦C with humidified H2/N2 fed to the
node. ALT cells had 2 mol% Al2TiO5 precursors in the Ni infiltrant. Pure cells had Ni
nly infiltrated into the anode.
hows that the cells had an initial current output of ∼215 mA/cm2,
 value that is reasonable given an electrolyte thickness of 300 �m.
ased on the initial catalyst particle size of 50–100 nm and low Ni
e nickel. Substrates were coarsened for 50 h in a reducing atmosphere at 800 ◦C.

loading, nickel coarsening was anticipated for all four identical cells
[56].

Cells prepared without the ALT infiltration dopant showed
extensive degradation, demonstrating a loss in current density by
more than 90% in less than 5 h. The stabilizing effect of the sec-
ondary phases formed by reactions of ALT with Ni and YSZ is shown,
however, to be quite profound. The two  non-treated cells lost 93%
and 96% of their maximum observed performance within two  hours
of operation at the tested anode loading levels. At the same time,
Cells 1 & 2 with the ALT additions degraded by only 1.6% and
0.7%. The substantial difference at a short time scale is especially
important given a relatively low catalyst loading, designed to exag-
gerate degradation due to a loss of nickel percolation associated
with coarsening. Given the material changes within the ALT mod-
ified anode and the ex situ distribution of phases observed after
operation, the severity of current degradation and microstructural
changes without ALT addition suggest that the secondary phases
create a more robust catalyst network by means of enhanced inter-
action between the catalyst and the YSZ support phase, limiting
thermally induced degradation.
3.6. Electrochemical impedance spectroscopy

EIS measurements were performed on ALT modified and
unmodified cells having slightly higher catalyst loading to further
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Fig. 9. EIS data from a cell with a pure Ni-YSZ anode at 800◦C and at OCV or held at
0.7  V. Both RB and RP increased during and following 16.5 h of polarization in which
the current density decreased by ∼22%.

Fig. 10. EIS data from a cell doped with a 2 mol% ALT at 800 ◦C at OCV or held
at  0.7 V. Both RB and RP increased during and following 16.5 h of polarization in
which the power density decreased by ∼9%. The large impedance measured at OCV
suggests that the ALT doped should not perform better than the pure cell during
polarization; however, the EIS under 0.7 V has lower impedances than the pure cell
t
r
e

e
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f
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r
t
g
H
f
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t
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i
u
i
t
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hat corresponds to the observed improved specific power. The lower polarization
esistances result from the secondary phases in the ALT doped cell with mixed ion-
lectron conducting properties.

lucidate the electrochemical effects of ALT additions to the anodes.
ells for EIS analysis were prepared in an identical manner to those

or the current density measurements. Impedance spectra for the
ure and ALT doped cells are shown Figs. 9 and 10 respectively.

Under initial OCV conditions, the pure cell had a polarization
esistance (Rp) of 0.428 �*cm−2 compared with 0.489 �*cm−2 for
he ALT doped cell, a result that is consistent with expectations
iven an anode doped with non-conductive Al/Ti oxides [32,33].
owever under polarization (0.7 V), Rp decreased to 0.253 �*cm−2

or the pure cell and to 0.126 �*cm−2 for the ALT doped cell. The
arked reduction in Rp upon polarization for the ALT cell over that

f the pure cell can be attributed to mixed ion-electron conduc-
ive properties of Zr/Ti oxides that only become functionally active
nder polarization [49,50,57].

Further illustrating the influence of ALT in the anode system
s the change in Rp as the cells were run. Spectra were taken

nder polarization at 10 min  and 14 h. The pure cell experienced

n increase in Rp from 0.253 �*cm−2 to 0.379 �*cm−2. The ALT cell
ransitioned from 0.126 �*cm−2 to 0.134 �*cm−2 implying that the
tructure and electrochemical properties of the ALT modified anode
 A: General 527 (2016) 36–44 43

changed very little while the unmodified anode underwent signif-
icant change over the course of 14 h. Changes in Rp over the 14 h
time scale of interest are attributed to the anode microstructure
given 1) the ∼100 nm initial particle size, 2) still low catalyst load-
ing, and 3) changes in the EIS spectra occurring at the low frequency
intercept. The stabilization in Rp for ALT doped cells suggests that
ALT has a profound affect in preserving the electronic percolation
of the anode microstructure. Rp at OCV conditions increased from
0.428 �*cm−2 to 0.580 �*cm−2 (35.7%) for the pure cell, and from
0.489 �*cm−2 to 0.648 �*cm−2 (32.5%) for the ALT cell.

In a more predictable manner, bulk resistance (RB) was essen-
tially unchanged in the transition from the open-circuit to polarized
state. However, initial RB was substantially smaller for the ALT
doped cell (0.448 �*cm−2) than the pure cell (0.682 �*cm−2). This
result could indicate a greater density in the anode scaffold which
is corroborated by the larger low-frequency arc in the ALT sam-
ple than the pure, and further consistent with observations of ALT
functioning as a sintering aid [58]. Additionally, decreased RB in the
ALT doped anode may  be founded in the formation of the observed
Zr5Ti7O24 phase which has been reported to possess an extent of
electronic conductivity [55]. Over the course of the 16.5 h experi-
ment, RB for the ALT doped cell increased by 5.5% and pure cell by
8.1%.

4. Conclusions

ALT doping of the Ni/YSZ system has yielded dramatically
increased catalyst stability in low catalyst loading SOFC anodes.
Characterization of this system has provided insight into the for-
mation of phases which are proposed to contribute to improved
catalyst thermal resilience as well as processing conditions which
offer maximum efficacy. XRD and Raman have suggested that from
the perspective of Zr/Ti oxide formation, and stability of the cubic
phase in YSZ, temperatures at or above 1300 ◦C should be beneficial.
TEM imaging has provided direct observation of anchoring phases
in appropriate spatial relation to the Ni and YSZ phases. Finally,
ALT modified electrochemical cells have demonstrated profoundly
decreased degradation rates relative to non-doped cells such that
the time required for degradation to 90% of initial current output
was increased by a factor of 115. EIS has simultaneously indicated
that improved degradation rates can be indeed be attributed to the
anode and that additions of Al/Ti dopants influence changes appar-
ent only under polarization. This observation calls for detailed study
of the Ni/anchoring phase interface. The use of ALT at low concen-
trations, while yielding small impacts to the processing of SOFCs,
offers substantial improvement to the microstructural stability of
nanometer scale infiltrated catalysts.
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