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ABSTRACT 

 

 

The size and shape of metal particulate at high temperature is dictated by surface 

energy.  In systems containing very small metal particles, smaller particles shrink and 

disappear as they grow into larger particles in a process referred to as coarsening.  

Coarsening causes irreversible degradation in a number of important systems including 

automotive catalytic converters and solid oxide fuel cells (SOFC) through a loss of 

catalyst (metal) surface area. 

 This phenomenon is exemplified by nickel metal catalyst that is supported on 

ytrria-stabilized zirconia (YSZ) which represents a materials system critical to the 

function of SOFCs.  It has been demonstrated that additions of aluminum titanate (ALT) 

to the Ni-YSZ system with subsequent thermal treatment can act to stabilize the geometry 

of Ni on YSZ.  In demonstration SOFCs, ALT has increased the time required for the 

first 10% of degradation by a factor of 115. This work has sought to elucidate the 

mechanisms by which ALT imparts increased stability. 

 The work contained here demonstrates that ALT easily decomposes to Al2O3 and 

TiO2.  During thermal treatment, the alumina reacts with NiO to form nickel aluminate 

and the titania interacts with the YSZ where it can form Zr5Ti7O24 – a mixed ion electron 

conducting phase. In this way, the Al and Ti components of ALT have been determined 

to act independently where alumina appears to be dominant in microstructural 

stabilization.  During cell operation, the nickel aluminate decomposes to nickel metal 

decorated with alumina nano-particulate.  This geometry forms the basis of “diffusion 

caging” as a stabilization mechanism which is the subject of Chapter 8.  The role of 

titania appears to be less important except when processing occurs in a way that 

facilitates formation of the MIEC phase.  However, Ni-YSZ cermets have also shown a 

strength enhancement when doped with ALT.  This strength enhancement is likely due to 

the influence of titania (Chapter 7).  Future work has the potential to extend concepts 

discussed here to a number of high temperature catalytic systems. 
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CHAPTER ONE 

 

 

INTRODUCTION 

 

 

Catalysts and Electro-catalysts 

 

 

Catalysis is a large field of study with applications that cannot be overstated in 

terms of importance. [1–5]  A familiar and ubiquitous example is that of automotive 

catalytic converters, however their application extends far beyond this simple example.  

While society as a whole takes this mature application for granted, the environmental 

consequences of catalytic converters on automobiles is profound.  Beyond this however, 

catalysis plays a critical role in the manufacture of many of the goods on which we are 

dependent. 

It would be difficult to overestimate or exaggerate the practical importance of 

heterogeneous catalysis. Think of the products of petroleum and natural gas upon 

which civilized life now relies. All the following are manufactured through the 

agency of solid catalysts: fuels (for transport and heating), fabrics, flavours, 

fragrances, fertilizers, certain foodstuffs and most pharmaceuticals. Moreover, 

many of the molecular building blocks for the production of a wide range of the 

commodities used in everyday life are also generated catalytically: propylene, 

benzene, toluene, xylene, benzaldehyde, terephthalic acid, adipic acid, 

caprolactam (precursor of nylon 6) and a variety of monomers for polymeric 

composites. 

 

J.M. Thomas. “The societal significance of catalysis and the growing practical 

importance of single-site heterogeneous catalysts.”[2] 
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Figure 1: Schematic representation of system energy during reaction progression 

demonstrating reduced activation energy in catalyzed reaction. 

 

 

From a fundamental perspective, the role of a heterogeneous catalyst is to lower 

the activation energy of a chemical reaction, as depicted in Figure 1, such that it can 

proceed on practical timescales where such a reaction may otherwise effectively not 

occur.  Among heterogeneous catalysts, of particular interest are metallic catalysts such 

as platinum, palladium, rhodium, indium, osmium, and nickel.[6] The metals of the 

platinum group are considered high performance catalysts with nickel included because 

of its markedly lower cost and still acceptable performance.  These types of catalysts are 

critical in applications such as hydrogenation of vegetable oil, refining of napthas for 

gasoline, automotive oxygen sensors, automotive catalytic converters, steam reformations 

systems, and fuel cells.  With the exception of hydrogenation, all of these catalysis 

processes must occur at highly elevated temperatures (400
o
-1000

o
C) where mobility of 

the metallic catalyst is significant.  The atomic mobility of these catalysts and thus 
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microstructural instability at temperature is problematic and forms the basis of this 

work.[7–10] 

Studying this phenomenon in sufficient detail to produce truly useful results has 

necessitated a limitation in scope to a model system.  The model system chosen for study 

is nickel metal supported on yttria-stabilized zirconia as used in the low oxygen partial 

pressure anode of a solid oxide fuel cell (SOFC).  With an emphasis on high temperature 

electrochemical energy conversion processes, nickel is a key material primarily as a high 

performance alternative to expensive noble metals which are problematic where large 

scale commercialization is an important outcome.  This specific metal/ceramic system 

has several specific merits as an ideal platform for studying and engineering desirable 

high temperature stability.  First, the metallic catalyst used is nickel, and provides 

sufficient catalytic activity at a small fraction of the costs associated with the other metals 

mentioned ($0.0104/g for Ni and $31.16/g for Pt in October 2016).  Further, it has been 

stated plainly that the world does not have sufficient platinum to support a global 

hydrogen economy. [11]  In addition to using nickel as a catalyst, SOFC anodes operate 

at temperatures of approximately 650-850
o
C and even as high as 1000

o
C

 
where solid state 

mobility of nickel can be dramatic.[12]  Solutions to the mobility problem of nickel will 

have a resounding impact on this technology.  Third, nickel as used in SOFC anodes is 

not only a catalyst, but an electro-catalyst.  It is given here, that an electro-catalyst 

demands a greater degree of stabilization than many other catalysts to be effective owing 

to the electronic conductivity required of the catalyst network (see Figure 2, left vs right 
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image). Finally, facilities available to this research have been particularly well-equipped 

for SOFC-based work. 

 

SOFC Materials and Solution Infiltration 

 

 

In fabrication of anodes for SOFC applications it has been common practice to 

mix nickel oxide, YSZ, and a pyrolizable thermal fugitive to achieve an equal volume 

mixture of metal, ceramic, and porosity upon thermal treatment.[13,14]  This satisfies the 

percolation limit of all the materials (3-D connectivity) which allows simultaneous gas 

flow and electron transport through the anode, with ion transport extended farther into the 

anode than the planar anode-electrolyte interface.[14,15]  While this method is currently 

the most convenient and cost effective for commercial production, it does have several 

shortcomings.  The high nickel concentration, of over 33∙vol% (50∙vol% in the active 

regions), limits the mechanical strength of the composite anode (Ni-YSZ) and shifts the 

coefficient of thermal expansion for the anode to approximately 13.2∙ppm/
o
C (active 

region), much higher than that of the YSZ electrolyte at approximately 10∙ppm/
o
C. 

[16,17]  The stresses induced by thermal cycling can be detrimental to a cell/stack and 

cause catastrophic failures.[18]  From a weight perspective, the density 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 and aero applications.  This is compounded by a significant 

percentage of the nickel existing within the bulk of the cermet where it is not actively 

contributing to the length of the triple phase boundary.     
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A different, and arguably better, approach to anode fabrication is to introduce the 

nickel anode catalyst by solution infiltration methods.  Instead of a bulk mixture a YSZ 

scaffold, or YSZ with engineered porosity, is fabricated with porosity by one of several 

available methods.  These methods can include pyrolizable thermal fugitives, freeze tape 

casting which leaves porosity in a green state, or a chemical leaching method.[19–21] 

The sintered, porous YSZ is then infiltrated with a solution-based nickel precursor, ie. 

nickel nitrate.  Similar methods have also been established for infiltration of common 

lanthanum-based perovskite cathodes.[18,22–25]  In this process, metal salts after being 

deposited from aqueous solution are decomposed at several hundred degrees Celsius.  

The decomposition and volatilization of organic components leaves behind metal oxides 

such as NiO.  Finally, these oxides are reduced to metals at low oxygen partial pressures 

at temperatures below SOFC operational temperatures.  This stands in stark contrast to 

the high temperatures required by traditional processing techniques.  Use of infiltration 

for both the fuel and air electrodes lends itself to a symmetrical cell architecture where 

porous scaffolds can be applied to both sides of the electrolyte resulting in a design 

amenable to scale-up of cell size and large production quantity.[26,27] 

The nature of depositing catalysts on a pre-existing scaffold allows for greatly 

reduced quantities of catalysts.  This not only reduces cell weight, but in cases where a 

more specialized anode catalyst is needed (ie. noble metals), such as during the use of 

hydrocarbon fuels or combined electrolysis operation, this method promises reduced 

costs.  It was found that for the correct scaffold geometry as little as 15∙vol% of 

expensive [28], high mass density catalysts could be used to produce fuel cell electrodes 
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with excellent thermal expansion coefficient matching, since the chemical make-up of the 

scaffold was not changed with the addition of the infiltrated catalyst.  Cells produced in 

this manner have already demonstrated excellent redox stability.[29–31]  The fact that the 

scaffold and catalyst are processed in discreetly different steps means that catalysts 

previously precluded or which were at least troublesome due to high temperature 

reactivity with electrolyte materials become viable options for exploration.  A direct 

example of this is the formation of insulating La2Zr2O7 at catalyst/scaffold interfaces for 

temperatures above 1200
o
C in LSM containing cathodes.[32]  Moreover, material 

combinations for low temperature-SOFCs which were previously considered impractical 

due to reactivity between phases at processing temperatures can also become feasible 

with infiltration.[33]  In addition to these advantages, infiltrated cells, which inherently 

locate catalyst where it is needed for activity while also depositing catalysts at small 

particle sizes, have demonstrated excellent power densities that can far exceed traditional 

cermets.[27,29,34–36] 

 

Performance Degradation by Thermal Coarsening 

 

 

Surface energy is an important thermodynamic quantity which describes the 

excess energy required for an atom to exist at the surface of its host material rather than 

in the bulk.  The condition of an atom existing at a surface is unfavorable can be 

attributed to the idea of dangling bonds.  When an ion exists within the bulk of a crystal 

all bonding sites are satisfied, but at the surface some bonds are left to “dangle.”[37] 
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As a result of this surface energy, a driving force exists to minimize the ratio of 

surface area to volume for any solid.  For a spherical geometry which can approximate 

many powders, this ratio increases dramatically as particle diameter decreases. While 

kinetic considerations prohibit significant morphological changes for oxide or metallic 

materials at room temperature, at elevated temperatures, increased atomic mobility can 

result in rapid changes in particle morphology.  In general, the transition of a tortuous 

surface to a smooth one, or trend of increasing average particle size in a powder, is 

referred to as coarsening.[38,39]   

In the case of metallic particles supported on a substrate, the coalescence of those 

particles can be modeled by Ostwald ripening.  By definition of Ostwald ripening, the 

motion of individual atoms over time from high energy to low energy surfaces enables 

bulk microstructural changes.  Current evidence overwhelmingly suggests that Ostwald 

ripening is the dominant mechanism of thermal coarsening in these systems.[40] 

  

Motivation and Objectives 

 

 

The potential of solution infiltration methods in fabricating SOFC anodes has not 

been fully realized due largely to the fact that very fine nickel metal introduced by 

infiltration at particle diameters < 100 nanometers migrates and coarsens substantially, 

degrading cell performance at rates much greater than traditional anodes. At SOFC 

operational temperatures (600
o
C to 1000

o
C) the nickel has been shown to coarsen and 

agglomerate into larger particles that break up the original nickel network.  Figure 2 is a 
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comparative pair of images that shows at left a fine nickel network on a YSZ substrate, 

and at right, the same network after only 5 hours at 850
o
C. 

 

+  

Figure 2: Nickel deposited on YSZ substrate before (L) and after (R) a thermal treatment 

of 850
o
C for 5 hours in a reducing environment.  This demonstrates the propensity for 

dramatic thermal coarsening of fine metallic microstructures at high temperatures. 

 

 

     The observed agglomeration causes two key problems; first, the larger particles 

are less catalytically active than the smaller, original network of particles due to the 

substantial decrease in surface area.  Second, the coarsening of nickel causes voids and 

separation in the nickel network, breaking down the electron path for current collection 

and hindering overall performance of the anode.[41–43]  In catalytic systems outside of 

SOFCs such as catalytic converters, loss of catalyst mass to the reactant stream is a third 

important problem.   

Studies in the Sofie research group introduced a novel concept of “chemical 

anchoring;” which during this work, has evolved to be understood as “catalyst 

enhancement” where multiple enhancement mechanisms are active.  By introducing a 

minor amount of secondary phase additive, aluminum titanate Al2TiO5 (ALT), which 

yields chemical interactions that include the catalyst and substrate, portions of the nickel 
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network that previously necked down to a discontinuous path were stabilized at 

800C.[44–46]  The ultimate objective of this work has been the elucidation of the 

mechanisms by which ALT additions enhance the stability of the Ni-YSZ system.  The 

following chapters of this dissertation each represent a discrete publication developed 

during this work.  Chapters 2-4 are comprised of peer-reviewed transactions articles 

presenting data acquired during the exploratory phase of this effort.  The data obtained in 

these studies built the context to ask pointed and productive questions.  Chapters 5-9 

represent journal articles developed from preliminary efforts to explain ALT’s influence 

on Ni-YSZ.  The concluding chapter provides a thorough narrative of the evolution and 

summarizing conclusions represented by these chapters.  It is intended that concepts 

driving this catalyst stabilization strategy can be applied to several industries where 

migration of a catalyst on a surface has been shown to lead to failures such as automotive 

catalytic converters[9], methane reforming systems [47], and multilayer capacitors [48], 

in addition to SOFCs. 
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Abstract 

 

 

This report examines the use of aluminum titanate (ALT) as a means of 

stabilizing nickel electro-catalyst networks against thermally-induced coarsening.  While 

this novel technology has potentially widespread application, focus is placed on the 

stabilization of nano-nickel particulate introduced by infiltration techniques into YSZ 

scaffolds for SOFCs.  Here, the implementation of ALT is applied specifically through 

infiltration in the same manner as the nickel catalyst.  The efficacy of this system is 

quantified through high-temperature conductivity testing of nickel networks supported 

through modeling and electrochemical tests which include an investigation of varied 

nickel loading within the SOFC anode.  The ALT anchoring system continues to show 

great promise with degradation significantly impeded when compared to non-anchored 

samples.    
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Introduction 

 

 

 As SOFC technology has progressed towards commercialization, the Ni/YSZ 

composition remains standard for the anode with its well established performance and 

stability.[1]  More recently, an increased interest has grown in fabricating anodes through 

infiltration processes rather than by creating the traditional Ni/YSZ cermet.  In this 

fabrication process, a porous YSZ scaffold is applied to the electrolyte after which a 

nickel containing solution is infiltrated into the scaffold and decomposed to leave a 

coating of nickel on the YSZ.  This is an extremely flexible process where both the YSZ 

and nickel can be substituted for materials of choice.[2]  Ni/YSZ anodes produced in this 

manner have been used in cells with power densities exceeding 1.4∙W/cm
2
.[3]  

Infiltration is also attractive to SOFC technology in that it translates from fabrication in a 

laboratory setting to manufacturing on a commercial level where it could be easily 

automated.  The process also lends itself to cells of varying sizes as scale-up is relatively 

simple with cells produced in this manner, given that the infiltration technique is 

independent of electrode area.[3]  The principle of scaffold infiltration expands the ability 

to engineer porosity within the scaffold and minimize performance losses through 

concentration polarization.  A very specific advantage of infiltrated anodes and a primary 

factor in the scalability of these anodes is that because the anode is primarily a YSZ 

support scaffold with only a thin coating of nickel, the coefficient of thermal expansion 

(CTE) for the whole anode is dictated by the scaffold material allowing CTE mismatches 

between the anode and electrolyte to be eliminated.[4]  This property also lends an 

infiltrated nickel anode to having excellent redox stability as the scaffold is not 
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significantly affected by the volumetric change of the nickel phase.[5,6]  In addition to 

not changing the structure’s CTE, surface deposited nickel leads to a more efficient 

electro-catalyst; which, by eliminating the need for traditional percolation, less nickel or 

other catalyst can be readily employed.  A final and very significant advantage of the 

infiltration process is that the technique inherently lends itself to the formation of nano-

sized nickel particles where the high resulting surface area is greatly beneficial to 

catalytic activity within the electrode.  It has been proposed that chemisorption on the 

surface of the nickel is the responsible mechanism for cell poisoning upon sulfur 

exposure and therefore seems probable that a greatly increased surface area would 

increase tolerance to fuel stream contaminants.[7] 

 A critical disadvantage of both infiltrated and nano-sized nickel deposits on the 

scaffold is the rapid coarsening of the nickel that occurs at SOFC operational 

temperatures which can be further exacerbated by impurities in the fuel stream.[8]  If it is 

assumed that the nickel within an infiltrated anode can be viewed as an interconnected 

network of nickel particles, the observed coarsening and agglomeration leads to reduced 

bulk electronic conductivity as the initially continuous network is broken into discrete 

nickel agglomerates.  An additional effect of this degradation mechanism is that the 

catalytic activity of a given nickel mass will decrease as surface area is decreased.  These 

degradation mechanisms have been previously shown to cause a rapid loss of 

performance in cells based on nickel infiltrated anodes.[9]  In this manner a means of 

inhibiting nickel coarsening would greatly increase the benefits associated with 
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infiltration fabrication techniques, but also be of benefit to traditional cermets and even 

systems outside of SOFC use such as gas catalysis reformation. 

 One previously reported means of inhibiting nickel coarsening is through the use 

of aluminum titanate (Al2TiO5) as an in-situ chemically formed anchor.[10]  The concept 

of this approach is to place aluminum titanate (ALT) at a nickel/YSZ interface where it 

can decompose into alumina and titania constituents.  The proposed mechanism is that 

the TiO2 then reacts with the scaffold zirconia forming zirconium titanate (ZrTiO4), and 

the alumina reacts with the nickel to form nickel aluminate (NiAl2O4).  What has then 

been formed is a continuous compositional gradient from YSZ to nickel with the 

intermediate phases discussed above such that all phases are chemically bound, inhibiting 

the migration of nickel.  Evidence also suggests that secondary phases of alumina and 

titania migrate to the nickel’s surface and inhibit surface diffusion thereby preserving 

surface area for catalysis.  In the previously reported study, the ALT powder had been 

mixed in bulk with the YSZ and exhibited a relatively large particle size.  In this work 

anchoring has been performed using infiltrated ALT.  This method has the distinct 

advantages of using less ALT overall while providing more ALT at the interface and 

producing nano-sized, better dispersed ALT.   

The primary purpose of this study is to quantify the efficacy of ALT-doping 

applied through solution methods.  Anode degradation from increases in electrical 

resistance associated with nickel coarsening was studied and a mathematical model 

describing this behavior has been developed.  In addition to being critical to cell 
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performance, catalyst loading fundamentally affects ALT performance and is therefore 

examined in this report.  

 

Experimental Procedure 

 

 

Nickel Network Conductivity  

 

 One of the two primary modes of infiltrated Ni anode degradation is a decrease in 

anode connectivity.  High temperature conductivity testing was carried-out on anodes to 

quantify the conductivity related effects of coarsening and the efficacy of anchoring in 

countering them. YSZ pellets with 50∙vol% graphite pore former were pressed in 1.27∙cm 

dies at 231∙MPa and sintered at 1300
o
C for 2 hours to form YSZ scaffolds.  In ALT 

doped samples, a saturated toluene solution of aluminum and titanium isopropoxides in 

the proper stoichiometry to produce Al2TiO5 was infiltrated into the scaffold.  Following 

each infiltration, the scaffold was treated at 400
o
C for 5 minutes to decompose the 

organics.  The scaffold was weighed and infiltration was repeated as necessary to achieve 

an ALT loading of 5% of the scaffold mass.  Nickel was then introduced via nickel 

nitrate solution in the same manner with 400
o
C decompositions to achieve a nickel 

loading of 10% of the scaffold plus ALT mass.  Baseline pellets were produced in the 

same manner except that no ALT was added to the scaffold. 

 Two silver wire leads were then attached to each face of the completed scaffolds 

using silver paint before being clamped between two alumina plates ensuring that the 

silver electrodes remained well adhered through the duration of the test.  Scaffold setups 

were loaded into a horizontal tube furnace and attached to a nano-voltmeter capable of 4-
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wire resistance measurements.  The furnace was heated to 850
o
C under an atmosphere of 

5% H2, 95% N2 and resistance was measured at one data point per minute.    

 

Nickel Loading-Based SOFC Tests 

  

 Fuel cell testing was performed to compare ALT doped and non-doped cells at 

multiple levels of nickel loading to more fully elucidate the effects of ALT anchoring and 

catalyst loading. Cells for electrochemical testing were based on 300∙µm thick, 32∙mm 

diameter commercial electrolytes.  An electrode spray was synthesized by combining 

8YSZ with graphite pore former, dispersant, binder, and ethanol.  In tracking anode 

loading, each electrolyte was weighed before spraying, after spraying and sintering of the 

first electrode, and after spraying and sintering of the second electrode in order to 

quantify the mass of each component of the cell.  The electrodes were sprayed to 

thicknesses of approximately 100∙µm.  This thickness was chosen for repeatability rather 

than performance.  Following spraying of the anode scaffold, the cells were pre-sintered 

at 1050
o
C for 1 hour.  In ALT containing cells, up to 38∙vol% ALT was added and then 

decomposed in a box furnace at 400
o
C in a manner similar to the previously mentioned 

decomposition.  Nickel was then infiltrated into the scaffold with a decomposition step 

between each infiltration.  To decompose ALT, and for purposes of consistency in non-

doped cells, the complete anode and electrolyte were heat treated to 1300
o
C for one hour.  

The cathode scaffold was then applied by aerosol spray and heat treated 1050
o
C for one 

hour.  LSM was infiltrated to saturate the scaffold with 400
o
C decompositions between 

each step. 
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 Fuel cells were fixed between two Inconel platens in a clamshell furnace.  On the 

anode side, nickel foam was used between the platen and electrode while on the cathode 

side silver mesh was used between the electrode and platen.  Silver oxide paste was used 

to ensure electrical connectivity between all layers.  Cells were heated at a rate of 

3
o
C/min to 850

o
 under an atmosphere of nitrogen on the anode while air was supplied to 

the cathode.  Gas flows for operation were set at 200∙sccm N2, 300∙sccm H2, and 

450∙sccm air.  After an initial period of 30 minutes at open circuit voltage, cells were run 

at a constant 0.7V. 

 

Extended Duration SOFC Tests 

 

 Long term electrochemical testing of cells was performed to serve as the most 

revealing means of evaluating the efficacy of ALT anchors and aluminum coarsening 

inhibitors.  Cells were constructed using tape-cast electrolytes formed from 8YSZ 

sintered at 1500
o
C for 10 hours.  This sintering process yielded a final thickness of 

150microns.  Scaffold sprays utilized 8YSZ, cornstarch, ammonium poly-methacrylate, 

PEG-200, and ethyl cellulose in a water base.  Once sprayed, cells were sintered at 

1200
o
C for 2 hours to adhere the scaffolds to the electrolytes.  Two cells were compared, 

one cell with a nickel anode and one cell produced with a nickel anode with ALT 

isopropoxides.  Catalysts and anchors were applied through infiltration as before.  Cells 

were treated for anchor activation at 1300
o
C for 2 hours.  A platen type test rig, set up as 

described above, was used to measure cell performance.   

 Degradation testing was performed at 850ºC, a notably higher temperature than 

generally reported in the literature, to exacerbate the differences between the doped and 
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non-doped cells by increasing the degradation rates established by the Arrhenius 

law.[4,6,11,12]  Tests were carried-out at a constant 0.7∙V under constant gas flows.   

 

Results & Discussion 

 

 

Nickel Network Conductivity 

 

 Conductivity testing has demonstrated a two-order of magnitude difference 

between ALT doped and un-doped specimens in regards to resistance after 60 hours of 

testing.  Conductivity experiments were performed at 10∙wt% nickel loading in order to 

exaggerate degradation in a reasonable period of time.  The un-doped samples appear in 

Figure 1.  The first two samples represent data typical of pellets loaded to 10∙wt% nickel 

up to about 60 hours.  Area specific resistance (ASR) easily exceeded 5∙ohm∙cm
2
 for 

those samples.  The third sample indicates the trend in degradation out to 160 hours, 

achieving an ASR of 48∙ohm∙cm
2
.  The two ALT-doped runs, plotted in Figure 2, are 

typical of observed behavior with ASR never exceeding 0.4∙ohm∙cm
2
 throughout the 

duration of the experiment. There is a notably large variability between samples despite 

extreme care being taken to ensure consistency between pellets.  This variability is, 

however, consistent with modeled predictions, detailed below, to describe the behavior 

established through experimentation. 

The modeling of nickel resistance is based upon the randomization of morphology 

and interconnection of pores within samples combined with randomized nickel network 

interconnection as well.  In this manner, using random interconnection, pathway breakage 

is random in time as is resistance change. This breakdown in electrical conductivity was 
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modeled by first assuming that the previously mentioned electrical network through the 

pellet was made up of on the order of 10
4
 parallel electrical pathways.  Each pathway was 

then assumed to have the same electrical resistance 𝑅.  Thus, the nominal resistance of  

 
Figure 1: Area specific resistance (ASR) as a function of time at 850

o
C for several 

scaffolds infiltrated with only nickel. 

 

 

 
Figure 2: Area specific resistance (ASR) as a function of time at 850

o
C for several 

scaffolds infiltrated with nickel and aluminum titanate. 
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the pellet is given by 𝑅𝑖 =
𝑅

𝑁0
 where 𝑅 is the resistance of one of the parallel current 

paths, and 𝑁0 is the number of parallel resistors that initially model the electrical 

behavior of the pellet.  Time was then considered as a continuous series of opportunities 

for each electrical pathway to fail, presumably from thermally activated atom migration.  

The duration over which resistance data was gathered was broken into minute-long 

intervals during which a random number of electrical pathways could fail.  It is 

reasonable to presume that the likelihood of some number of paths breaking in one 

minute depends on the number of paths that are not broken in that unit of time.  To 

capture this behavior, a random number between zero and the number of initial current 

paths, 𝑁0, was compared to a scaled value of the number of remaining current paths in the 

previous minute.  If the random number was less than the scaled number of pathways that 

were still conducting electricity, then a random number of paths would fail.  Thus, the 

fewer the paths, or the lower the user defined scaling value, the less likely it would be 

that a randomly generated number of paths would fail.  According to this model, 

resistance would change according to equation 1. 
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 Where 𝑁𝑖 is the randomly generated number of paths that have failed in any given 

time. Modeling the degradation of the electrical conductivity of a test pellet in this 

manner yields two parameters that offer some control of the shape of the curve produced 

that will ultimately describe the mechanisms that govern degradation.  The first 
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parameter that can be adjusted is the likelihood of a number of paths failing.  This value 

gives at least a qualitative understanding of the likelihood that some degradation will 

occur in any given time interval.  The second parameter that is adjustable is the maximum 

number of paths that could fail in the time interval, given that the randomly generated 

number between zero and the number of initial pathways is less than the number of 

functioning pathways.  The higher this number, the more potential there is for large 

resistance changes in each time interval. 

 In fitting these data, it was found that the electrical behavior of the pellet was best 

described by considering two different time intervals: 0 to 2.5 hours, and 2.5 to 60 hours.  

The parameters used to fit these data could then be compared to one-another in order to 

compare initial degradation behavior to more long term trends in conductivity in each 

individual pellet, and to compare performance between the samples.  These parameters 

have been included in Table 1. 

These data suggest that ALT could reduce the likelihood and severity of 

degradation with time at 800ºC as is observed in the physical data.  These data also 

support wide variability in the change of resistance with time.  Given similar failure 

likelihoods, the model produces varying numbers of pathway failures.  In the actual 

Ni/YSZ/ALT system, this is likely a function of the non-ordered nature of the scaffold as 

well as the nearness of nickel loading to the percolation limit for the scaffold.  Thus, in 

order to fit the model of the ALT doped pellet, the likelihood of failure factor is reduced 

at the same time that the maximum number of allowable failures is decreased.   
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Table 1: Modeling parameters used to fit observed behavior in conductivity tests where 

“Number of Failures” is the maximum possible number of pathway breakages. 

  0 to 2.5 Hours 2.5 to 60 Hours 

Sample 
Likelihood 

of Failure 

Factor 

Number of 

Failures 

Likelihood 

of Failure 

Factor 

Number of 

Failures 

Undoped I 10 200 0.1 125 

Undoped II 1 50 1 75 

ALT I 1 150 0.3 20 

ALT II 0.8 75 0.5 50 

 

 

Nickel Loading-Based SOFC Tests 

 

 While conductivity experiments were able to provide a good quantitative measure 

of coarsening induced degradation with respect to loss of electrical connectivity within an 

infiltrated Nickel/YSZ system, such testing fails to correlate that degradation to a loss in 

fuel cell performance or account for other operational degradation mechanisms such as 

reduced catalytic activity associated with increased surface area.  Cell testing with and 

without ALT doping was completed in order to demonstrate not only the combined 

stabilizing effects of the ALT, but also to draw-out any potential negative consequences 

of the dopant.  Given the strong nickel loading dependence of the degradation observed 

during conductivity testing, cell tests were run at four different nickel loadings for both 

doped and un-doped conditions.  The loadings of 33, 50, and 66∙vol% were chosen 

arbitrarily, 83∙vol% nickel corresponds to the YSZ scaffold being essentially saturated 

with NiO during infiltration.   
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 The results of these runs are summarized in Table 2 below.  The table shows 

percent degradation per hour for two distinct degradation regions as well as average 

power over the life of the cell.  A fundamental observation from these data is that power 

output of infiltrated cells is heavily dependent on nickel loading in the scaffold.  Average 

power as a function of nickel loading followed an exponential curve with acceptable 

performance being achieved only at the highest loadings.  This loading dependence is 

thought to be more a function of total surface area for catalysis rather than electrical 

interconnectivity given comparable degradation rates across all loadings for the latter part 

of the runs.  This conclusion is based on the perception that the nickel content in the 

higher loading cells is so far above the percolation limit that loss in electrical 

conductivity should not be significant over the course of 20 hours.  The observed increase 

in performance with increased nickel loading is interesting in that it does not support the 

theory that excessive infiltration with nickel is deleterious to cell performance because of 

inhibited fuel diffusion, at least not at moderate voltages and current densities with 

electrolyte supported cells.  This evidence suggests that the limiting factor in initial 

performance of the anode is either a small bulk electronic conductivity of the nickel 

network or a limited triple phase boundary length.  Significant potential exists to improve 

cell performance at reduced loadings by optimizing the morphology of the YSZ scaffold 

to encourage full interconnection of the nickel network.   
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Table 2: Summary of electrochemical tests comparing doped and un-doped anodes at 

various Ni loadings.  Reported percentages are percentage of initial power lost per hour.  

Reported average power is the average specific power over the 20 hour test duration. 

  33∙vol% 50∙vol% 66∙vol% 83∙vol% 

  
ALT 

Un-

doped 
ALT 

Un-

doped 
ALT 

Un-

doped 
ALT 

Un-

doped 

Max 

Output - 

4h 

12.5% 12.1% 8.3% 14.7% 5.4% 18.9% 0.9% 3.8% 

4h-20h 1.8% 2.6% 1.8% 4.8% 0.8% 4.1% 1.1% 1.4% 

Average 

Specific 

Power 

(mW/cm
2
) 

17.11 3.41 65.56 13.53 94.49 21.34 175.09 227.49 

 

   

All cells were observed to degrade with approximate t
-2

 dependence, as might be 

expected from the initial rapid coarsening of nano-nickel particles at high temperature.  

While coarsening after the initial 4 hours was still significant, it was consistently small 

relative to the degradation in the first hours of operation.  For every loading, in both time 

categories, the ALT doped cells significantly outperformed the un-doped cells with the 

exception of the initial four hours for the 33∙vol% cell.  Aluminum titanate doping 

appeared most effective for mid-range loadings where degradation was on the order of 

1/3 to 1/2 of that for non-doped cells.  The ALT was also effective for the case of highest 

nickel loading but with a smaller effect likely due to the nickel network being very well 

connected at such high loadings even after coarsening.  Interestingly, for all but the 

highest loading, ALT doped cells outperformed non-doped cells in terms of initial 

performance as well, which contributed to significantly higher average power outputs.  

This phenomenon is at least partially explained by ALT inhibiting coarsening of the Ni 

network during the ramp period from room temperature to 850ºC such that non-doped 
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cells had already experienced significant coarsening by the time that they began 

operation.  Additional mechanisms of initial performance enhancement remain unclear. 

 

Extended Duration SOFC Tests 

 

 The non-doped cell achieved the expected ~1.06 open circuit voltage (OCV), 

however the ALT anchored cell failed to exceed ~0.98∙V which is attributed to a minor 

flaw in the electrolyte.  Cells were run until 96 hours of power output had been attained 

or specific power output fell under 10∙mW/cm
2
, whichever came first.  In Figure 3, 

specific power (at 0.7V) is plotted against time for both cells.  As is immediately obvious 

upon comparison of the two runs, the degradation is inhibited, by a large magnitude, 

through the doping strategy employed.  At 850ºC, the non-doped cell degraded to a 

nearly non-functioning state within 50 hours.  The doped cell ran the full 96 hours. 

Care was taken to come as close as possible to achieving identical cells apart from 

doping.  The initial performance of the ALT doped cell (305∙mW*cm
-2

 vs. 350∙mW*cm
-2 

for un-doped) is somewhat misleading as interpreted from the chart alone.  The ALT cell 

suffered from a flawed electrolyte manifested as the impeded open circuit voltage.  Of 

greater significance is the ALT seems to have been heavily over-applied.  Following the 

anchor activation treatment, the anode was visibly blued from the nickel aluminate 

formation with a scale at the perimeter of the electrode.  Over-abundance of ALT not 

only isolates nickel from the YSZ scaffold, but also reduces the achievable nickel loading 

which is known to dramatically affect cell performance.  Experience suggests that doping 

the Ni infiltrant with the proper stoichiometry of aluminum and titanium precursors will 

be the best means of reliably and consistently introducing the correct anchoring phase.   
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Figure 3: Power vs. time comparison for non-doped and ALT doped cells run at 0.7V and 

850ºC. 

 

 

Given these mitigating factors, the performance observed from the ALT cells has 

consistently improved over non-doped cells.    

 Both cells were observed to degrade dramatically for approximately the first 40 

hours of operation, where coarsening of the small nickel particulate was rapid.  By about 

50 hours of operation both cells began to enter a pseudo-linear regime characterized by a 

slope leveling slightly with time.  Significantly, doping with ALT did not simply slow the 

exponential degradation to the same levels as the un-doped cell, but actually preserved 

higher power densities at which the cells entered the pseudo-linear region.  The question 

that is formulated is whether or not the ALT anchoring actually eliminates the energetic 

favorability of coarsening past a certain point rather than simply slowing the rate of 

surface diffusion.  If this can be shown to be the case, a true asymptote in the degradation 
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curve at a very acceptable power output might be attainable.  An important investigation 

exists in understanding what mechanisms of degradation are dominant and present in the 

exponential region and which mechanisms are present in the linear region.  Long-term 

EIS analysis of symmetric cells should provide some insight into the contribution of 

electrical resistivity vs. catalytic activity to total degradation.[11] 

 Possible explanations in support of the degradation asymptote theory include the 

activation energy for surface diffusion of nickel increasing exponentially as anchoring 

phases are approached by disappearing layers of nickel.  Particularly if anchoring phases 

are present in sufficient quantity at particle edges, the activation energy of diffusion may 

become high enough that the diffusion rate becomes negligible, especially if operation 

temperatures are somewhat reduced.  It is established that Al2O3, which may be derived 

from ALT formed on the nickel surface, will not easily reduce.  These small alumina 

particles may, through columbic attraction between oxygen and nickel ions or geometric 

considerations, act as diffusion sinks that compete with sintering pressure due to particle 

curvature. 

 

Conclusions 

 

 

 Infiltration of electrode material is a process which shows great promise in the 

manufacture of SOFCs as well as the potential application to various other systems where 

relatively homogenous coatings of nano-particulate are needed.  The aggressive 

coarsening of nano-sized nickel particles at SOFC operation temperatures has clearly 

established a need to inhibit coarsening induced degradation in SOFC anodes to 
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effectively implement this technique.  A combination of conductivity measurements and 

cell testing has demonstrated that the chemical anchoring of ALT is indeed effective in 

accomplishing this purpose. 

 While details of the anchoring mechanisms for this complex system remain 

elusive, the ALT approach continues to show great promise with some confirming 

results.  It is hypothesized that the anchoring effects of the ALT can be realized at 

loadings much lower than was used in this study, where the anchoring effects can be 

maximized and any negative effects minimized.  It is expected that minor modifications 

in the scaffold preparation procedure as well as combining nickel with anchoring phases 

into a single infiltrant where ALT loading can be precisely controlled will significantly 

improve performance figures.  Additionally, an increased understanding of anchoring 

mechanisms, resulting in better application of the technology, will contribute to greatly 

reduced and inhibited anode degradation even at SOFC operational temperatures. 
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Abstract 

 
 

Nickel based catalysts yield important electrochemical benchmarks in high 

temperature solid oxide electrochemistry. While fine metal nanoparticles are achieved by 

solution precursor infiltration, rapid coarsening of high surface area nanoparticles readily 

degrades both catalysis and percolation. The stabilization of fine scale nickel particulate 

at high temperatures provides an opportunity to enhance the performance and operational 

temperatures of non-noble metals. The application Al2TiO5 to bind nickel particles to 

zirconia supports was investigated to establish a methodology for improving thermal 

stability. The decomposition of Al2TiO5 and chemical interaction with nickel/zirconia 

components may provide a viable mechanism. Transmission electron microscopy was 

utilized to investigate the morphology by which the Al2TiO5 induced chemical phases 

that bind the nickel metal to the support. Further, behavior of anchored nickel catalysts in 

electrochemical cells will be reported. 
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Introduction 

 

 

 Developing Solid Oxide Fuel Cells (SOFC) with increased robustness and 

longevity continues to be a key challenge for the advancement and implementation of this 

technology.  The many benefits of SOFCs have long since been recognized, but high 

initial fabrication costs coupled with short useful lifetimes are prohibitive to more 

substantial use and commercial scale adoption.    

 Many mechanisms of performance degradation occur within a solid oxide fuel 

cell, and even more within a cell stack [1-4].  In examining just the anode itself, in 

particular the metal phase electro-catalyst, a primary mode of degradation is coarsening, 

or Ostwald ripening, of the nickel catalyst within the anode [5, 6].  Although ceramic 

oxide alternatives have been proposed, combining nickel with yttria-stabilized zirconia 

remains the standard for SOFC anodes despite its susceptibility to coarsening [7, 8]. 

While this type of anode has been traditionally prepared as a Ni/YSZ cermet with rather 

coarse particulate in the hundreds of microns, and often with a thermal fugitive as a pore 

former in the green state, infiltrating pure YSZ scaffolds with catalyst solutions promises 

strong potential with many advantages over the traditional methods [1, 2, 6, 9-11]. 

 Anodes produced through scaffold infiltration techniques have been shown to 

produce impressive levels of performance, provide percolation at substantially reduced 

catalyst loading (10-15∙vol% in contrast to 40-60∙vol% by traditional methods), 

demonstrate increased thermal cycling and redox tolerance through a small CTE 

mismatch between electrode and electrolyte, allows many more degrees of engineering 

porosity, and provides greater material flexibility.  A major disadvantage of infiltration-
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based fabrication techniques is further increased degradation rates due to the deposition 

of very small, high surface area, nano-particulate.  These increased rates are attributed to 

nickel coarsening that quickly degrades the small particle electro-catalyst network.  To 

realize the full potential of infiltrated metal catalysts, methods of overcoming this 

intrinsic thermodynamic instability are needed.   

 Doping the anode with aluminum titanate (Al2TiO5) has been suggested as a 

means of dramatically reducing the rate of nickel coarsening and potentially creating a 

thermodynamic equilibrium wherein chemical anchors equally oppose the chemical 

potential driving the surface diffusion and evaporation/condensation mechanisms of 

nickel transport [12, 13]. Creating such an equilibrium would not simply reduce the rate 

of coarsening, but the overall extent to which the nickel catalyst can be displaced.  

Continued work on ALT anchoring systems has demonstrated that the efficacy of anchors 

is highly dependent on the technique by which the anchors are introduced and the process 

of catalyst infiltration.  This report exemplifies performance differences derived from 

processing variations for ALT anchored cells.  Simultaneously, further evidence for the 

merit of the ALT system is presented by TEM analysis of the fabricated cells.  

 

Experimental Methods 

 

 

 Investigation of the aluminum titanate anchoring technique has resulted in many 

cells being produced using numerous combinations of processing parameters.  For the 

sake of clarity, general procedures are described with notable examples detailed.  ALT 

anchored cells were produced by two fundamentally different means with the latter 
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method being further divided.  Initially, anchored anodes were fabricated as traditional 

cermets which were simply doped with an ALT powder added through ball milling.  

Nickel oxide (#12359, Alfa Aesar) and 8∙mol% YSZ (TZ-8YS, Tosoh Zirconia) were 

used at an unchanged ratio of 66:34∙wt%.  ALT (#14484, Alfa Aesar) was added at 5% of 

the total powder mass.  These mixtures were suspended in water and ball-milled for 48 

hours before being flash frozen with liquid nitrogen for lyophilization.  The stock mixture 

could then be readily formed into tape casts, freeze casts, aerosol sprays, or uniaxially 

pressed pellets. 

 Use of several microscopes at the Environmental Molecular Science Laboratory 

(EMSL) at the Pacific Northwest National Laboratory (PNNL) was awarded through a 

rapid access proposal prepared at Montana State University.  Samples were prepared 

specifically for examination at EMSL and contained a significantly higher ALT 

concentration at 36wt%.  Three FE-SEMs with Focused Ion Beam Milling attachments 

were used at EMSL (FEI Helios, and two FEI Quanta) for detailed elemental mapping 

and to prepare samples for HR-TEM (Titan 80-300).  Samples of mechanically mixed 

YSZ (TZ-8YS, Tosoh Zirconia) with ALT (#14484, Alfa Aesar) were freeze tape cast in 

aqueous solution to produce an easily identifiable pore surface for infiltration and 

location under the microscopes.  The frozen tapes were then set in a freeze dryer (Virtis 

AdVantage) to sublime the ice crystals yielding porous green tapes.  Disks were cut from 

the tape and sintered up to 1400C with 1 hour dwell, and a rate of 5C/min up and 

10C/min back down to room temperature.  Nickel nitrate was applied to the surface of 

the disks until saturated, then placed under a vacuum for 60 seconds.  The samples were 
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placed in a 500C furnace to decompose the nickel nitrate into nickel oxide.  Infiltration 

was then repeated until loading reached the desired threshold based on apparent 

saturation of the scaffold during infiltration.  The samples were placed in the furnace and 

heated to 1400C to activate the anchors with a 1 hour dwell and the standard heating and 

cooling rate of 5C/min and 10
o
C/min, respectively.   Samples were finally placed in a 

reducing atmosphere of 5% H2 95% N2 at 800C for 48 hours.  This allowed the nickel 

oxide to reduce and mild thermal coarsening to occur with the intention of easing the 

location of anchor points for the microscope studies such that areas of higher nickel 

concentration should correspond to sites of anchor formation.  Disks were placed in the 

SEM with FIB and, through the focused ion beam attachment, samples of approximately 

10µm in width were removed. 

The second process route focused on scaffold infiltration techniques where 

mechanical mixing of ALT powder was avoided.  This route was limited production of 

electrolyte supported cells where the scaffold was applied to the electrolyte exclusively 

through aerosol spraying.  Electrolytes were commercially available (211103, Fuel Cell 

Materials) made of 8∙mol%YSZ with thickness of 300 microns.  Aerosol sprays consisted 

of 8∙mol%YSZ (TZ-8YS, Tosoh Zirconia) at 9% solids and cornstarch at 34.5% solids in 

water.  As dispersant, plasticizer, binder, and surfactant: poly ammonium methacrylate 

(Darvan C-N, R.T. Vanderbilt Co.) was used at 1.5∙wt%, polyethylene glycol (200 mol. 

wt., Sigma Aldrich) 3∙wt%, ethyl cellulose 2∙wt% (200646, Sigma Aldrich), and Dynol 

604 (Air Products) at 0.5∙wt%.  Scaffolds were sintered at 1200
o
C for 2 hours with ramp 
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rates of 5
o
C/min while heating and cooling.  Sprays were applied to achieve sintered 

scaffold thickness of approximately 50 microns. 

 Within the bounds of infiltration, two different approaches were used.  Initially, a 

solution of ALT was prepared from aluminum isopropoxides (205170010, Acros 

Organics) and titanium isopropoxides (#44674, Alfa Aesar) mixed in the appropriate 

ratios to achieve the Al2TiO5 stoichiometry and then diluted in toluene.  Nickel infiltrant 

was used in the form of nickel nitrate (28C-NT-01, Advanced Materials) saturated in 

water with a small amount of surfactant (Dynol 604, Air Products).  Some attempts were 

made with a polymeric nickel precursor described elsewhere.  In this technique, the 

scaffold was infiltrated with the ALT solution which was then heated and decomposed by 

placing the cell directly into a box furnace at 400
o
C.  This could be repeated any number 

of times.  The nickel nitrate solution was then infiltrated in the same manner with a 

number of repetitions that achieved the desired catalyst loading.  Cells were then heated 

to a temperature ranging from 1200
o
C to 1450

o
C to “activate” the anchors. 

 The second infiltration method was conceptually similar to the first except that 

that the anchoring phase and catalyst were combined into a single solution.  In this case, 

aluminum nitrate (06275, Fluka), nickel nitrate (Adv. Mat.), and titanium lactate 

(388165, Sigma Aldrich) were dissolved in water at appropriate ratios to achieve 1∙mol% 

ALT in nickel.  It is important to note that this solution was used within 2 hours of 

synthesis due to the slow precipitation of TiO2.  A small, approximately 0.5∙wt%, amount 

of surfactant was added to the solution prior to infiltration.  The solution was 

decomposed between infiltrations at 400
o
C and anchors activate from 1200

o
C to 1400

o
C. 
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 Cells were tested in a platen-type test fixture where they were fixed between two 

Inconel patens contained within a clamshell furnace.  Silver mesh was used between the 

cathode and its respective platen with nickel foam being used between the anode and its 

plate.  Each interface was completed with a paste made from AgO (#43268, Alfa Aesar) 

dispersed in xylene.  Cathodes were fed air from a zero air generator, and anodes were 

fed a humidified hydrogen nitrogen mix.  Gases were initially flowed at a ratio of 3:4:5 

N2:H2:Air and then adjusted slightly to optimize open circuit voltage for each particular 

cell.  All cells were run at 850
o
C and 0.7∙V unless otherwise noted.    

 

Results & Discussion 

 

 

Transmission Electron Microscopy 

 

 While the effects of ALT on the coarsening of nickel catalysts have been 

recorded, the mechanisms by which anchoring occurs in addition to the morphology and 

spatial distribution of phases remain unclear [12, 13].  TEM analysis was utilized to shed 

some light on how this might occur within an anode environment.  Figure 1 shows the 

preliminary data from FIB cross-sections of an ALT doped anode prepared through 

mechanical mixing.  The letters A, B, and C labeling the grain structure correspond with 

the same letters for the EDS spectra in Figure 2.  In addition, Figure 3 demonstrates the 

distribution of phases immediately after ball milling.  
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Figure 1: TEM image of FIB cross section representing mechanically mixed 

NiO/YSZ/Al2TiO5 produced with FIB. 

 

 

 In a manner consistent with what should be seen in the current anchoring model, 

grains A and B were composed of YSZ with significant amounts titanium and oxygen as 

well as significant traces of nickel and aluminum.  Similarly, grain C was composed of 

nickel, aluminum, and oxygen with minor traces of YSZ and titanium.  Considering that 

the sample was sintered at 1450
o
C as well as previously reported XRD, several of the 

proposed anchoring species can be assumed with confidence [13].  In grain C, the 

intimate presence of nickel and aluminum suggest NiAl2O4 after a high temperature 

treatment.  Equally probable is the presence of ZrTiO4 in grains A and B.  This then 

serves as direct evidence of anchoring phases forming within the anode. 
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Figure 2: EDS spectra corresponding to specified regions in Figure 1. 

 
 

 
Figure 3: SEM image of mixed powder immediately after ball milling with corresponding 

EDS maps. 
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 Assuming that grains A and B are primarily YSZ and that grain C is primarily 

nickel metal, it is of interest then that no grains of primarily aluminum and titanium, 

indicating ALT, are observed.  This suggests complete decomposition of the original 

ALT into anchoring phases during the high temperature activation run.  This result is 

consistent with previously reported XRD [13].  Knowing the spatial distribution, as well 

as being quantify the concentration of the observed phases would greatly aid in 

suggesting the means by which ALT is acting as an anchor.  It is expected that a 

continuous gradient of YSZ to ZrTiO4 to Al2TiO5 to NiAl2O4 to Ni metal would be most 

effective in “pinning” a section of Ni particulate to a specific location on a YSZ scaffold.   

 

Formation of Anchoring Phases through Infiltration 

 

 Consideration of the random particulate distribution produced by ball milling, 

species formed as verified by XRD [13], and TEM results has given rise to a proposed 

route of anchor evolution and anchoring mechanism.  This illustrated in Figure 4 and is 

relevant to both the mechanical mixing and isopropoxide infiltration techniques.  In this 

model, the simultaneous intersection of nickel, YSZ, and ALT is required to initiate 

evolution.  Initially, the Al2TiO5 decomposes to Al2O3 and TiO2.  Finally, upon heating to 

sufficient temperature the alumina reacts with the nickel to form NiAl2O4 and the YSZ 

with the titania to form ZrTiO4.  It is proposed that the actual anchoring occurs by means 

of the reactions not creating grains of single material phases.  By nature of the Al and Ni 

having come from the same place, significant inter-diffusion will have occurred and in so 

doing created a gradient of phases.  As cations from the host substrates and ALT form 

ionic bonds within anchoring phases, local diffusion of the substrate phases should be 
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significantly inhibited.  This in effect, pins the nickel catalyst to the YSZ which will 

remain dimensionally stable at SOFC operating temperatures.   

 Should the phases remain connected, it is expected that anchors of greater 

strength should form.  If they locally separate, the potentially lower strength of the anchor 

could be mitigated by the fact that many more small anchors could form at finely divided 

spaces across the Ni/YSZ interface. 

 

 
Figure 4: Proposed evolution of anchors in mechanically mixed and isopropoxide 

infiltrated samples. 
 

 

 Moving to isopropoxide ALT precursors which were followed by catalyst 

infiltration proved a significant improvement over mechanically mixed cells.  First, it 

increased the mechanical integrity of the YSZ scaffold by not including nickel.  

Likewise, the ionic conductivity of the YSZ is lessened with the presence of ALT.  By 

placing catalyst material on the YSZ surface, smaller quantities of the catalyst phase can 

be used.  The ALT which is neither electrically or ionically conductive, can be used in 

significantly lessened quantities when intentionally placed only at the Ni/YSZ interface.  
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Two major motivations existed in developing a single infiltrant which contained the 

catalyst and anchoring dopants.   

 The primary advantage of a single infiltrant is the ease with which doping levels 

can be tracked.  Doping levels of less than 1∙mol% (based on catalyst quantity) have been 

observed to have a significant impact on degradation rates.  However, due to the non-

catalytic and non-conductive nature of ALT and the evolved anchoring phases, the 

anchors need to be used at the minimum concentration to achieve optimal performance.  

The amounts of ALT used are then so small that accurate tracking of ALT loading 

through isopropoxide addition proved to be extremely difficult.  By mixing precursors 

into a single solution, the ratio of nickel to anchoring phase could be easily set.  The 

amount of catalyst added was large enough to be measured easily.  A second supposed 

advantage is the diffusion of the anchoring species to the outer surface of the nickel as 

seen in Figure 5. 

Even if significant portions of the anchoring dopants still existed within the bulk 

of the nickel particle anchoring dopants on the surface of the Ni but not in contact with 

the YSZ could prove advantageous.  The proposed advantage is that a small amount of 

doping phase could significantly inhibit the surface diffusion and 

evaporation/condensation mechanisms of coarsening is a similar way to that reported for 

other systems [14, 15].  In this way, Ostwald ripening is somewhat 
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Figure 5: Proposed schematic of secondary phases from single solution infiltrant in which 

both the catalyst and anchoring phases are introduced simultaneously. 

 
 

differentiated from simple coarsening.  Ostwald ripening here refers specifically to the 

process of several smaller particles becoming a single larger particle.  This process is 

inhibited by anchoring the small nickel particulate to the YSZ at many points.  

Coarsening would then refer to the reduction of surface area within a single particle, or 

the smoothing of a tortuous surface.  This may be inhibited by alumina/nickel aluminate 

and titania clusters on the surface of the nickel particle.  

 

Solid Oxide Fuel Cell Tests 

 

 As research and understanding of the ALT anchoring system has evolved, 

numerous cells have been demonstrated to verify the effects of the aluminum titanate.  

Due to the fact that these cell tests occurred over a significant time span and that tests 

were performed for varying purposes, processing variations such as nickel loading and 
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anode composition invalidate direct comparison of performance between cells.  

Nonetheless, these runs are presented as a summary and some general, but valuable, 

observations can be made. 

   These runs are plotted in Figure 6 as specific power plotted as a function of time.  

Noteworthy anomalies include the sudden power increase in the Al2O3 cell and noise in 

the ALT cell doped through isopropoxide.  The sudden power increase is attributed to a 

glitch in the software controlling the mass flow controllers that caused an instantaneous 

decrease, and after a short period, increase in the gas flow rates.  The noise in the 

isopropoxide data results from V-I scans being taken regularly and smoothed with 30 

point moving averages for presentation here. 

 

 
Figure 6: Specific power output over 40 hours operational testing at 850

o
C for cells 

produced with various anchoring techniques. (Legend shows curves in the order that they 

appear at 10 hours.) 
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 The immediately obvious result is seen in the stark contrast between the various 

doped cells and the pure nickel cell.  The non-doped nickel was prepared through 

infiltration as described with the scaffold infiltrated to saturation, or approximately 

35∙vol% nickel metal.  As would be expected, the cell exhibited initial performance 

comparable to doped cells.  However, the unstabilized nanoparticulate coarsened at a 

rapid rate causing severe degradation of the cell.  A common observation has been for 

degradation to exist in an initial exponential regime and evolve to a pseudo-linear state.  

The pure nickel cell had only begun to operate in linear degradation at approximately 35 

hours after having lost 90% of its peak power output. 

 In the four doped cells, a mechanically mixed anode is not represented as its 

performance varied greatly from the cells presented and was not pursued as anchoring 

techniques progressed.  The 1200C and 1400C ALT cells were prepared through the 

single infiltrant technique with 1200 and 1400 referring to activation temperatures.  The 

isopropoxide ALT cell was prepared as described earlier.  The Al2O3 cell was prepared 

using the single infiltrant technique, but without the titanium component.  All cells except 

the 1400C ALT cell were loaded with catalyst to approximately 35∙vol%.  The 1400C 

ALT cell was loaded to only 15∙vol% likely explaining its lower initial performance.  

 All ALT doped specimens regardless of application technique exhibited 

significantly smaller degradation rates and levels compared to the non-doped sample, 

particularly in the initial exponential region.  Unexpectedly, the 1∙mol% Al2O3 cell 

seemed to outperform the 1200C ALT, and isopropoxides ALT cells in terms of initial 

degradation levels.  If it can be assumed that 1∙mol% alumina doping led to significant 
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amounts alumina on the nickel surface, this certainly suggests that coarsening through 

Ni/Ni diffusion is dominant during initial degradation and that alumina doping may 

significantly inhibit the surface diffusion and evaporation/condensation modes of nickel 

transport.  By 30 hours of running, the 1200C ALT, 1mol% Al2O3, and isopropoxide 

ALT cells had achieved very similar degradation rates were not easily distinguishable 

from the pure nickel degradation rates by 35 hours.  However, despite the lack of 

improvement over the non-doped cell at longer time ranges, the cells were performing at 

a much higher level due to initial degradation mitigation.  

 A clear departure from other cells was the 1400C ALT infiltrated sample.  Despite 

slightly lower initial performance, this cell demonstrated significantly reduced 

degradation rates and extents both initially and at 40 hours.  A major difficulty in 

processing ALT doped cells has been that XRD indicates that 1400
o
C+ is required to 

form the anchoring phases, but ALT is also known act as a powerful densification aid.  

This results in fracturing of the electrolyte during high temperature activation runs due to 

sintering stresses which arise from densification on only one side of the electrolyte.  This 

cell was successfully fabricated by adding ALT to the cathode scaffold prior to the high 

temperature treatment at a level much less than 1∙wt%.  This technique appears to have 

been effective in balancing sintering stresses in that not only did the electrolyte not 

fracture, but cell exhibited no cupping.  The now added ALT in the cathode may further 

justify lower initial performance due to unforeseen chemical interactions or resistive 

increases despite being used at low concentrations.  Despite these issues, the cell appears 

to have transitioned to pseudo-linear degradation by approximately 13 hours with greatly 
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reduced degradation compared to other cells during that time.  Upon entering linear 

regime, the observed rate of degradation was smaller than seen in any other cell.  The 

substantially increased anchoring performance of the 1400C cell corroborates XRD data 

suggesting that a minimum of 1400
o
C is necessary to realize the full benefit of ALT 

anchoring. 

 

Conclusions 

 

 

 Continued progress in the development of aluminum titanate anchors has further 

demonstrated the benefits of the system while also beginning to provide some 

understanding of the anchoring mechanisms.  Importantly, this work has demonstrated 

the profound effects of anchor introduction and processing on their efficacy.  It is 

understood that the anchoring phases are non-conductive and non-catalytic which 

necessitates applying them in minimum practical quantities and only in places where they 

will be functional.  Currently, it seems that applying the anchoring precursors in solution 

with the catalyst is the most effective means of accomplishing this.  Electrochemical 

testing combined with previous X-ray diffraction results have made clear that the benefits 

of ALT doping will not be made manifest without proper activation at not less than 

1400
o
C in presence of both the nickel and YSZ.  

 Future work will be important to address remaining questions.  Further 

characterization of ALT anchored anodes will clarify the means by which anchoring 

occurs locally.  It is of importance to learn how to apply the anchors in such a way that 

the rate of nickel coarsening is not just reduced, but that the thermodynamic potential for 
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sintering is equally opposed the anchors such that coarsening ceases entirely.  The 

benefits of the system will be even further increased by optimizing the level of ALT 

doping.  Success in stabilizing SOFC anodes against thermally induced degradation will 

prove to be a significant step in progressing the technology towards commercialization. 
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Abstract 

 

 

Coarsening of nano-metal particulate at elevated temperatures is a significant 

impediment to the efficiency and longevity of numerous catalyst and energy 

conversion/storage systems. Utilizing a model electro-catalyst system of nickel metal-

stabilized zirconia doped with Al2TiO5, we have identified a novel approach to increase 

the thermal stability of infiltrated nickel by fostering interfacial chemical reactions or 

‘anchors.’ The mechanisms and specific species that confer enhanced catalyst stability 

through localized reactions are not well understood, even though the performance impact 

is simply demonstrated. X-ray diffraction has demonstrated the formation of interfacial 

Zr5Ti7O24-x, a potential oxygen ion conductor known to form in the presence of yttria. 

Anchoring phase stability in reducing conditions at high temperatures is also examined 

and solid phase interfacial energies will be considered in their influence of coarsening 

thermodynamics. 
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Introduction 

 

 

 Nickel metal supported on yttria-stabilized zirconia (YSZ) substrates has been 

selected as a model system for the development of chemical anchors to inhibit thermal 

coarsening of high temperature metal catalysts.  In solid oxide fuel cells (SOFCs) 

instability of the nickel microstructure within the cell’s anode is a primary source of 

degradation, particularly for high performance, infiltrated catalyst cells.[1–6] Beyond 

SOFCs, high temperature stability of metal catalysts is problematic in numerous 

applications including naphtha reformation systems and automotive catalytic converters. 

[7–12] 

The function of SOFC anodes require mixed electronic and ionic conductivity as 

well as catalytic activity.  This is traditionally achieved through combination of nickel 

and YSZ.  While YSZ is ionically conductive, metallic nickel provides electronic 

conductivity and good catalytic function at operational temperatures.  The requirement of 

two phases does limit the functional portion of the cell to a triple phase boundary where 

Ni, YSZ and the gaseous reactant stream are in simultaneous contact.[13] It is from this 

perspective that infiltrated catalyst techniques are very attractive. 

Porous cermets of nickel and YSZ have become the standard for SOFC anodes, 

but the infiltrated catalyst alternative is based on porous YSZ scaffolds that are then 

coated with catalyst through solution infiltration techniques. [4,14–16] In this way, the 

catalyst is placed efficiently (not functional in YSZ bulk), and small particle sizes of 100∙ 

nm and less are easily realized.  These small particles sizes provide greatly increased 

triple phase boundary length for chemical reaction and surface area for H2 adsorption.  
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Unfortunately, fine metallic catalysts are also prone to very rapid coarsening at high 

temperatures. [12,17] When coarsening occurs, not only are triple phase boundary length 

and surface area lost, but the percolated nickel network is broken and electronic 

resistivity of the anode rises. 

The use of aluminum titanate (Al2TiO5, ALT) as a precursor to chemical anchors 

in this system has been demonstrated. [18,19]  Metastable ALT is known to easily 

decompose to Al2O3 and TiO2.  Upon thermal treatment of ALT doped anodes, further 

reaction occurs between Al2O3/Ni and TiO2/YSZ.   In this report, the importance of 

thermal processing temperatures is examined and functional properties of the anchoring 

phases are considered. 

 

Methods 

 

 

Electrochemical Cells 

 

 Electrochemical cells were fabricated and after ALT doping, heat treated to 

different temperatures for formation of anchoring phases to test for performance 

differences.  Cells were supported with commercially available 300µm electrolytes which 

were fabricated from 8∙mol% yttria YSZ.  Anodes and cathodes were applied via aerosol 

spraying with a target thickness of 50∙µm.  The anode spray was an equivolume mixture 

of NiO, YSZ and cornstarch in a 60∙vol% xylene 40∙vol% ethanol solvent with 

appropriate dispersant and binder.  All anodes sprayed from the same batch with a 

portion of the spray mixture having been separated for ALT doping.  The extent of 

doping was 5% of the NiO + YSZ mass.  The cathode mixture was similar with an 
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equivolume mixture of YSZ, LSM, and cornstarch.   Fabrication proceeded such that that 

the anode was applied and sintered, then the cathode applied and sintered.  One ALT 

anode was sintered at 1400
o
C for 1 hour while the other ALT anode and un-doped anode 

were sintered at 1200
o
C. 

Testing of fabricated cells was performed in a platen-type test fixture with Inconel 

platens enclosed in a clamshell furnace.  The cells were interfaced with the platens using 

silver mesh at the cathode and nickel foam at the anode with silver paste used for the 

connections.  All cells were run at 850
o
C and a constant 0.7∙V. 

 

X-Ray Diffraction 

 

 X-Ray Diffraction was performed to correlate two SOFC reaction temperatures 

with phase evolution and to investigate anchoring phase stability under temperature and 

pO2 conditions resembling an anode.  Powders were prepared as equivolume mixtures of 

YSZ, NiO, and ALT by ball milling, flash freezing, and freeze drying.  These powders 

were compacted into pellets using a 1.9∙cm (3/4”) diameter die at a pressure of 250∙MPa.  

These pellets were then sintered at 1200
o
C or 1400

o
C in air or a 5% H2 + 95% N2 

mixture. 

Following sintering, pellets were ground in a mortar and pestle for XRD 

examination.  Analysis was performed on a Scintag XRD using Cu-kα radiation with 

scans that ranged 20-70
o 

2θ.  
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Results & Discussion 

 

 

Electrochemical Cells 

 

 Three electrochemical runs which include a baseline cell, a 1200
o
C activated ALT 

and a 1400
o
C activated ALT cell are shown in Figure 1 below.  Cell specific power 

output was recorded for 45 hours.  Initial power output was observed to vary from 

roughly 200∙mW*cm
-2

 to 300∙mW*cm
-2

 which was considered reasonable given the 

300∙µm electrolyte supports.  Some part of the lacking initial power in the cell which had 

been treated at 1400
o
C is attributed to the loss of porosity due to scaffold sintering 

beyond that which occurred at lower temperatures. 

 

 

 
Figure 1: Comparison of specific power output loss with time for three cells run at a 

constant 0.7V and 850
o
C.  Cells are varied by anode composition and include a baseline 

Ni/YSZ and ALT doped Ni/YSZ with 1200
o
C and 1400

o
C thermal treatments. 
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The advantage of ALT doping is apparent upon initial inspection with the non-

doped cell having degraded to nearly 20∙mW*cm
-2

 in 45 hours of operation.  Despite 

impaired initial power output, the ALT cell treated at 1400
o
C appears to show 

significantly increased stability over the 1200
o
C treatment.  After 45 hours of operation, 

specific power outputs had degraded to 5.5% of initial for the pure Ni cell, 47.4% of 

initial for the 1200
o
C activation cell, and 75.4% of initial output for the 1400

o
C activation 

cell.  The discrepancy in stability between thermal treatments for ALT doped cells is 

further discussed in conjunction with XRD data. 

 

X-Ray Diffraction 

 

 Figure 2 contains a portion of three XRD patterns extending from 27-34
o
 2θ.  The 

lower two both represent powder mixtures treated at 1200
o
C.  The first was heated to 

1200
o
C for one hour in a manner consistent with the electrochemical cells and the second 

was treated for 24 hours in a demonstration of kinetic considerations.  The final mixture 

was heated to 1400
o
C for 1 hour in the same manner as the corresponding 

electrochemical cell. 

Examination of the patterns reveals dramatic discrepancy between thermal 

activation temperatures for this system.  Most unexpectedly, all (3-5% detection limit) of 

the cubic zirconia has been destabilized to the monoclinic phase at 1200
o
C after 24 hours 

and mostly destabilized even after 1 hour despite the initial mixture containing YSZ 

stabilized at 8∙mol% Y2O3.  This destabilization corresponds to strong formation of 

Zr5Ti7O24.  Formation of this phase stands in contrast to the models of previous work 
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Figure 2: XRD patterns of equivolume NiO/YSZ/ALT mixtures heated to 1200

o
C for 1 & 

24 hours and 1400
o
C for 1 hour. 27-34

o
 2θ, Cu-Kα radiation. 

 

 

where the formation of ZrTiO4 had been assumed.  The literature shows that Zr5Ti7O24 is 

only preferred over ZrTiO4 in the presences of Y2O3 such that Yx(Zr5Ti7)1-xO24-δ is a more 

accurate representation of the reaction product.[20–22]  

In this way, the harvesting of Y to form a new phase where the Y/Zr ratio is 

presumably higher than the initial YSZ can easily explain the destabilization of the cubic 

phase.  It is appropriate to re-iterate here that the powder mixtures for XRD contained 

dramatically more ALT than the anode compositions to ensure detection of secondary 

phases despite the relatively coarse detection limits of XRD.  This being the case, it is 

unlikely that a large fraction of the YSZ in the actual electrochemical cells was 

destabilized. 
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Furthermore, the presence of Y doping in a Zr/Ti/O compound yields exciting 

potential for functional properties in what was previously thought to be an otherwise non-

functional anchoring phase.  Y
3+

 substitution on (Zr,Ti)
4+ 

could very easily be 

compensated by oxygen vacancies thus inducing conductivity to O
2-

 ions exactly as in 

YSZ.  Beyond ionic conduction the very low pO2 of an anode environment should be 

considered for its potential to reduce Ti within the defected structure and potentially 

induce electronic conductivity.  Observation of Yx(Zr5Ti7)1-xO24-δ is a profound result in 

its potential to explain how introducing anchoring phases at the triple phase boundary 

does not dramatically impede cell performance. 

Activation at 1200
o
C also reveals interactions between nickel and titanium.  These 

phases were not anticipated and are not significant in concentration.  In an anode where 

the ALT concentration is much lower and therefore Y from YSZ is not limiting, it is not 

certain that there would exist excess Ti to react with Ni.  This is evidenced by the lack of 

these phases in the 1400
o
C run where the concentration of Zr5Ti7O24 is retarded.  It is 

noted that NiAl2O4 is strongly present at both temperatures.  The peak for NiAl2O4 which 

appears in this window is simply not a primary one. 

Figure 3 is useful in demonstrating that the formation of the “anchoring” phases is 

at least somewhat reversible upon introduction to a low pO2.  In the lower pattern, the 

mixture was treated at 1400
o
C in air and then reduced at 850

o
C for 50 hours in an attempt 

to understand the anode chemistry after some time in operation.  The upper pattern 

represents a powder mixture with no initial heat treatment in air. 
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Figure 3:XRD patterns of equivolume mixtures of NiO/YSZ/ALT that were reduced at 

850
o
C for 50 hours following a 1400

o
C initial treatment in air (lower pattern), and no 

initial treatment (upper pattern). 

 

 

The formation of NiAl2O4, which was considered a primary anchoring phase, 

appears to be completely reversed upon reduction.  Nickel metal is clearly observed and 

while peaks corresponding to Al2O3 are convoluted with other peaks, no other Al-

containing compounds are observed.  The identifying peak for NiAl2O4 is seen at 37.00
o
 

2θ when the compound is present.  The formation of Yx(Zr5Ti7)1-xO24-δ is partially, but not 

completely, reversed.  An identifying peak for TiO2 is observed just above 27
o
 2θ and the 

most intense peak for Yx(Zr5Ti7)1-xO24-δ is observed as a barely perceptible shoulder on 

the YSZ peak only in the mixture which had an initial 1400
o
C treatment.  It is confirmed 

that a high temperature treatment is required if any Yx(Zr5Ti7)1-xO24-δ is to be observed. 
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The loss of NiAl2O4 and most of Yx(Zr5Ti7)1-xO24-δ does not imply that the heat 

treatment is of limited/no value.  In order for Yx(Zr5Ti7)1-xO24-δ or NiAl2O4 to have 

formed, homogeneous mixing of Ni/Al and Zr/Y/Ti had to have occurred over the extent 

of the anchoring phases.  Upon reduction to Ni(m)/Al2O3 and YSZ/TiO2, the extent of 

phase segregation is unsure.  This of course, is not to discount that some Yx(Zr5Ti7)1-xO24-

δ is likely still present.  The remains of a known Yx(Zr5Ti7)1-xO24-δ or NiAl2O4 grain have 

yet to be observed.  These results do indicate that kinetic arguments such as the extent of 

inter-diffusion, or anchoring phase grain size should be considered in defining the 

disparity of stability between 1200
o
C and 1400

o
C activated anodes. 

 

Conclusions 

 

 

 In this study, aluminum titanate was used to stabilize nickel metal in SOFC 

anodes after varying thermal treatments.  In any case, it was observed that ALT yielded a 

substantial stability increase over an un-doped baseline anode, but was observed that the 

doped cell treated at 1400
o
C appeared to be better stabilized than the cell treated at 

1200
o
C.  XRD identified the potential anchoring phases of NiAl2O4 and Yx(Zr5Ti7)1-xO24-δ 

after both levels of heat treatment, but also observed the destabilization of the cubic 

phase of zirconia in the 1200
o
C treatment where Yx(Zr5Ti7)1-xO24-δ  concentration was 

maximized.  

Further work needs to consider the impact of the thermal treatment and anchoring 

phase formation on a functioning anode given that formation of the anchoring phases has 

been showing to reverse in an environment that resembles anode conditions.  It is 
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promising that the remaining portion of the anchoring phases, Yx(Zr5Ti7)1-xO24-δ, 

potentially exhibits conductive properties.  This material needs to be more fully 

characterized in additional work.  Ultimately, success in understanding the mechanisms 

by which increased catalyst stability is imparted via ALT will allow extension of the 

technology to numerous systems of importance.  
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Abstract 

 

 

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 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 
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stability such that the time required for degradation to 90% of initial current output was 

increased by a factor of 115 for modified catalysts.   

 

keywords: infiltration, catalyst stabilization, thermal coarsening, catalyst enhancement 

 

 

Highlights 

 

 

1. Ni/YSZ cermet anodes infiltrated with aluminum titanate (ALT) have reduced 

degradation rates and improved performance. 

 

2. XRD and Raman data show that the composition of Ni/YSZ doped with ALT 

depends sensitively on processing temperature with several material phases 

(Zr5Ti7O24, NiAl2O4, and monoclinic YSZ) appearing only under specific 

sintering conditions. 

 

3. Ex situ analysis of Ni/YSZ anodes infiltrated with ALT show significantly 

diminished coarsening after operation in fuel cell mode at 850˚C. 

 

Introduction 

 

 

Stability of catalyst microstructure, particularly for high-temperature metallic 

catalysts, is an important issue in a multitude of applications, particularly where nano-

scale, high surface area materials are utilized.  The attrition of precious metals from 

automotive catalytic converters has been sufficient to motivate studies that investigate the 

environmental impacts or harvesting of platinum group metals from roadside soils.[1–4]  

In another application, microstructure instability is a defining issue in implementing 
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infiltration based anodes in Solid Oxide Fuel Cells (SOFC).  The general consequences of 

metal catalyst coarsening are reflected by the need for addition of excess catalyst during 

device fabrication and in decreased device efficacy as fine catalyst microstructure 

coarsens.  In this work, improvements to the microstructural stability of high-temperature 

metallic catalysts are explored using SOFC anodes as a model system in which catalyst 

percolation adds a primary constraint on system function.  Specifically, this work uses the 

nickel metal/yttria-stabilized zirconia (YSZ) composition.   

Traditionally, SOFC anodes are made of a ceramic/metal (cermet) composite 

material consisting of a nickel metal catalyst and yttria-stabilized zirconia (YSZ).  Nickel 

provides an inexpensive catalyst 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 usually 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) allowing for simultaneous gas flow and electron flow 

through the anode, with ion transport extended farther into the anode than the planar 

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/
o
C, much higher than that of the YSZ electrolyte 

(~10.8∙ppm/
o
C). Mechanical stresses induced by thermal cycling can be detrimental to a 
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cell/stack stability and cause catastrophic failures.[8]  From a weight perspective, the 

density 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 electronically 

connected to the anode structure and not contributing to the electrochemically active 

three phase boundary.   

 A different approach to anode fabrication is to introduce the nickel electrocatalyst 

by infiltration methods.  Instead of being a simple mixture of sintered Ni and YSZ 

particles, an infiltrated electrode starts with a YSZ scaffold rendered porous by one of 

several available methods.  These methods include pyrolyzable thermal fugitives, freeze 

tape casting which leaves porosity in a green state, or a chemical leaching method.[9–11]  

The sintered, porous YSZ is then infiltrated with a solution-based nickel precursor such 

as nickel nitrate.  Similar methods have also been established for infiltration of common 

lanthanum-based perovskite cathodes.[8,12–15] Use of infiltration for both the fuel and 

air electrodes lends itself to a symmetrical cell architecture where porous scaffolds can be 

applied to both sides of the electrolyte resulting in a design that is scalable both in size 

and in quantity.[16,17] 

 Depositing catalysts on a pre-existing scaffold via infiltration significantly 

reduces the amount of catalyst material required.  Given an appropriate scaffold 

geometry, as little as 15∙vol% of expensive [18], high mass density catalysts could be 

used to produce fuel cell electrodes with excellent thermal expansion coefficient 
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matching.  Cells produced in this manner have already shown excellent redox stability 

while retaining high catalytic activity.[12,19–21]  Because the scaffold and catalyst are 

processed in discreetly different steps means that catalysts previously precluded due to 

high temperature reactivity with electrolyte materials can be considered as viable options 

for development.  For example, lanthanum strontium manganite (LSM) reacts with YSZ 

at temperatures above 1200˚C to form La2Zr2O7, an ionic insulator.[22]  This undesired 

outcome constrains how SOFC membrane electrode assemblies are fabricated, given that 

LSM is often used as an SOFC cathode and YSZ is one of the most commonly used 

SOFC electrolytes. Moreover, material combinations for low temperature-SOFCs that 

were previously considered impractical due to reactivity between phases at processing 

temperatures also become feasible with infiltration.[23]  Infiltrated cells localize catalysts 

where they are most needed for activity and catalyst particles formed from infiltration 

tend to be much smaller than those used in mechanically mixed electrodes.  Furthermore, 

smaller catalysts have power densities that far surpass the performance of traditional 

SOFC cermet electrodes.[17,19,24–26] 

 In high temperature applications, the advantages of electrode fabrication by 

infiltration have not been fully realized. This is due largely to the fact that very fine 

nickel metal introduced by infiltration at particle diameters < 100 nanometers migrates 

and coarsens substantially, degrading cell performance at rates much greater than 

traditional anodes.  At SOFC operational temperatures (700
o
C to 1000

o
C) small nickel 

catalysts have been shown to coarsen and agglomerate into larger particles that break up 

the original nickel network.  This behavior leads to two important problems; first, the 
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larger particles are less catalytically active than the smaller, original network of particles 

due to the substantial decrease in surface area (reduced triple phase boundary length).  

Second, the coarsening of nickel causes voids and separation in the nickel network, 

breaking down the electron path for current collection and hindering overall performance 

of the anode.[25–29] 

 Recent reports have shown that adding a minor amount of secondary phase 

additive, such as aluminum titanate (Al2TiO5 or ALT), improves the performance of Ni-

infiltrated SOFC cermet anodes.[30]   The proposed mechanism of improved anode 

stability cited chemical interactions between the catalyst and substrate in which portions 

of the nickel network that had previously necked down to a discontinuous path were 

instead stabilized at 800C.[30,31]  This work suggested that high temperature reaction 

of the Ni-YSZ-ALT system led to the formation of additional oxide phases, NiAl2O4 and 

ZrTiO4, within the anode; however, the spatial distribution and phase evolution of the 

secondary phases remained uncharacterized. Furthermore, NiAl2O4 and ZrTiO4 are not 

expected to exhibit electro-catalytic behavior to facilitate electrochemical function 

despite the loss of primary phases.[32,33]  If these secondary phases stabilize small 

particles at high temperatures, these materials 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]   
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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 

function 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 catalyst/support system to study 

these enhancement mechanism(s) are bolstered by the attributes of a truly high 

temperature system (700-1000C) combined with the added rigor of requiring catalyst 

percolation for electronic conductivity.   

 

Experimental 

 

 

X-ray Diffraction 

 

 Previous studies had performed XRD scans at coarse temperature 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
o
C to 

1400C was completed to identify specific formations, intermediate phases, and a more 

precise temperature window that provide tailorability of the system. Powder mixtures of 
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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 

corresponded 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 1400C at 5C/min up and 10C/min down with a 1 hour dwell.  Post sintering, 

pellets were ground back to a powder in a Diamonite mortar and pestle and scans were 

taken from 20
o
 to 70 2θ with an XRD (Scintag Inc. XGEN-4000).  Powder spectra were 

then compared to relevant powder diffraction files and compared to other temperatures.   

 

Raman Spectroscopy 

 

 Complimentary Raman spectroscopic measurements were performed on the same 

samples following XRD measurements.  A Renishaw InVia spectrometer equipped with 

an edge filter (~150∙cm
-1

 cutoff) and 50x 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. 

 

Microscopy and Elemental Analysis 

 

 Samples were prepared specifically for examination by TEM and contained 

significantly higher ALT percentages than practical for use in electrochemical cells to 

ensure the location of pertinent secondary phases for imaging and chemical 

characterization.  Three FE-SEMs with Focused Ion Beam Milling attachments were used 

at the Environmental and Molecular Sciences Laboratory (FEI Helios, and two FEI 

Quanta) for detailed elemental mapping and to prepare samples for HR-TEM (Titan 80-
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300).  Samples of  50∙wt%YSZ and 50∙wt%ALT were freeze tape cast in aqueous 

solution as described elsewhere.[9,38]  Freeze tape casting was utilized to produce an 

ordered, columnar pore surface for ease of identification and FIB cross-sectioning of 

catalyst/support interfaces for TEM analysis.  Using a 2.5∙cm diameter punch, disks were 

cut from the tape and sintered up to 1400C with 1 hour dwell at a rate of 5C/min up and 

10C/min back down to room temperature.  The nickel electro-catalyst was applied in a 

fashion consistent through this study.  Nickel nitrate (Ni(NO3)2*6H2O, Advanced 

Materials, 28C-NT-01), was applied to the surface of the disks until saturated, then 

placed under a vacuum for 60 seconds to prevent bubble entrainment.  The samples were 

placed in a 500C furnace to decompose the nickel nitrate and form nickel oxide.  

Infiltration was then repeated until loading reached the desired threshold.  The sample 

with ALT in the bulk was placed in the furnace and heated to 1400C to activate the 

anchors with a 1 hour dwell and the standard heating and cooling rate of 5C/min and 

10
o
C/min, respectively.  Samples were finally exposed to a reducing atmosphere of 

5%H2/95%N2 at 800C for 48 hours.  This allowed the nickel oxide to reduce and mild 

thermal coarsening to occur with the intention of easing the location of the secondary 

phases for the microscope studies.   Disks were placed in the SEM with FIB and, through 

the focused ion beam attachment, samples of approximately 10∙µm in width were 

removed for TEM/EDS analysis.  EDS and TEM analysis were performed on the same 

FIB cross sections so as to render the penetration depth of EDS a non-issue in correlating 

TEM images with EDS determined composition. 
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Electrochemical Cells 

 

 Cell fabrication and electrochemical testing was carried-out in a manner 

consistent with the formation of ALT anchors as detailed previous work.[31]  

Significantly, a major focus of this effort was to compare multiple ALT doped and 

traditional cells at a fixed and known catalyst loading.  The electrolyte supported cells 

were based on commercially available electrolytes (Fuel Cell Materials, 211103) 

composed of 8∙mol% yttria YSZ and were approximately 300∙μm in thickness with a 

diameter of 32∙mm.  Electrode scaffolds were applied through aerosol spraying of an 

aqueous mixture of YSZ and cornstarch in a 40:14 mass ratio with appropriate binder 

(Ethyl Cellulose, Sigma-Aldrich 200646), plasticizer (PEG 200, Sigma Aldrich, P3015), 

and dispersant (R.T. Vanderbilt Co., Darvan C-N).  Once sprayed and dried at 70
o
C, the 

scaffolds were sintered to 1200
o
C for 1 hour with heating and cooling rates of 5

o
C/min. 

In this way, prepared electrode scaffolds were 50∙µm thick with approximately 40% 

porosity and 28∙mm diameter. 

 In each cell, the anode was infiltrated prior to and separately from the cathode.  In 

undoped cells, those without Al and Ti additives, a solution of 6M nickel nitrate 

(Ni(NO3)2*6H2O, Advanced Materials, 28C-NT-01), where the hydrated state of the 

nitrate was considered, was added to the scaffold via pipette.  Solution was added until 

the scaffold was fully saturated with the infiltrant.  The nitrate was then decomposed in a 

box furnace at 400
o
C ultimately yielding NiO.[39]  This process was then repeated until a 

catalyst loading of 20% of the total (YSZ + porosity) scaffold volume had been achieved 

utilizing an analytical balance (Sartorius, CPA225D) to track infiltration loading.  Using 
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three un-infiltrated cells with sintered porous scaffolds, a combination of FE-SEM study 

and mass measurement revealed the scaffold bulk density prior to infiltration to be 

2.3∙g/cm
3
.  For all cells loaded with catalyst, a density of 6.67∙g/cm

3
 for NiO and the 

measured scaffold density were used with repeated mass measurements to obtain 20∙vol% 

catalyst 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 

stoichiometry to produce NiO with Al2TiO5 at 2∙mol%.  Ultimately, this yielded 2∙mol% 

ALT in NiO infiltrated to 20∙vol% of the electrode scaffold.  Infiltrated anodes were then 

sintered to 1400
o
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 density of 6.24∙g/cm
3 

was assumed for LSF in achieving a 

loading of 20∙vol%.  Complete cells with the cathode were sintered to 900
o
C for 1 hour 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 
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electronic load and Agilent 6651A power supply.  Cathodes were fed air from a zero air 

generator, and anodes were fed a humidified hydrogen nitrogen mix.  Gases were flowed 

at a ratio of 3 N2: 4 H2 to the anode.  All cells were run at 850
o
C and 0.7∙V unless 

otherwise noted.[41–43] 

 

Electrochemical Impedance Spectroscopy 

 

 In order to characterize how the electrochemical processes differ between the 

doped and undoped cells, EIS experiments were conducted on the each of the cell types.  

A silver mesh current collector 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 ⁰C at a rate of < 1 ⁰C 

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 50:50 H2: 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 

experiment where the cell was held at 0.7∙V for 16.5 hours. 
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Results and Discussion 

 

 

Al2TiO5-NiO-YSZ Reaction Study  

 

 XRD and Raman characterization in this work establish reaction products, that 

include secondary phases, as a function of temperature.  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
o
C to 

1400
o
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 electrochemical 

cells in order for all relevant phases to be observable given the 3-5% detection limits of 

XRD methods.  Raman spectroscopy provides complementary chemical analysis to 

validate XRD results.   

 The complete XRD patterns and Raman spectra are presented in Figures 1 and 2, 

respectively.  Due to the complex nature of relating phase evolution at 9 temperatures 

over 20-70
o
 2θ, windows of small 2θ range are presented containing representative peaks 

used for product identification.  These results are summarized in Table 1 that reports 

phase formation as a function of temperature.  Figure 1 highlights cubic YSZ (~30
o
 2θ) 

being destabilized in favor of monoclinic ZrO2 (~28
o
 2θ) at intermediate temperatures, 

NiO (~43
o
 2θ) persisting at all temperatures, secondary phase NiAl2O4 (~37

o
 2θ) 

increasing in concentration with reaction temperature, and secondary phase Zr5Ti7O24 

(30.7
o
 2θ) reacting for maximum concentration at around 1200

o
C and then decreasing in 

prevalence until it is barely detectable at 1400
o
C.  Figure 2 shows complementary Raman 
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spectra that illustrate how sintering temperature effect the formation of the secondary 

phases in a similar manner to the XRD data.  The most intense vibrational modes 

associated with YSZ at ~620 (615∙cm
-1

 for the cubic phase and 630∙cm
-1

 for the 

tetragonal 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
o
C.  The strongest signals from the Zr5Ti7O24 secondary phase at 

214∙cm
-1

 and 322∙cm
-1

 begin to grow in at 1100
o
C and are visible at the higher 

temperatures.  Interestingly, the NiTiO3 and NiAl2O4 secondary phases exhibit an inverse 

relationship with the amount of NiTiO3 decreasing as temperature increases and 

disappearing ≥1250
o
C while NiAl2O4 forms more readily at the higher temperatures 

>1050
o
C. 

 
Figure 3: Complete XRD patterns for NiO/YSZ/ALT mixture from 20-70

o
 2θ and 

reaction temperatures ranging from 1100
o
C – 1400

o
C. Phases are identified as follows. A: 

NiO, B: NiAl2O4, C: Zr5Ti7O24, D: YSZ, E: m-ZrO2, F: NiTiO3. 
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Figure 2: Normalized Raman spectra from ALT-Ni-YSZ samples showing compositional 

changes as a function of sintered temperature ranging from 1000-1400⁰C.  Spectra have 

been offset for clarity. Phases are identified as follows. A: NiO, B: NiAl2O4, C: 

Zr5Ti7O24, D: YSZ, E: m-ZrO2, F: NiTiO3. 

 

 

Table 1: Summary of temperature dependence in phases observed by XRD and Raman. 
o
C c-ZrO2 m-ZrO2 NiO NiAl2O4 Zr5Ti7O24 NiTiO3 

1400 

Strong 

Not 

Detected 

Strong 

Strong 
Detected Not 

Detected 
1350 

Increasing 

with 

Temperature 

1300 Detected 

Strong 

1250 

Detected Strong 

Detected 

1200 

1150 

1100 

Strong Detected 
1050 

1000 
Not 

Detected 
Detected 

 

 

Figure 3 contains all diffraction patterns from 1000C to 1400C over the 23-29
o 

2θ 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 
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nearly complete, decomposition.  At sintering temperatures between 1000
o
C – 1300

o
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 Figure 4 at the end of 

this section.  Finally, in the temperature range of 1000
o
C to approximately 1250

o
C, the 

unanticipated presence of a NiTiO3 is observed.  Formation of these phases is 

corroborated by Raman spectra with strong vibrational bands at 702∙cm
-1

 for NiTiO3 and 

169∙cm
-1

 for m-ZrO2.[46] 

 

 

 
Figure 3: Cu-kα X-ray diffraction of the Al2TiO5/NiO/YSZ powder mixture in the 23-29

o
 

2θ range.  All samples were heated at 5
o
C/min up and 10

o
C/min down with a 1 hour 

dwell.  Phases are identified as follows. E: m-ZrO2, F: NiTiO3. 
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 Figure 4 shows XRD data in an expanded range from 29.7 to 30.9
o
 2θ.  The two 

features that appear identify cubic and tetragonal yttria-stabilized zirconia at 

approximately 30.2
o
 2θ and Zr5Ti7O24-x at approximately 30.7

o
 2θ. The Zr5Ti7O24-x, 

secondary phase is detectable at all temperatures with maximum concentrations observed 

at 1150
o
C-1200

o
C, the same temperature window where m-ZrO2 concentrations were also 

maximized.  Zr5Ti7O24-x is confirmed in the Raman spectra with vibrational bands at 214 

and 322∙cm
-1

.[47]  The YSZ identifying peak in the XRD undergoes a shift to larger 

angles in samples sintered at higher temperatures indicative of a shrinking lattice 

parameter.  This result is explained by the smaller Ti
4+

 substituting for Zr
4+

 in the YSZ 

lattice as the Zr5Ti7O24 decomposes at high temperatures leaving additional Ti to dissolve 

into the YSZ lattice.[48] 

The presence of Zr5Ti7O24-x may be beneficial from an electrochemistry 

perspective.  Given the necessity of Y2O3 for the formation this phase, oxygen vacancies 

would be required by the reaction proposed here:[47,49,50] 

 

𝑌2𝑂3 → 2𝑌𝑍𝑟
′ + 𝑉𝑂

.. + 3𝑂𝑜
𝑥 

 

The discovery of Zr5Ti7O24 with oxygen vacancies suggests the potential of an 

electrochemically active secondary phase associated with the generation of oxygen ion 

conductivity and potentially associated electronic conductivity as a result of charge 

compensation.   
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Figure 4: Cu-kα X-ray diffraction of the Al2O3/TiO2/NiO/YSZ powder mixture in the 

29.7-30.9
o
 2θ range.  All samples were heated at 5

o
C/min up and 10

o
C/min down with a 1 

hour dwell. Phases are identified as follows C: Zr5Ti7O24, D: YSZ. 

 

 

 The remaining interactions of nickel with ALT to form anchoring phases are 

presented in Figure 5.  The peak at 63
o
 2θ corresponds to NiO, which is observed at all 

temperatures between 1000
o
C and 1400

o
C, as expected.  The peak at approximately 65.5

o
 

2θ represents 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 combined with the 

formation of NiAl2O4 by 1050
o
C and Zr5Ti7O24 at 1000

o
C suggests that temperatures as 

low as 1050
o
C are sufficient to form secondary phases from the ALT and its  
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Figure 5: Cu-kα X-ray diffraction of the Al2O3/TiO2/NiO/YSZ powder mixture in the 62-

66
o
 2θ range.  All samples were heated at 5

o
C/min up and 10

o
C/min down with a 1 hour 

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

 

 

decomposition products.  The formation of m-ZrO2 beginning at 1000
o
C is concerning in 

an anode environment due to the lack of this phase’s ionic conductivity.  The appearance 

of m-ZrO2 is not surprising, however, as Zr5Ti7O24 formation is reported to require the 

presence of small amounts of yttria. [47,51,52]  Consequently, recruiting Y for the 

zirconium titanium oxide will leave c-YSZ yttria deficient and destabilize the ionically 

conducting cubic phase.  The concentration of the monoclinic phase begins to fall 

dramatically at temperatures above 1300
o
C. Finally, the formation of NiTiO3 was not 

anticipated and was observed in small quantities over a limited temperature range with 

both XRD and Raman methods.  To optimize this system for maximum catalytic 
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efficiency and durability, formation of NiTiO3 presents an attractive opportunity where it 

has been reported to be an active catalyst.[53,54]  Future studies to form NiTiO3 directly 

through infiltration may provide an alternate catalyst enhancement with a Ti-only doping 

scheme. 

 While XRD and Raman analyses of the NiO-YSZ-ALT system do not directly 

explain the ALT enhancement of catalyst stability, these results certainly illustrate the 

complexity of the system while providing a useful basis for determining ideal processing 

temperatures.  Temperatures near 1300
o
C ideally balance the high temperature 

requirement to form secondary phases thought to anchor catalysts and to avoid 

incorporating the insulating monoclinic ZrO2 phase into the anode, with the low 

temperature advantage of maintaining significant concentrations of Zr5Ti7O24-x and 

NiTiO3. 

 

Microscopy and Elemental Analysis 

 XRD and Raman data in Figures 1-5 show that a variety of phases form when a 

YSZ scaffold is infiltrated with nickel and ALT and that the relative abundance of these 

materials is strongly dependent on processing temperature. An important objective of this 

work is to establish the spatial distribution of secondary anchoring phases relative to 

nickel metal on YSZ to elucidate mechanisms that foster catalyst enhancement.  The FIB 

cross-section in Figure 6 provides direct evidence that ALT derived phases form in close 

proximity to the nickel catalyst by establishing the presence of Ni/Al and Zr/Ti mixtures 

at Ni/YSZ interfaces.  EDS was utilized on FIB-prepared samples to identify the 

chemical composition of two grains of YSZ with a nickel particle as labeled and three 
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additional grains.  The original hypothesis for ALT catalyst enhancement, suggested a 

continuous 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 Figure 6 dispel the hypothesis of a composition 

gradient as had been suggested previously.  

 The right-hand panel of Figure 6 contains EDS spectra corresponding 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 existence 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 composed 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 Figure 6 from YSZ to Zr/Ti to NiAl2O4 to Ni, suggests clear spatial 



  94 

 

 

 

progression of the secondary phases that serve to enhance fuel cell based electro-

catalysts.   

 

 
Figure 6: TEM image and corresponding EDS analysis of FIB cross-section from 

YSZ/ALT tape cast infiltrated with nickel nitrate and then reduced.   

  

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.  Electrolyte supported SOFCs with and without doped anode 

catalysts were studied by voltammetry and EIS to identify the electrochemical 

contributions of the secondary phases.   

Ni Metal Coarsening Current density curves were collected for cells with and 

without the ALT dopant.  Figure 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 
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hours.  In comparing the Ni microstructure, evidence of nickel coarsening at 800
o
C is 

readily apparent in the cell without ALT.  ALT doping appears to restrict the Ni 

coarsening with average grain sizes after 50 hours approximately half of that observed in 

the pure Ni.  Moreover, 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 spallation suggests particle anchoring as a 

mechanism of performance enhancement in ALT doped anodes.  This qualitative analysis 

corroborates the improvement of degradation rate associated with ALT use that is 

described below and provides context for discussion of that improvement. 

 

 
 

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

Right: Pure nickel. Substrates were coarsened for 50 hours in a reducing atmosphere at 

800
o
C. 

 

 

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 identical anode and 
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cathode preparation, with the only difference being the addition of ALT to the anode of 

two cells.  Stability data in Figure 8 shows that the cells had an initial current output of 

~215∙mA/cm
2
, a value that is reasonable given an electrolyte thickness of 300∙µm.  Based 

on the initial catalyst particle size of 50-100∙nm and low Ni 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 hours.  The 

stabilizing effect of the secondary 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 exaggerate degradation due to a loss 

of nickel percolation associated with coarsening.  Given the material changes within the 

ALT modified 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 interaction between the catalyst and the YSZ support phase, limiting thermally 

induced degradation. 
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Figure 8: Specific current output over the first 25 hours of operation for 4 infiltrated cells.  

All cells were run at a constant 0.7∙V and 850
o
C with humidified H2/N2 fed to the anode.  

ALT cells had 2∙mol% Al2TiO5 precursors in the Ni infiltrant.  Pure cells had Ni only 

infiltrated into the anode. 

 

 

Electrochemical Impedance Spectroscopy EIS measurements were performed on 

ALT modified and unmodified cells having slightly higher catalyst loading to further 

elucidate the electrochemical effects of ALT additions to the anodes.  Cells for EIS 

analysis were prepared in an identical manner to those for the current density 

measurements.  Impedance spectra for the pure and ALT doped cells are shown Figures 9 

& 10 respectively. 

Under initial OCV conditions, the pure cell had a polarization resistance (Rp) of 

0.428∙Ω*cm
-2

 compared with 0.489∙Ω*cm
-2

 for the ALT doped cell, a result that is 

consistent with expectations given an anode doped with non-conductive Al/Ti 
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Figure 9: EIS data from a cell with a pure Ni-YSZ anode at 800 ⁰C and at OCV or held at 

0.7 V.  Both RB and RP increased during and following 16.5 hours of polarization in 

which the current density decreased by ~22%. 

 

 

oxides.[32,33]  However under polarization (0.7 V), Rp decreased to 0.253∙Ω*cm
-

2
 for the pure cell and to 0.126∙Ω*cm

-2
 for the ALT doped cell.  The marked reduction in 

Rp upon polarization for the ALT cell over that of the pure cell can be attributed to mixed 

ion-electron conductive properties of Zr/Ti oxides that only become functionally active 

under polarization.[49,50,57]   

Further illustrating the influence of ALT in the anode system is the change in Rp 

as the cells were run.  Spectra were taken under polarization at 10 minutes and 14 hours.  

The pure cell experienced in increase in Rp from 0.253∙Ω*cm
-2

 to 0.379∙Ω*cm
-2

.  The 

ALT cell transitioned from 0.126∙Ω*cm
-2

 to 0.134∙Ω*cm
-2

 implying that the structure and  
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Figure 10: EIS data from a cell doped with a 2 mol% ALT at 800 ⁰C at OCV or held at 

0.7 V.  Both RB and RP increased during and following 16.5 hours 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 that 

corresponds to the observed improved specific power.  The lower polarization resistances 

result from the secondary phases in the ALT doped cell with mixed ion-electron 

conducting properties. 

 

electrochemical properties of the ALT modified anode changed very little while the 

unmodified anode underwent significant change over the course of 14 hours.   Changes in 

Rp over the 14 hour time scale of interest are attributed to the anode microstructure given 

1) the ~100 nm initial particle size, 2) still low catalyst loading, 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 
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the anode microstructure. Rp at OCV conditions increased from 0.428∙Ω*cm
-2

 to 0.580∙ 

Ω*cm
-2

 (35.7%) for the pure cell, and from 0.489∙Ω*cm
-2

 to 0.648∙Ω*cm
-2

 (32.5%) for 

the ALT cell. 

 In a more predictable manner, bulk resistance (RB) was essentially unchanged in 

the transition from the open-circuit to polarized state.  However, initial RB was 

substantially smaller for the ALT doped cell (0.448∙Ω*cm
-2

) than the pure cell (0.682∙ 

Ω*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 sample 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 hour experiment, RB for the ALT doped cell 

increased by 5.5% and pure cell by 8.1%. 

 

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 formation 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
o
C should be beneficial.  TEM imaging has provided direct observation of anchoring 
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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 apparent only under polarization. This observation calls for 

detailed study of the Ni/anchoring phase interface.  The use of ALT at low 

concentrations, 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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Abstract 

 

 

XRD and Raman spectroscopy are used to investigate the formation of functional 

zirconium titanate secondary phases in Ti/Zr oxides.  Different zirconia polymorphs 

(either pure or stabilized with small amounts of yttria (YSZ)) mechanically mixed with 

TiO2 and heated above 1000˚C in stagnant air react to form several secondary phases.  

For sintering temperatures > 1100⁰C, mixtures of TiO2 and m-ZrO2 form a ZrTiO4 

secondary phase while mixtures of TiO2 and 3YSZ or 8YSZ form Zr5Ti7O24.  The extent 

of secondary phase formation is enhanced with both higher sintering temperature and 

yttria content.  The Zr5Ti7O24 secondary phase formed from TiO2/8YSZ samples sintered 

at 1400⁰C exhibits unexpected mixed ionic and electronic conductivity at 800⁰C.  These 

findings suggest that secondary phases intentionally integrated into electrode 

architectures can improve the performance of high temperature electrocatalyst systems. 
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Introduction 

 

 

Infiltrating porous electrodes with solution phase precursors is a strategy 

employed to improve performance, catalytic activity and longevity in high temperature 

electrochemical devices.[1–7] For example, traditional Ni yttria-stabilized zirconia (Ni-

YSZ) cermet anodes used in solid oxide fuel cells (SOFCs) are susceptible to carbon 

accumulation and to sulfur poisoning.[8] To counter the effects of degradation, anodes 

have been infiltrated with secondary materials containing Sn, Ba, Al and a host of other 

constituents, typically at levels of 1-5% (by mass).[9–15]  Processing and preparing 

infiltrated electrodes, however, can lead to formation of new material phases that affect 

surface chemistry and electrode microstructure in unexpected ways.  Findings reported 

below show how thermally treating mixtures of YSZ and TiO2 leads to the formation of a 

Zr5Ti7O24 superstructure that has mixed ion-electron conducting (MIEC) properties.  This 

discovery resolves questions about how TiO2, enhances SOFC anode performance.[3,16–

18] More importantly, in situ formation of this MIEC phase shows how strategic 

modification of anode composition can create multi-functional secondary phases that 

confer advantageous electrochemical behavior to high temperature solid-state electrodes. 

Materials having MIEC properties are attractive for high temperature 

electrochemical applications including solid oxide electrolysis cells (SOECs) and 

SOFCs.[19,20]  In most solid oxide-based energy conversion systems, electrochemical 

oxidation and reduction occurs at the putative three phase boundary – a junction where 

the ionically conducting solid oxide electrolyte, the electronically conducting electrode 

and the gas phase atmosphere converge.  MIECs expand the 1-dimensional, three-phase 
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boundary by enabling electrochemical reactions to occur across the entire electrocatalytic 

surface.[21,22] Common MIECs include gadolinium doped ceria (GDC), samarium 

doped ceria (SDC), calcium doped lanthanum ferrites, and a host of other perovskite 

materials.[23–27]  These materials have been employed as electrolytes and electrodes in 

intermediate temperature (500-700˚C) SOEC/SOFC applications.  They have also found 

application as functional layers between ion conducting electrolytes and electronically 

conducting electrodes.  Despite their advantages in electrocatalytic systems, however, 

MIECs do have limitations, particularly when used in combination with fast ion 

conducting electrolytes.  In these cases, non-negligible oxygen partial pressure above the 

MIEC adversely affects the measured Nernst potential and limits sustainable open circuit 

voltages (OCVs).[28–30] This internal short circuiting restricts the usage of MIEC 

electrolytes in SOEC/SOFCs and requires incorporating additional purely ion conducting 

materials into the electrolyte, such as zirconia-based ceramics.[31]  

Zirconia-based electrolytes are commonly employed in SOFCs and SOECs due to 

their chemical and thermal stability under oxidizing and reducing conditions at elevated 

temperatures.  At temperatures below ~1170˚C, zirconia is stable in its monoclinic phase 

(m-ZrO2) and is both an electronic and ionic insulator.[32]  Doping zirconia with rare 

earth oxides such as Y2O3 (yttria-stabilized zirconia or YSZ) and Sc2O3 (scandia-

stabilized zirconia or ScSZ) stabilizes the ZrO2 cubic phase (c-ZrO2) and confers ionic 

conductivity to the resulting material.[33,34]  ScSZ electrolytes exhibit higher ionic 

conductivity than YSZ, but long term exposure at temperatures above 600˚C induces 
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decomposition of ScSZ’s cubic phase and reduces ionic conductivity.[35,36]  

Consequently, YSZ electrolytes are typically used in SOFCs operating at 600-1000˚C.   

In experiments described below, TiO2 was added to YSZ and the resulting 

changes in structure and electrochemical properties were studied.  Motivating this work 

were previous findings that have reported enhanced SOFC performance with TiO2 doped 

Ni-YSZ anodes.[16,17,37–39]  The origin(s) of these effects is not fully understood due 

to the complexity of the ZrO2-TiO2 phase diagram, the addition of rare earth stabilizing 

dopants, and the multitude of stable and meta-stable forms of zirconia, zirconium titanate, 

and pyrochlore structures reported in the literature.[40]  Of particular interest for solid 

oxide electrochemical devices are two closely related stoichiometric materials that have 

orthorhombic α-PbO2 type structures: ZrTiO4 and Zr5Ti7O24.  Although the cation-

disordered structure, ZrTiO4, is the dominant phase at higher temperatures (T >1100⁰C), 

the ordered Zr5Ti7O24 structure is stable at lower temperatures (T < 1200⁰C) and forms 

readily in the presence of Y2O3.[41–44]  Published works by Christoffersen and Azough 

et al. have shown that Y2O3 promotes cation ordering and stabilizes the low temperature 

zirconium titanate superstructure.[45,46]   Given that Y2O3 is commonly used to stabilize 

the cubic, ion conducting phase of zirconia, the consequences of yttrium substituted 

zirconium titanate secondary phases on an electrode’s electrochemical properties should 

be considered when evaluating performance in SOFCs and SOECs. 

The presented studies consider explicitly conditions that promote Zr5Ti7O24 

formation and the effects that small, non-percolating quantities of this material can have 

on the performance of cermet electrochemical electrodes.  In order to identify the specific 
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Zr/Ti stoichiometry of secondary phases that form during fabrication of TiO2 containing, 

zirconia-based electrodes, experiments were designed to explore material composition 

and structure as a function of sintering temperature using ex situ XRD and vibrational 

Raman spectroscopy.  Reactions with the monoclinic phase were investigated with pure 

m-ZrO2 while partially stabilized zirconia with 3∙mol% Y2O3 (3YSZ) and fully stabilized 

zirconia with 8∙mol% Y2O3 (8YSZ) were used to examine reactions of TiO2 with the 

tetragonal (t-ZrO2) and c-ZrO2 phases.  The m-ZrO2, t-ZrO2 and c-ZrO2 phases in 

samples that contain Y2O3 will be referred to as m-YSZ, t-YSZ and c-YSZ to distinguish 

them from phases observed in samples that do not contain Y2O3.  To assess the 

electrochemical properties of Zr5Ti7O24, this material was used as an electrolyte in a 

symmetric membrane electrode assembly and the device was characterized using 

voltammetry and electrochemical impedance measurements.  The cell was able to sustain 

only a low open circuit voltage implying modest electronic conductivity.  Furthermore, 

the cell showed a characteristic impedance response consistent with the behavior of ion 

conducting materials.  Additional impedance measurements were used to calculate ionic 

and electronic conduction activation energies.  These latter quantities compared favorably 

to those of other known MIEC materials. 

 

Experimental 

 

 

ZrO2-TiO2 Reactions Sample Fabrication 

 

Powders for the ZrO2-TiO2 reaction study were prepared with the solid-state 

reaction method by mixing commercially available powders of yttria-stabilized zirconia 
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(8Y and 3Y grades, Tosoh) or pure zirconia (ZrO2, 40N-0801, Advanced Materials) with 

titania (TiO2, 22N-0801A, Advanced Materials).  Combinations of 8YSZ/TiO2, 

3YSZ/TiO2, and ZrO2/TiO2 were all prepared in a 1∙mol Zr : 1∙mol Ti ratio in anticipation 

of ZrTiO4 formation based off of the work by Law et al.
37

  These mixtures were ball-

milled in an aqueous suspension for 24 hours before being flash frozen and 

lyophilization.  Powder mixtures were then pressed as 3∙g pellets in a 1.9∙cm (0.75∙in) 

diameter die at 250∙MPa.  The pellets were sintered at 1100⁰C, 1200⁰C, 1300⁰C or 1400 

⁰C with 5⁰C∙ min
-1

 ramp rates and 5 hour dwell times. 

 

X-ray Powder Diffraction 

 

Following heat treatment, the pellets were ground into powder with a Diamonite 

mortar and pestle.  Sample composition was characterized using Cu Kα radiation with a 

SCINTAG X1 diffraction system.  XRD spectra were collected from 26-37⁰ 2θ.  

Materials were identified in the XRD spectra with the corresponding JCPDS card 

numbers: TiO2 (97-000-9161), m-ZrO2 (97-005-7157), t-ZrO2 (97-009-3126), YSZ (97-

009-0885), ZrTiO4 (97-002-7311) and Zr5Ti7O24 (97-020-1961). 

 

Raman Spectroscopy 

 

Vibrational spectra were acquired with a Renishaw InVia spectrometer and 488∙ 

nm Ar-ion laser excitation source.  A 180⁰ backscattering geometry was used to collect 

the Stokes-scattered light and Rayleigh scattered light was removed with an edge filter 

(~150 cm
-1

 cutoff).  Room and high temperature Raman spectra were acquired with 50x 
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and 10x objectives, respectively.  Each Raman spectrum was recorded with a 10∙s 

exposure time over the spectral range up to 3200∙cm
-1

. 

 

Electrochemical Evaluation of Zr5Ti7O24 

 

The electronic and ionic conductivity of Zr5Ti7O24 was evaluated at 800⁰C using a 

symmetric cell comprised of a ~640∙µm thick Zr5Ti7O24 electrolyte (1:1 molar ratio of 

TiO2:8YSZ sintered at 1400 ⁰C) with platinum electrodes.  The Pt–Zr5Ti7O24–Pt cell was 

secured to an alumina tube with alumina paste (Ceramabond 522-VFG, Aremco), which 

created a gas-tight barrier between each electrode’s gas atmosphere.  This assembly was 

then placed in a quartz tube and positioned in the tube furnace of a custom-made high 

temperature Raman spectroscopy setup that is described in more detail in previous 

publications.[47,48]  The cell was heated to 800 ±5⁰C at a ramp rate <1⁰C/min.  The 

oxidizing and reducing electrodes were then exposed to 200∙mL/min of 50/50 H2/Ar gas 

and 85∙mL/min of air, respectively.  Electrochemical measurements were performed with 

a Princeton Applied Research VersaStat MC.  Electrochemical impedance spectroscopy 

(EIS) data were recorded over the frequency range 100,000-0.1∙Hz with 10∙mV rms 

amplitude.  Cell power was calculated from linear sweep voltammetry (LSV) data 

measured from open circuit voltage (OCV) to maximum current (corresponding to a cell 

potential of 0 V) with a 0.1∙V/s scan rate.  A box smooth algorithm was applied to the 

presented LSV data to reduce high frequency electronic interference from the resistive 

heating furnace that was used to heat the symmetric cell to 800⁰C. 

 Ionic and electronic activation energies were determined from an Arrhenius 

analysis of the complex impedance data.[49–51]  In order to separate the ionic from the 
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electronic contributions, additional EIS experiments were performed on a symmetric cell 

with a Zr5Ti7O24 membrane between ionically blocking, symmetric Au electrodes.  The 

electrodes were exposed to 100∙ml/min of dry air (laboratory cylinder grade D air).  

Impedance measurements were performed at OCV over a frequency range from 

1,000,000-0.1∙Hz with both 10∙mV and 100∙mV rms amplitudes.  Data were acquired in 

~50⁰C increments from 650⁰C to 800⁰C.  Additional details about the equivalent circuit 

used to fit the data appear in the following section. 

 

Results and Discussion 

 

 

Experiments were designed to identify how secondary phase formation improves 

the multifunctional behavior of doped, YSZ-based materials commonly used in high 

temperature, solid state electrochemical applications.  XRD and vibrational Raman data 

were used to identify zirconium titanate materials that form from different ZrO2 

compositions mixed with TiO2 and heated in oxidizing atmospheres to temperatures as 

high as 1400˚C.  The electrochemical properties of these zirconium titanate secondary 

phases were examined in a symmetric SOFC configuration.  Results suggest that spatially 

discontinuous Zr5Ti7O24 is responsible for enhanced electrochemical activity reported in 

traditional Ni-YSZ cermet anodes infiltrated with TiO2.[16,37–39]  
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ZrO2-TiO2 Reactions 

 

To characterize the influence of both temperature and yttrium content on the 

formation of Zr/Ti complexes, samples with equimolar mixtures of TiO2 and m-ZrO2, 

3YSZ, or 8YSZ were sintered at 1000⁰C, 1200⁰C, 1300⁰C, or 1400⁰C for 5 hours in air.  

At room temperature 3YSZ is comprised of a mixture of cubic and tetragonal structures 

while 8YSZ (the standard material used in solid oxide electrochemical cells) has an 

ionically conducting cubic structure.  Upon heating, these mixtures of zirconia-based 

materials and TiO2 formed zirconium titanate phases.  As expected, the composition of 

the Zr/Ti phases depended sensitively on sintering temperature.  XRD measurements 

(Fig. 1) and vibrational Raman spectra (Fig. 2) show that for these short sintering times, 

ZrTiO4 was the only zirconium titanate phase that formed from m-ZrO2/TiO2 mixtures 

while mixtures comprised of TiO2 and 3YSZ or 8YSZ had additional phases that 

included Zr5Ti7O24 and very small amounts of a pyrochlore structure (A2B2O7), generally 

represented as Y2Ti2-yZryO7. 

Samples prepared with m-ZrO2 and TiO2 all showed evidence of m-ZrO2, t-ZrO2 

and rutile TiO2 (r-TiO2) for sintering temperatures below 1300⁰C.  At the higher sintering 

temperatures, ZrO2 reacted with TiO2 to form ZrTiO4, as evidenced by the appearance of 

the peaks at 30.4⁰, 32.8⁰ and 35.6⁰ 2θ in the XRD data (Fig. 1a) and vibrational bands at 

262, 329, 399, 534, 585, 636 and 794∙cm
-1

 in the Raman spectra (Fig. 2a).[41,52]  ZrO2 

and TiO2 were converted to ZrTiO4 quantitatively during the 5 hour sintering time for 

temperatures higher than 1200⁰C, as determined by the absence of the features associated 

with ZrO2 and TiO2 in both the XRD and Raman data.  These results agree with previous 
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reports showing equimolar mixtures of TiO2 and ZrO2 sintered above 1100 ⁰C produced a 

single phase solid solution of orthorhombic ZrTiO4.[43,53,54]  

For samples prepared with 3YSZ and 8YSZ, reactions with TiO2 preferentially produced 

Zr5Ti7O24 at higher sintering temperatures.  The c-YSZ phase was observed for all 

sintering temperatures indicating that the stabilizing Y2O3 in the ionically conducting 

ZrO2 fluorite structure was not completely displaced by reaction with TiO2 during the 5 

hour thermal treatment.  The incomplete reaction between YSZ and TiO2 is supported by 

both the XRD (Fig. 1b and 1c) and Raman spectra (Fig. 2b and 2c) showing r-TiO2, m-

ZrO2 and t-ZrO2 remained in samples sintered below 1300 ⁰C.  Previous reports have 

attributed incomplete conversion of YSZ and TiO2 to diffusion limitations, [43] and the 

role played by diffusion is currently being tested.   

The extent of Zr5Ti7O24 formation was enhanced with higher Y2O3 doping levels 

and sintering temperatures.  The XRD peaks at 30.6⁰and 33.3⁰ 2θ show that Zr5Ti7O24 

began to form at 1200⁰C with the 3YSZ samples (Fig. 1b) and at 1100⁰C with the 8YSZ 

samples (Fig. 1c).   

This temperature dependent formation is further corroborated with the appearance 

of the features in the Raman spectra (Fig. 2b and 2c) at approximately 247, 280, 330, 

375, 400, 420, 473, 525, 620, 650, 730 and 805∙cm
-1

 that are attributed to the vibrational 

modes of Zr5Ti7O24.  A complete list of all detected Raman vibrational modes are 

presented in Table 1.  Peak broadening and shifts in position compared to the Raman 

spectrum reported by Azough et al. are attributed to variations in cation 

stoichiometry/ordering and oxygen defects due to different sintering and heating/cool  
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Figure 1: XRD data collected on powder mixtures of TiO2 with (top) monoclinic ZrO2, 

(middle) 3∙mol% Y2O3 doped ZrO2, and (bottom) 8∙mol% Y2O3 doped ZrO2 sintered at 

various temperatures ranging from 1100-1400⁰C.  For the 5 hour sintering times, the 

formation of Zr5Ti7O24 required Y2O3 to be present.  Spectra have been offset on the y-

axis to facilitate comparison. 
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Figure 4: Room temperature Raman spectra of powder mixtures of TiO2 with (top) m-

ZrO2, (middle) 3YSZ, and (bottom) 8YSZ sintered at 1100-1400 ⁰C.  The Raman spectra 

verify that Zr5Ti7O24 and Y2Ti2-yZryO7 only formed with YSZ.  Spectra have been offset 

on the y-axis to facilitate comparison. 
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down times.[41]  After thermal treatment, pyrochlore oxide species have been 

detected by several groups.[40,42,55,56]  This structure is not expected to be dominant 

due to the relatively low Y content in our samples,[57] and any pyrochlore content 

present in the samples was below the detection limit of XRD (~3% by mass).  Although 

Raman spectroscopy is more sensitive to subtle phase and compositional changes, small 

quantities of the pyrochlore are difficult to identify in Raman spectra collected on 

samples sintered at higher temperatures due to the overlapping vibrational bands in the 

low frequency region.  Weak signals at ~300∙cm
-1

 and 520∙cm
-1

 are visible in Raman 

spectra for 8YSZ samples sintered at 1100⁰C and 1200⁰C but are indistinguishable at the 

higher temperatures from features assigned to Zr5Ti7O24 (and confirmed by XRD).  These 

Raman bands may arise from an ionically conductive pyrochlore structure [58,59] but, 

again, the relative abundance of any pyrochlore phase is expected to be very small. 

These findings suggest that the Zr5Ti7O24 is the dominant phase formed by 

reaction between TiO2 and 8YSZ, especially at higher sintering temperatures.  Since 

Y2O3 is needed to facilitate Zr5Ti7O24 formation on reasonable timescales, the role of 

Y2O3 must be considered in order to optimize any mechanism that promotes secondary 

phase formation in TiO2 doped, electrochemically active materials containing YSZ.  

Solid oxide electrochemical cells typically use ZrO2 doped with 8∙mol% Y2O3 because of 

the material’s relatively high ionic conductivity and mechanical stability.[60,61]  

Moreover, the solubility of TiO2 in YSZ increases with higher Y content (up to the 

solubility limit of approximately 10∙mol% TiO2 in c-YSZ).[62]  A phase transition from 

c-YSZ to t-YSZ occurs as Ti is incorporated into the cell structure due to the smaller  
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Table 1: Overview of vibrational bands observed in Raman spectra collected on samples 

in Fig. 2. 
m-

ZrO2/TiO2 
Raman 
Shift

a)
 

[cm
-1

] 

YSZ/TiO2 
Raman 
Shift

a,b)
 

[cm
-1

] 

Assignment Literature 
Raman Shift 

[cm
-1

] 

217 b w 217 b w Zr5Ti7O24 lit.,
41

 210 and 215 
 247 s Zr5Ti7O24 lit.,

41
 245 

262 s  t-YSZ/c-YSZ 

ZrTiO4 
256

c)
 

259
c)

; lit.,
41

 260 
 280 w Zr5Ti7O24 lit.,

41
 282 

 300 w Y2Ti2-yZryO7 lit.,
58

 308-310; 
lit.,

59
 308 

 307 sh Zr5Ti7O24 

c-YSZ 

lit.,
41

 310 
318

c)
 

330 sh 330 s t-YSZ 

m-ZrO2 

ZrTiO4 

Zr5Ti7O24 

325
c)

  
328 and 340

c)
  

330
c)
 

lit.,
41

 340 
 370 w t-YSZ/m- 

ZrO2 

Zr5Ti7O24 

375
c)
 

lit.,
41

 380 

399 s 399 w sh ZrTiO4 

Zr5Ti7O24 

396
c)
 

lit.,
41

 400 
 420 s Zr5Ti7O24 lit.,

41
 430 

432 s 432 s r-TiO2 

Y2Ti2-yZryO7 

lit.,
73

 448 
lit.,

58
413-448; lit.,

59
 

451 
 470 sh t-YSZ/c-YSZ 

m- ZrO2 

Zr5Ti7O24 

465
c)
 

470
c)
 

lit.,
41

 475 
 510 vw Y2Ti2-yZryO7 lit.,

58
 522-531; 

lit.,
59

 532  
532 w 525 w ZrTiO4 

m- ZrO2 

Zr5Ti7O24 

531
c) 

532
c)
 

lit.,
41

 535 
590 sh  ZrTiO4 589

c)
; lit.,

41
 580 

607 s 607 s r-TiO2 

Y2Ti2-yZryO7 
lit.,

73
 613 

lit.,
58

 597-609 
 619 s sh c-YSZ 

 Zr5Ti7O24 
615

c)
 

lit.,
41

 625 
639 s  m-YSZ/ t-

YSZ 

ZrTiO4 

632
c)
 

638
c)
 

 650 s Zr5Ti7O24 lit.,
41

 650 
710 w  ZrTiO4 710

c)
 

 725-730 w Zr5Ti7O24 lit.,
41

 730 
794 s  ZrTiO4 793

c)
 

  805 s Zr5Ti7O24 lit.,
41

 800 
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ionic radius of Ti
4+

 compared to Zr
4+

.  Although t-YSZ exhibits diminished conductivity, 

the substitution of Y
3+

 and reduction of Ti
4+

 within the lattice is expected to foster an 

increase in both ionic and electronic conductivities.[42,50]  The defect chemistry 

mechanisms are shown in Eqn (1-3) using Krӧger Vink notation:  

 

Y2O3  
 𝑍𝑟5𝑇𝑖7𝑂24 
→        2YZr,Ti

′  +  VO
∙∙ + 3OO

x
    (1) 

 

2TiTi
x  +  OO

  x  ↔  2TiTi
′  +  VO

∙∙ + 1 2⁄ O2    (2) 

 

OO
  x  ↔  VO

∙∙ + 1 2⁄ O2(g) + 2𝑒
−     (3) 

 

For the short dwell thermal treatments utilized in this study, the literature 

indicates that Zr5Ti7O24 structure is favored with Y
3+

 substitution.
44-46

  Yttrium 

substitutions are possible on both the Zr and Ti sub-lattices, in which 4
+
 ↔ 3

+
 cation 

substitution is expected to form the oxygen deficient structure: Yx(Zr5Ti7)1-xO24-y implied 

by Eqn (1). [62]  The Y
3+

 substituted structure is facilitated by oxygen vacancies, in a 

manner similar to stabilized zirconium oxide, providing a mechanistic basis for oxygen 

ion mobility in the Zr5Ti7O24 material.  Furthermore, under reducing conditions, oxygen is 

removed from the lattice as the Ti
4+

 ions reduces to Ti
3+

 ions generating additional 

oxygen vacancies shown in Eqn (2).  Oxygen vacancy generation is accompanied by the 

formation of charge carriers (electrons) in which the electron conductivity has a electrons 

 pO2
-1/4

 dependency, as indicated by Eqn (3), supporting mixed ion-electron 

conductivity.[26]  

Consequently, the overall ionic conductivity of c-YSZ doped with TiO2 will 

depend on both the extent of t-YSZ formation and the defect chemistry associated with 
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Ti.  These competing effects may enable Zr5Ti7O24 to function as a MIEC and could 

explain the improved electrochemical performance previously observed with TiO2 

infiltrated Ni-YSZ anodes sintered at 1400⁰C.[37,38]  Resolving this question definitively 

requires identifying Zr5Ti7O24’s relevant electrochemical properties. 

 

Electrochemical Measurements of Zr5Ti7O24 

 

In order to test the electrochemical properties of Zr5Ti7O24 formed from mixtures 

of 8YSZ and TiO2 sintered at 1400˚C, a pellet of the sintered material was made to serve 

as an electrolyte between two Pt electrodes (Fig. 3).  Both linear sweep voltammetry 

(LSV) and electrochemical impedance spectroscopy (EIS) experiments were performed 

at 800˚C with dry H2 as the fuel for the designated anode and air as the oxidant over the 

cathode (Fig. 4).  In addition to the electrochemical measurements, in operando Raman 

spectra were collected from the electrolyte on the designated anode side of the device 

(Fig. 5).  For the first 5 hours, the sample was held at open circuit voltage (OCV) to allow  

 

 
Figure 3: Schematic of the symmetric cell used in the electrochemical studies of 

Zr5TiO7O24.  Voltammetry, EIS and in operando Raman spectroscopy measurements 

were performed to examine the mixed ionic and electronic properties of Zr5Ti7O24 at 

800⁰C. 
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materials to equilibrate prior to polarization at 158∙µA (equivalent to 40% of the 

maximum current measured during LSV measurements) for the last 3 hours of testing.  

LSV and EIS measurements were performed periodically to monitor the cell’s 

electrochemical performance and ionic conductivity. 

The measured open circuit voltage was low, ranging from 120-130∙mV, indicating 

that the sample had electronic conducting properties and was unable to sustain the ~1.2∙V 

commonly observed in SOFCs with an H2 fuel.[9,63,64]  Optical spectroscopy coupled 

with repeated electrochemical measurements ensured that the anode and cathode 

remained atmospherically isolated from each other. (Vide infra.)  The observed response 

is attributed to the reduction of Ti
4+

 to Ti
3+

 creating charge carriers (see Eqn (2)) that 

internally short circuit the electrolyte.[50]  Internal shorting of electrolytes is well 

established in rare earth doped cerium oxides (RE)CeO2, where RE= Gd, Sm.  With these 

materials as electrolytes, OCV decreases as mixed conduction develops when Ce
4+

 is 

reduced to Ce
3+

.[26,29,30,65]  

Polarizing the Pt–Zr5Ti7O24–Pt device in a fuel cell configuration resulted in 

maximum currents and powers of ~400∙µA and ~13∙µW, respectively, (Fig. 4a).  While 

these values fall far short of the expectations one would have of an SOFC electrolyte, 

they do indicate that zirconium-titanate phases can conduct oxide ions meaning that 

Zr5Ti7O24 functions as a MIEC.  The electrochemical properties of the electrolyte were 

explored further using EIS (Fig. 4b) where the high frequency arc observed in the 

complex impedance plots is attributed with the response of the bulk material.  The bulk 

resistance (x-axis intercept in Fig. 4b) that is associated with an electrolyte’s ionic 
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conductivity decreased from 105∙Ω to 65∙Ω during the 5 hour exposure to H2 prior to 

polarization. The decrease in bulk resistance is attributed to the formation of oxygen 

vacancies as Ti
4+

 ions were reduced within the oxide lattice (see Eqn (1)) on the anode 

side of the electrolyte. 

EIS and voltammetry data show that the Zr5Ti7O24 ‘electrolyte’ yields a 

significant electronic and ionic conduction component.  The large bulk resistance may 

arise from the sample thickness and/or low ionic conductivity.  These results imply that 

Zr5Ti7O24 present as a secondary phase in conventional solid oxide cermet electrodes can 

expand the putative three phase boundary in YSZ-based cermet anodes that have been 

doped with TiO2 and sintered at high temperatures.  

In operando Raman spectra collected from the Zr5Ti7O24 exposed to H2 at OCV 

and during polarization show that the Zr5Ti7O24 is stable during fuel cell operation and no 

additional secondary phases formed (Fig. 5).  The reducing conditions (due to the 

ambient H2 atmosphere and applied anodic potential) resulted in an overall decrease in 

layer of the Zr5Ti7O24 and has been observed in previous studies with YSZ.[9,63,66]  

Polarizing the sample reduces the metal oxides and changes the reflectivity of the 

Zr5Ti7O24 surface.  These results support the proposed mechanism in Eqn (1) showing 

how reducing conditions create oxygen vacancies within the material.  

To confirm the MIEC properties of Zr5Ti7O24 additional impedance experiments 

were performed using the same symmetric cell but with equivalent (laboratory cylinder 

air) atmospheres on either side of the assembly.  Fitting impedance data acquired at 
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Figure 4: (a) LSV and (b) complex impedance at OCV, with an inset of the real and 

imaginary impedances as a function of frequency, obtained from the symmetric cell with 

platinum electrodes and an electrolyte comprised primarily of Zr5Ti7O24.  One side of the 

symmetric cell was exposed to 85∙ml/min air while the opposite side was exposed to 100∙ 
ml/min H2 and 100∙ml/min Ar. Raman intensities.  This response is attributed to a change 

in oxidation state at the surface  

 

 

different temperatures to an equivalent circuit proposed by Gur and Huggins,[67] data 

were acquired in 50⁰C increments and fit to determine frequency dependent ionic and 

electronic resistivities.[51,68]  An Arrhenius analysis of the inverse resistivities (or 

conductivities) resulted in calculated activation energies. Representative impedance data 
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and the equivalent circuit are shown in Fig. 6a and 6b.  Fig. 6c shows the temperature 

dependence of the ionic and electronic conductivities. 

 

 
Figure 5: Raman spectra collected on the Zr5Ti7O24 electrolyte exposed to H2 at 800 ⁰C.  

Spectra were continuously recorded with the cell at open circuit voltage (black traces at 

OCV) for the first three scans and during polarization at 158∙µA (colored traces). The 

Raman spectra exhibited ~25% reduction in overall signal intensity after 2 hours under 

polarization. 

 

From the slopes of the lines in Fig. 6c, we report Ea,ionic = 0.87 ±0.15∙eV and 

Ea,electronic = 1.18 ±0.01∙eV.  These results are similar in magnitude to equivalent 

quantities calculated for other known MIEC ceramics.  For example above 700 ⁰C,  GDC 

has an Ea,ionic = 0.68∙eV and Ea,electronic = 0.85∙eV[68] while lanthanum strontium gallium 

magnesium oxide (LSGM), a popular MIEC cathode material, has an Ea,ionic = 0.74∙eV 

and Ea,electronic = 0.73∙eV.[69]   These compassions support the hypothesis that the MIEC 

properties of Zr5Ti7O24 are capable of transforming the three phase boundary in Ni-YSZ 

cermet electrodes from a one-dimensional into a two-dimensional region. The effect 

would significantly enhance electrochemical efficiency. 
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Figure 6: (a) Representative complex impedance spectra collected from a Zr5Ti7O24 

sample heated at various temperatures at OCV.  (b) The equivalent circuit used to model 

the ionic and electronic conductivities, based off of work proposed by Huggins.[49] (c) 

Arrhenius plots and calculated activation energies of the (top) ionic and (bottom) 

electronic conductivities. 
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Conclusions 

 

 

Experiments were conducted to explore the formation of secondary phases in 

TiO2/ZrO2 systems used in high temperature electrochemical applications.  Reactions 

between TiO2 and ZrO2 polymorphs were dependent on sintering temperature and the 

presence of Y2O3.  Thermal treatment with the m-ZrO2 produced the disordered ZrTiO4 

structure while samples containing YSZ formed the ordered Zr5Ti7O24 structure and 

pyrochlore.  For the 5 hour dwell times, formation of the secondary phases was enhanced 

at sintering temperatures above 1200 ⁰C.  Voltammetry and EIS data showed that 

Zr5Ti7O24 prepared with equimolar mixtures of TiO2 and 8YSZ sintered at 1400⁰C, 

behaved as a MIEC  in electrochemical cells operating above 700⁰C.  The findings from 

the presented studies suggest that formation of Zr5Ti7O24 in Ni-YSZ anodes can expand 

the electrochemically active region near the triple phase boundary by serving as a mixed 

ion-electron conducting material. 
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Abstract 

 

 

 Aluminum titanate (ALT), a catalyst-enhancing phase in nickel-zirconia SOFC 

anodes, has been observed to have the secondary benefit of increasing flexure strength. 

Ni-YSZ cermet discs doped with 5∙wt% ALT exhibit 150% of stress at failure of non-

doped samples in equibiaxial flexure tests. It is suggested that the addition of ALT 

increases toughness through the localized introduction of tetragonal zirconia at cermet 

interfaces.  Comparison of non-doped and doped Ni-YSZ σ50% values indicates that the 

thickness of ALT enhanced anodes could be reduced by ~20% while maintaining the 

flexural strength of an unmodified anode.  

 

Introduction 

 

 

Traditional two-phase cermets represent an unsurpassed balance of cost, 

performance, stability, scalability, and durability in SOFC anode fabrication. Consistent 

with the ubiquity of this anode, the Ni-YSZ cermet powder processing, composition, 

particle size, and thermal processing have been thoroughly studied. Despite this, the 

nature of these anodes has remained largely unchanged for the last 10 years. 
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Recent work targeted at catalyst enhancement through reducing coarsening 

induced degradation has also suggested improved mechanical properties of Ni-YSZ 

cermets.[1–4]  Although anode supported cells are capable of producing high power 

densities,  the necessary porosity and two phase mixture limits the mechanical strength 

requiring additional thickness to support the cell.[5] Further, the mechanical strength 

requirements of anode supported cells dictate anode thicknesses greater than the 

thickness required for sufficient electrochemical activity.[6] A Ni-YSZ cermet strength 

increase could provide a route to reduced anode thickness and increased porosity 

allowing for: reduced weight, reduced material cost, and increased performance from 

improved fuel diffusion. This letter examines flexure strength enhancement of Ni-YSZ 

cermets by ALT additions through dilatometry, electron microscopy, and equibiaxial 

flexure testing. 

 

Experimental 

 

 

Materials Processing 

 

Anodes were fabricated with ~4∙µm NiO (Alfa, Stock #12359), and 8∙mol% Y2O3 

stabilized ZrO2 (Tosoh Inc., 8YS Grade) in a 66:34∙wt % ratio, respectively.  ALT 

(Aldrich, Stock #634131) was added at 5∙wt% in the Ni-YSZ.  Mixtures were ball milled 

for 48 hours in an aqueous suspension with 5∙wt% PEG (Alfa, Stock #42635) as pressing 

binder and flash frozen by liquid nitrogen submersion.  Lyophilization prevents density 

driven segregation and agglomeration.  Anode powders were uniaxially pressed in a 

38∙mm die at 35∙MPa.  Two sintering profiles were used for the non-doped powders: (1) 
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5C∙min
-1

 to 1400
o
C for 10 hours (P-1400C-10h), and (2) 5C∙min

-1
 to 1550

o
C for 5 

hours (P-1550C-5h). ALT-doped samples were sintered according to (1) (A-1400C-10h).  

After sintering, NiO was reduced under flowing 5% H2 forming gas at 900°C for 6 hours.  

 

Dilatometry & Microstructural Examination 

 

Pellets of 6.35∙mm diameter were sintered in a Linseis L75 dilatometer to 1400
o
C 

in air. Compositions ranged from 0-10∙wt% ALT in NiO-YSZ. After large sample flexure 

testing, fracture surfaces of reduced samples were examined with scanning electron 

microscopy (Zeiss, Supra 55-VP).  Images were collected at 1∙kV with a working 

distance of 4∙mm. 

 

Equibiaxial Flexure Testing 

 

From each sample series, 20 samples were tested using monotonic equibiaxial 

flexure testing (ring-on-ring) in a manner consistent with ASTM Designation C1499-

09.[7]  The custom aluminum fixture was machined with load and support ring diameters 

of 8∙mm and 20∙mm, respectively.  The fixture was used in an Instron 5543 load frame 

with a loading rate of 500∙N∙min
-1

.  Flexural strength was calculated according to 

Equation 1. 

𝜎𝑓 =
3𝐹

2𝜋ℎ2
∙ {(1 + 𝜈) ∗

𝐷𝑆
2−𝐷𝐿

2

2𝐷2
+ (1 + 𝜈) ln

𝐷𝑆

𝐷𝐿
}    Equation 1.[7] 

 

𝐹 is the maximum load reported by the Instron, ℎ the sample thickness, 𝜈 

Poisson’s ratio, 𝐷𝑧 the diameter of the support ring, 𝐷𝐿 the diameter of the load ring, and 

D the sample diameter. Flexure strength values were subjected to Wiebull analysis and 

standard ANOVA. 
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Results and Discussion 

 

 

Densification & Microstructure 

 

The foundational utility of dilatometry and SEM microstructural characterization for 

this study was to establish validity of strength comparison for varying treatments. On first 

consideration, it seems fitting that processing of ALT-enhanced and non-doped 

specimens be identical outside of the ALT addition.  However, ALT is an effective 

sintering aid in NiO-YSZ, yielding greater density prior to reduction and therefore 

influencing flexure strength through porosity mismatches. Thus, a second set of non-

doped specimens was sintered to increase density towards that of the ALT doped 

samples.   

Densification curves for several NiO-YSZ compositions doped up to 10∙wt% ALT are 

shown in Figure 1.  It is observed that efficacy of ALT as a sintering aid is composition 

dependent where 5∙wt%, as used in flexure samples, is most effective.  At a 5
o
C∙min

-1 

ramp to 1400
o
C with no dwell, 5∙wt% ALT increased the change in relative density by a 

factor of 1.6 over the non-doped specimen.   

Iterative sintering runs were performed with the pure NiO-YSZ to achieve a 

density greater than the doped specimen to validate that flexure strength benefits are not 

solely density dependent. As such, the pure material was sintered at 1550
o
C for 5 hours. 

Archimedes’ density established that while P-1400C-10h (5.3∙g∙cm
-3

) was indeed less 

dense than A-1400C-10h (5.8∙g∙cm
-3

), P-1550C-5h density actually exceeded the doped 

samples at 6.1∙g∙cm
-3

.
 
On the basis of porosity and flaw distribution alone, this would 

indicate that P-1550C-5h should exceed the strength of the doped specimens. Fracture 
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surfaces following reduction and flexure-testing are displayed as Figure 2 for 

comparison. The left panel highlights the additional porosity present in the P-1400-10h 

sample series corresponding to decreased cermet strength shown in Table 1.  These 

images indicate mixed intergranular and transgranular fracture consistent with literature 

reports.[5,8,9] 

 

 
Figure 5: Dilatometry results for uniaxially dry-pressed pellets of NiO-YSZ doped with 

ALT at 0-10∙wt%. Maximum sintering aid effect for YSZ is seen at 5∙wt% where relative 

density change is 160% of the non-doped sample. 

 

 

Flexure Strength 

 

The Weibull plot in Figure 3 indicates ALT enhanced cermets improve flexural 

strength for samples sintered at identical temperature and even outperform non-doped 
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specimens sintered at 1550C.  It is shown that that 𝜎50% increases from 100.2∙MPa to 

147.3∙MPa for the non-doped, and ALT doped samples sintered identically, respectively.   

 

 
Figure 6: SEM micrographs selected as representative of each series. Views are of 

fracture surfaces after reduction (where porosity is generated from the NiO – Ni 

decomposition) and flexure testing. 

 

 

Increasing unmodified cermet density to match that of the ALT cermet increases 

𝜎50% to 114.4∙MPa.  The Weibull modulus varies from 4.8 to 7.8.  Such values are 

reasonable for porous cermets, where internal flaws are abundant.  Both non-doped series 

moduli matched closely at 𝑚 = 7.8 and 7.4. ALT-doped results showed greater spread 

with 𝑚 = 4.8.  However, inspection of Figure 3 indicates that increased spread in the 

ALT series originates from the high strength portion of the data. The ALT data could in-

fact be broken into three distinct regions of different slope with ln(σmax): 4.8-5.1, 5.1-5.3, 

and 5.3-5.4. It is noted that this approach is common in composites where multi-modal 

analyses associate discrete regions with a specific failure mechanism.[10] 

Table 1 summarizes flexure-testing results.  Comparison of low, mid, and high 

range values highlight that adding ALT to otherwise identically processed anodes 

increases strength by approximately 50%.  Consideration of the two non-doped samples 

series suggests doping cermets with ALT increases strength to an extent that must be 

A-1400C-10hP-1550C-5hP-1400C-10h
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accounted for beyond a simple increase in density.  Table 2 lists the ANOVA test 

outputs, and corroborates that each testing group had a statistically different mean value.  

These results indicate ALT additions of 5∙wt% are sufficient to enhance Ni-YSZ cermet 

strength.  Based on σ50% values, calculations show that the thickness of an ALT enhanced 

anode can be reduced by 19.4% while maintaining the flexural strength of an unmodified 

anode.  

 

Figure 7: Weibull plot for all three series of anode discs. Comparison of non-doped 

1400
o
C and 1550

o
C sintering highlights the density dependence.  Despite sintering at the 

lower temperature, the ALT doped series exhibits increased strength. 

 

 

Table 1: Summary values of flexure strength for three treatment groups. 

  P-1400C-10h P-1550C-5h A-1400C-10h 

Lowest Flexure 

Strength (MPa) 
66.01 82.36 116.68 

Mean Flexure 

Strength (MPa) 
102.43 119.84 157.76 

Highest Flexure 

Strength (MPa) 
138.36 155.73 218.49 

Standard 

Deviation (MPa) 
15.95 17.94 32.51 
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Table 2: ANOVA test results for comparison of treatments. 

  F-Value P-Value Conclusion 

P-1400C-10h v. 

P-1550C-5h v. 

A-1400C-10h 

27.93 <0.000 

At least 

one mean 

different 

P-1550C-5h v. 

A-1400C-10h 
19.81 <0.000 

Means are 

Different 

P-1400C-10h v. 

A-1400C-10h 
44.35 <0.000 

Means are 

Different 

P-1400C-10h v. 

P-1550C-5h 
9.99 0.003 

Means are 

Different 

  

 

Consideration of ALT’s strength enhancement with previous work suggests Ti 

from the ALT may be the active component driving this phenomenon. It has been shown 

that Ti in the YSZ lattice can destabilize the cubic phase to the tetragonal phase.[11,12] 

Unlike cubic YSZ, tetragonal YSZ exhibits transformation toughening through the 

polymorphic phase transformation to monoclinic YSZ if below 1170°C [13]  It is 

suggested that the addition of Ti from ALT increases YSZ toughness through 

introduction of local tetragonal phase that does not adversely influence electrochemical 

oxygen transport but can inhibit crack propagation.[4] 

 

Conclusions 

 

 

Aluminum titanate with targeted use as a catalyst enhancing dopant in SOFCs has 

been observed to increase the flexural strength of Ni-YSZ cermets.  Cermets doped with 

5∙wt% ALT were compared to non-doped cermets that were processed otherwise 

identically and non-doped cermets with density greater than the ALT specimens.  

Relative to samples which received identical thermal treatment, ALT anodes exhibit a 
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50% increase in strength.  This strength increase could allow ALT doped anodes to be as 

strong as strong as non-doped anodes with only 81% the thickness. 
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Abstract 

 

 

Aluminum oxide is not a material that is generally associated performance 

enhancements in functional systems such as solid oxide fuel cells (SOFC).  As an 

electronic insulator, ionic insulator, and with low catalytic activity, cursory consideration 

would suggest that alumina could only be deleterious to a SOFC. However, a growing 

body of literature reports functional enhancements in SOFC systems associated with 

alumina additions.  This report characterizes alumina additions and associated 

performance benefit on Ni-YSZ anodes after a high temperature treatment.  XRD and 

Raman demonstrate the formation of NiAl2O4 which reduces in-situ to nickel metal and 

Al2O3. SEM shows the unique microstructure resulting from this process.  Atom probe 

tomography characterizes the share Ni (NiAl2O4)-YSZ interface.  EIS indicates a 
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reduction in polarization resistance upon cell polarization of 37% for an unmodified Ni-

YSZ cell and 95% for an Al2O3 doped cell – as well as improved stability. 

  

Introduction 

 

 

Aluminum oxide is an electronic and ionic insulator, relatively non-catalytic, and 

exhibits a poor thermal expansion match with other solid oxide fuel cell (SOFC) anode 

materials.  On cursory inspection, it would seem that such a material could only inhibit 

performance in an electrochemical environment.  In reality, there exists a growing body 

of literature considering the influence of alumina in solid oxide fuel cell (SOFC) anodes 

which suggest alumina additions could have some benefit, although contrasting 

viewpoints exist.[1–5] From a broad perspective, SOFCs have been the subject of 

intensive research efforts for more than 20 years; and while the technology has 

profoundly advanced, fundamental limitations remain.  On the anode side of the cell, Ni-

YSZ cermets are well established as standard.  The Ni-YSZ cermet offers an appealing 

combination of performance, mechanical robustness, stability, processing ease, and cost.   

However, current anodes leave substantial potential for improvement.  They are 

susceptible to coking and poisoning under operation with hydrocarbon fuels in addition to 

the fact that higher levels of power density are desirable.[6]  One promising approach to 

increased power density is the infiltration of YSZ scaffolds with nickel.[7–10]  This 

approach leaves nanoscale nickel at YSZ surfaces, and has demonstrated excellent power 

densities.  Unfortunately, anodes fabricated in this way are prone to very rapid 

degradation in performance due to nickel coarsening.  Doping anodes with aluminum 
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oxide or alumina containing compounds has been explored as means of stabilizing anode 

performance for both infiltrated and cermet architectures, but require more thorough 

characterization of potentially deleterious effects.   

One mechanism of influence for alumina in an SOFC environment lies in altering 

the ionic conductivity of yttria-stabilized zirconia (YSZ) as it diffuses into the bulk.  

Given the lattice incompatibility between YSZ and alumina, the aluminum oxide 

segregates to YSZ grain boundaries. Feighery and Irvine (1999) reported that small 

additions of alumina were observed to actually increase the ionic conductivity of 8∙mol% 

YSZ.  However, conductivity slowly decreased after a maximum until approximately 10∙ 

wt% where conductivity rapidly fell.  Interestingly, they also noted an increased 

resistance to hydrothermal ageing. Rieza et al. corroborate this result and cite Al2O3 as a 

SiO2 scavenger, where SiO2 is known to degrade grain boundary conductivity, in 

explaining the conductivity enhancements at low Al2O3 doping levels.  Guo (1996) 

suggests AlZr
’
 segregation resulting in a reduced concentration of mobile oxygen 

vacancies as a mechanism of degrading conductivity in YSZ.  More intuitive mechanisms 

of alumina degrading performance include disrupting electronic percolation of nickel and 

covering lengths of triple phase boundary. 

In contrast to the more intuitive deleterious effects, Wang et al. (2014) reported 

additions of 2.68∙wt% alumina to the anode as enhancing SOFC performance by reducing 

degradation rates.  They suggested primary mechanisms as being the suppression of coke 

formation (simulated biogas fuel) and suppression of Ni sintering.  The proposed 

suppression of Ni microstructure coarsening is consistent with the present authors’ 
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previous findings. In that work, alumina was added as aluminum titanate (ALT) to 

enhance microstructural stability of the anode catalyst.[11]  These results indicated that 

suppression of Ni sintering likely contributes to performance enhancement, but is not the 

only factor. 

In this study chemical and structural characterization, spatial distribution 

analyses, and in operando analysis of an Al-containing anode system are reported.  The 

present work emphasizes that not just the species of dopant phase, but the manner in 

which processing occurred is important, and includes chemical and imaging 

characterization of aluminum oxide in infiltrated Ni-YSZ anodes as well as 

electrochemical characterization to corroborate literature reports.      

 

Experimental 

 

 

Experiments were conducted to characterize the nature of secondary phase 

formation (and subsequent decomposition), understand the physical distribution of 

phases, and characterize the electrochemical environment of doped anodes.  In previous 

work, performance enhancement was observed upon Al2TiO5 (ALT) doping that was 

followed by 1400
o
C thermal treatments.  In keeping with these results, Al2O3 doped 

samples were heated to 1400
o
C, characterized, and then reduced before additional 

characterization.  XRD, Raman, and EIS were performed on Al-doped Ni-YSZ.  Atom 

probe tomography had been performed on ALT-doped Ni-YSZ, however the analysis in 

this study focuses on the impact of the Al2O3 component of the ALT dopant. 
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XRD 

X-Ray diffraction was employed to characterize phase formation following 

thermal treatment and subsequent reduction as occurs in an operational environment.  A 

powder mixture was prepared containing 50∙wt% NiAl2O4 and 50∙wt% YSZ. This ratio 

represents an alumina content which far exceeds doping levels, but was selected to ensure 

XRD detection of secondary phases. The powder mixtures were pressed in a 1.9∙cm 

diameter die at 200∙MPa.  Pellets were heated to 1400
o
C at a ramp rate of 10

o
C/min and 

held at temperature for one hour.  For the reduced mixtures, pellets followed the 1400
o
C 

treatment with a reducing run at 850
o
C for 10 hours in a mixture of 5% H2 – 95% N2.  

After thermal treatment, pellets were ground to a powder in a Diamonite
TM

 mortar and 

pestle.  Scans were performed in a Scintag Diffractometer using Cu k-α radiation with an 

interval of 15-70
o
 2θ.  

 

Raman Spectroscopy 

 

Vibrational Raman spectroscopy was utilized to investigate material changes in 

pure and Al-doped Ni-YSZ anodes on SOFC button cells.  The cells were prepared with 

Al-doping at 2∙mol% of the anode’s Ni content.  Spectra of the Stokes-scattered light 

from a 488∙nm Ar-ion laser (Lexel 85-SHG) were recorded with a Renishaw InVia 

spectrometer equipped with an edge filter (~150∙cm
-1

 cutoff) and CCD detector.  All 

Raman spectra were collected with 10∙s exposure times and 1 accumulation per spectrum 

using a 10x microscope objective (laser power out of objective ~18∙mW).  For the high 

temperature tests at 800
o
C, in situ spectra refer to spectra collected with the cell at open 

circuit voltage (OCV), while in operando spectra refer to spectra obtained with the cell 
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under thermal, atmospheric and polarization conditions that simulate realistic operating 

conditions. 

 

Atom Probe Tomography 

 

Samples were prepared by depositing aluminum titanate (ALT)-doped nickel on 

YSZ substrates.  The use of ALT was based on previous results where ALT was 

demonstrated as a catalyst enhancing phase.[11]  Analysis in this work focuses on the 

interactions of the Al2O3 component of the dopant with the Ni-YSZ system and an APT 

tip where no Ti was present. The YSZ substrates were commercially available SOFC 

electrolytes composed of 8∙mol% Y2O3 and were 300∙μm in thickness.  The nickel was 

deposited as a solution of nickel nitrate, aluminum nitrate, and titanium lactate.  The 

solution was evaporated and precursors reacted to oxides by heating the substrates in a 

400
o
C box furnace following deposition.  These substrates were finally treated to 1400

o
C 

in air at a ramp rate of 10
o
C/min and held for one hour.  Additional substrates were 

prepared in this same manner, but then reduced for 50 hours at 850
o
C in 5% H2 – 95% 

N2. 

Locations of interest on the sample surface were identified and removed using an 

FEI Helios 600 dual-beam FIB/SEM.  Specimens were milled from the substrate and 

shaped into APT tips using a 30∙kV Ga beam with a final 2∙kV mill.  APT analysis was 

performed using a LEAP x 4000 HR local electrode system from CAMECA Instruments.  

Runs were performed at a laser energy of 20∙pJ, detection rate of 0.2%, and temperature 

of 44K. 
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Electrochemical Impedance Spectroscopy 

 

Electrochemical cells were prepared with Al-doped Ni catalysts. The electrolyte 

supported cells were based on commercially available 8∙mol% YSZ electrolytes with 

diameter 32∙mm, and a thickness of about 300∙μm.  After masking the cell edges, YSZ 

electrode scaffolds were applied via aerosol spraying of an aqueous YSZ mixture and 

cornstarch with a 1:1 volume ratio. The spray included binder (Ethyl Cellulose, Sigma-

Aldrich 200646), plasticizer (PEG 200, Sigma Aldrich, P3015), and dispersant (R.T. 

Vanderbilt Co., Darvan C-N). 

In each cell, the anode was infiltrated and sintered before, and separately from the 

cathode. A solution composed of a mixture of the hydrated state of nickel nitrate and 

aluminum nitrate with a 98 Ni : 2 Al molar ratio was infiltrated into the anode until the 

electrolyte was saturated.  The nitrate was then decomposed in a box furnace at 400
o
C, 

leaving NiO. This process was repeated until a catalyst loading value of 20∙vol% of the 

total scaffold volume was achieved, with an analytical balance used to track infiltration 

loading.  The anode was sintered at 1400
o
C in air.  Cathodes were prepared after anode 

sintering via infiltration using (La0.8Sr0.2)MnO3 as a combination of nitrates, and sintered 

at 950
o
C for one hour.   

Each cell was prepared in the following manner for EIS measurements.  Au metal 

mesh and Ag metal mesh current collectors (measuring 25∙mm in diameter, were attached 

to the anode with Au paste and to the cathode with Pt paste, respectively.  The Au current 

collector ensured that anodic reactions were entirely due to the anode material.  The cell 

was then heated at 120
o
C for 1 hour to cure the metal pastes.  Following application of 
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the current collectors, alumina paste (Ceramabond 522-VFG, Aremco) fixed the cell to an 

alumina tube and created a barrier between the cathode and anode atmospheres.  This 

assembly was then heated to 800
o
C ± 5

o
C at a ramp rate of <1

o
C/min in a custom-made, 

high temperature optical spectroscopy system described in more detail in a previous 

publication.[12]  The anode and cathode were exposed to 100∙ml/min of H2 (with a 100∙ 

ml/min Ar carrier gas) and 85∙ml/min of air, respectively.  EIS measurements were 

performed prior to and post polarization at OCV and periodically while the cell potential 

was held at a constant 0.7∙V for 10 hours. A Princeton Applied Research VersaStat MC 

potentiostat acquired EIS data over a frequency range of 100,000-0.1∙Hz with a 10∙mV 

rms amplitude.  The EIS data are presented on Nyquist plots and are interpreted based on 

the work by several groups showing that the high frequency region is dominated by 

reactions at the electrodes while the low frequency region is dominated by gas diffusion 

and fuel conversion reactions.[13–15]  The bulk, or ohmic, resistance (RB) is defined as 

the x-intercept at high frequencies and provides quantitative information about the cell’s 

resistance associated with oxide diffusion from the cathode to the anode.  The EIS arc 

length on the real impedance axis defines the cell’s polarization resistance (RP) and is 

associated with the activation energies and gas transport at the electrodes.   

 

Results & Discussion 

 

 

XRD 

 

X-ray diffraction was used to demonstrate secondary phase formation following 

thermal treatment and phase evolution following a reduction process.  Figure 1 contains 
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XRD patterns of the NiAl2O4-YSZ mixture following a 1400
o
C thermal treatment as well 

as following the subsequent 50 hour reducing treatment at 850
o
C.  It is emphasized that 

the 1400
o
C thermal treatment is consistent with previous work that has shown the 

treatment necessary to realize the benefits of ALT doping in SOFC anodes.  The 

reduction run was performed to offer an indication of which phases may persist into 

stable operation of the anode. 

 

 
Figure 1: X-ray diffraction patterns for NiAl2O4-YSZ mixture after 1400

o
C heat 

treatment (bottom) and subsequent reduction at 850
o
C (top).  The heat treated mixture 

appears to be composed of the constituents NiAl2O4 and cubic YSZ, while after 

reduction, the mixture is composed of Al2O3, Ni(metal), and cubic YSZ. 

 

 

Following the first thermal treatment, the presence of NiAl2O4 is confirmed at 

19
o
, 31.3

o
, 36.8

o
, 44.7

o
, and 65.8

o
 2θ.  The cubic phase of YSZ was observed to persist 

following the thermal treatment without apparent reaction between the two phases. The 
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status of NiAl2O4 as an electronic and ionic insulator would support the presumption that 

Al2O3 contamination is likely to be deleterious to anode performance, but the phase is 

observed to decompose under reducing conditions.[16–18]  From Figure 1 it appears that 

decomposition of NiAl2O4 is complete to XRD detection limits following reduction at 

850
o
C.  In addition to YSZ, α-Al2O3 and metallic nickel are identified.   

The XRD provides context for interpretation of the electron microscopy image of 

in Figure 2. The figure depicts Al-doped Ni which was solution deposited on a YSZ 

substrate, heat treated to form NiAl2O4, and subsequently reduced.  The resulting 

geometry can be described as metallic nickel particles decorated with nearly spherical 

nanoscale alumina.[19]  Given the 10∙mol% Al doping levels it is fitting that not all of the 

Ni particles are decorated. 

Subjecting the samples to a bath of nitric acid to dissolve any nickel after a brief 

reduction revealed that the 1400
o
C treatment allowed the NiO and NiAl2O4 particles to 

cause deformation or “wells” in the YSZ substrate.  This is shown in Figure 2b.  

Interestingly, it was observed that the non-decorated Ni particles receded within their 

YSZ wells upon coarsening, thereby exposing the wells, while the decorated particles did 

not.  This finding serves to suggest that the mechanism by which aluminum oxide 

decoration of Ni benefits SOFC operation exists in limiting the coarsening of catalyst 

particles at high temperatures. 
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Figure 8: Micrographs acquired by electron microscopy of Al-doped Ni deposited by 

solution infiltration onto a YSZ substrate.  Micrograph a) taken after thermal treatment of 

system at 1400
o
C and subsequent reduction at 850

o
C for 50 hours to allow coarsening of 

particles to occur.  Sample in b) saw only a brief (~20∙min) reduction at 850
o
C before 

being cooled and subjected to a bath of nitric acid to remove Ni and reveal deformation 

of the YSZ substrate. 

 

 

Raman Spectroscopy 

 

The identification of chemical species was corroborated with vibrational Raman 

spectroscopy measurements acquired on the SOFC anodes at room temperature and at 

800⁰C during EIS measurements.  The vibrational modes of YSZ and NiO were observed 

in spectra from both the pure and Al2O3 doped Ni-YSZ anodes (Figure 3).  The F2g mode 

of cubic YSZ shifted from 615∙cm
-1

 at 20⁰C to 590∙cm
-1

 at 800⁰C as the lattice volume 

increased with temperature.[20]  Similarly, the vibrational mode of NiO at ~1090∙cm
-1

 at 

20⁰C shifted to ~1070∙cm
-1

 at 800⁰C on the oxidized anode.[21]  Additional Raman 

features were observed in the doped anode spectra at 226∙cm
-1

, 414∙cm
-1

 and at 770∙cm
-1

 

and the chemical species responsible for these vibrational modes were heterogeneously 

distributed across the electrode (Figure 3a).  The strong peak at 414∙cm
-1

 is characteristic 
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of the α-Al2O3 phase while the weak shoulder at 770∙cm
-1

 is indicative of the NiAl2O4 

spinel that forms when Al2O3-NiO mixtures are heated at elevated temperatures.[22,23]  

Interestingly, the 226∙cm
-1

 peak was only observed in spectra when the 414∙cm
-1

 

and 770∙cm
-1

 vibrational modes were present.  This consistent spectroscopic behavior 

implies that the chemical species responsible for the 226∙cm
-1

 feature originates from 

interactions and/or reactions between α-Al2O3 and NiAl2O4 phases.  Published studies 

exploring Al2O3-NiO systems have shown that at temperatures ranging from 1020-

2000⁰C, α-Al2O3 is 13-17∙mol% soluble in NiAl2O4.[22,24,25]  Since the doped NiO-

YSZ anode was heat treated at 1400⁰C during fabrication, the α-Al2O3 will first react with 

NiO to form NiAl2O4 after which Al
3+

 from any excess α-Al2O3 will rapidly diffuse into 

the polycrystalline anode.[25]  The formation of a mixed oxide solid solution may 

account for the 226∙cm
-1

 feature in the low-frequency lattice vibration region of the 

Raman spectrum.  Studies by Zoppi et al. demonstrated that in solid solution mixtures of 

α-Al2O3 and α-Fe2O3, the intensity of the 225∙cm
-1

 peak produced from Fe vibrations is 

highly dependent on the metal oxide ratios.[26]  Based on this literature and given that Ni 

is similar in size and mass as Fe, the 226∙cm
-1

 feature in the doped anode Raman 

spectrum is assigned to the solid solution of α-Al2O3 and NiAl2O4.   

The vibrational modes at 226∙cm
-1

, 414∙cm
-1

, and 770∙cm
-1

 were not observed in 

the high temperature Raman spectra collected at 800⁰C (Figure3b).  The absence of the 

226∙cm
-1

 and 770∙cm
-1

 vibrational modes indicates the expulsion of α-Al2O3 from the 

solid solution and the decomposition of NiAl2O4, respectively.  These processes could 

indeed produce α-Al2O3 nanoparticles on the Ni, as shown in Figure 2; however, the α-
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Al2O3 Raman features are not visible in the in situ Raman spectra due red shifting and 

peak broadening (from phonon confinement) that causes the α-Al2O3 , NiO and YSZ 

vibrational modes to overlap.[19]  These results advocate using higher doping levels for 

future in operando Raman studies designed to identify materials changes in Al2O3 doped 

Ni-YSZ anodes.[27,28]   

 

 
Figure 9: Representative Raman spectra acquired from pure and 2∙mol% Al2O3 doped Ni-

YSZ anodes (a) at room temperature and (b) at 800⁰C.  The low doping level of Al2O3 

produced a heterogeneous distribution of NiAl2O4, α-Al2O3, and a solid state solution of 

α-Al2O3 in NiAl2O4 across the anode as shown in the top two spectra collected at 

different locations (blue traces in a).  The in situ Raman spectra at 800⁰C (b) are identical 

for the pure and doped anodes indicating that NiO and metallic Ni were the dominate 

phases containing Ni under oxidizing and reducing conditions, respectively.  

 

 

Atom Probe Tomography  

 

Perpetuating the reaction of fuel with oxygen ions in the SOFC anode 

simultaneously requires the fuel stream, a catalytic surface, electronic transport 

mechanism, and ionic transport mechanisms.  In the Ni-YSZ system, these requirements 

limit electrochemical activity to the so-called triple phase boundary (TPB) where a Ni-

YSZ interface is exposed to the fuel stream.  In this context, dopants such as Al2O3 have 

profound potential to modify cell behavior by influencing the Ni-YSZ interface.  Atom 
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probe tomography was selected as a technique capable of probing interfacial areas at near 

atomic resolution in considering the influence of alumina in Ni-YSZ systems. 

A NiAl2O4 particle on the YSZ substrate was targeted a successfully lifted from 

the sample with the underlying YSZ and ion milled into a tip containing the NiAl2O4-

YSZ interface.  An APT run was successfully completed with two alternative 

reconstructions shown in Figure 4.  As evidenced by the successful APT run, the NiAl2O4 

was well-adhered to the YSZ substrate.  Both phases appeared homogeneous and without 

significant co-diffusion at the interface – offering no suggestion of interaction between 

the Al dopant and YSZ.  In Figure 4, some nickel (red) appears to be present in the YSZ 

phase, but the m/z peaks associated with nickel could not be entirely background 

subtracted for the reconstruction as in the proxigram of Figure 5. 

The background subtracted proxigram in Figure 5 confirms that no significant co-

diffusion of cations, including nickel, occurs.  The yttrium is a partial exception in that it 

persists into the interfacial region.  This result is consistent with reports of yttrium 

enrichment at YSZ grain boundaries and surfaces.  The interface is sharp, with 

concentration gradients occurring primarily inside a 3∙nm window or less when 

considering artificial mixing that results from varied evaporation fields.   

At the interface itself, silicon is heavily enriched as has been ubiquitously 

reported for YSZ grain boundaries, but in an unanticipated result, the silicon ions extend 

into the nickel aluminate bulk.  This result is significant given that the nickel aluminate 

was prepared from high-purity nitrates and the zirconia was known to contain silicon as a 

contaminant.  In this way, it appears that nickel aluminate under high temperature 
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Figure 4: (L) SEM of FIB prepared APT tip with NiAl2O4 particle on YSZ substrate. (R) 

3-D reconstruction of atom probe tomography tip from NiAl2O4 particle on YSZ 

substrate with particle-substrate interface captured.  Box enclosing reconstruction is 

95∙nm x 95∙nm x 150∙nm.  Color legend as follows: aluminum (blue), nickel (red), 

zirconium (purple), yttrium (green). 

 

 

treatment acts to harvest silicon from YSZ which has not been reported for NiO-YSZ 

systems.  This phenomenon could contribute to increased oxygen diffusion rates in the 

affected YSZ.  Furthermore, silica enrichment at the Ni-YSZ interface has been reported 

even without the presence of alumina, and so silicon harvesting into the NiAl2O4 bulk 

may result in decreased Si enrichment at the interface.  When alumina is added to the Ni-

YSZ system and reacted to form NiAl2O4, it does not appear to segregate to the TPB 

region and may contribute to reduced silica content at the TPB. 
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Figure 5: Proxigram of NiAl2O4 particle – YSZ substrate interface built from 

background subtracted APT data.  Yttrium is observed to be enriched at the interface 

(notice beginning of Zr depletion approximately 1.5∙nm before Y).  Silicon is also 

observed to be enriched significantly at the interface.  The Al dopant does not persist into 

the YSZ bulk. 

 

 

In addition to a NiAl2O4-YSZ interface, an APT tip was prepared which captured 

a YSZ-YSZ grain boundary near the surface and in the vicinity of NiAl2O4 particles.  A 

proxigram for this interface with inset reconstructions is included in Figure 6.  In this tip 

which had never been exposed to a reducing atmosphere, Al and Si are essentially absent 

from the bulk but present within the grain boundary.  Nickel is present in the bulk but 

concentrated at the grain boundary by a factor of 11.  The results of background 

subtracted compositional analysis are summarized in Table 1.  Acknowledging that 

compositional analysis by APT in this system is not quantitative, from an electrochemical 

perspective, alumina added with nickel in infiltrated anodes appears limited in the extent 
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to which it subsequently with the YSZ substrate.  The alumina that enters the YSZ is 

heavily concentrated at grain boundaries.  Although these samples were prepared as ALT 

doped Ni-YSZ, no Ti was observed in the regions discussed here. 

 

Table 1: Mass spectrum compositional analysis of YSZ APT tip. 

 

 
 

 

Electrochemical Impedance Spectroscopy 

 

EIS experiments were performed on SOFCs with pure and 2∙mol% Al2O3 doped 

Ni-YSZ anodes in order to evaluate how polarization affects the condition of the cells.  

The EIS spectra collected with the cells at OCV (no applied DC bias) and polarized at a 

constant potential (0.7∙V) are presented in Figure 7.  The data show striking differences 

between the RB and RP values from the pure and doped cells.   

Prior to polarization at OCV (Fig. 7a), RB measured 17.09∙Ω∙cm
2
 for the pure cell 

and 8.83∙Ω∙cm
2
 for the Al2O3 doped cell.  Although the doped cell exhibited a lower 

ohmic resistance, RP was 32.91∙Ω∙cm
2
 and was considerably larger than the measured 
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Figure 6: Proxigram of YSZ grain boundary near substrate surface built from background 

subtracted YSZ data.  Both nickel and aluminum ions are observed to have accumulated 

at the grain boundary, however they are in detected concentrations below that of silicon.  

Concentration of nickel and aluminum more than 2 to 3∙nm from the grain boundary 

represents 0.2% of detected ions. 

 

 

9.78 Ω∙cm
2
 for the pure cell.  The larger arc in the low frequency region of the EIS for 

the doped cell is attributed a more dense anode microstructure.  After 10 hours of 

polarization, RP increased to 13.50∙Ω∙cm
2
 for the pure cell and to 40.20∙Ω∙cm

2
 for the 

doped cell.  This change corresponds to a 28% and 18% increase in RB for the pure and 

doped cells, respectively, demonstrating that cell degradation was less for the doped cell.    

During polarization at 0.7∙V (Fig. 5b), EIS data were collected after 10 minutes 

and after 10 hours.  The RB values were similar to those measured at OCV ranging from 

16.27∙Ω∙cm
2
 to 17.67∙Ω∙cm

2
 for the pure cell and from 8.81∙Ω∙cm

2
 to 8.87∙Ω∙cm

2
 for the 

Al2O3 doped cell.  The most interesting results with the cells under an applied potential 
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was the drastic decrease in RP for the doped cell to 1.74∙Ω∙cm
2
 compared to 6.20∙Ω∙cm

2
 

for the pure cell.  These values correspond to a ~95% and ~37% reduction in RP relative 

to initial measurements at OCV for the doped and pure cells, respectively.  Furthermore, 

RP increased up to 8.76∙Ω∙cm
2
 for the pure cell and from 1.74∙Ω∙cm

2
 to 1.83∙Ω∙cm

2
 for 

the Al2O3 doped cell demonstrating further that cell degradation in suppressed in the 

doped cell.  These results suggest the formation of a secondary phase(s) during 

polarization in the doped cell. Due to the low doping levels, the presence possible 

secondary phases were not visible of in operando Raman spectra (Fig. 3b).   

 

 
Figure 7: EIS data from SOFC button cells with pure and 2 mol% Al2O3 doped Ni-YSZ 

anodes at 800⁰C.  Measurements were performed (a) at OCV and (b) while the cells were 

polarized at a constant 0.7∙V for 10 hours with the anodes under 50:50 dry H2: Ar (each 

at 100∙ml/min) and the cathodes under air. Although the higher impedances at OCV 

suggest that performance should be lower with the doped cell compared to the pure cell, 

the substantially lower impedances under 0.7∙V demonstrate that the doped cell under out 

performs the pure cell. 
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Conclusions 

 

 

 The work discussed in this study has emphasized that the high temperature 

(1400
o
C) treatment of the Ni-YSZ with added alumina can result in the formation of 

nickel aluminate.  XRD and Raman establish that in conditions relevant to SOFC anodes, 

nickel aluminate will reduce in favor of alumina and nickel metal.  Electron microscopy 

highlights the unique nano-decorated geometry which can develop during nickel 

aluminate reduction and observes a lack of microstructural evolution with nano-decorated 

nickel during coarsening experiments.  Simultaneously, atom probe tomography suggests 

that alumina’s interaction in the Ni-YSZ system is primarily limited to the Ni.  Finally, 

EIS demonstrates SOFC comparisons with an Al-doped anode exhibiting significantly 

reduced degradation rates and polarization resistance compared to a non-doped cell.  The 

authors do not necessarily disagree with studies finding deleterious effects in SOFCs due 

to Al additions, but assert that the manner of addition and subsequent processing is often 

as important as the dopant itself. 
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Abstract 

 

 

Thermal coarsening, or more specifically Ostwald ripening, represents an 

important limitation to the lifetime and efficacy of systems based on metallic catalysts.  

Aluminum titanate has been reported to stabilize Ni in the Ni-YSZ system which is of 

particular importance to solid oxide fuel cells. This study proposes microstructural 

stabilization by “diffusion caging” where the nano-alumina decorations on the surface of 

nickel catalyst particles constrain available source locations of Ni atoms during 

coarsening which results in dimpling of the Ni particle as mass leaves.  As coarsening 

progresses, the dimples deepen and a thermodynamic limit is reached where continued 

coarsening would increase, rather than decrease, total surface area.   

In this study, SEM/EDX exhibit the decorated nickel microstructure upon 

NiAl2O4 reduction.  Atom probe tomography was used to probe interfaces in detail, and 

elucidate the presence of 5-10∙nm nickel clusters within the alumina decoration particles.  

Following development of a mathematical model describing surface area change, atomic 
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force microscopy is shown which exhibits dimpling of the Ni between decoration 

particles.  This mechanism of coarsening inhibition not only represents a thermodynamic 

(as opposed to kinetic) limit in particle coarsening, but embodies an inherent simplicity 

which may lend itself to extension in additional material systems. 

 

Manuscript 

 

 

Under prolonged exposure at high temperature, the size and dispersion of metallic 

particles on high temperature substrates is largely governed by the process of Ostwald 

ripening.[1–5]  At sufficiently high temperatures, the energy associated with particle 

interfaces and surfaces is reduced by mass flow from relatively small particles of high 

positive surface curvature to relatively large particles via surface diffusion and 

evaporation-condensation.[6] In application, this is exceedingly relevant to high 

temperature catalytic systems such as those found in the reformation of naptha, 

automotive catalytic converters, and electrochemical fuel cells.  All of these devices 

suffer reduced efficacy as active surface area is lost, percolation of particulate is reduced 

such as in electrochemical cell systems, or catalyst material spalls from the substrate 

surface altogether.  This communication discusses the design, through chemical doping, 

of a thermodynamically driven mechanism to arrest Ostwald ripening. 

 Nickel metal supported on yttria-stabilized zirconia (Ni-YSZ), which represents 

the standard of fuel side electrode composition in solid oxide fuel cells, provides an ideal 

model system for the study of this phenomenon.[2]  The Ni-YSZ system is particularly 

susceptible to performance loss through metal coarsening because the nickel not only 
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provides catalytic activity, but electronic conductivity through percolation of the catalyst 

in the electrode.[7,8]  As nickel coarsens, catalytic activity is lost as a result of the triple 

phase boundary length decrease, and anode resistivity increases because of the loss of 

percolation of the metallic network through the anode.  At present, many cermet Ni-YSZ 

systems have demonstrated impressive stability and some mixed ionic electronic 

conductors (MIEC) have shown promise, but don’t realize the performance level of 

alternative systems such as those produced through solution infiltration.[9–11]  

Ni-YSZ anodes fabricated through infiltration of metal-organic solution 

precursors show great performance potential.[12,13]  However, the performance 

enhancement associated with infiltration is largely attributed to the nano-scale, high 

surface area metallic nickel inherent to the process. However, anodes with nickel 

particles of this size scale are prone to rapid degradation, limiting the appeal of this 

approach.[7,12,14]  The addition of aluminum titanate, Al2TiO5 (ALT) as a dopant, has 

been reported to decrease degradation rates in infiltrated SOFCs.[15] The mechanisms of 

this catalyst enhancement phenomenon involve complex chemical reactions and multiple 

secondary phases, where the Al and Ti constituents appear to function discretely from 

one another.[16–18] It is proposed in this study that the Al constituent (Al2O3) of the 

ALT dopant imposes a limit on nickel coarsening through a microstructural development 

that induces a “diffusion caging” phenomenon on the surface of the nickel catalyst.    

 During thermal treatment of a doped anode, it is understood that alumina from the 

ALT reacts with NiO to form nickel aluminate NiAl2O4.[17]  Subsequent exposure to a 

low oxygen partial pressure, as found during electrochemical operation, allows the 
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decomposition of nickel aluminate into nickel metal and aluminum oxide.[19]  The utility 

of nickel aluminate’s formation and subsequent decomposition lies in the geometry that 

results as seen in Figure 1a.  The micrograph depicts Ni, doped only with Al, which had 

been deposited by infiltration on a YSZ substrate, thermally treated in air at 1400
o
C, and 

subsequently reduced under a N2/H2 environment at 800
o
C.  After thermal treatment at 

800
o
C for 50 hours to allow substantial coarsening, the resultant microstructure contains 

sub-micron scale nickel particles decorated with evenly distributed aluminum oxide 

nano-particulate.  Treatment at 1400
o
C allowed deformation of the YSZ substrate in the 

form of “wells” under the NiO/NiAl2O4 particles which persisted at 800
o
C during 

reduction.  It can be observed that undecorated particles receded within their “wells” 

during coarsening, this particle recession was not observed with the decorated, or caged, 

particles. 

EDX characterization, Figure 1b, was performed to verify that the surface 

particles were composed of Al and O while the sub-particle was composed of entirely of 

nickel metal.  Given the size scales in Figure 1a, penetration depth of EDX was mitigated 

through fabrication of a second sample (1b) to validate analysis. In this sample, Al was 

used at 10∙mol% of the Ni content, but increased concentration of the precursors in the 

infiltrant resulted in larger particles upon deposition and subsequent reduction.  EDX 

analysis was facilitated by grazing the edges decorated nickel catalysts on a tilted stage,   

thus eliminating underlying material. Figure 1b demonstrates this concept and indicates 

the formation of aluminum oxide decorated nickel metal.     
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Figure 1: a) SEM and (b) EDX analysis of Al-doped Ni deposited on YSZ substrate by 

solution infiltration. Sample was coarsened in a reducing atmosphere for 50 hours at 

800
o
C.  Sample in EDX inset was prepared with more concentrated infiltrant yielding 

larger particles. EDX confirms that the small (~75∙nm in (a)) decorations on the surface 

of nickel parent particles are composed of aluminum oxide. 

 

 

  With Al doping of the Ni infiltrant solution limited to 10∙mol% of the Ni metal, 

extensive formation of nickel aluminate was stoichiometrically prohibited.  As a result, 

some nickel particles were left undecorated.  The extent of alumina decoration may 

appear to exceed the coverage expected from a 10∙mol% doping level, however, the 

migration of alumina as a bulk nickel dopant to the surface of the catalyst supports 

extended coverage.  It is hypothesized that the decorated particles represent merged 

grains of NiO and NiAl2O4 following reduction.   

 With context for understanding the reduced microstructure supported by electron 

microscopy, site-specific interfaces were investigated in detail using atom probe 

tomography to elucidate interfacial environments surrounding the Al2O3 decorations.   
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Figure 2a shows the 3D reconstruction of individual atoms represented by colored 

spheres.  Distinct regions rich in Al or Ni are observed, consistent with the observed 

alumina decoration at the Ni-YSZ triple line in Figure 2a.  In Figure 2b, the Al- and Ni-

rich regions are better visualized using 5%, and 12% isoconcentration surfaces, 

respectively.  Spatially localized mass spectrum analysis of the APT reconstruction 

(Figure 2c) corroborates the particle composition as aluminum oxide, consistent with the 

EDX analysis in Figure 1b.  Individual nickel precipitates of 5-10∙nm size are at the 

periphery of the aluminum oxide and are observed to extend to the edges of the alumina 

particle.  If the presence of Ni nanoparticles trapped in the Al2O3 observed by APT can 

be extended to the Al2O3-Ni catalyst interface, then the observation of alumina and nickel 

on three size scales (sub-micron Ni, ~100∙nm Al, 5-10∙nm Ni), suggests the possibility of 

mechanical interlocking of the alumina nanoparticles with the surface of a Ni catalyst 

parent particle. The electron microscopy observation of alumina on the nickel surface 

after tens of hours of coarsening suggests that the observed alumina nanoparticles are 

bound to the nickel surface. 

The hypothesis of “diffusion caging” is that the presence of nanoalumina 

decoration on the surface of nickel particles limits both the extent to which a nickel 

particle can shrink by restricting the locations from which the nickel atoms (ions) can 

migrate to open regions between alumina decorations. 

The impact is that as nickel atoms migrate from a relatively smaller, decorated 

particle to a relatively larger particle (Figure 2, bottom), small “dimples” of extreme 

negative curvature develop on the source particle in the open regions between alumina 
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Figure 2: Reconstruction of APT tip which contained alumina decoration from the Ni-

YSZ triple line with ion map (a) shown at 40% and Ni + Al isosurfaces (b).  The tip 

captured the portion of the particle resting on the YSZ substrate.  The alumina nano-

decoration contains smaller yet Ni particulate.  The regions defined by the blue cubes in 

the horizontal reconstruction (c) denote the bounds of the compositional analysis 

represented in the table.  Oxygen is not shown for clarity of the cations. The prism 

encompassing the reconstructions at left represents approximately 90∙nm (green axis) x 

90∙nm (red axis) x 250∙nm (blue axis). 

 

 

decorations.  While mass is still lost from the smaller particle, the dimpling increases that 

particle’s surface area.  Nonetheless, coarsening continues as total surface area is still 

decreased by contributing mass to a larger neighboring particle.  As the dimples deepen, a 

thermodynamic limit is reached when total surface area would be increased by moving 

additional mass from the dimpled surface of the smaller particle to a larger particle. 

Development of this thermodynamic stabilization condition begins with a simple, 

but fundamental consideration.  If two spherical particles, one of radius 𝑅1, and the other 

of radius 𝑅2, are in an environment such that mass transport is allowed, the mass flow 

will be directed by a chemical potential gradient. Thus the total change in available 

surface area given the diffusion of one atom of atomic volume Ω from the particle with 
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the smaller radius (R2) to the particle of larger radius (R1) gives the following 

relationship: 

 

Δ𝐴 = 2Ω (
1

𝑅1
−

1

𝑅2
)         (1) 

 

Note that the change in area given in Equation 1 is less than zero when 𝑅1 > 𝑅2, 

implying that the large particles, which are sufficiently near small particles, will become 

larger at the expense of the smaller particles.   

Considering the doped catalyst scenario, depicted in Figure 1, the influence of the 

alumina nano-decorations on the smaller donor particle is now considered.  Chemical 

potential will still guide mass from the smaller sphere to the larger sphere according to 

Equation 1.  However, Ni atoms diffusing from the small sphere to the large sphere must 

now come from the exposed nickel between the alumina particles. Thus, diffusion will 

lead to the dimpling of the surface of the nickel particle acting as the mass source. 

(Figure 2, bottom) If dimple radius, 𝑎 is proportional to the depth, ℎ of the forming 

dimples, according to 𝑎 = 𝑐0 ∙ ℎ, where 𝑐0 is a constant, then the change in surface area, 

Δ𝐴 associated with moving one nickel atom from the smaller sphere on which dimples 

are forming to the larger sphere that is acting as the mass sink can be expressed as: 

 

Δ𝐴 =
2Ω

𝑅1
−
2(𝑐0

2+1)Ω

ℎ(3𝑐0
2+1)

         (2) 

 

Note that Ω represents the volume of a diffusing nickel atom, and 𝑅1 the radius of 

the larger sphere. If this change in area occurs spontaneously, it is requisite that Δ𝐴 < 0. 
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Imposing this condition on Equation 2, and solving for the dimple height, ℎ gives 

Equation 3.  

 

ℎ <
𝑐0
2+1

3𝑐0
2+1
∙ 𝑅1          (3) 

 

This result suggests that dimple growth, and by extension Ostwald ripening, is 

limited according to size of the acceptor particle.  Imposing practical limits on depth of 

the dimples (h) elucidates that R1 (size of adjacent acceptor particle) must be sufficiently 

small to reach the stability condition.  In other words, the size distribution of nickel 

particles must be fairly narrow.  When this requirement is met, the proposed stability 

condition states that diffusion caging represents a thermodynamic, not kinetic, limit to 

coarsening of nano-decorated catalyst particles.  The generality of this result indicates the 

extension of this methodology and associated chemical doping to other small-particle, 

high-temperature catalytic systems. 

Direct observation of these dimples was pursued with AFM measurements to 

validate the model.  Samples were prepared for AFM in a manner identical to those 

prepared for SEM/EDX as shown in Figure 1.  AFM line profiles were gathered along the 

nickel “ridges,” where the surface slope perpendicular to the tip path was near zero.  One 

such profile is represented by the red dots in Figure 3 and fit schematically. 

In Figure 3 the black hemispheres, representing alumina nano-particles, were fit 

by assuming spherical geometry, as evidenced by electron microscopy.  While a limiting 

assumption, it is observed that this geometry fits AFM data well for the profile shown 

and confirmed by multiple subsequent AFM measurements. Additional line profiles are 
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available in the supplementary information.  This fitting leaves three measurement points 

between the bounds of the two alumina particles.  The nickel surface was generated by 

curve fitting these points and extending the surface to the intersection with the alumina 

particles.  Geometric analysis indicated that, with the given fits, the probe tip was able to 

measure the nickel surface without interference between the tip and alumina 

 

 
Figure 10: AFM data overlaid with schematic representation of the catalyst surface (top).  

Red circles represent measured AFM data scaled against primary axes. Schematic of 

surface and AFM probe tip are scaled to match AFM data. SEM overlay does not depict 

the same particle measured by AFM, but a representative particle. Schematic 

representation (bottom) of microstrucural evolution during coarsening due to diffusion 

caging phenomenon referencing R1 and R2 as used in the mathematical model. 
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particles.  The values intermediate to the nickel particles indicate a concavity of the 

nickel surface.  Relative to the height of the nickel-alumina triple line, this indicates a 

dimple depth of 4∙nm. 

 Measurement of this concavity becomes the basis to suggest diffusion caging as a 

mechanism of stabilizing metallic microstructures against high temperature coarsening. 

This work indicates that the reduction of NiAl2O4 in a fuel cell environment yields nickel 

catalyst that is decorated with aluminum oxide.  Inspection by APT further indicates that 

nano-alumina contains embedded nickel at an even smaller size which likely contributes 

to adhesion of the alumina particles on the nickel surfaces.  Modelling suggests that, upon 

coarsening, dimpling of the nickel surface due to the constraint of alumina particles 

causes an increase in total surface area of the system if adjacent nickel particles are 

sufficiently close in size.  This result dictates a thermodynamic arrest of catalyst 

coarsening.  Detailed study of the mechanics associated with the reduction of nickel 

aluminate should enable the tailoring of decorating particle sizes to allow stabilization 

nickel with less developed coarsening, given sufficient uniformity in particle size.  

Broadened study of this proposed stabilization mechanism may enable its implementation 

in additional catalytic systems where the fundamental requirement is that the 

decomposition of a complex yields catalyst decorated with nanoparticulate with a much 

higher melting temperature.  
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Experimental 

 

 

Sample Fabrication 

All samples were fabricated by deposition of particles on a YSZ substrate using 

solution infiltration. For SEM, EDX, and AFM measurements, aqueous solutions of 3M 

Ni(NO3)2.6H2O (Advanced Materials, 28C-NT-01) and 0.10M Al(NO3)3.9H2O (Fluka, 

06275) were mixed to yield Al doping at 2∙mol% of the Ni content, this resulting solution 

was diluted by a factor of 3. The solution for the large Ni particles (Figure 1b) used in 

EDX analysis was not diluted after mixing. In all cases, the solution was drop cast onto 

YSZ substrates (Fuel Cell Materials, 211103) and decomposed in air at 400
o
C.  To form 

NiAl2O4, samples were heated to 1400
o
C in air with heating and cooling rates of 5

o
C∙min

-

1
.  Reducing and coarsening was performed in 5% H2 95% N2 forming gas at 800

o
C.  

Microscopy was performed using a Zeiss Supra 55VP.  Secondary electron images were 

collected at 1∙kV with a working distance of 4∙mm and EDX data were collected at 20∙kV 

with a 15∙mm working distance. 

 

Atom Probe Tomography 

 This work was performed on the basis of Al2TiO5 (ALT) acting as a catalyst 

enhancing phase.  As such, samples were prepared by depositing Al2TiO5-doped nickel 

on YSZ substrates.  Probe tips used for this manuscript focused on the Al contributions to 

the Ni-YSZ system.  Regions of interest on the sample surface were identified and 

removed using an FEI Helios 600 dual-beam FIB/SEM.  Probe tips were milled using a 

30∙kV Ga beam with a final 2∙kV mill to achieve an end radius of curvature <150∙nm.  
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Details of the FIB-based specimen preparation are found in the supplemental information.  

APT analysis was performed using a LEAP 4000X-HR system from CAMECA 

Instruments.  APT analysis was performed using a 355∙nm UV laser with 20∙pJ energy 

and pulse frequency of 200∙kHz, detection rate of 1000-2000∙ions/pulse, and specimen 

temperature of 44∙K. 

 

Model Development 

Suppose two nickel particles are sufficiently close such that atomic (ionic) 

diffusion can take place between them, and that the donor particle is constrained such that 

mass diffusion from the donor particle dimples the surface, instead of causing the sphere 

the shrink. The volume of the acceptor sphere, 𝑉𝑎 is given by 

 

𝑉𝑎 =
4

3
𝜋𝑅𝑎

3 = 𝑛Ω         (4) 

 

Note that 𝑅𝑎 gives the radius of the acceptor sphere, Ω the atomic (ionic) volume, and 𝑛 

the number of atoms (ions) composing the particle. The change in area of the acceptor 

particle is given by  

 
d𝐴

𝑑𝑛
= 8𝜋𝑅𝑎

𝑑𝑅𝑎

𝑑𝑛
         (5) 

 

The rate of change of the radius is given by differentiation of Equation 4. Inserting the 

obtained expression for 
𝑑𝑅𝑎

𝑑𝑛
 into Equation 5 gives Equation 6.  

 
𝑑𝐴

𝑑𝑛
=
2Ω

𝑅𝑎
          (6) 
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The volume of a golf ball, or dimpled sphere, 𝑉𝐺𝐵, is given by  

 

𝑉𝐺𝐵 =
4

3
𝜋𝑅𝑑

3 − 2𝑑 ∙
𝜋ℎ

6
(3𝑎2 + ℎ2) = 𝑚Ω      (7) 

 

Note that the radius of the donor sphere is given by 𝑅𝑑, the number of dimples by 𝑑, 

dimple radius by 𝑎, dimple height by ℎ, and number of atoms (ions) composing the donor 

particle by 𝑚. If the loss of atoms (ions) only changes the volume of the dimples on the 

sphere, and if the dimple radius is proportional to dimple depth according to 𝑎 = 𝑐0 ∙ ℎ, 

where 𝑐0 is a constant, then the change in area of the golf ball is given by 

 
𝑑𝐴𝐺𝐵

𝑑𝑚
= 2(𝑐0

2 + 1)𝜋𝑑ℎ
𝑑ℎ

𝑑𝑚
        (8) 

 

Inserting the expression for the change in dimple height associated with the removal of 

one atom (ion) obtained by the differentiation of Equation 7 gives the change in area of 

the dimpled sphere associated with the removal of one atom (ion). 

 
𝑑𝐴𝐺𝐵

𝑑𝑚
= −

𝑐0
2+1

3𝑐0
2+1
∙
2Ω

ℎ
         (9) 

 

Thus, the total change in area associated with the addition of an atom (ion) to a spherical 

particle of 𝑅𝑎 at the expense of an atom (ion) from a dimpled sphere is given by Equation 

10. 

 
𝑑𝐴

𝑑𝑛
+
𝑑𝐴𝐺𝐵

𝑑𝑚
=
2Ω

𝑅𝑎
−

𝑐0
2+1

3𝑐0
2+1
∙
2Ω

ℎ
        (10) 
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If the process is to happen spontaneously, the total change in area must be less than zero. 

Imposing this restriction implies that dimple growth, and coarsening will occur until the 

condition given by Equation 11 is met.  

 

ℎ =
𝑐0
2+1

3𝑐0
2+1
∙ 𝑅𝑎          (11) 

 

 

Atomic Force Microscopy 

Atomic force microscopy was performed using a Digital Instruments Dimension 

with a Nanoscope 3 controller.  The instrument was used in tapping mode with a Veeco 

RTESPW tip (rt = 10∙nm, tip angle = 30
o
). 
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CHAPTER 10 

 

 

CONCLUSIONS 

 

 

Summary of Work 

 

 

 Initial efforts in the study of aluminum tiatanate (ALT) as a catalyst enhancing 

phase focused on validating the hypothesis that ALT additions indeed influence the 

stability of the anode microstructure, even if the mechanism of that influence was 

unclear.  Second, it was important to establish that ALT, effectively Al2O3 and TiO2, was 

not deleterious to anode functionality in a way that renders increased stability irrelevant.  

Chapter 2 examines the requirement of Ni percolation for electronic conductivity through 

an anode structure.  Model anodes were coarsened at 850
o
C for up to 160 hours during 

which resistivity of non-doped anodes increase by two orders of magnitude more than 

anodes doped with ALT.  Anodes in this study were not operated electrochemically, and 

were only maintained under a reducing atmosphere to yield an assumption that any 

increase in bulk resistivity must be due to loss of Ni network percolation during 

coarsening.  Electrochemical testing of SOFCs indicated a modest loss in initial power 

output for the ALT doped cell, however, after 5 hours of operation, the increased stability 

of the doped cells overcame the performance of baseline cells. 

 An early hypothesis for ALT’s mechanism of stabilization was that ALT upon 

subsequent decomposition into constituent Al2O2 and TiO2, yields multiple secondary 

phase reaction products in the Ni-YSZ system that creates a composition gradient at the 

Ni-YSZ interface that is similar in concept to a diffusion bond.  This hypothesis provided 
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a framework for a primary bonding mechanism that can bind catalyst to the ceramic 

support.  Work represented in Chapter 3 includes TEM and EDX characterization of FIB 

cross-sections from an ALT doped anode to ascertain the validity of this guiding 

hypothesis.  However, this work suggested that in contrast to composition gradients, 

multiple phases with sharp, discrete, boundaries were formed.  Referencing preliminary 

work (prior to this dissertation), the secondary reaction products of NiAl2O4 and ZrTiO4 

were identified further supporting that the Al component of ALT primarily interacts with 

the Ni and that the Ti component of ALT primarily interacts with the YSZ.  Finally, cell 

tests included in this manuscript compared a variety of cell processing techniques where 

earlier work had suggested that thermal treatment of doped anodes at 1400
o
C was 

necessary for efficacy, based upon the thermal evolution of secondary phases.  This data 

suggested that ALT doping with a 1400
o
C treatment did impart greater performance 

stability than lower processing temperatures – namely 1200
o
C, again at the expense of 

initial performance.  The data also served to suggest that Al2O3 alone, when added in the 

same manner as ALT, may be effective as a stabilization agent. 

 Building on the processing dependence demonstrated by cell testing, Chapter 4 

which represents the final transactions article, more closely considers secondary phase 

formation and stability as a function of temperature and atmosphere.  This article also 

represents early stage collaboration with the R.A. Walker group in the Department of 

Chemistry and Biochemistry at Montana State University with in situ and in operando 

Raman spectroscopy.  An early result of this collaboration was that the phase previously 

identified as ZrTiO4, due to the reaction of YSZ and TiO2, was actually Yx(Zr5Ti7)1-xO24-δ.  
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It was simultaneously revealed that processing at 1200
o
C rather than 1400

o
C heavily 

favored the destabilization of YSZ to the monoclinic phase of ZrO2 which was of 

particular concern given its lack of oxygen ion conductivity.  The formation of NiAl2O4 

was confirmed for both processing temperatures, but was observed to decompose upon 

exposure to a reducing atmosphere at 850
o
C.  For ALT-NiO-YSZ mixtures subjected to 

reducing conditions at 850
o
C, XRD revealed little difference between mixtures that 

received a prior 1400
o
C treatment (air) and those with no prior treatment.  Extraneous 

“trace” peaks in the mixture with no prior treatment suggested the presence of a defected 

Ni/Ti spinel, but was not subsequently corroborated with Raman results.  This work 

formed the basis for understanding that secondary phase formation was more sensitive to 

processing conditions than previously thought, and prompted a comprehensive phase 

evolution study. 

 Chapter 5 has been published as an article in the Journal of Applied Catalysis A: 

General and was motivated by the hypothesis that formation of secondary phases is 

critically important to the efficacy of ALT as a stabilizing phase in Ni-YSZ given that 

their action had been established as occurring outside of just the Ni-YSZ interface.  The 

results focus on ALT-NiO-YSZ mixtures reacted at temperatures ranging from 1000
o
C to 

1400
o
C in 50

o
C intervals with characterization performed by XRD in collaboration with 

Raman spectroscopy in the Walker group.  This work positively establishes NiAl2O4 and 

Zr5Ti7O24 as primary reaction products, confirms that YSZ is partially to substantially 

destabilized to the monoclinic ZrO2 phase at temperatures 1050
o
C to 1300

o
C, and that 

limited amounts of NiTiO3 are formed below 1250
o
C.  The chapter also provides a more 
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comprehensive analysis of FIB cross-sections by TEM/EDX with the context of the 

foundational XRD and Raman analysis. The TEM results provided clear observation 

evidence that compositional gradients, the preliminary guiding hypothesis for catalyst 

enhancement, are not evident in the interfacial regions of the Ni-YSZ system. Carefully 

designed SOFC voltammetry where the anodes were designed with low (~15∙vol%) Ni 

loading to exacerbate any coarsening effects showed a profound stability enhancement 

upon solution-based ALT doping with a 1400
o
C thermal treatment.  A transition to 

solution based incorporation of the dopant phase provided a mechanism for atomic level 

homogeneity of Ti and Al constituents in addition to the ability to incorporate the dopant 

on a nano-scale.   EIS performed on cells provided to the collaborators also showed an 

improvement in stability upon ALT doping, further elucidating an interesting 

phenomenon in the polarization resistance (RP) of ALT doped cells.  While it is expected 

that RP decrease upon transition from open circuit to polarized conditions, the ALT doped 

cells exhibited a dramatic decrease. Where the unmodified cells showed a RP decrease to 

about 50% of OCV RP, the ALT doped cells dropped to 20% of OCV RP.  This result 

suggested that ALT doping may introduce new phases which are electrochemically active 

under operational conditions! This result underscored the value of making EIS 

measurements in operational conditions where ALT shows a profound benefit, compared 

to what appears to be a somewhat deleterious effect when simply measured at OCV.   

Moreover, the work embodied in this chapter provided the basis for focusing 

investigation on the functional influence of nickel aluminate (NiAl2O4) and zirconium 

titanate (Zr5Ti7O24). 
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 During analysis of the new XRD and Raman data, combined with a focused 

literature investigation, it became evident that yttrium was required for the formation of 

Zr5Ti7O24 on realistic (less than hundreds of hours) timescales, even at elevated 

temperatures.  Stated another way, ZrO2 and TiO2 mixtures would form ZrTiO4 on 

timescales relevant to SOFC processing, except that the presence of Y (as is the case with 

SOFCs) dramatically accelerates the formation of Zr5Ti7O24 as evidenced by 

complimentary XRD and Raman.  Given the lower valence of Y
3+

 compared to ZrO2 and 

TiO2 (4+) it was hypothesized that Y-substituted Zr5Ti7O24 is likely defected with oxygen 

vacancies and may be conductive to oxygen ions in a manner analogous to that in YSZ.  

This formed the basis of a focused study of Zr5Ti7O24 in Chapter 6.  Corroborative XRD 

and Raman again investigated the formation of Zr5Ti7O24, but this time as a function of 

both Y concentration in the ZrO2 as well as temperature.  Results demonstrated that when 

TiO2 was reacted with pure ZrO2, ZrTiO4 formed.  However when the YSZ was doped 

with 3-8∙mol% Y2O3, as would be present in any SOFC, the product shifted to Zr5Ti7O24.  

EIS measurements by the Walker group of a Pt- Zr5Ti7O24-Pt cell under SOFC 

conditions; and additional measurements with air on both sides of the cell revealed that 

Zr5Ti7O24 indeed functions as a mixed-ion-electron conductor (MIEC).  This result was 

an exciting advancement in the function of secondary phases with regard to catalyst 

enhancement, given that experimental SOFC anodes have been built from MIECs alone.  

These results clearly suggested electrochemical functionality of the TiO2 induced 

secondary phase resulting from ALT doping, a contingency not considered in the guiding 

hypothesis.  A major limitation however, lies in the stoichiometry of Zr5Ti7O24 where 7 
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Ti ions are required for every 5 Zr.  In SOFC systems where ALT doping has typically 

been introduced at approximately 2∙mol% of the Ni content, the Ti quantities are only 

sufficient to convert very limited portions of an anode scaffold to Zr5Ti7O24.  Calculations 

based on values for cells used in Chapter 5 indicate that if all of the Ti was reacted, only 

1.4% of the Zr from the YSZ scaffold would be consumed in the 5-7-24 phase formation.  

However, SOFCs are surface and interface driven systems, such that if Zr5Ti7O24 

formation was limited to the near surface of the YSZ and therefore near the Ni-YSZ triple 

line, even limited quantities of Zr5Ti7O24 could have significant influence.  If the anode 

scaffold is modeled as a series of YSZ cylinders with 15∙µm diameter, a 1.4% conversion 

could yield a layer of Zr5Ti7O24 that is 53 nm thick at 100% coverage of the surface. 

 In considering that the merits of this research direction were founded upon 

enhancement of the catalyst through binding or improvement adhesion of nickel on the 

YSZ surface, a valuable perspective on ALT’s influence came from considering strength 

enhancements of Ni-YSZ cermet anodes upon ALT doping.   The initial motivation for 

the study of ALT in the Ni-YSZ system, which preceded this dissertation work, came 

from attempts to use ALT to modify the coefficient of thermal expansion for Ni-YSZ 

anodes to more closely match that of YSZ electrolytes.  During that work it was 

observed, under limited testing samples, that the flexural strength of test anodes doped 

with ALT showed a marked improvement.  Chapter 7 represents a publication submitted 

to Materials Letters quantitatively investigating this effect.  In short, simply adding ALT 

(as a powder, not by infiltration) to a NiO-YSZ mixture prior to sintering, increases 

strength of the later reduced cermet by a factor of 1.5.  Utilizing equi-biaxial flexure 
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methods on Ni-YSZ discs, a notable departure in the Weibull modulus is observed, 

particularly in the highest strength samples suggesting possible changes in the mode of 

fracture.  It is noted that Ti presents substantial solubility in the YSZ lattice, but has been 

observed to destabilize cubic YSZ to the tetragonal phase.  It is suggested that the 

strength enhancement may be explained, in part, by TiO2 additions to the YSZ enabling 

transformation toughening of the interface regimes.  The requirement of tetragonal 

zirconia for the transformation toughening effect is corroborated by both XRD and 

Raman from prior studies.  Additionally, it is also possible that ALT additions indeed 

enhance the work of adhesion between nickel metal and YSZ, which would represent a 

direct stabilization strategy for Ni microstructures and preserved electrochemical 

performance.  This effect is the subject of study for an ongoing Ph.D. dissertation. 

 Recognizing the apparently independent roles of Al and Ti in the Ni-YSZ system, 

Chapter 8 which has been prepared for submission to the Journal of the Electrochemical 

Society focuses on characterization of Al2O3 when used as a dopant alone.  XRD and 

Raman confirm the formation of NiAl2O4 and subsequent reduction to Ni metal and 

Al2O3 under low pO2 as occurs in the presence of Ti.  However, the higher doping ratios 

of Al used here allowed direct observation of Al2O3 by XRD and Raman for the first 

time.  SEM establishes the unique microstructure of Ni metal particles decorated with 

nano-alumina which serves as the basis of Chapter 9.  Atom probe tomography 

demonstrates an atomically sharp interface between Al-doped Ni and YSZ at a resolution 

that far exceeds previous TEM results.  Finally, EIS experiments again demonstrate a 

profound performance enhancement in SOFCs in operando.  This significant result 
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suggests that previously observed catalyst enhancement may not require a synergy of Al 

and Ti, but could have been due to the action of Al alone.  However, it should be noted 

that the method of adding ALT, whether by solution methods or by oxide particulate can 

yield a fundamentally different system, due in large part to the local concentration of Ti 

available for reaction.   

 Chapter 9 represents the study of the role of NiAl2O4 in ALT’s function and 

represents the capstone achievement of this project in establishing a mechanistic basis for 

catalyst enhancement.  Guiding this work were Chapter 8 results including the 

observation that NiAl2O4 peaks in both XRD patterns and Raman spectra were lost upon 

exposure to reducing conditions and that targeted SEM with EDX study demonstrated 

that NiAl2O4 decomposes to Ni metal and Al2O3.  What is significant, is the morphology 

of the resulting structure where Ni parent particles (1-5∙µm) become decorated with 

nanoscale (~50∙nm) aluminum oxide particles as in Figure 1 of Chapter 9.  It is now 

suggested that during mass loss of a Ni particle to a larger neighbor, these nano-

decorations restrict the possible source locations of Ni ions, and as coarsening progresses, 

cause dimpling on the surface of the source Ni particle.  The thermodynamic driving 

force of atom transport manifested as coarsening is ultimately the reduction of surface 

free energy through the reduction of surface area.  Normally, a small particle sacrificing 

mass to a larger neighbor indeed results in a reduction of total surface area.  However, in 

the case of decorated Ni, this only happens initially.  As the dimples deepen, the surface 

area of the small particle will begin to increase rather than decrease – eliminating the 

driving force for Ostwald ripening and hence coarsening.  This concept embodies the 
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concept that has been referred to as “diffusion caging,” and atomic force microscopy 

directly measured dimples of extreme negative curvature between nano-alumina 

decorations!  Additional data in the manuscript (atom probe tomography and SEM) 

support that the nano-decorations are indeed well adhered to the Ni parent particles in 

which the enhanced adhesion supports the flexural strength improvement noted in 

Chapter 7.  This result has profound significance in three ways.  First, it represents a clear 

mechanism by which ALT imparts catalytic stability at high temperature to the Ni-YSZ 

system and fulfills the end objective of this dissertation.  Second, it represents a 

thermodynamic and not kinetic limit to coarsening, thus enabling long term operation of 

small scale metal catalysts.  In this manner, the proposed mechanism doesn’t simply slow 

coarsening, but arrests it!  Finally, the generic nature of this mechanism shows promise 

for extension to other systems for which numerous other MAl2O4 (M = metal cation) are 

shown to exist in the literature. 

 

Final Remarks 

 

 

 Ni-YSZ composites have traditionally represented, and continue to represent, the 

standard in composition for state-of-the-art SOFC anodes.  The work defining this 

dissertation was established to consider the influence of aluminum titanate additions to 

the Ni-YSZ system, and particularly its influence on the stability of the Ni 

microstructure. The high temperature stability of Ni microstructure represents a critical 

issue for high performance, infiltration-based anodes, but is also important to more 

traditional cermets. These results provide a framework to further solution based 
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incorporation of high temperature electrocatalysts – an approach that the community 

views cautiously given concerns of rapid coarsening.  At the conclusion of this 

dissertation it can be confidently stated that ALT additions indeed enhance Ni-YSZ 

anodes to a significant extent, and likely beyond what is represented by a simple 

improvement in microstructural stability. 

 The two constituents of ALT, Al2O3 and TiO2 have been determined to act largely 

independent of one another, such that “ALT doping” is really “Al2O3 and TiO2 doping”.  

Upon high temperature treatment, Al2O3 reacts with NiO to form NiAl2O4.  The unique 

morphology resulting from the in-situ reduction/ decomposition of NiAl2O4 forms the 

basis of the diffusion caging concept.  Additionally, Al-doped anodes studied by EIS 

have demonstrate dramatic reductions in polarization resistances upon polarization of the 

cell suggesting that use of Al2O3 alone maybe more effective that ALT.  However, TiO2 

and YSZ can react to form the MIEC Zr5Ti7O24 - in limited quantities – but could have a 

more significant impact in cermet systems.  However, ALT has also demonstrated a 

strength enhancement in Ni-YSZ cermets that maybe due to TiO2 additions suggesting 

that TiO2 may still enhance Ni-YSZ wetting/interactions. 

 This work forms the basis for several directions of future study.  In considering an 

Al-only stabilization strategy, the mechanics and kinetics of the NiAl2O4 reduction could 

be studied to open the opportunity of tuning resultant morphologies for optimized 

diffusion caging.  Work in FIB/TEM equipped facilities can more thoroughly investigate 

the Ni-YSZ interface and more conclusively answer whether Ti is also influential at those 

interfaces.  Finally, extension of the diffusion caging concepts to other systems such as 
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those based on Fe or Co, both of which form spinels with Al in the oxidized state, could 

be explored.  



200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES CITED 

 

  



201 

 

 

 

1. Sutton, D., Kelleher, B. & Ross, J. R. H. Review of literature on catalysts for 

biomass gasification. Fuel Process. Technol. 73, 155–173 (2001). 

 

2. Burch, R., Breen, J. P. & Meunier, F. C. A review of the selective reduction of 

NOx with hydrocarbons under lean-burn conditions with non-zeolitic oxide and platinum 

group metal catalysts. Appl. Catal. B Environ. 39, 283–303 (2002). 

 

3. Gélin, P. & Primet, M. Complete oxidation of methane at low temperature over 

noble metal based catalysts: A review. Appl. Catal. B Environ. 39, 1–37 (2002). 

 

4. Ghenciu, A. F. Review of fuel processing catalysts for hydrogen production in 

PEM fuel cell systems. Curr. Opin. Solid State Mater. Sci. 6, 389–399 (2002). 

 

5. Nahar, G. & Dupont, V. Hydrogen production from simple alkanes and 

oxygenated hydrocarbons over ceria-zirconia supported catalysts: Review. Renew. 

Sustain. Energy Rev. 32, 777–796 (2014). 

 

6. Kettler, P. B. Platinum group metals in catalysis: Fabrication of catalysts and 

catalyst precursors. Org. Process Res. Dev. 7, 342–354 (2003). 

 

7. Huang, Z., Cui, F., Kang, H. & Chen, J. Highly dispersed silica-supported copper 

nanoparticles prepared by precipitation− gel method: a simple but efficient and stable 

catalyst for glycerol hydrogenolysis. Chem. … 5090–5099 (2008). doi:doi: 

10.1021/cm8006233 

 

8. McCarty, J. G., Malukhin, G., Poojary, D. M., Datye, A. K. & Xu, Q. Thermal 

coarsening of supported palladium combustion catalysts. J. Phys. Chem. B 109, 2387–

2391 (2005). 

 

9. Clark, R. W., Wynblatt, P. & Tien, J. K. Coarsening kinetics of alloy platinum-

palladium particles on oxide substrates. Acta Metall. 30, 139–146 (1982). 

 

10. Challa, S. R. et al. Relating rates of catalyst sintering to the disappearance of 

individual nanoparticles during Ostwald ripening. J. Am. Chem. Soc. 133, 20672–20675 

(2011). 

 

11. Rahimpour, M. R., Jafari, M. & Iranshahi, D. Progress in catalytic naphtha 

reforming process: A review. Appl. Energy 109, 79–93 (2013). 

 

12. Huijsmans, J. P. ., van Berkel, F. P. . & Christie, G. . Intermediate temperature 

SOFC – a promise for the 21st century. J. Power Sources 71, 107–110 (1998). 

 



202 

 

 

 

13. Shri Prakash, B., Senthil Kumar, S. & Aruna, S. T. Properties and development of 

Ni/YSZ as an anode material in solid oxide fuel cell: A review. Renew. Sustain. Energy 

Rev. 36, 149–179 (2014). 

 

14. Zhu, W. Z. & Deevi, S. C. A review on the status of anode materials for solid 

oxide fuel cells. Mater. Sci. Eng. A 362, 228–239 (2003). 

 

15. Hayashi, H. et al. Thermal expansion coefficient of yttria stabilized zirconia for 

various yttria contents. Solid State Ionics 176, 613–619 (2005). 

 

16. Aruna, S. ., Muthuraman, M. & Patil, K. . Synthesis and properties of Ni-YSZ 

cermet: anode material for solid oxide fuel cells. Solid State Ionics 111, 45–51 (1998). 

 

17. Gorte, R. J. & Vohs, J. M. Nanostructured anodes for solid oxide fuel cells. 

Current Opinion in Colloid & Interface Science 14, 236–244 (2009). 

 

18. Han, K. R., Jeong, Y., Lee, H. & Kim, C. S. Fabrication of NiO/YSZ anode 

material for SOFC via mixed NiO precursors. Mater. Lett. 61, 1242–1245 (2007). 

 

19. Sofie, S. W. Fabrication of Functionally Graded and Aligned Porosity in Thin 

Ceramic Substrates With the Novel Freeze?Tape-Casting Process. J. Am. Ceram. Soc. 

90, 2024–2031 (2007). 

 

20. Contino, A. R. Modification of Anode Microstructure to Improve Redox Stability 

of Solid Oxide Fuel Cells (SOFCs). (2010). 

 

21. Tucker, M. C., Lau, G. Y., Jacobson, C. P., DeJonghe, L. C. & Visco, S. J. 

Performance of metal-supported SOFCs with infiltrated electrodes. J. Power Sources 171, 

477–482 (2007). 

 

22. Araki, K. & Halloran, J. W. Porous Ceramic Bodies with Interconnected Pore 

Channels by a Novel Freeze Casting Technique. J. Am. Ceram. Soc. 88, 1108–1114 

(2005). 

 

23. Armstrong, T. J. & Rich, J. G. Anode-Supported Solid Oxide Fuel Cells with 

La[sub 0.6]Sr[sub 0.4]CoO[sub 3−λ]-Zr[sub 0.84]Y[sub 0.16]O[sub 2−δ] Composite 

Cathodes Fabricated by an Infiltration Method. J. Electrochem. Soc. 153, A515 (2006). 

 

24. Vohs, J. M. & Gorte, R. J. High-performance SOFC cathodes prepared by 

infiltration. Adv. Mater. 21, 943–956 (2009). 

 

25. Wang, W., Gross, M. D., Vohs, J. M. & Gorte, R. J. The Stability of LSF-YSZ 

Electrodes Prepared by Infiltration. J. Electrochem. Soc. 154, B439 (2007). 

 



203 

 

 

 

26. Cable, T. L., Setlock, J. A., Farmer, S. C. & Eckel, A. J. Regenerative 

Performance of the NASA Symmetrical Solid Oxide Fuel Cell Design. Int. J. Appl. 

Ceram. Technol. 8, 1–12 (2011). 

 

27. Cable, T. L. & Sofie, S. W. A symmetrical, planar SOFC design for NASA’s high 

specific power density requirements. J. Power Sources 174, 221–227 (2007). 

 

28. Corbin, S. F. & Qiao, X. Development of Solid Oxide Fuel Cell Anodes Using 

Metal-Coated Pore-Forming Agents. J. Am. Ceram. Soc. 86, 401–406 (2003). 

 

29. Buyukaksoy, A., Petrovsky, V. & Dogan, F. Redox Stable Solid Oxide Fuel Cells 

with Ni-YSZ Cermet Anodes Prepared by Polymeric Precursor Infiltration. J. 

Electrochem. Soc. 159, B232 (2012). 

 

30. Busawon, A. N., Sarantaridis, D. & Atkinson, A. Ni Infiltration as a Possible 

Solution to the Redox Problem of SOFC Anodes. Electrochem. Solid-State Lett. 11, 

B186 (2008). 

 

31. Tucker, M. C., Lau, G. Y., Jacobson, C. P., DeJonghe, L. C. & Visco, S. J. 

Stability and robustness of metal-supported SOFCs. J. Power Sources 175, 447–451 

(2008). 

 

32. Wiik, K. et al. Reactions between Strontium-Substituted Lanthanum Manganite 

and Yttria-Stabilized Zirconia: I, Powder Samples. J. Am. Ceram. Soc. 82, 721–728 

(2004). 

33. Skinner, S. J. Recent advances in Perovskite-type materials for solid oxide fuel 

cell cathodes. Int. J. Inorg. Mater. 3, 113–121 (2001). 

 

34. Buyukaksoy, A., Petrovsky, V. & Dogan, F. Stability and Performance of Solid 

Oxide Fuel Cells with Nanocomposite Electrodes. J. Electrochem. Soc. 159, B666 

(2012). 

 

35. Sholklapper, T. Z., Kurokawa, H., Jacobson, C. P., Visco, S. J. & De Jonghe, L. 

C. Nanostructured solid oxide fuel cell electrodes. Nano Lett. 7, 2136–2141 (2007). 

 

36. Callister, W. D. & Rethwisch, D. G. Materials science and engineering: an 

introduction. 7, (Wiley New York, 2007). 

 

37. Kang, S. L. Initial stage sintering. Sinter. Densif. grain growth Microstruct. ed. 

Anon. Elsevier Buuterworth-Heinemann, UK 39 (2005). 

 

38. German, R. M. Sintering Theory And Pratice. New York: John Willy & Sons. 

(1996). 

 



204 

 

 

 

39. Behafarid, F. & Roldan Cuenya, B. Coarsening phenomena of metal nanoparticles 

and the influence of the support pre-treatment: Pt/TiO 2(110). Surf. Sci. 606, 908–918 

(2012). 

 

40. Tiwari, P. & Basu, S. Ni infiltrated YSZ anode stabilization by inducing strong 

metal support interaction between nickel and titania in solid oxide fuel cell under 

accelerated testing. Int. J. Hydrogen Energy 38, 9494–9499 (2013). 

 

41. Kishimoto, H. et al. Agglomeration behavior of nickel particles on YSZ 

electrolyte. Solid State Ionics 225, 65–68 (2012). 

 

42. Klemensø, T., Thydén, K., Chen, M. & Wang, H. J. Stability of Ni-yttria 

stabilized zirconia anodes based on Ni-impregnation. J. Power Sources 195, 7295–7301 

(2010). 

 

43. Law, C. H. & Sofie, S. W. Anchoring of Infiltrated Nickel Electro-Catalyst by 

Addition of Aluminum Titanate. J. Electrochem. Soc. 158, B1137 (2011). 

 

44. Driscoll, D., Law, C. & Sofie, S. W. Design and Synthesis of Metallic 

Nanoparticle-Ceramic Support Interfaces for Enhancing Thermal Stability. Process. Prop. 

Adv. Ceram. Compos. VII Ceram. Trans. Vol. 252 369–380 (2015). 

 

45. Driscoll, D. R., Mcintyre, M. D., Welander, M. M., Sofie, S. W. & Walker, R. A. 

Enhancement of High Temperature Metallic Catalysts : Aluminum Titanate in the. 

"Applied Catal. A, Gen. (2016). doi:10.1016/j.apcata.2016.08.020 

 

46. Provendier, H., Petit, C., Estournès, C., Libs, S. & Kiennemann, A. Stabilisation 

of active nickel catalysts in partial oxidation of methane to synthesis gas by iron addition. 

Appl. Catal. A Gen. 180, 163–173 (1999). 

 

47. Ling, H. C. & Jackson, A. M. Correlation of silver migration with temperature-

humidity-bias (THB) failures in multilayer ceramic capacitors. IEEE Trans. Components, 

Hybrids, Manuf. Technol. 12, 130–137 (1989). 

 

48. EG&G Technical Services, I. Fuel Cell Handbook. Fuel Cell 7 Edition, 1–352 

(2004). 

 

49. Wang, C. L., Lee, H. Y., Azough, F. & Freer, R. The microstructure and 

microwave  

dielectric properties of zirconium titanate ceramics in the solid solution system ZrTiO4 – 

Zr5Ti7O24. J. Mater. Sci. 32, 1693–1701 (1997). 

 



205 

 

 

 

50. Rostrup-Nielsen, J. R., Hansen, J. B., Helveg, S., Christiansen, N. & Jannasch, A. 

K. Sites for catalysis and electrochemistry in solid oxide fuel cell (SOFC) anode. Appl. 

Phys. A Mater. Sci. Process. 85, 427–430 (2006). 

 

51. Chen, Y., Bunch, J., Li, T., Mao, Z. & Chen, F. Novel functionally graded 

acicular electrode for solid oxide cells fabricated by the freeze-tape-casting process. J. 

Power Sources 213, 93–99 (2012). 

 

52. Buyukaksoy, A., Petrovsky, V. & Dogan, F. Redox Stable Solid Oxide Fuel Cells 

with Ni-YSZ Cermet Anodes Prepared by Polymeric Precursor Infiltration. J. 

Electrochem. Soc. 159, B232 (2012). 

 

53. Yokokawa, H., Tu, H., Iwanschitz, B. & Mai, A. Fundamental mechanisms 

limiting solid oxide fuel cell durability. J. Power Sources 182, 400–412 (2008). 

 

54. Liu, Z. et al. Review Fabrication and modification of solid oxide fuel cell anodes 

via wet impregnation/infiltration technique. J. Power Sources 237, 243–259 (2013). 

 

55. Jiang, S. P. Nanoscale and nano-structured electrodes of solid oxide fuel cells by 

infiltration: Advances and challenges. Int. J. Hydrogen Energy 37, 449–470 (2012). 

 

56. Mathur, R., Balaram, V., Satyanarayanan, M., Sawant, S. S. & Ramesh, S. L. 

Anthropogenic platinum, palladium and rhodium concentrations in road dusts from 

Hyderabad city, India. Environ. Earth Sci. 62, 1085–1098 (2011). 

 

57. Ely, J. C. et al. Implications of platinum-group element accumulation along U.S. 

roads from catalytic-converter attrition. Environ. Sci. Technol. 35, 3816–3822 (2001). 

58. Chellam, S. Platinum Metals in the Environment. (2015). doi:10.1007/978-3-662-

44559-4 

 

59. Ravindra, K., Bencs, L. & Van Grieken, R. Platinum group elements in the 

environment and their health risk. Sci. Total Environ. 318, 1–43 (2004). 

 

60. Driscoll, D., Hunt, C., Muretta, J. & Sofie, S. W. Thermally Stabilized Nickel 

Electro-Catalyst Introduced by Infiltration for High Temperature Electrochemical Energy 

Conversion. ECS Trans. 53, 63–72 (2013). 

 

61. López-López, E., Sanjuán, M. L., Moreno, R. & Baudín, C. Phase evolution in 

reaction sintered zirconium titanate based materials. J. Eur. Ceram. Soc. 30, 981–991 

(2010). 

 

62. López-López, E., Sanjuán, M. L., Moreno, R. & Baudín, C. Phase evolution in 

reaction sintered zirconium titanate based materials. J. Eur. Ceram. Soc. 30, 981–991 

(2010). 



206 

 

 

 

 

63. Azough, F., Freer, R. & Petzelt, J. A Raman spectral characterization of ceramics 

in the system ZrO2-TiO2. J. Mater. Sci. 28, 2273–2276 (1993). 

 

64. Boaro, M., Vohs, J. M. & Gorte, R. J. Synthesis of highly porous yttria-stabilized 

zirconia by tape-casting methods. J. Am. Ceram. Soc. 86, 395–400 (2003). 

 

65. Kim, H., da Rosa, C., Boaro, M., Vohs, J. M. & Gorte, R. J. Fabrication of highly 

porous yttria-stabilized zirconia by acid leaching nickel from a nickel-yttria-stabilized 

zirconia cermet. J. Am. Ceram. Soc. 85, 1473–1476 (2002). 

 

66. Tanasini, P. et al. Experimental and Theoretical Investigation of Degradation 

Mechanisms by Particle Coarsening in SOFC Electrodes. Fuel Cells 9, 740–752 (2009). 

 

67. S. Yamaguchi, K. Kobayashi, Y. Iguchi, N.Yamada, T. K. Electronic Transport 

Properties of ZrTiO 4 at High Temperature. Jpn. J. Appl. Phys. 33, (1994). 

 

68. Kurien, S., Mathew, J., Sebastian, S., Potty, S. N. & George, K. C. Dielectric 

behavior and ac electrical conductivity of nanocrystalline nickel aluminate. Mater. Chem. 

Phys. 98, 470–476 (2006). 

 

69. Davis, R., Abdeljawad, F., Lillibridge, J. & Haataja, M. Phase wettability and 

microstructural evolution in solid oxide fuel cell anode materials. Acta Mater. 78, 271–

281 (2014). 

 

70. Driscoll, D., Weisenstein, A. J. & Sofie, S. W. Electrical and flexural anisotropy 

in freeze tape cast stainless steel porous substrates. Mater. Lett. 65, 3433–3435 (2011). 

 

71. Brockner, W., Ehrhardt, C. & Gjikaj, M. Thermal decomposition of nickel nitrate 

hexahydrate, Ni(NO3)2·6H2O, in comparison to Co(NO3)2·6H2O and Ca(NO3)2·4H2O. 

Thermochim. Acta 456, 64–68 (2007). 

 

72. Lussier, A., Sofie, S., Dvorak, J. & Idzerda, Y. U. Mechanism for SOFC anode 

degradation from hydrogen sulfide exposure. Int. J. Hydrogen Energy 33, 3945–3951 

(2008). 

 

73. Mai, A., Haanappel, V. A. C., Uhlenbruck, S., Tietz, F. & Stöver, D. Ferrite-based 

perovskites as cathode materials for anode-supported solid oxide fuel cells. Solid State 

Ionics 176, 1341–1350 (2005). 

 

74. Simner, S. . et al. Development of lanthanum ferrite SOFC cathodes. J. Power 

Sources 113, 1–10 (2003). 

 



207 

 

 

 

75. Augusto, B. L. et al. Nickel/gadolinium-doped ceria anode for direct ethanol solid 

oxide fuel cell. Int. J. Hydrogen Energy 39, 11196–11209 (2014). 

 

76. Pomfret, M. B., Owrutsky, J. C. & Walker, R. a. In Situ Optical Studies of Solid-

Oxide Fuel Cells. Annu. Rev. Anal. Chem. 3, 151–174 (2010). 

 

77. Pomfret, M. B., Owrutsky, J. C. & Walker, R. a. High-Temperature Raman 

Spectroscopy of Solid Oxide Fuel Cell Materials and Processes. 17305–17308 (2006). 

 

78. Sharma, Y. K., Kharkwal, M., Uma, S. & Nagarajan, R. Synthesis and 

characterization of titanates of the formula MTiO3 (M = Mn, Fe, Co, Ni and Cd) by co-

precipitation of mixed metal oxalates. Polyhedron 28, 579–585 (2009). 

 

79. Kaiser,  a., Feighery,  a. J., Fagg, D. P. & Irvine, J. T. S. Electrical 

characterization of highly Titania doped YSZ. Ionics (Kiel). 4, 215–219 (1998). 

 

80. Bordet, P., McHale, A., Santoro, A. & Roth, R. S. Powder neutron diffraction 

study of ZrTiO4, Zr5Ti7O24, and FeNb2O6. J. Solid State Chem. 64, 30–46 (1986). 

 

81. Schaedler, T. a. et al. Phase evolution in the YO1.5-TiO2-ZrO2 system around the 

pyrochlore region. Acta Mater. 53, 2957–2968 (2005). 

 

82. Santamaria, J. M., Miro, E. E. & Wolf, E. E. Reactor simulation studies of 

methane oxidative coupling on a sodium/nickel-titanium oxide (NiTiO3) catalyst. Ind. 

Eng. Chem. Res. 30, 1157–1165 (1991). 

 

83. Salvador, P. Photoelectrochemical properties of n-type NiTiO3. J. Appl. Phys. 53, 

7003 (1982). 

 

84. Traqueia, L. S. M., Pagnier, T. & Marques, F. M. B. Structural and electrical 

characterization of titania-doped YSZ. J. Eur. Ceram. Soc. 17, 1019–1026 (1997). 

 

85. Çitak, E. & Boyraz, T. Microstructural characterization and thermal properties of 

aluminium titanate/YSZ Ceramics. Acta Phys. Pol. A 125, 465–468 (2014). 

 

86. Garcia, A. et al. Highly cost-effective and sulfur/coking resistant VO x -grafted 

TiO 2 nanoparticles as an efficient anode catalyst for direct conversion of dry sour 

methane in solid oxide fuel cells. J. Mater. Chem. A 3, 23973–23980 (2015). 

 

87. He, P., Liu, M., Luo, J. L., Sanger, A. R. & Chuang, K. T. Stabilization of 

Platinum Anode Catalyst in a H[sub 2]S-O[sub 2] Solid Oxide Fuel Cell with an 

Intermediate TiO[sub 2] Layer. J. Electrochem. Soc. 149, A808 (2002). 

 



208 

 

 

 

88. Kim, J.-S. et al. Highly Active and Thermally Stable Core-Shell Catalysts for 

Solid Oxide Fuel Cells. J. Electrochem. Soc. 158, B596 (2011). 

 

89. Li, Y. et al. Sn-doped TiO2 modified carbon to support Pt anode catalysts for 

direct methanol fuel cells. J. Power Sources 286, 354–361 (2015). 

 

90. Sawy, E. N. El, El-Sayed, H. A. & Birss, V. I. Clarifying the role of Ru in 

methanol oxidation at Ru core @Pt shell nanoparticles. Phys. Chem. Chem. Phys. Phys. 

Chem. Chem. Phys 17, 27509–27519 (2015). 

 

91. Ge, X. M., Chan, S. H., Liu, Q. L. & Sun, Q. No Title. Adv. Energy Mater. 2, 

1156–1181 (2012). 

 

92. McIntyre, M. D. et al. Comparing in situ carbon tolerances of sn-infiltrated and 

BaO-infiltrated ni-ysz cermet anodes in solid oxide fuel cells exposed to methane. J. 

Phys. Chem. C 119, 7637–7647 (2015). 

 

93. Bogolowski, N., Iwanschitz, B. & Drillet, J. F. Development of a coking-resistant 

NiSn anode for the direct methane SOFC. Fuel Cells 15, 711–717 (2015). 

 

94. Kan, H. & Lee, H. Sn-doped Ni/YSZ anode catalysts with enhanced carbon 

deposition resistance for an intermediate temperature SOFC. Appl. Catal. B Environ. 97, 

108–114 (2010). 

 

95. Wang, F., Wang, W., Ran, R., Tade, M. O. & Shao, Z. Aluminum oxide as a dual-

functional modifier of Ni-based anodes of solid oxide fuel cells for operation on 

simulated biogas. J. Power Sources 268, 787–793 (2014). 

 

96. Kim, G., Corre, G., Irvine, J. T. S., Vohs, J. M. & Gorte, R. J. Engineering 

Composite Oxide SOFC Anodes for Efficient Oxidation of Methane. Electrochem. Solid-

State Lett. 11, B16 (2008). 

 

97. Kurokawa, H., Sholklapper, T. Z., Jacobson, C. P., De Jonghe, L. C. & Visco, S. 

J. Ceria Nanocoating for Sulfur Tolerant Ni-Based Anodes of Solid Oxide Fuel Cells. 

Electrochem. Solid-State Lett. 10, B135-138 (2007). 

 

98. Mori, M., Hiei, Y., Itoh, H., Tompsett, G. A. & Sammes, N. M. Evaluation of Ni 

and Ti-doped Y2O3 stabilized ZrO2 cermet as an anode in high-temperature solid oxide 

fuel cells. Solid State Ionics 160, 1–14 (2003). 

 

99. Skarmoutsos, D., Tsoga, A., Naoumidis, A. & Nikolopoulos, P. 5 mol% TiO2-

doped Ni-YSZ anode cermets for solid oxide fuel cells. Solid State Ionics 135, 439–444 

(2000). 



209 

 

 

 

100. Laguna-Bercero, M. A. Recent advances in high temperature electrolysis using 

solid oxide fuel cells: A review. J. Power Sources 203, 4–16 (2012). 

 

101. Molenda, J., Świerczek, K. & Zajac, W. Functional materials for the IT-SOFC. J. 

Power Sources 173, 657–670 (2007). 

 

102. Colomer, M. T. & Jurado, J. R. Structure, microstructure, and mixed conduction 

of [(ZrO2)(0.92)(Y2O3)(0.08)](0.9)(TiO2)(0.1). J. Solid State Chem. 165, 79–88 (2002). 

 

103. Kishimoto, M., Lomberg, M., Ruiz-Trejo, E. & Brandon, N. P. Enhanced triple-

phase boundary density in infiltrated electrodes for solid oxide fuel cells demonstrated by 

high-resolution tomography. J. Power Sources 266, 291–295 (2014). 

 

104. Virkar, A. V. & Tao, G. Reversible high temperature cells for power generation 

and hydrogen production using mixed ionic electronic conducting solid electrolytes. Int. 

J. Hydrogen Energy 40, 5561–5577 (2015). 

 

105. Kan, W. H. & Thangadurai, V. Challenges and prospects of anodes for solid oxide 

fuel cells (SOFCs). Ionics (Kiel). 21, 301–318 (2014). 

 

106. Gödickemeier, M. Engineering of Solid Oxide Fuel Cells with Ceria-Based 

Electrolytes. J. Electrochem. Soc. 145, 414 (1998). 

 

107. Matsui, T., Kosaka, T., Inaba, M., Mineshige, A. & Ogumi, Z. Effects of mixed 

conduction on the open-circuit voltage of intermediate-temperature SOFCs based on Sm-

doped ceria electrolytes. Solid State Ionics 176, 663–668 (2005). 

 

108. Zhao, H. et al. New cathode materials for ITSOFC: Phase stability, oxygen 

exchange and cathode properties of La2 - xNiO4 + ?? Solid State Ionics 179, 2000–2005 

(2008). 

 

109. Leah, R. T., Brandon, N. P. & Aguiar, P. Modelling of cells, stacks and systems 

based around metal-supported planar IT-SOFC cells with CGO electrolytes operating at 

500-600??C. J. Power Sources 145, 336–352 (2005). 

 

110. Zhang, X. et al. Internal shorting and fuel loss of a low temperature solid oxide 

fuel cell with SDC electrolyte. J. Power Sources 164, 668–677 (2007). 

 

111. Duncan, K. L. & Wachsman, E. D. Continuum-Level Analytical Model for Solid 

Oxide Fuel Cells with Mixed Conducting Electrolytes. J. Electrochem. Soc. 156, B1030 

(2009). 

 

 



210 

 

 

 

113. Chen, M., Hallstedt, B. & Gauckler, L. J. Thermodynamic modeling of the ZrO2-

YO1.5 system. Solid State Ionics 170, 255–274 (2004). 

 

114. Ramamoorthy, R., Sundararaman, D. & Ramasamy, S. Ionic conductivity studies 

of ultrafine-grained yttria stabilized zirconia polymorphs. Solid State Ionics 123, 271–

278 (1999). 
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