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ABSTRACT 

 Several compositions of Ni- and Co- containing aluminate spinels have been 

synthesized in a reproducible manner, each of which are potential catalyst materials for 

methane reforming in-situ during SOFC operation.  Reduction and reoxidation cycles can 

be performed at or below typical intermediate temperature SOFC operating temperatures.  

The defect spinel structure remains intact if a zirconia stabilizer is used. The 

microstructure of the defect spinel support following reduction varies depending on 

calcination temperature.  The faceted microstructure of the defect spinel support and the 

metallic particles contributes to the excellent catalytic activity of the material.    

NiAl2O4 and Ni0.5Co0.5Al2O4 catalysts had nearly 100% CH4 conversion over 16 hours at 

GHSV=60,000hr-1, with the Co-containing sample losing some activity over the test 

period.  H2 and CO selectivities remained around 80% throughout the test.  Less faceted 

defect spinel catalyst conversion percentages increased with reactor temperature, 

indicating further reduction of metal from the defect spinel support during testing.  Using 

methane fuel containing 20ppm H2S, conversion and CO selectivity dropped to 0% after 

6 and 12 hours in less faceted and more faceted defect spinels, respectively.  The spinels 

can be reduced in methane but acquire a significant amount of carbon buildup with low 

concentrations of CO.  The spinels have been incorporated into a Ni/YSZ cermet anode 

in 10 and 20 weight percent quantities to study the effect of the spinels on the cell 

performance and microstructure.  Peak power densities in H2 fuel were 0.0153, 0.0076, 

0.0025, and 0.0153 W/cm2 for samples containing NiAl2O4, Ni0.5Co0.5Al2O4, CoAl2O4, 

and no spinel, respectively.   In CH4 fuel, peak power densities were 0.0115, 0.0089, 

0.0089, and 0.0127 W/cm2 for samples containing NiAl2O4, Ni0.5Co0.5Al2O4, CoAl2O4, 

and no spinel, respectively.   Increasing Co content reduces peak power density values, 

with the NiAl2O4-containing sample having a similar peak power density to the control 

Ni/YSZ sample.
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I. INTRODUCTION 

 Due to increased environmental concerns, the energy industry is focusing on use of 

renewable fuel sources as an alternative to fossil fuels.  Similar concerns have also driven the 

development of solid oxide fuel cell (SOFC) technology as SOFCs are fuel flexible and can be 

made in a wide range of sizes.  The high operation temperatures needed to activate the electrolyte 

also allow internal reforming of hydrocarbon fuels.  The operation of a SOFC is detailed in Figure 

1, with equations explaining reactions occurring at the anode in an internally reforming fuel cell.  

Several obstacles need to be overcome before use of “dirty” biofuels with SOFCs becomes 

feasible.  First, coking of the Ni metal anode catalyst due to hydrocarbon content in the fuel can 

deactivate the catalyst.  Hydrogen sulfide present in the fuel stream can also poison the catalyst 

and degrade its effectiveness.  Lastly, cathodes can be deactivated by the Cr found in stainless steel 

interconnects.  A proposed solution is the use of oxide-based anodes that can refresh themselves 

after use through oxidation-reduction cycles.  The oxide is reduced in the fuel stream to form 

catalytic metal nanoparticles supported by a defect spinel.  Reabsorbing the spent catalyst into the 

oxide through oxidation then reducing the oxide to form metal nanoparticles again reactivates the 

anode.  This solution is particularly attractive since spinels are versatile and a wide range of 

compositions is possible.  The temperatures reached by intermediate temperature SOFCs 

(ITSOFCs) are adequate for carrying out the reoxidation process, which starts at approximately 

750°C.1   
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Figure 1.  Schematic of solid oxide fuel cell highlighting reactions occurring in each 

component.112 

A. Spinels For Methane Steam Reforming 

 Numerous studies have focused on steam reforming of methane and other hydrocarbons 

for various applications.  The high operating temperatures of solid oxide fuel cells allows internal 

steam reforming of hydrocarbons to produce H2 fuel, unlike other types of fuel cells.  SOFCs that 

rely on internal reforming of hydrocarbon fuels face issues similar to those that have plagued 

commercial catalytic steam reforming processes for some time.2,3 The catalysts used in these 

processes are typically Ni with a γ-Al2O3 or spinel support.4-6 The sintering behavior of the metallic 

particles and the stability of the support following in-situ reduction have been studied.7-9 Impurities 

typically found in fuels, such as sulfur, poison the catalyst.10-14  In some cases, exposure to sulfur 

in fuel causes a phase transformation and failure due to structural degradation.15,16 Both problems 

have been encountered for some time in the field of commercial catalytic steam reforming.2,17 The 

mechanisms behind coking and sulfur poisoning in SOFC anodes have been recently reviewed.18 

Sintering of the Ni metal particles on the surface of the ceramic support can also decrease surface 

area of the catalyst therefore decreasing catalytic activity.19  

 AB2O4-type spinels form metallic A particles following reduction while B particles remain 

as part of the spinel phase.  When Cu is found on the A site, the spinel becomes an oxide upon 

reduction when B=Mn20, Cr21,22, or Al23.  However, when B=Fe or Ga23, the spinel structure 

remained after reduction.  Similarly, when A=Ni, the spinel structure remains when B=Al24 or 

Fe25.  Tanaka’s group introduced a possible solution to the issue of coking and poisoning of 

automotive catalysts through metal nanoparticle regeneration.26,27 An oxide material containing a 
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minimum of 2 cations was reduced to form metal nanoparticles and an oxide support.  The 

nanoparticles undergo particle growth and poisoning as a result of high temperatures and sulfur, 

etc. during use.  The material can be oxidized, thereby reabsorbing the metal nanoparticles into the 

oxide support.  Afterwards, the oxide is reduced again to form clean, active nanoparticulate metal 

catalyst.   

B. Ceramic SOFC Anode Materials 

 Recent review articles provide an overview of SOFC electrode material research.28 It has 

been found that traditional Ni metal SOFC anodes can be partially or fully replaced by oxides.29 

Recent review articles provide an overview of SOFC anodes used in dirty hydrocarbon fuels.30-32 

A combination of Ni and electrolyte material, usually YSZ, is used commonly in SOFC anodes.  

Liu et al. showed that doping with Nb improved sulfur resistance.33 Most recent research in SOFC 

anodes focuses on perovskite oxides, such as (La,Sr)VO3
34-36 (LSV) and (La,Sr)(Cr,Mn)O3 

(LSCM)37,38, with high ionic and electronic conductivities.39-47 These mixed ionic and electronic 

conductors (MIECs) can be used alone or with added Ni or other catalytic metals.  Doped 

perovskites have been found to be stable in H2S containing fuel.48 Performance of a LSCM/YSZ 

anode has been improved by adding nanoscale Gd0.2Ce0.8O1.9 which performs well in methane 

based fuels with decent sulfur tolerance.49 Adding 3-10 atom % Ni to LaCrO3-based perovskites 

on the Cr site improves catalytic activity by forming metallic Ni nanoparticles on the surface upon 

reduction.50 Pyrochlore-type oxides such as Gd2Ti2-xMoxO7 (x = 1.0 and 1.4) have been studied 

with Gd2TiMoO7 showing promise for H2S removal and sulfur tolerance in composite with (Li0.62, 

K0.38)2CO3 electrolyte.51  A Sm1-xCexFeO3-∂ perovskite anode showed an 0.690V OCV at 450°C 

and did not coke in dry methane, indicating promise as a low temperature SOFC anode.105 

 Prior research focused on SrTiO3 with added dopants to allow reduction in the fuel 

stream.52-54 These materials, including Sr1-x/2Ti1-xNbxO3, have low ionic conductivity.  Later 

materials include La4Srx-4TixO3x+2, an oxygen-excess layered perovskite in conjunction with YSZ.  

This composite had promising results when used with methane fuel.  Similarly, (La/Sr)1-xCr0.5-

xMn0.5O3-δ showed promising results comparable to Ni/YSZ in hydrocarbon fuels.49,55-59 

Mechanisms governing electrochemical performance of La0.4Sr0.6Ti1−xMnxO3−δ (LSTM) 

perovskites have been studied, however LSTM has poor catalytic activity when used with 

methane.60  A La0.3Sr0.7TiO3 (LST)-Ni/YSZ bi-layer anode used in dry H2/CH4/CO/CO2 fuel mix 
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showed that conversion of CH4 depends on anode polarization.  CO forms at low current densities 

and H2O and CO2 form at higher current densities.61   

 Numerous transition metal substitutions and oxide/metal composites based on the chromate 

material have been studied.62-64 Barnett’s group found that addition of Ni or Ru to the oxide leaves 

Ni or Ru nanoparticles on the oxide surface following reduction, which improves anode 

polarization under dry and wet H2.  The Ru performs better as it does not coarsen over time like 

Ni.  Similarly, Sr2MMoO6 (M = Co, Ni) performs better in wet CH4 when M=Co due to Co metal 

reducing from the oxide to form catalytic metal nanoparticles on the surface.  Coking resistance of 

lanthanum molybdates used with wet methane was higher than for dry methane, indicating that 

steam additions may be beneficial.106 

 Numerous ceria-based ceramic anode studies have been published recently. Co-doping 

CeO2 based material with Y and Yb has shown potential as both an internal reforming anode as 

well as sulfur removal aid.107 A Cu-CeO2 layer on traditional Ni/YSZ anode has been shown to 

improve performance in CO-rich syngas by facilitating the water gas shift reaction.108 CeO2-Al2O3 

operated at 800-900°C showed potential for use in direct ethanol fuel.109 Ni-Ce0.8Zr0.2O2 made 

using the glycine nitrate process showed significant catalytic activity due to small nickel metal 

particle size and strong interaction between the support and catalyst nanoparticles.  Peak powder 

densities of 536 mW/cm2 at 700°C were reached when EtOH/steam fuel was used on a SOFC with 

a Ni-Ce0.8Zr0.2O2 functional anode layer.110 

C. Use of Hydrocarbon Fuels with SOFCs 

 Recent review articles summarize the current state of knowledge regarding use of dirty 

hydrocarbons with SOFCs.30,31,48  Hill’s group has done extensive research on the use of 

hydrocarbon fuels with SOFCs,65 and has published a review on the use of liquid hydrocarbon 

fuels in portable SOFC applications.66    Ni/YSZ, Ni/ceria, Cu/ceria and LSCM anode 

compositions were made to try to elucidate the effects of carbon on varying compositions.  Carbon 

deposited is found to be influenced by the presence of an applied potential, the presence of ceria, 

the hydrogen content in the feed, and the oxygen content in the feed.67 Similar studies have also 

been done to study the influence of sulfur contamination in hydrogen.68  Ni/YSZ anodes that had 

suffered coking were found to obtain less damage during carbon removal when H was used rather 

than O during temperature programmed hydrogenation.69  The carbon formed on Cu-Ni/YSZ 
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prepared using microwave irradiation in dry methane was found to be more reactive than that 

formed on conventional Ni/YSZ anodes.70,71  Cu-Co(Ru)/Zr0.35Ce0.65O2 anodes used with methanol 

and ethanol were exposed to humidified hydrogen after coking to recover cell performance that, 

in some cases, exceeded the original values.72  The variations in cell performance in electrolyte- 

versus anode-supported cells with respect to carbon formation were also studied.65 

D. Regeneration 

 Regeneration of coked and sulfur poisoned nickel-based steam reforming catalysts has 

been done using CO2 as an oxidant with steam.  80% of the original catalytic activity was present 

after regeneration with a decreased particle size.73 A study of regenerative Co and Rh-based 

catalysts mixed with ZnO found that Co was more susceptible to coking and sulfur poisoning, but 

was easily reoxidized.74 Ni/Mg(Al)O75, Co76 , and Ni/Al2O3
77 catalysts containing trace Ru dopant 

regenerated during daily startup/shutdown procedures, with Ru assisting in regeneration.  CuFe2O4 

spinel catalysts have also been reformed during startup/shutdown.78 Rh/CeO2-ZrO2 ethanol steam 

reforming catalysts acquire a carbon layer at 350°C which can be completely removed in oxygen 

at 212°C .79,80 Rh-Pt alloy ethanol steam reforming catalyst deposited on a ceramic monolith can 

be regenerated, however coking resistant degrades significantly after regeneration.81 Calcined 

commercial Mg-Al layered double hydroxides impregnated with Ni(II) and Pt(IV) nitrates can be 

used as catalysts for steam reforming of methane.  The MgxAl1-xO periclase acts as a Ni reservoir 

and assists regeneration through movement of Ni atoms between the surface and the inside of the 

crystal.  Ni0 on the surface formed Ni2+ when exposed to steam and incorporated into 

Mg(Ni2+,Al)O periclase, while the Ni2+ ions in the periclase reduced to Ni0 by the hydrogen 

spillover to form small Ni0 particles on the catalyst surface.82 Pd-substituted (La,Sr)CrO3-Œ¥ with 

50 wt% Ce0.9Gd0.1O2-∂ tested in La0.9Sr0.1Ga0.8Mg0.2O3-∂ electrolyte supported fuel cells at 800°C 

with humidified H2 fuel showed regeneration behavior following degradation.110 

 Metal particle regeneration has recently been studied for use in automotive 

catalysts26,27,83,84 and in SOFCs85,86.  Reducible cations in oxide hosts reduce to form metallic 

nanoparticles supported by a remnant oxide.  Following particle coarsening, coking, and sulfur 

poisoning, the catalyst is oxidized to resorb the metal into the oxide.  The catalyst is then reduced 

out again to form fresh metal nanoparticles.  Regenerative perovskite catalysts based on Rh, Pt, 

and Pd have been previously studied by Tanaka et al.87-90  
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E. Thesis Scope 

 The current state of knowledge suggests that MIEC oxides supporting dispersed metal 

nanoparticles are effective anodes in SOFC applications.  The present work will focus on 

developing a highly effective oxide supported metal nanoparticle catalyst with the ability to refresh 

itself after damage caused by “dirty” biofuel streams.  The anode structure will have 10-50 volume 

percent (TM1-xAx)B2O4 spinel where TM is a transition metal, A is Mg or another transition metal, 

and B is another metal such as Al, Ga, or Fe, among others.  One transition metal needs to reduce 

in the fuel stream to form metal nanoparticles dispersed on the defect spinel support.  The anode 

will have a balance of MIEC oxides and ion conducting oxides.   

 During the investigation, the role of each component in the reaction between the fuel stream 

and the anode will be thoroughly investigated to indicate optimal component materials.  

Quantitative data on the catalytic activity of the anodes made with varying component materials 

will be gathered in order to achieve this goal.  The data will be combined to find an optimal 

percentage of spinel support, oxide ion conductor, and oxide MIEC in the anode. 

 Since spinels are able to incorporate both mono- and trivalent reducible A-site cations, 

several catalytic metals including Ni, Co, Cu, Mn, Ru, Pt, Pd, and Rh will be considered.  B-site 

cations such as Cu, Fe, Rh, Mg, and Cr will be considered and their interaction with the catalyst 

will be investigated.   

 Some oxide supports may also supplement the catalytic activity of the anode, as seen with 

γ-Al2O3.  Recent work has shown that (Ni,Mg)Al2O4 forms a large number of oxygen vacancies 

leading to some amount of free volume in the material.  Since this free volume will provide more 

active sites for catalysis, it may be useful in increasing anode efficiency.106 The adsorption 

behavior of methane and hydrogen gases on these supports will be studied. 
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II. NI- AND CO- CONTAINING ALUMINATE SPINEL CATALYSTS 

FOR STEAM REFORMING 

A. Introduction 

 NiAl2O4 spinel catalyst has shown 100% conversion of biodiesel to CO, CO2, H2, and CH4 

with little deactivation and no carbon deposit on the surface.91 NiAl2O4 reduces at 750°C in 

7%H2/Ar and at 650°C in 7.5%CH4 in N2, as evidenced by the methane dissociation starting at 

that temperature.  Methane dissociation starts at a lower temperature, between 270-370°C in 

samples reduced with hydrogen prior to being exposed to methane.92 Adding NiO excess to the 

spinel causes an increase in carbon formation due to increased size and decreased dispersion of Ni 

metal particles.93 Use of 250% excess steam has been shown to inhibit coking, and thus prevent 

deactiviation due to coking,94   

 Many factors influence the behavior of the spinel with respect to methane decomposition.  

Studies of Ni for steam reforming indicate that adding a second metal may be beneficial. 95 Cobalt, 

another inexpensive catalytic metal, has also been studied for methane reforming.96 A mixed oxide 

catalyst containing both Ni and Co was used for ethanol steam reforming.  The selectivity to 

hydrogen increases with Co content at 820K, with the most selective formulation being the Ni-free 

mixed oxide.97 A bimetallic 50:50 ratio of Ni to Co supported on ZrO2 showed the highest catalytic 

activity for steam reforming of methane, as opposed to higher Co ratios. 98  Some studies indicate 

that the size of the catalytic metal particles plays a role in the selectivity of the catalyst.6 

 The best aspect of spinel as a catalyst is its’ ability to regenerate by oxidation with exposure 

to air.75  The volumetric changes associated with reoxidation may be severe enough to cause 

cracking in the anode, especially if high PO2 is reached.  The temperature at which both oxidation 

and reduction occurs is of interest, as is the temperature at which carbon deposits are removed.   

 The reduction of a transition metal from a spinel is a complex process, with many factors 

that must be monitored simultaneously, including the phases that are present, the weight percent 

of each, the grain size of each phase, and microstructural development.  The microstructural 

features of concern include the fraction of the transition metal that forms on the surface versus in 

the bulk, particle shapes, and any cracking of the spinel matrix.  This study investigates the 

reduction and reoxidation kinetics of the NiAl2O4, Ni0.5Co0.5Al2O4, and CoAl2O4 spinels, their 
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catalytic performance as a function of catalytic metal particle size, and the effect of coking on their 

microstructures.  The amount of weight gained as a result of reduction in methane and exposure to 

methane is of interest, as well as the movement of metal particles during removal of carbon 

filaments.  Two ferrite spinel compositions were also synthesized and tested initially. 

B. Experimental Procedure 

1. Powder Synthesis 

a. Solid State Synthesis 

 Solid state synthesis was used to produce the NixCo1-xAl2O4 (x=1, 0.5, and 0), and NixCu1-

xFe2O4 (x=1, 0.5, and 0) each with 2.5 weight percent ZrO2 to act as a stabilizer.  NiO (97%, Fisher 

Scientific), Co3O4 (99.7%, Alfa Aesar), anhydrous Al2O3 (99%, Fisher Scientific), Cu2O (99.95%, 

Alfa Products), Fe2O3 (99%, Fisher Scientific), and ZrO(NO3)2·6H2O (99%, Acros Organics) were 

used as reactants.  Thermogravimetric analysis was performed on the reactants to determine the 

amount of water lost on ignition, which was accounted for in calculating reactant quantities.  Each 

batch was vibratory milled for 30 minutes in deionized water with alumina media in plastic jars.  

Zirconyl nitrate was dissolved completely in deionized water before being added.  After milling, 

the slurry was dried on a hot plate and mixed in an alumina mortar and pestle. 

b. Heat Treatment 

 Powders were calcined in an electric furnace using a heating rate of 5°C/min.  Calcination 

temperatures and times can be found in Table 1.  X-ray diffraction analysis was performed on each 

batch to ensure that single-phase spinel with a small amount of both monoclinic and tetragonal 

ZrO2.  

Table 1.  Dwell Parameters for Calcination Heat Treatment Profiles 

Dwell Temperature (C) Dwell Time (hours) 

1100 120 

1200 120 

1300 36 

1400 8 

1500 8 

1600 8 
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c. Open System Reduction 

 Reduction was carried out in an alumina tube furnace.  A mass of 3g of each composition 

was placed in the furnace per run, in short alumina crucibles (CoorsTek) on an alumina setter plate.  

The placement of the samples in the furnace was approximately centered, verified using a 

measuring stick.  The furnace was then closed and vacuum pumped to <0.1Torr.  The heating 

profile was started after achieving vacuum, with a rate of 5°C/min to the target reduction 

temperature.  The furnace temperature was regulated by an S-type thermocouple.  Flowing 

hydrogen gas was introduced after shutting the vacuum tube valve and shutting off the vacuum 

pump.  Once the dual capacitance manometer reached atmospheric pressure, the outlet valve was 

opened, allowing the flowing H2 to pass through a bubbler before being released through a 

window.  Flow was set to 10 mL/min for the duration of the experiment after the outlet valve was 

opened.  The furnace was allowed to cool at 5°C/min at the end of the dwell, with hydrogen flowing 

until <100°C, at which temperature the flow was shut off.  The evacuation and flow procedure was 

the sample when using pure methane as a process gas.  The furnace was opened and samples 

removed after temperature reached <100°C.  In cases where significant reduction occurred, 

powders were slightly consolidated and were broken up with a metal spatula.   

2. Characterization 

a. TGA/DTA 

 Both isothermal and non-isothermal TGA/DTA studies were carried out using a Setaram 

SETSYS Evolution, which has a 0.002 µg resolution and 0.03 µg noise RMS.  The instrument uses 

background subtraction to increase accuracy.  This is done by performing a measurement with 

empty crucibles under the exact conditions that will be used for a sample.  The mass and DTA 

signals from this measurement are subtracted from subsequent measurements to remove 

experimental artifacts. 

 Optional equipment was used during reduction experiments to avoid damaging the 

platinum components with hydrogen.  A W-Re TGA/DTA rod and furnace control thermocouple 

was used, along with 85 µL W crucibles.  The standard alumina furnace tube was replaced with 

an amorphous carbon tube.  Approximately 80mg of powder was loaded into one W crucible, with 

the other crucible being left empty.  The system was evacuated to 0.40 mbar using a roughing 

pump and then filled with UHP helium at 200 mL/min.  Once atmospheric pressure was achieved 
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in the furnace, helium flow was reduced to 20mL/min.  Measurement was started after mass signal 

stabilized from change in flow rate.  The furnace ramped at 15K/min to 150°C and dwelled for 20 

minutes to ensure adsorbed moisture was gone.  The furnace was then ramped 10K/min to 1000°C 

with the sample temperature overshooting by 7°C on average.  After one hour hold at 1000°C in 

20mL/min flowing helium, the gas flow was changed to 20mL/min 4% H2 in argon.  Dwell time 

at 1000°C was 16 or 40 hours.   

 Non-isothermal TGA measurements were done for each of the spinel compositions.  

Approximately 100mg of sample was loaded into one W crucible with the other remaining empty.  

The process of vacuum pumping and backfilling with helium was the same as isothermal TGA 

measurements.  Flow rate of 20mL/min helium was set, and the furnace ramped at 15K/min to 

200°C with a dwell time of 40 minutes to remove adsorbed water.  The gas flow was then switched 

to 20mL/min of 4% H2 in argon, and the furnace ramped at 2.5K/min to 1100°C. 

b. Room Temperature X-ray Diffraction 

 X-ray diffraction was performed in Bragg-Brentano geometry on unreduced and reduced 

spinels using both thick mount powder specimens and zero-background holders.  Patterns were 

obtained on a Bruker D8 Advance diffractometer using Cu-K radiation, a 2.5 Soller slit, a 15 

mm incident beam variable slit for thick mount specimens or 5mm incident bean variable slit for 

zero-background holders, 30 rotations per minute in-plane spinning, a Ni foil K filter, and a 

LynxEye position sensitive detector with a range of 2.946 2, using a step size of 0.014 2, and 

a count time of 1 second from 10-100 2. 

c. High Temperature X-ray Diffraction in Flowing 4%H2/N2 

 High temperature X-ray diffraction in flowing 4%H2/N2 was done in a custom Siemens 

D5000 diffractometer.99 Cu-K radiation was used with a Vantec-1 position sensitive detector 

with a range of 12 2.  Samples were ground in an alumina mortar and pestle in isopropanol and 

deposited onto platinum coated sapphire sample holders.  Scan parameters were 15 to 80 2 with 

a scan rate of 5 2/minute.  A step size of 0.2 2 was used with a count time of 0.23s/step, for a 

time of 11 minutes and 5 seconds per pattern.  100 mL/min of flowing 4%H2/N2 was used 

throughout the measurement.  The time-temperature profile included heating from room 

temperature to 200°C before heating in 100°C steps to 1000°C from 200°C and subsequently in 
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20°C steps to 1200°C, followed by cooling to room temperature.  A measurement was taken at 

each step. 

d. Standard Voltage Scanning Electron Microscopy 

 An FEI Quanta 200F Environmental Scanning Electron Microscope was used the collect 

all standard voltage electron micrographs.  Samples were dispersed onto carbon planchets and 

carbon coated, unless they were considerably coated by carbon filaments already. 

e. Catalysis Measurement 

 Catalyst selectivity was measured using a fixed bed quartz reactor by Nexceris. 
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C. Results and discussion 

1. Powder Properties 

 The phases present following reduction include defect spinel, monoclinic and tetragonal 

ZrO2, and metal phases, as seen in Figure 2. 

Bet

 

Figure 2.  Comparison of the XRD data for three compositions calcined at 1500°C for 8 

hours and reduced at 800°C for 8 hours. 

  

 In the case of NiAl2O4 reduced at 900ºC, the spinel peak broadens and loses intensity as 

extent of calcination increases.  In the case of the two Co-containing spinels reduced at 800°C, a 

similar trend is seen. (Figs. 3-5)  The Ni metal peaks grow and narrow as extent of calcination 

increases. (Figs. 6-7) 
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Figure 3.  Spinel peak in NiAl2O4 calcined at 1300-1600ºC and reduced at 900ºC. 

 

Figure 4.  Spinel peak in Ni0.5Co0.5Al2O4 calcined at 1300-1600ºC and reduced at 900ºC. 
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Figure 5. Spinel peak in CoAl2O4 calcined at 1300-1600ºC and reduced at 900ºC. 

 

Figure 6. Metal peak in NiAl2O4 calcined at 1300-1600ºC and reduced at 900ºC. 
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Figure 7. Metal peak in NiAl2O4 calcined at 1300-1600ºC and reduced at 900ºC. 

  

 During calcination, the morphology of the spinel phase changes dramatically.  Many 

faceted, angular faces can be seen on the surface of the unreduced NiAl2O4, Ni0.5Co0.5Al2O4, and 

CoAl2O4 (Figs. 8-10).  The ZrO2 appears as large, spherical particles along the grain boundaries.  

The degree of faceting increases with increasing sintering temperature.  When the spinel is 

reduced, small metal particles nucleate on the surface of the grains along the steps, as seen in Figs. 

11 and 12.  As reduction temperature increases, the size of the metal particles increases, as seen in 

Figs. 13-22.  In Fig. 23, material is missing on the steps, which indicates outward mass transport 

of metallic cations occurring in that area during reduction.  These cations form the metallic 

particles situated on the facets after reduction.  The samples shown in Fig. 23 were reduced for 2 

days in flowing 4%H2/96%N2 gas to coarsen the metal particles, which could have furthered the 

reduction of the sample leading to large pits in the support.   
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Figure 8.  Change in degree of faceting in NiAl2O4 can be seen as calcination temperature 

increases. 
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Figure 9. Change in degree of faceting in Ni0.5Co0.5Al2O4 can be seen as calcination 

temperature increases. 
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Figure 10.  Change in degree of faceting in CoAl2O4 can be seen as calcination 

temperature increases. 
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Figure 11.  SEM showing increase in size of Ni metal particles with increasing reduction 

temperature for NiAl2O4 powders calcined at 1300°C for 36 hours. 

 

 

Figure 12. Increase in size of Ni metal particles with increase in reduction temperature on 

NiAl2O4 calcined at 1400°C for 8 hours. 



20 

 

Figure 13. NiAl2O4 calcined at 1500°C for 8 hours and reduced at 700, 800, and 900°C for 

8 hours. 

 

 

Figure 14. NiAl2O4 calcined at 1600°C for 8 hours and reduced for 8 hours at 700, 800, 

and 900°C. 
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Figure 15.  Ni0.5Co0.5Al2O4 calcined at 1300°C for 36 hours and reduced for 8 hours at 

700, 800, and 900°C. 

 

Figure 16. Ni0.5Co0.5Al2O4 calcined at 1400°C for 8 hours and reduced for 8 hours at 700, 

800, and 900°C 
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Figure 17.  Ni0.5Co0.5Al2O4 calcined at 1500°C for 8 hours and reduced for 8 hours at 

700, 800, and 900°C 

 

 

Figure 18. Ni0.5Co0.5Al2O4 calcined at 1600°C for 8 hours and reduced for 8 hours at 700, 

800, and 900°C 
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Figure 19.  CoAl2O4 calcined at 1300°C for 36 hours and reduced for 8 hours at 700, 800, 

and 900°C. 

 

Figure 20.  CoAl2O4 calcined at 1400°C for 8 hours and reduced for 8 hours at 700, 800, 

and 900°C. 
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Figure 21.  CoAl2O4 calcined at 1500°C for 8 hours and reduced for 8 hours at 700, 800, 

and 900°C. 

 

Figure 22.  CoAl2O4 calcined at 1600°C for 8 hours and reduced for 8 hours at 700, 800, 

and 900°C. 
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Figure 23.  Ni- and Co- Al2O4 spinels calcined at 1500°C for 8 hours and reduced in 

4%H2/96%N2 for 48 hours. 

2. Reduction Kinetics (TGA/HTXRD) 

 Several isothermal and non-isothermal TGA measurements were done in reducing 

atmosphere to study kinetics and check for correlation in reduction temperature between HTXRD 

and TGA.   It is necessary to reduce the A-site cations (seen in Figure 24) enough to provide 

sites for catalysis, while still retaining a defect spinel structure.  In other words, it is important not 

to over-reduce the sample by using a high reduction temperatures and/or long reduction times.  

The coefficient of thermal expansion of the reduced samples was important as composite CTE of 

the anode material needed to closely match that of the YSZ electrolyte support. 



26 

 

Figure 24.  Drawing of spinel structure showing positions of A-site and B-site cations in 

the unit cell.113 

 A change in the lattice constant of the spinel occurs during the reduction process (Figs. 25-

26).100  As the spinel is reduced, the metallic ions Ni and Co are removed from the spinel structure 

to form metal particles on the surface supported by a defect spinel. This information was used to 

calculate the CTE of the defect spinel support and the metallic nanoparticles, as seen in Table 2. 
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Figure 25.  Lattice parameter of the defect spinel support for NixCo(1-x)Al2O4 with decrease 

in temperature. 

 

Figure 26.  Lattice parameter of metallic nanoparticles for NixCo(1-x)Al2O4 with decrease 

in temperature. 
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Table 2.  Coefficients of Thermal Expansion of Defect Spinels and Metals from HTXRD 

Pattern Refinement. 

  

CTE (/T) 

Spinel Metal 

Composition 

x=1 8.28E-06 3.39E-06 

x=0.5 9.83E-06 1.59E-05 

x=0 9.95E-06 1.43E-05 

  

 There is also a clearly defined metal peak shift in the XRD patterns as Co content increases, 

seen in Figure 27.  The XRD peak shape of the Ni metal has a low-angle shoulder that is refined 

well with the addition of a hat function convolution factor. The hat function magnitude decreases 

with increasing temperature, which indicates strain due to thermal expansion mismatch between 

the Ni metal particles and the support.111  This potentially indicates a close bond between metal 

and spinel support, which can prevent coarsening behavior of the metal and subsequent catalyst 

deactivation.101 NiAl2O4 has been shown to interact strongly with Ni, resulting in interfacial 

bonding between the catalyst and its support.  In addition to preventing agglomeration, it can also 

prevent premature oxidation.102,103  Anchoring has also been seen between Ni metal and ceria 

supports, with certain planes of ceria anchoring the metal better than others.104  Neutron diffraction 

can be used to further analyze internal strain as neutrons have an increased penetration depth 

compared to x-rays.  The elastic strain can then be determined by the change in lattice spacing 

versus a calculated condition without strain present.24 The reduction of Ni0 out of NiAl2O4 may 

lead to this strain, while the conventional wet impregnation approach may not.  Lopez-Fonseca 

reported that Ni metal supported on NiAl2O4 catalyst outperformed the Ni/Al2O3 samples.105 A 

possible cause for the strain could be that the Ni metal is nucleating on the surface on the defect 

spinel in a metastable crystal structure and slowly forming the more stable FCC structure as the 

Ni metal particle grows outward.106 
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Figure 27.  Metal peak shift between the three Ni- and Co- containing spinel samples, each 

calcined for 8 hours at 1600°C and reduced at 900°C for 8 hours in flowing 

hydrogen. 

  

 

 TGA analysis of the aluminate and ferrite spinels show the weight change associated with 

reduction, as seen in Figure 28.  The ferrite spinels begin reducing well below standard operating 

temperatures for SOFCs and are over-reduced before operating temperatures are reached.  Figure 

29 shows the isothermal reduction of the aluminate spinels with a calculated reduction limit line 

included.  All of the aluminate spinels approach this limit and then plateau at around 6 hours. 
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Figure 28.  TGA analysis of aluminate and ferrite spinels. 
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Figure 29.  TGA data with reduction limits calculated by determining the sample mass lost 

if all Ni and/or Co present in the sample is reduced. 

 

3. Oxidation/Reduction Cycling  

 In-situ x-ray diffraction (HTXRD) was done to show the reaction mechanisms involved 

during reduction and reoxidation.  Figure 30 shows shows reduction of Ni0.5Co0.5Al2O4 with loss 

of spinel peaks starting at 900°C and ending at 1000°C, with appearance of NiCo alloy at 900°C.  

The reoxidation process, shown in Figure 31, shows that NiCo peaks gradually disappear starting 

around 500°C, but spinel peaks start forming later, closer to 1000°C, indicating formation of NiO 

and CoO prior to formation of spinel. This shows that while reduction must occur around 1000°C, 

reoxidation occurs slightly lower, at 800°C.   
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Figure 30.  HTXRD patterns for the reduction of Ni0.5Co0.5Al2O4 to 1200°C. 

 

Figure 31. HTXRD patterns for reoxidation of Ni0.5Co0.5Al2O4 to 1200°C. 

 

 The small diffusional interface during spinel reversible transition from Co to CoAl2O4 

causes spinel peaks to be broad initially, but they sharpen and grow as temperature increases (Fig 

32). The 0.02A peak shift to lower angle as temperature increases is caused by the difference in 

lattice parameter between the two phases. 
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Figure 32.  HTXRD patterns showing reduction and reoxidation of CoAl2O4. 

 

 Repeated cycling done on Ni0.5Co0.5Al2O4 shows that there is no degradation in the spinel 

phase compostions after several cycles (Fig 33).  However, the SEM images of NiAl2O4 and 

CoAl2O4 samples over 1 cycle (Fig. 34) show a significant change in morphology after the re-

reduction process. This could be due to the fact that the initial reduction was carried out for 2 days, 

leading to the possibility of over-reduction and subsequent structure degradation. 
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Figure 33.  XRD patterns of Ni0.5Co0.5Al2O4 spinel over 3 cycles, showing no degradation 

in phase composition over the 3 cycles. 

 

 

Figure 34.  SEM images showing initial reduction with significant coarsening, 

reoxidation, and re-reduction of NiAl2O4 and CoAl2O4 samples. 

NiAl2O4 calcined 

1500°C and reduced 

850°C 48hrs. 

NiAl2O4 calcined 1500°C and reduced 850°C 

48hrs. in flowing 4%H2/N2, then reoxidized at 

1200°C 8hrs. in air. 

NiAl2O4 calcined 1500°C and reduced 850°C 

48hrs. in flowing 4%H2/N2, then reoxidized at 

1200°C 8hrs. in air., then re-reduced 850°C 48hrs. 

in flowing 4%H2/N2 

CoAl2O4 calcined 

1500°C and reduced 

800°C 48hrs. 

CoAl2O4 calcined 1500°C and reduced 800°C 

48hrs. in flowing 4%H2/N2, then reoxidized at 

1200°C 8hrs. in air. 

CoAl2O4 calcined 1500°C and reduced 800°C 

48hrs. in flowing 4%H2/N2, then reoxidized at 

1200°C 8hrs. in air., then re-reduced 850°C 

48hrs. in flowing 4%H2/N2 
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4. Catalysis Studies 

 Several catalysis tests were done using the spinels by Nexceris.  Using a gas composition 

of 47.5% CH4, 47.5%CO2, 5.0% N2 and GHSV = 3,000 hr-1, significant coking occurred within 1 

hour at 850°C as evidenced by the increase in pressure drop within the reactor.  In order to prevent 

coking, the gas composition was changed to 32.5% CH4, 64.5% CO2 and 3.0% N2.  GHSV 

increased to 6,000hr-1 to decrease conversion below 100%.  The performance of the 

Ni0.5Mg0.5Al2O4 catalyst didn’t change during the 16 hours of testing and pressure drop didn’t 

increase, indicating that deactivation by coking was not occurring (Fig. 35).  The NiAl2O4 catalyst 

(Fig. 36) behaved similarly, but the Co- containing sample (Fig. 37) had a lower activity than the 

Ni-based spinels and lost activity over time.   

 

 

Figure 35.  Methane reforming performance on Ni0.5Mg0.5Al2O4 catalyst under the 

conditions of 850°C, 32.5% CH4, 64.5%CO2, 3.0% N2 and GHSV = 

60,000 hr-1. 
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Figure 36.  Methane reforming performance on NiAl2O4 catalyst under the conditions of 

850°C, 32.5% CH4, 64.5%CO2, 3.0% N2 and GHSV = 60,000 hr-1. 

 

Figure 37.  Methane reforming performance on Ni0.5Co0.5Al2O4 catalyst under the 

conditions of 850°C, 32.5% CH4, 64.5%CO2, 3.0% N2 and GHSV = 

60,000 hr-1. 

  

 Further studies carried out by Nexceris tested the effect of temperature and sulfur on 

methane reforming performance for highly faceted NiAl2O4 and less faceted NiAl2O4.  The 

temperature effect run was done between 650-850⁰C, 32.5% CH4, 64.5% CO2 3.0% N2 and GHSV 

= 60,000 hr-1.  To test the effect of sulfur, 20 ppm of H2S/N2 was added to the feed gas with a flow 

rate of 200mL/min.  The less faceted catalyst conversions increased with reaction temperature.  

Methane conversion almost reached 100% at 850⁰C (Fig. 38).  The conversion was slightly lower 

than for the more faceted sample (Fig. 39). 
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Figure 38.  Methane reforming performance on NiAl2O4 (LT) catalyst under the 

conditions of 650-850C, 32.5% CH4, 64.5%CO2, 3.0% N2 and GHSV = 

60,000 hr-1. 

 

 

Figure 39.  Methane reforming performance on NiAl2O4 catalyst under the conditions of 

650-850C, 32.5% CH4, 64.5%CO2, 3.0% N2 and GHSV = 60,000 hr-1. 

 

 The addition of H2S to the feed gas at 850C had a negative effect on the catalytic activity 

(Figs 40-41).  The methane conversion nearly reached 100% initially for both catalyst, but 

decreased with time on stream.  Methane and CO2 conversion reduced to zero after 6 and 12 hours 

on the less faceted and more faceted catalysts, respectively.  The deactivation is attributed to the 

sulfur poisoning, or chemical bonding of sulfur with catalytic sites, since deactivation doesn’t 

occur without sulfur addition to feed gas.  The highly faceted sample seems to withstand sulfur 

more than the less faceted one. 
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Figure 40.  Effect of H2S on methane reforming performance over NiAl2O4 (LT) catalyst 

under the conditions of 850C, 20 ppm H2S, 29.3% CH4, 58.1%CO2, 12.6% 

N2 and GHSV = 60,000 hr-1. 

 

 

Figure 41.  Effect of H2S on methane reforming performance over NiAl2O4 catalyst under 

the conditions of 850C, 20 ppm H2S, 29.3% CH4, 58.1%CO2, 12.6% N2 

and GHSV = 60,000 hr-1. 
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Equation 1.  Equations used to calculate conversions, yields, and selectivities in the above 

figures. 

 

  

 Previous studies have indicated that the presence of Co has a beneficial effect because it 

can oxidize soot, but it can also oxidize more easily than Ni.102  The Ni and Co, when present as a 

bimetallic, can work together to allow high catalytic activity while preventing deactivation, 

although the exact mechanism causing this is unknown.102  Excess Co present in a bimetallic slows 

deactivation, while monometallic Co catalysts have low activity due to its tendency to oxidize.107 

 The change in microstructure of the defect spinel as calcination temperature increases may 

have an effect on its catalytic activity.  SEM images shown in Fig. 42 show the morphology of the 

samples after catalytic activity testing.  The more faceted sample (left) had a lower catalytic 

activity than the less faceted sample (right). 
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Figure 42.  Post-situ SEM images of NiAl2O4 samples sent for catalytic activity testing. 

The image on the left shows a less faceted defect spinel calcined at 

1300°C 36hrs. and the image on the right shows a more faceted defect 

spinel calcined at 1500°C 8hrs. 

 

5. Exposure to Methane 

 Powders were both reduced in methane and exposed to methane after being reduced in 

flowing hydrogen.  In both cases, carbon filaments grew as a result of methane decomposition, 

lifting the catalytic metal off the surface of the spinel.  Evidence of this can be seen in Figures 43-

44.  The metal particles remain at the tip of the filaments after exposure.  There is a variation in 

diameter of the filaments caused by corresponding variation in metal particle size. 
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 Figure 43.  CoAl2O4 calcined at 1300C for 36 hours and reduced in methane at 

850C for 8 hours.  Metallic Co particle can be seen atop a carbon filament in 

the upper left. 
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Figure 44.  CoAl2O4 calcined at 1400C for 8 hours, reduced in flowing H2 at 900C for 8 

hours, and exposed to methane at 800C for 3 hours.  Variations in size of the 

carbon filaments can be seen, which are caused by variations in size of metal 

particles. 

 

 To investigate the behavior of the lifted metal upon removal of carbon, the samples were 

heated to 350°C in air with a dwell of 8 hours, followed by more SEM studies.  Figures 45-46 

show that the Ni metal particles are not in the same ordered fashion along the facets as they were 

when they formed during initial reduction.  This is likely due to the fact that the carbon filaments 

lifted the metal particles off the surface and dropped them in a different area upon burning. 
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Figure 45.  Ni0.5Co0.5Al2O4 calcined at 1500C for 8 hours, reduced in CH4 for 8 hours, 

then exposed to air at 350C to remove carbon without reoxidizing. 
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Figure 46. NiAl2O4 calcined at 1300°C for 36 hours and reduced in CH4 for 8 hours, then 

exposed to air at 350°C to remove carbon buildup.  Very short carbon filaments can 

be seen (highlighted) with small Ni metal particles on top of them. 

D. Summary and Conclusions 

 The aluminate spinels are cost effective and highly catalytic alternative to expensive 

precious metals as catalysts.  Their ability to regenerate is useful in the case of fuel cell anodes 

which aquire carbon buildup and subsequently lose catalytic ability in hydrocarbon fuels.  The 

microstructure of the spinels can be tailored by altering the calcination and reduction temperatures.  

The reoxidation and re-reduction cycle can be used to produce a clean, catalytic defect spinel 

supported Ni or Co catalyst without degredation of the structure through several cycles. 

E. Future Work 

 Future studies should focus on the reason behind the high catalytic activity of the material 

considering the relatively low surface area of catalytic metal.  The exact growth mechanism of 
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the metallic nanoparticles resulting in the highly faceted morphology also needs to be mapped 

out.  
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III. EFFECT OF SPINEL ADDITIONS ON NI/YSZ CELL 

PERFORMANCE IN HYDROCARBON FUELS 

A. Experimental Procedure 

1. Cell Preparation 

 Electrolyte-supported cells were made using commercial 20mm diameter 300-350 micron 

thick YSZ disks (Fuel Cell Materials).  Anode consisted of NiO (97%, Fisher Scientific) and yttria 

stabilized zirconia (99%, Fisher Scientific) mixed in a 1:1 mass ratio and placed in a vibratory mill 

for 1 hour in isopropanol.  The powder was then mixed with ink vehicle at 30 weight percent solids 

and painted on one side of the electrolyte disk.   The anode was dried for 1 hour at 500°C and 

sintered at 1500°C for 8 hours in the same furnace.  After cooling, LSM-YSZ composite cathode 

paste (50 wt. % (La0.80Sr0.20)0.95MnO3-x and 50wt. % (Y2O3)0.08(ZrO2)0.92, Fuel Cell Materials) was 

painted on the other side and sintered at 1000°C for 8 hours.  To add the 10 and 20 volume 

percentages of spinel, a small amount of spinel was mixed with isopropanol in an alumina mortar 

and pestle and wet impregnated into the porous anode, then dried. 

2. Fuel Cell Testing Setup 

 Power density measurements were collected using the NexTech Probostat button cell test 

apparatus (Fig. 47).  The button cell was placed on top of an inner alumina tube, using a glass 

sealant material to form a viscous seal between the cell and the inner tube.  Electrode leads were 

placed in contact with the anode (from the bottom) and cathode (from the top).  A spring-loaded 

plate placed on top of the cathode current collector and affixed to the bottom of the inner tube 

was used to apply pressure on the cell.  The pressure keeps both current collectors in contact with 

the electrodes.  A second outer alumina tube is placed over the assembly, forming 2 gas volumes 

separated by the cell.  The assembly was placed inside a vertically mounted tube furnace.  The 

system was heated at 10°C/minute to 850°C and held for the duration of the experiment.  The 

inner gas volume, in contact with the anode, was fed with a 4%H2/N2 gas mix or humidified or 

dry methane.  The outer gas volume, in contact with the cathode, was fed with breathing quality 
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air. The seal was checked for leakage prior to starting the turning on the fuel gas.  

 

Figure 47.  Schematic showing Probostat within furnace and a cross-section showing the 

cell placement inside the outer alumina tube. 

3. Characterization 

a. Power Density Measurements 

 The BK Precision 300W Programmable DC Electronic Load Model 8500 was used in 

constant voltage mode between 1.1 and 0.1V in steps of 0.1V.  Current and power were measured 

at each step.  SEM micrographs were collected before and after testing as a cross section and on 

the anode surface. 

b. Standard Voltage Scanned Electron Microscopy 

 An FEI Quanta 200F Environmental Scanning Electron Microscope was used the collect 

all standard voltage electron micrographs.  Samples were dispersed onto carbon planchets and 

carbon coated, unless they were considerably coated by carbon filaments already. 

B. Results and Discussion 

1. Cell Performance 

a. Cell Structure 

 Cross- sections of CoAl2O4 and NiAl2O4 anodes printed on a commercial YSZ substrate 

can be seen in Figure 48. In both cases, small metallic particles can be seen on the surface of a 
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porous support structure.  This porosity is advantageous because it allows the fuel to infiltrate the 

anode, creating more active sites for catalysis.  

 

 

Figure 48.  SEM image of cross-section of YSZ electrolyte coated with 

NiAl2O4/NiO/YSZ composite anode. 

 

 Porosity and gas permeability are critical properties in SOFC anode morphology.  They are 

typically characterized using SEM imagining, although some BET systems can effectively find 

surface area, which will be higher in porous structures.  A specific surface area of catalyst will 

provide more active sites for catalysis to take place, resulting in more hydrocarbon fuel being 

converted to H2 at the anode.  It will also lead to more carbon formation (coking) on the surface 

as metal catalysts catalyze carbon nanotube formation. As seen in Figure 46, porosity is present in 

the spinel samples printed on the YSZ electrolyte. 

b. Effect of Spinel Additions 

 Using 4% H2 in N2 as fuel, NiAl2O4 has a peak power density comparable to traditional 

Ni/YSZ. (Fig. 49)  The peak powder density decreases with increasing Co content. Using methane, 

all three of the samples with spinel additions had considerably lower peak power density than the 

standard Ni/YSZ cell. (Fig. 50)  Voltage curves show a similar trend to the power density curves. 

(Fig. 51) 
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Figure 49.  Power density using hydrogen fuel of cells containing 3 different spinels in 

the anode vs. a traditional NiO/YSZ anode. 
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Figure 50.  Power density using methane fuel of 3 different spinel compositions included 

in the anode, shown vs. a traditional NiO/YSZ anode. 
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Figure 51. Voltage curves for samples containing 3 different spinel compositions vs. 

traditional NiO/YSZ anode. 

C. Future Work 

 The fabrication process for the SOFC button cells needs to be optimized to reduce anode 

cracking upon sintering.  Low power density measurements can be the result of high internal 

resistance within the cell, which can be reduced by increasing NiO content. 

D. Summary and Conclusions 

 The defect spinel supported nanoparticulate catalysts exhibit high catalytic activity even 

though specific surface area as measured by H2 adsorption is lower than for standard catalyst.  The 

morphology of the catalyst is very faceted at high calcination and reduction temperatures.  Corners 

and edges typically have more catalytic sites present, which means that the faceting could be 

beneficial.  No phase changes occur with reoxidation-reduction cycles, which is critical for 

repeated cycling in an anode.   
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