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ABSTRACT 

 Nickel-based anodes are the most commonly used anodes for solid oxide 

fuel cell (SOFC). Unfortunately, with nickel based anodes, internal reforming of 

hydrocarbon fuels is often accompanied by carbon deposition, which covers the active 

nickel sites, resulting in degradation of cell performance.  Ni0.375Cu0.375Mg0.25Al2O4 spinel 

catalyst was investigated for its use as a potential internal reforming layer for SOFC 

anodes.  

To determine if any reactions with NiO, Y0.08Zr0.92O2 (YSZ), or Gd0.2Ce0.8O2 (GDC) 

occur during fuel cell fabrication, Ni0.375Cu0.375Mg0.25Al2O4 was thoroughly mixed with NiO-

YSZ and NiO-GDC and fired at temperatures ranging from 1300°C - 1500°C.  Room 

temperature X-ray powder diffraction of the samples revealed spinel peak shifts, 

indicating compositional changes towards a higher nickel concentration spinel.   

Rietveld refinements of high temperature X-ray diffraction patterns were used to 

calculate the coefficient of thermal expansion of the spinel.  With a calculated CTE of 10 

x 10-6 K-1 from 25°C to 850°C, the CTE of the oxide spinel is at least 5% lower than Ni-YSZ, 

YSZ, and La0.8Sr0.2MnO3 (LSM).   

 When 0.015g of spinel was added to the fuel cell anode, no change in the peak 

power density was observed while operating under hydrogen.  However, 0.015g of spinel 

addition while operating under a non-coking methane fuel gas mixture caused an increase 

in peak power density from 74 mW·cm-2 to 98 mW·cm-2 (32% increase) at 850°C and 40 

mW·cm-2 to 52 mW·cm-2 (31% increase) at 750°C.     

 After 50 hours operating on a coking methane fuel gas mixture at 850°C, a fuel cell 

with no spinel additions had a peak power density drop of approximately 16%. With 

0.015g of added spinel, the peak power density degraded by a lesser amount, 10%.  

Finally, with 0.05 g of spinel added, the peak power density decreased by only 6%. After 

endurance testing, no carbon fibers were observed on the anode during SEM imaging. 

Raman shift shows the fingerprint graphitic carbon bands on the anode with no spinel 

additions, but not on the fuel cells with spinel additions.   

 Due to the coefficient of thermal expansion mismatch, Ni0.375Cu0.375Mg0.25Al2O4 is 

not well suited for use as a reforming catalyst for high temperature SOFCs. However, it 

can be used in intermediate temperature fuel cells (IT-SOFCs). In addition, with 

optimization of the processing and application to the anode, Ni0.375Cu0.375Mg0.25Al2O4 

could eliminate the need for upstream fuel reforming in IT-SOFCs. 
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INTRODUCTION 

A. Fuel Cell Background 

Fuel cells are energy conversion devices that convert the chemical energy of fuel 

gases such as hydrogen (H2), carbon monoxide (CO), and methane (CH4) into electrical 

energy without the need for direct combustion as an intermediate step.  Able to bypass 

direct combustion, fuel cells can produce electricity much more efficiently than traditional 

thermomechanical methods, which are limited by the Carnot cycle.1 

 The origin of fuel cells lies in the middle of the 19th century when Sir William Grove 

developed what would later be referred to as the “Grove cell.” The Grove cell, which 

operated at room temperature with a dilute sulfuric acid electrolyte, a hydrogen anode, 

and an oxygen cathode, was based on the reverse electrolysis of water.2-4 However, 

ceramic fuel cells were not developed until the end of the 19th century when Nernst 

suggested in a patent that a solid electrolyte could be electrically conductive after heating 

from an auxiliary heat source.4  Since Sir William Grove developed his cell almost 180 

years ago there have been eight major types of fuel cells developed.  Each type of fuel cell 

Table I. Fuel Cell Types and Associated Characteristics 

Types of fuel cell Electrolyte
Operating 

Temperature (°C)
Fuel Oxidant Efficiency

Alkaline (AFC)
potassium hydroxide 

(KOH)
50–200 pure hydrogen or hydrazine O2/Air 50–55%

Direct methanol 

(DMFC)
polymer 60–200 liquid methanol O2/Air 40–55%

Phosphoric acid 

(PAFC)
phosphoric acid 160–210

hydrogen from hydrocarbons and 

alcohol
O2/Air 40–50%

Sulfuric acid (SAFC) sulfuric acid 80–90 alcohol or impure hydrogen O2/Air 40–50%

Proton-exchange 

membrane (PEMFC)

polymer, proton exchange 

membrane
50–80

less pure hydrogen from 

hydrocarbons or methanol
O2/Air 40–50%

Molten 

carbonate(MCFC)

molten salt such as 

nitrate, sulphate, 

carbonates…

630–650
hydrogen, carbon monoxide, natural 

gas, propane, other hydrocarbons
CO2/O2/Air 50–60%

Solid oxide (SOFC)

ceramic as stabilised 

zirconia and doped 

perovskite

600–1000 natural gas or propane O2/Air

45–60%, up to 

90% with heat 

recovery systems

Protonic ceramic 

(PCFC)

thin membrane of barium 

cerium oxide
600–700 hydrocarbons O2/Air 45–60%
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is characterized by the electrolyte that is used.  The electrolyte material dictates the 

operating temperature as seen in Table I.2   

 Solid oxide fuel cells (SOFCs) have received a substantial amount of attention in 

recent history for the following reasons: 2,5,6 

 Fuel conversion efficiency in the range of 45-60% with standalone units, but when 

coupled with heat recovery systems the efficiency can be improved to almost 90% 

 High operating temperatures make SOFCs fuel flexible; able to use hydrocarbon 

fuels such as natural gas means new infrastructures for producing, storing, and 

distributing fuels do not need to be developed or significantly improved upon 

 SOFCs system size can be changed and adapted for particular needs ranging from 

large scale industrial size energy producing units to mobile units used in 

automotive applications 

 Solid state construction permits handling and avoids problems with electrolyte 

management 

B. SOFC Fundamentals 

 A SOFC has three major components: a cathode where molecular oxygen is 

reduced to O2- ions, an ionically conductive electrolyte which transports the O2- ions from 

the cathode to the anode, and an anode that catalyzes the oxidation of the incoming fuel 

to produce H2O and CO2.  Electrons flow from the anode to the cathode through an 

external circuit.  Figure 1 depicts the operation of a fuel cell operating on H2 and CO fuel 

gas and an oxidant of air. 7  
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1. Cathodes 

 The cathode of a SOFC needs to be: electrically conductive, an effective catalyst 

for the reduction of oxygen (Eq. 1), posess a continuous porous network for gas transport, 

nonreactive with other fuel cell materials at fabrication and operation temperatures, and 

have a CTE similar to the anode and electrolyte.  

1

2
𝑂2 + 2𝑒− → 𝑂2−        (1) 

Platinum was the first cathode material used because of its high conductivity and activity 

for oxygen reduction. However, the high cost of platinum makes it impractical for large 

scale fuel cell production.  Currently, the most commonly used material for cathodes is 

strontium doped lanthanum manganite (LSM).6,8 

2. Electrolytes 

 The purpose of the electrolyte in a SOFC is to allow the diffusion of oxygen ions 

from the cathode to the anode while providing an electrically insulating barrier between 

the anode and the cathode.  Therefore, the electrolyte of SOFCs must be stable in both 

oxidizing and reducing atmospheres, have high ionic conduction at operating 

temperatures, and have little to no electronic conduction at operating temperatures.  The 

most commonly used electrolyte for SOFCs is yttrium-stabilized zirconia (YSZ), however, 

Figure 1. Schematic of a fuel cell operating on a H2 and 
CO fuel gas and air as the oxidant.  
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other materials, including but not limited to other doped zirconia and ceria materials, 

have been researched.9 

3. Anodes 

 The anode of a SOFC should meet the following basic requirements: 1,3,10-12  

 High electro-catalytic activity for the oxidation of fuel gases  

 High electrical conductivity for the movement of reaction electrons to the 

interconnect 

 Possess a continuous porous structure to allow transport of fuel and reaction 

products to and from the triple phase boundary (TPB) 

 Fuel flexible, low cost, and easy to fabricate 

 TEC compatible with other SOFC components 

As seen in Figure 1, the anode is where the fuel gas is oxidized by O-2 ions which diffuse 

from the cathode through the electrolyte. The fuel oxidation reaction does not take place 

across the entire anode, but only in the region referred to as the triple phase boundary. 

For a fuel cell operating with a fuel gas of H2 the hydrogen oxidation reaction (HOR) 

equation is: 

2H2 + 2𝑂2 → 4𝑒− + 2𝐻2𝑂 (g)    (2) 

When a fuel cell is operating on a mixture of CO and H2 fuel the HOR has been the primary 

reaction that is considered because Holtappels et al.13 argued that most of the CO would 

participate in the water-gas shift reaction rather than in the electrochemical reaction 

since the electro-oxidation of H2 proceeds 2-3 times faster than CO across Ni-YSZ.14   This 

was further supported when Weber et al.15 reported no significant difference in 

performance between a cell operating on pure H2 and a cell with a gas mixture of 25% CO 

and 75% H2.  However, Ong et al.16 recently reported that CO electro-oxidation does play 

a role in SOFC performance, particularly at high anode overpotentials.  

 Nickel-based cermets are the standard commercial anodes because of their low 

cost, high electrical conductivity, and high activity for the reforming of hydrocarbon fuels.  
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However, Ni-based cermets are not without problems.  It is well known that Ni-based 

cermets have problems such as Ni coarsening, low coking and sulfur poisoning resistance, 

and redox instability, all of which degrade performance and lead to failure of the 

SOFC.10,11,17-19    

 Ni particle coarsening, agglomeration, and densification are the predominant 

microstructural changes of SOFC anodes operating at high temperatures. Ni coarsening 

causes a decrease in the number of catalytically active sites for the electro-oxidative HOR 

to occur.  This decrease in active sites reduces the reaction rate, and therefore degrades 

fuel cell performance.  Thermodynamically, there will always be a driving force to reduce 

the free energy of the system through coalescence of particles.  Coupled with the low 

melting point of nickel and the non-wettability of Ni towards YSZ, these microstructural 

changes are unavoidable at high temperatures.  However, Simwonis et al.20 observed that 

nickel coarsening occurs relatively slowly during an experimental period of 4000 hours at 

1000°C.  

 During long term operation, SOFCs experience multiple redox cycles.  Based on 

the molar volumes of NiO and Ni, the oxidation of Ni is accompanied with an increase in 

solid volume by 69.9%.  It was suggested that concurrent with the reduction of NiO, 

coalescing and sintering of Ni takes place, leading to a network of coarser Ni particles.  

Upon re-oxidation, the associated volume change of the coarser particles would  generate 

enough stress to cause mechanical degradation via cracking.21 

 In an effort to improve SOFC anodes many alternative anode materials have been 

researched including fluorites, perovskites, double perovskites. However, due to the 

variability in research and the lack of reproduction of much of the work it is difficult to 

effectively compare the anodes.  Table II gives a brief summary of the full cell 

configuration with peak power density, measurement temperature, and fuel gas for fuel 

cells materials that have been researched.  
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Table II. Summary of Potential Fuel Cell Materials with Operation Temperature and Associated Fuel Gas and Peak Power 
Densities 

Anode Electrolyte Cathode Temperature 
(˚C) 

Fuel Gas Maximum Power 
Density (mW·cm-2) 

Reference  

Ni-YSZ YSZ LSM-YDC 650 3% H2O CH4 370 22 23    
600 

 
250 

 

      550   130   

La0.75Sr0.25Cr0.5Mn0.5O3 YSZ (Al2O3) LSM 900 wet H2 470 24   
  900 wet 5% H2 290 

 

 
  900 wet CH4 200 

 

    850 wet 5% H2 200   

La0.8Sr0.2Sc0.2Mn0.3O3 (Sc2O3)0.1(ZrO2)0.9 La0.8Sr0.2Sc0.2Mn0.3O3 900 wet 3% H2O H2 310 25    
900 wet 3% CH4 130 

 

   
850 wet 3% H2O H2 220 

 

      850 wet 3% CH4 100   

La0.8 Sr0.2 Cr0.5 Mn0.5O3-б 
+Cu+Pt 

La0.8Sr0.2Ga0.83Mg

0.17O2.185 
SrCo0.8 Fe0.2 O3-б 850 dry H2 850 26 

   
800 dry H2 500 

 

   
850 CH4 520 

 

   
800 CH4 450 

 

La0.8Sr0.2Cr0.5 Mn0.5O3-б 
porous 

La0.8Sr0.2Ga0.83 
Mg0.17O2.185 

SrCo0.8Fe0.2O3-б 800 H2 175 
 

   
850 CH4 250 

 

La4Sr8Ti11Mn0.5 Ga0.5O38-б YSZ LSM 950 97.7% H2/ 2.3% 
H2O 

500 27 

   
950 97.7% CH4/ 2.3% 

H2O 
350 

 

      950 5% H2 170   
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Anode Electrolyte Cathode Temperature 
(˚C) 

Fuel Gas Maximum Power 
Density (mW·cm-2) 

Reference  

Sr2MgMoO6-б LSGM (with a LCD 
buffer layer) 

SrCo0.8Fe0.2O3-б 850 H2 968 28,29 

   
800 H2 838 

 

   
750 H2 642 

 

   
800 dry CH4 438 

 

   
800 

 
338 

 

   
800 H2/ H2S 829 

 

   
800 H2/ H2S -3% H2O 800 

 

   
800 97% H2/ 3% H2O 811 

 

Sr2MnMoO6-б LSGM (with a LCD 
buffer layer) 

SrCo0.8Fe0.2O3-б 800 H2 658 
 

   
750 H2 467 

 

      800 dry CH4 118   

La0.8Sr0.2Cr0.82Ru0.18O3-б - 
Ce0.9 Gd0.1O1.95   

La0.9Sr0.1Ga0.8 
Mg0.2O3-б 

La0.6Sr0.4Co0.2 Fe0.8O3-б 
-GDC 

800 wet H2 390 30 

Gd2Ti1.4Mo0.6O7 YSZ La0.75Sr0.25Cr0.5Mn0.5O3 850 10% H2S - H2 140 31 

La0.3Sr0.7TiO3- YSZ YSZ LSM - YSZ 850 wet H2 15 32 

La0.3Sr0.7Ti0.8Cr0.2 O3 - YSZ YSZ LSM - YSZ 850 wet H2 25   

La0.4Sr0.5Ba0.1TiO3 - YSZ YSZ LSM- YSZ 800 0.5% H2S/ dry CH4 50 33 

La0.6Sr0.3Cr0.85Ni0.15O3 -YSZ YSZ YSZ-LSM 800 H2 309 34     
5000 ppm H2S - H2 460 

 

La0.7Sr0.3Cr0.85Ni0.15O3- YSZ YSZ YSZ-LSM 800 H2 78 
 

    
5000 ppm H2S - H2 135 

 

La0.6Sr 0.3Cr0.85 Fe0.15O3 -YSZ YSZ YSZ-LSM 800 5000 ppm H2S - H2 365 
 

La0.6Sr0.3Cr0.85Co0.15 O3 - YSZ YSZ YSZ-LSM 800 5000 ppm H2S - H2 345   

La0.9Ca0.1Fe0.9Nb0.1O3- б - 
ScSz 

ScSZ LSF-ScSZ 750 H2 467 35 
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Anode Electrolyte Cathode Temperature 
(˚C) 

Fuel Gas Maximum Power 
Density (mW·cm-2) 

Reference  

   
750 CO 376 

 

La0.9Ca0.1Fe0.95Nb0.05O3- б - 
ScSz  

ScSZ  LSF-ScSZ  750 H2 463   

Cu-CeO2-YSZ YSZ YSZ-LSM 800 H2 310 36    
800 n-butane 180 

 

   
700 H2 220 

 

      700 n-butane 120   

Ru-CeO2/Ni-YSZ  YSZ LSCF-GDC 770 5% iso-octane/9% 
air/ 86% CO2 

650 37 

   
720 

 
500 

 

   
670 

 
350 

 

   
620 

 
200 

 

      570   100   
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C. Carbon Deposition 

 One of the primary benefits of SOFCs over other fuel cell technologies is the high 

operating temperature which enables fuels to be internally reformed on the anode.  

Unfortunately, the internal reforming of hydrocarbons across Ni-YSZ cermet anodes is 

often accompanied by carbon deposition.  Carbon deposition, often referred to as 

“coking” or “carburization”, takes place through the catalytic dissociative adsorption of 

hydrocarbons on the surface of Ni.  With alkane based fuels such as methane, carbon 

formation occurs through methane dissociation (Eq. 3) or CO disproportionation also 

known as the Boudouard reaction (Eq. 4).38  

 
𝐶𝐻4 ↔  2𝐻2 + 𝐶       Δ𝐻298 = 75 𝑘𝐽/𝑚𝑜𝑙    (3) 

2𝐶𝑂 ↔  𝐶 + 𝐶𝑂2  Δ𝐻298 = 172 𝑘𝐽/𝑚𝑜𝑙    (4) 

 
The addition of steam, carbon dioxide, or oxygen to fuel gases is a common technique 

used to suppress carbon formation. The reforming of methane in a SOFC can be described 

through three main reactions: methane dry reforming (MDR) (Eq. 5), methane steam 

reforming (MSR) (Eq. 6), and partial oxidation with air (MPO) (Eq. 7)39  

 
𝐶𝐻4 + 𝐶𝑂2 ↔  2𝐻2 + 2𝐶𝑂 Δ𝐻298 = 247 𝑘𝐽/𝑚𝑜𝑙    (5) 

𝐶𝐻4 + 𝐻2𝑂 ↔  3𝐻2 + 𝐶𝑂 Δ𝐻298 = 206 𝑘𝐽/𝑚𝑜𝑙    (6) 

𝐶𝐻4 +
1

2
𝑂2 ↔  2𝐻2 + 𝐶𝑂 Δ𝐻298 = −22.6 𝑘𝐽/𝑚𝑜𝑙   (7) 

 
However, the water-gas shift reaction (Eq. 8) must also be considered because of its 

effects on CO: H2 production.19,39 

 
𝐻2 + 𝐶𝑂2 ↔  𝐻2𝑂 + 𝐶𝑂 Δ𝐻298 = 41 𝑘𝐽/𝑚𝑜𝑙     (8) 

 
Carbon deposition deactivates the electrochemically active sites of the anode, 

resulting in a loss of the fuel cell’s performance.  Carbon can form a wide range of 

structures including adsorbed, polymeric, vermicular filaments, carbide, and graphitic.  
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Each structure has a different activity for reacting with Ni, and thus affects the 

deactivation of the catalytic sites in different ways. 17 

 The likelihood of carbon deposition can be estimated by the oxygen: carbon (O:C) 

and the hydrogen: carbon (H:C) ratios in the feed gas.40  A low ratio for both O:C and H:C 

will favor the tendency towards carbon deposition.  Therefore, carbon deposition is 

favored in dry reforming methane when the CH4:CO2 ratio is 1:1 which correlate to an 

O:C=1 and an H:C=2.  In comparison, it has been reported that steam reforming with 1 

CH4:1 H2O does not have as high a tendency for carbon deposition because of an 

associated H:C=6 and O:C=1.40  However, due to the large quantity of steam that is 

required for SRM, with heavier hydrocarbons requiring more steam, it is not entirely 

practical.41  The large amount of steam that is necessary for steam reforming decreases 

the fuel cell efficiency because of fuel dilution and the increase of pO2 in fuels which 

decreases the open cell voltage.   Furthermore, excess steam can induce thermal stress 

that could damage fuel cell components.19,42  Coking is less problematic in intermediate 

temperature SOFCs (IT-SOFCs) since they operate at temperatures below some of the 

thermally activated reactions.   

A large amount of research has been done attempting to improve SOFC anodes 

resistance to coking and sulfur poisoning.  Guerra et al.43 researched optimal operating 

parameters of SOFC such as temperature, gas residence time, and inlet CO2:CH4 ratios43 

to avoid carbon deposition.  Other authors have studied alternative anode materials such 

as those reported in Table II.  However, no alternative materials that have been developed 

have displaced Ni cermets as the industrial standard.  Therefore, there have been a rising 

number of researchers that are adding an internal reforming layer to Ni based anodes.44-

48 The internal reforming layer should provide a protective barrier between the 

hydrocarbon fuels and the anode by reforming the hydrocarbons into H2 and CO prior to 

contact with the anode itself.   

Several authors have demonstrated increased performance and fuel cell stability 

when utilizing an internal reforming layer.  Jin et al.44 reported stable performance while 

operating at 650°C in methane for 60 hours with a Cu1.3Mn1.7O4 spinel internal reforming 
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layer on a Ni-scandium doped ceria (SDC) anode.  The same authors reported a maximum 

power density improvement of approximately 30% when operating under a methane 

atmosphere at 650°C and 700°C compared to the fuel cells that did not have the internal 

reforming layer.  Furthermore, Wang et al. 49 applied a Ni/Al2O3 reforming layer to a Ni- 

ScSZ cermet anode and observed a power density increase to almost double that of a cell 

without the functional layer while operating on methane at 750°C and 850°C.  The 

increase in power density was attributed to the functional layer acting as a diffusion 

barrier to reduce the concentration of methane within the anode. The diffusion barrier 

also reformed methane prior to it contacting the anode, which decreased the formation 

of carbon on the anode via methane cracking.  

D. SOFC Power Measurements 

 The most commonly reported metrics for SOFCs are the power density versus 

current density and current density versus voltage.  The power density of a fuel cell is 

measured by applying a stimulus current and recording the corresponding voltage. Power 

density is defined by the following equation: 

𝑃𝑑𝑒𝑛𝑠 = 𝑉𝐽       (9) 

where Pdens
 is the power density in W·cm-2, V is the voltage in V, and J is the current density 

in A·cm-2.  

 Current density (J) of a fuel cell is defined as the current (I) divided by the active 

area of the fuel cell.  The current, I, is a linear function of the molar flow of the electrons 

or molar flow of the spent fuel.   

 The open cell voltage of an ideal fuel cell is independent of current density 

because the flow rates of fuel and oxidant are sufficiently high such that the fuel and 

oxidant compositions just outside of the anode and cathode are virtually fixed.  However, 

this is not the case in a real fuel cell.  In actual systems, the voltage is a function of the 

current density.  Furthermore, voltage is also decreased by polarization that occurs in the 

fuel cell due to imperfections in the materials, microstructure, and design of the SOFC.  
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Polarization can be broken down into ohmic polarization, concentration polarization, and 

activation polarization.   

1. Ohmic Polarization 

 With the exception of superconductors, all matter has a resistance to the motion 

of electrical charge.  In a fuel cell, there are two charge carriers that are moving 

throughout the SOFC: ions moving across the electrolyte and electrons moving across the 

electrodes. In the simplest of cases, this relationship can be described through Ohm’s law.  

The dominant ohmic losses, through the electrolyte, can be reduced by decreasing the 

distance of electrode separation and enhancing the ionic conductivity of the electrolyte.  

2. Concentration Polarization 

 Concentration polarization is caused by the transportation of gaseous reactants 

and products throughout the anodes and cathodes.  This transport must be consistent 

with the net current flowing through the cell.  The physical “resistance” to the transport 

of the gaseous species through the anode at a given current density causes an electrical 

polarization.  The concentration polarization is a function of diffusivity of the reactants 

and products, microstructure of the anode, partial pressures, and current density.  

Concentration polarization increases with increasing current density, but it is not a linear 

relationship. 

3. Activation Polarization 

 Kinetically, all chemical reactions, including electrochemical reactions, involve 

energy barriers which must be overcome by the reacting species. This energy barrier, 

referred to as the ‘activation energy,’ results in activation or charge-transfer polarization, 

which is caused by the transfer of charges between the electronic and the ionic 

conductors. The activation polarization may be regarded as the extra potential necessary 

to overcome the energy barrier of the rate-determining step of the reaction to a value 

such that the electrode reaction occurs at a desired rate. 11,50,51 
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E.  Spinel Catalysts 

 Normal spinel materials have been widely studied by catalyst researchers for their 

use as a reforming catalyst for H2 production.40,52-55  Spinel type materials have a formula 

of AB2O4, with A being a divalent cation on a tetrahedral site and B being a trivalent cation 

located on an octahedral site. (Figure 2)  

 

 When under a reducing atmosphere, with sufficient time and temperature, the 

element that occupies the A site of the spinel can be reduced out of the matrix to form 

nanoparticles on the spinel surface.  It has been reported that the formation of carbon 

hindered by decreasing the catalyst particle size and also having a strong interaction 

between the metal particles and the support.40  Therefore, spinel materials, which are 

able to reduce out catalytically active A site nanoparticles from the bulk spinel, are one of 

the structures that have been researched for coking-resistant reforming catalysts.   Hill et 

al.56 reported that during the reduction process of NixMg1-xAl2O4, one O2- was lost from 

the spinel for each Ni2+ reduced to Ni metal.  This yields MgAl2O4 spinel support with well 

dispersed Ni nanoparticles on the spinel surface.   In addition, spinel materials have also 

been recognized as being able to be regenerated to their original reforming performance 

through redox cycling, if the nanoparticles are coked or poisoned.57,58   

Figure 2. A representation of the spinel structure rendered using CrystalMaker 
software; yellow atoms occupy the A site, blue atoms occupy the B site, and red 
atoms represent oxygen. 
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 Previous work at Alfred University has shown that Ni0.375Co0.375Mg0.25Al2O4 and 

Ni0.375Cu0.375Mg0.25Al2O4 spinels are stable catalysts for methane dry reforming.57  Under 

reducing conditions, the spinels are able to reduce out catalytically active Ni-Cu and Ni-

Co alloy nanoparticles on top of a MgAl2O4 support.  These nanopaticles are characterized 

by their high reforming activity due to the nickel and also exhibits an increased resistance 

to carbon deactivation because of the copper or cobalt. Furthermore, the nanoparticles, 

which will undergo particle growth, posioning by sulfur, and deactivation due to coking, 

can be oxidized, absorbed back into the spinel support, and reduced out again to 

regenerate the catalyst.  In the present work, Ni0.375Cu0.375Mg0.25Al2O4 will be investigated 

for its potential use as an internal reforming layer for a Ni-YSZ SOFC anode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EXPERIMENTAL PROCEDURE 

A. Powder Synthesis 
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 Solid state synthesis was used to produce Ni0.375Cu0.375Mg0.25Al2O4. NiO (97%, 

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

Cu2O (99.95%, Alfa Products) were used as reactants.  The loss on ignition (LOI) of each of 

the precursors was measured and accounted for in calculations.  Stoichiometric amounts 

of the powders were weighed and mixed in a suspension of deionized water with a 

McCrone Micronizing Vibratory Mill.  The suspension was milled in a plastic jar with 

alumina milling media for 10 minutes.  After milling, the suspension was dried on a hot 

plate and agglomerates were broken up via mortar and pestle.  The dried powder was 

then pressed into pellets at a pressure of 5 metric tons and calcined at 1500°C in a moly-

disilicide furnace for 16 hours with a heating and cooling rate of 5K/min.  An intermediate 

grinding in an alumina mortar and pestle were completed at 8 hours.  After grinding, the 

powder was pressed into pellets again and placed back into the furnace.  X-ray powder 

diffraction was performed using a Bruker D8 Advance Diffractometer with Cu-Kα radiation 

to ensure phase purity.  The XRD pattern for the prepared spinel can be found in Appendix 

A.  

B. Room Temperature X-ray Diffraction 

 X-ray diffraction patterns were collected using a Bruker D8 Advance 

Diffractometer with Cu-Kαradiation, a 2.5° Soller slit, a 15 mm incident beam slit, 30 

rotations per minute in-plane spinning, a Ni fil Kβ filter, and a LynxEye position sensitive 

detector.  Furthermore, the XRD patterns were measured from 15° 2Θ to 70° 2Θ. 

C. High Temperature X-ray Diffraction Measurements for Coefficient of 
Thermal Expansion (CTE) 

 For high temperature measurements X-ray diffraction patterns were collected 

using a Bruker D8 Advance Diffractometer with Cu-Kαradiation.  The sample was heated 

from room temperature to 850°C with a heating rate of 30°C per minute and the 

diffraction patterns, from 15° 2Θ to 70° 2Θ, were collected every 50K on cooling. The 

resulting diffraction patterns were analyzed using Bruker’s TOPASTM XRD software.  



16 

 

Rietveld refinements were used to calculate the lattice parameters of the spinel for each 

temperature and the coefficient of thermal expansion was calculated from the lattice 

parameter changes.   

D. Phase Interaction Study 

 Ni0.375Cu0.375Mg0.25Al2O4 (Cu375), NiO, and YSZ or GDC in a 1:1:1 weight percent 

ratio were mixed by vibratory mill, dried, and pressed into pellets.  The pellets were then 

fired in air at 1300°C, 1400°C, or 1500°C with a heating and cooling rate of 5K/minute and 

a dwell time of 6 hours.  After firing, the pellets were ground using an alumina mortar and 

pestle and X–ray powder diffraction was completed to determine the phases present.    

E. Fuel Cell Preparation  

 Nextcell 2.0 button cells were purchased from Fuel Cell Materials1.  The button 

cells consisted of a ~50 µm thick NiO-YSZ anode electrode, a 0.13-0.17 mm thick HionicTM 

electrolyte support, and a ~50 µm thick LSM/LSM-GDC cathode electrolyte. Two methods 

were used to deposit the spinel on the surface of the anode.  For partial coverage of the 

spinel, 0.15 g of spinel was suspended in 5mL of isopropanol (3 wt.%).  The suspension 

was shaken vigorously by hand before pipetting 0.5mL of the suspension from the test 

tube and dripping it onto the anode.  For complete coverage of spinel on the anode, a 

sedimentation method was employed.  A 5 wt.% suspension of spinel in DI water was 

batched and 1 mL of the suspension was pipetted from the test tube onto the surface of 

the anode.  The suspension was contained by using a tube with a diameter of 15 mm 

around the anode.  The fuel cell with surface suspension was air dried for 2 hours and 

then placed in a drying oven at 100°C for 5 hours.   

F. Electrochemical Performance 

                                                      

1 https://fuelcellmaterials.com/products/cells/nextcell-electrolyte-supported-button-cell/  
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  Electrochemical performance measurements were completed using a Norwegian 

Electro Ceramics AS ProbostatTM
 fuel cell testing assembly (Figure 3).  

 

Figure 3. Schematic of ProbostatTM fuel cell testing apparatus (left) with enlarged 
fuel cell and current collector diagram (right). 

 

  The volume of the outer alumina tube is approximately 715 cm3 and the volume 

of the inner alumina tube is approximately 98 cm3.  The button cell was sealed onto the 

inner alumina tube using a gallio-boro-silicate glass (specifically GaBA459), and platinum 

mesh current collectors were used on the anode and cathode.  A BK Precision 300W 

Programmable DC Electronic Load Model 8500 was used as a stimulus and response 

detection system.  Constant current was applied to the fuel cell, and the responsive 

voltage was measured.   

 The fuel cell testing module was heated to 900°C at a rate of 10K/minute.   Once 

at temperature, the anode of the fuel cell was reduced for 3 hours using flowing 4% H2 

and 96% N2 at a flow rate of 100 standard cubic centimeters per minute (sccm).  

Compressed air was fed to the cathode at a rate of 180 sccm.  After 3 hours, the sample 

was cooled to either 850°C, 750°C, or 650°C and voltage and responsive currents or 
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currents and responsive voltage were collected.  Fuel gases that were used were 4% H2 - 

96% N2, 32% CH4 – 63% CO2 – 5% N2, or 47.5% CH4 – 47.5% CO2 – 5% N2.  

 For fuel cell endurance testing 47.5% CH4 – 47.5% CO2 – 5% N2 was fed to the fuel 

cells at a constant rate of 70 sccm, and the fuel cells were kept at a constant temperature 

of 850°C.  Between I-V measurements, a constant current of 0.133 amps was applied to 

the fuel cell.  The measurements were conducted for a minimum of 52 hours.   

G. Scanning Electron Microscopy 

 After electrochemical performance measurements, the button cells were imaged 

using a FEI Quanta 200F Environmental Scanning Electron Microscope equipped with an 

EDAX Energy Dispersive Spectroscopy system. If needed, samples were coated with a 

gold-palladium coating applied via sputter coating. After fuel cell endurance testing, an 

accelerating voltage of 5eV was used to image the fuel cells.   

H. Raman Spectroscopy 

 Raman shift measurements were completed to identify the type of carbon that 

was present on the fuel cell anodes after endurance testing.  Raman shift measurements 

were completed at Cornell University using a Renishaw inVia confocal Raman microscope 

with a 488 nm laser. The Raman spectra were analyzed using Renishaw WiRETM 4 

software.   Previous work at Alfred University with Ni0.375Cu0.375Mg0.25Al2O4 operating 

under dry reforming conditions showed that graphitic carbon, with peaks at 1350 cm-1 (D 

band) and 1585 cm-1 (G band), was the primary form of carbon deposition on the spinel 

after 12 hours on stream of catalysis testing.57   

RESULTS 

A. Phase Compatibility  
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1. Ni0.375Cu0.375Mg0.25Al2O4 - NiO - YSZ 

 To determine if the spinel would react with the anode during fabrication of the 

fuel cell, powders of NiO-YSZ-Ni0.375Cu0.375Mg0.25Al2O4 (Cu375) and NiO-GDC-Cu375 were 

thoroughly mixed, pressed into pellets, and heat treated. The XRD patterns for the NiO-

YSZ-Cu375 mixture after heat treatments can be seen in Figure 4.  As the heat treatment 

temperature increases there is an accompanying increase in spinel peak relative intensity 

and a decrease in NiO peak relative intensity.  The change in relative intensities for NiO 

and spinel are also accompanied by spinel peaks shifting slightly towards a higher nickel 

concentration spinel, indicating the spinel is reacting with the excess nickel to form 

additional spinel. Furthermore, a shift in the YSZ peaks was observed.  Rietveld 

refinement of the XRD patterns revealed a decrease in the a lattice parameter of ~0.02 

angstroms when fired with NiO and spinel.     
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2. Ni0.375Cu0.375Mg0.25Al2O4 - NiO – GDC 

 The resulting XRD patterns from the NiO-GDC-Cu375 phase compatibility study 

can be seen in Figure 5. Similar to the previous results, as temperature increases NiO peak 

relative intensity decreases as the spinel composition changes towards a higher Ni 

concentration spinel.  The spinel composition change causes the peaks to shift.  There 

were no observable changes to the GDC phase. 

 

 

 

 

 

 

 

 

1500°C 

1400°C 

1300°C 

Pre-firing 

YSZ 

NiO 

Cu375 

Figure 4. XRD patterns for phase compatibility study of NiO-YSZ-Cu375. Spinel 
peak intensity increases while NiO peak intensity decreases, most obviously at 
37° 2Θ (Cu375) and 37.3° 2Θ (NiO). 
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B. Coefficient of Thermal Expansion 

The coefficient of thermal expansion of the spinel from room temperature to 850°C was 

calculated using the HTXRD data.  Through Rietveld refinements, the a lattice parameter 

for the spinel was determined for each pattern and plotted versus temperature. (Figure 

6) The CTE of the oxide spinel was calculated to be 10x10-6 K-1 from 25°C to 850°C.  The 

CTE of the spinel compared to YSZ, Ni, and Ni-YSZ cermets can be seen in Table III. The 

associated error from the Rietveld refinement can be found in Appendix B.  

 

 

 

Figure 5. XRD patterns for NiO-GDC-Cu375 phase compatibility study. The spinel peaks 
show an increase in intensity as temperature increases concurrently with a decrease 
in intensity of the NiO peaks. 
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Table III. CTE of Fuel Cell Materials From 25°C to 1000°C and the Calculated CTE of 
Spinel From 25°C to 850°C 

Material CTE (10-6 K-1)  

Ni 16.5      60 

8 YSZ 10.5      60 

La0.8Sr0.2MnO3  11.7      60 

Ni0.375Cu0.375Mg0.25Al2O4 (oxide) 10.0 

  

 

 

 

 

 

 

Figure 6. Lattice parameter vs temperature for Ni0.375Cu0.375Mg0.25Al2O4. 
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C. Electrochemical Performance 

When 0.015 g of spinel was added to the fuel cell anode, there was almost no 

change in the current density vs voltage and current density vs power density 

measurements which can be seen in Figure 7.  The maximum power densities of the fuel 

cell with spinel were 0.070 W·cm-2, 0.052 W·cm-2, and 0.028 W·cm-2 at 850°C, 750°C, and 

650°C, respectively.  In comparison, the maximum power density of the fuel cell with no 

spinel additions was 0.069 W·cm-2, 0.049 W·cm-2, and 0.029 W·cm-2. While operating 

under H2 the power density should not have changed significantly because the H2 does 

not need to be reformed by the spinel catalyst.  If a change were to occur, a decrease in 

the power density would be expected because the spinel has a lower electrical 

conductivity than the Ni-YSZ cermet.  However, as discussed in depth later, the power 

density was similar between the samples because the platinum interconnect was able to 

contact the more electrically conductive Ni-YSZ cermet.   
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850°C 750°C 650°C 

850°C 750°C 650°C 

Figure 7. Current density vs voltage and current density vs power density curves 
of fuel cells (a) with spinel and (b) without spinel added on to anode. 
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When the same amount (0.015g) of spinel was added to a fuel cell that was 

operated in a 32% CH4 – 63% CO2 – 5% N2 fuel gas mixture, the addition of the spinel 

caused an increase in the power density at both 850°C and 750°C as seen in Figure 8.  The 

recorded maximum power density for the fuel cell with 0.015 g of spinel added was 0.098 

W·cm-2 at 850°C and 0.056 W·cm-2 at 750°C.  The measured maximum power density of 

the fuel cell with no spinel additions while operating with the 1:2 CH4:CO2 gas mixture 

was 0.074 W·cm-2 at 850°C, and 0.040 W·cm-2 at 750°C.  The increase in power density 

was attributed to the spinel increasing the CH4 and CO2 reforming rate, while the anode 

was able to conduct charge efficiently through contact between the Ni-YSZ cermet and 

the interconnect. The addition of spinel increased the rate of methane reforming and 

increased the power density of the fuel cell by about 30% at both 750 and 850°C.  
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Figure 8. Current density vs voltage and current density vs power density curves 
for a fuel cell (a) with 0.015g of spinel added and (b) without spinel added 
operating under 32% CH4 - 63% CO2 - 5% N2. 

 Figure 9 shows the maximum power density at 850°C compared to the time on 

stream for three samples: a fuel cell with 0.015g of spinel on the anode, a fuel cell with 

0.05 g of spinel added, and a fuel cell with no spinel. The feed gas for all three samples 

was a coking mixture of 47.5% CH4 - 47.5% CO2 – 5% N2.  The fuel cell with 0.015 g of spinel 
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had a maximum power density of 0.116 W·cm-2 at 24 hours on stream.  After 96 hours on 

stream the peak power density dropped by approximately 15% to 0.099 W·cm-2.  The fuel 

cell that had 0.05 g of spinel added to the anode showed a 5% drop in maximum power 

density, from 0.084 W·cm-2 to 0.080 W·cm-2, after 56 hours on stream. Finally, without 

any spinel additions, the fuel cells were able to produce a maximum power density of 

0.091 W·cm-2, which decreased about 15% after 52 hours to 0.077 W·cm-2. As discussed 

in more detail in the Discussion section, the primary difference in power density between 

the 0.015 g sample and the 0.05g sample was caused by the reduction in electrical 

conductivity of the anode.  When 0.015 g of spinel was added to the fuel cell, the anode 

was not completely covered.  The incomplete coverage allowed the platinum 

interconnect to contact the more electrically conductive Ni-YSZ.  This, coupled with the 

postulated increased reforming rate from the spinel, increased the power density of the 

fuel cell.  When 0.05 g of spinel was added to the fuel cell, the interconnect was in contact 

with the more insulating spinel which increased the ohmic resistance of the anode, and 

thus decreased the measured power density of the cell.  

Figure 9. Maximum power density at 850°C of a fuel cell with 0.015g of spinel 
added, a fuel cell with 0.05g of spinel added, and a fuel cell with no spinel addition. 
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D.  Scanning Electron Microscopy 

1. Fuel Cell With No Spinel Additions 

 After 52 hours on stream under the 47.5% CH4 - 47.5% CO2 – 5% N2 gas mixture no 

carbon fibers were apparent on the surface of the anode when observed using the 

scanning electron microscope as seen in Figure 10.  As seen in the image, the anode is 

porous to permit transport of fuel to and from the triple phase boundary for 

electrochemical oxidation.  

2. Fuel Cell With 0.015g of Spinel Added 

 The addition of 0.015g of spinel, applied via an isopropanol suspension, was an 

insufficient amount to completely cover the surface of the anode with spinel which can 

be seen in Figure 11 and Figure 12 with the darkest particles being the lower density spinel 

on the surface of the higher density Ni-YSZ cermet.  In the images, nickel-copper alloy 

Figure 10. Secondary electron image of the fuel cell anode that had 
no spinel additions on the surface. 
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nanoparticles have reduced out of the bulk spinel particles. The nanoparticles provide 

catalytically active sites for the reforming of CH4 and CO2 into H2 and CO.   

 

 

 

 

 

 

Figure 11. BSE image of 0.015g of spinel (darkest particles) added 
onto a Ni-YSZ anode. 

YSZ  

Spinel  

Ni  



30 

 

3. Fuel Cell With 0.05g of Spinel Added 

 When 0.05g of spinel was applied via a sedimentation method, it was enough to 

cover the surface of the anode.  After 96 hours on stream in the 1:1 CH4:CO2 gas mixture, 

the spinel layer does not show any fibrous carbon on the surface of the anode. (Figure 13 

and Figure 14) Similar to Figure 12, there are nickel-copper alloy nanoparticles that have 

reduced out of the spinel onto the surface of the spinel. From Figure 14, it is possible to 

see that the platinum current collector will contact the more insulating spinel and less of 

the Ni-YSZ.  Furthermore, since the more conductive Ni-Cu nanoparticles do not form a 

continuous network for the conduction of electrons, they will only have an effect on the 

reforming process. More images of the fuel cell after endurance testing can be found in 

Appendix D, which show the spinel on the surface of the anode for both 0.015 g and 0.05g 

additions.  

Figure 12.  Backscattered electron image of spinel (dark particles), with 
nanoparticles on surface (bright spots), deposited on the Ni-YSZ anode.  
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Figure 13. SEM photomicrograph of fuel cell anode with 0.05g of spinel 
added to the surface of the anode. Catalytically active nickel-copper 
nanoparticles (bright spots) can be seen on the surface of the spinel. 

Figure 14.  Backscattered electron image of a fuel cell with full spinel 
coverage after endurance testing. 



32 

 

E. Raman Spectroscopy 

 Ex-situ Raman spectroscopy was completed on the endurance tested 

electrochemical performance fuel cells to determine if carbon deposition was present on 

the anode, and if so, in what form.  The Raman spectra for the samples with no spinel, 

0.015 g of added spinel, and 0.05 g of spinel additions can be seen in Figure 15.  The fuel 

cell that had no spinel additions had four primary peaks at 1346, 1583, 2455, and 2720 

cm-1.  These peaks are the fundamental peaks for graphitic carbon.61  The peak at 1346 

cm-1 is the D band.  The band at 1583 cm-1 is the G band, and the last two peaks are the 

2D bands.  The primary routes to carbon deposition on the anode are carbon monoxide 

disproportionation and methane cracking.62 

 The Raman spectra for the two samples that had spinel added to the fuel cells do 

not show any carbon deposition on the surface of the anodes. (Figure 15) As the spinel is 

reforming the CH4 into CO and H2, the methane concentration is decreasing.  The decrease 

in methane concentration will also decrease the amount of methane cracking that occurs 

across the anode, limiting the amount of carbon deposition.   
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Figure 15.  Ex-situ Raman spectra for endurance testing fuel cell samples.   
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  DISCUSSION 

A. Phase Compatibility  

 The composition of the spinel is particularly important to the reforming 

activity, especially the relative ratio of nickel to copper on the A-site.  Copper is added to 

the spinel because it is well known that copper does not catalyze C-C bonds like nickel 

does.23  Thus, when the spinel is reduced, Ni-Cu alloy nanoparticles reduce out of the 

spinel matrix.57  The nanoparticles have the high catalytic activity of nickel while being 

less susceptible to carbon deposition thanks to the copper.  A possible failure mechanism 

for the spinel catalysts on Ni-YSZ anodes is Ni enhancement and consequently Cu dilution.  

Therefore, when the spinel reacts with the nickel in the system there will be a change in 

the spinel stoichiometry to a higher nickel ratio on the A-site.  This increase in nickel in 

the spinel will translate to an increase in nickel content in the nanoparticles and a 

decrease in the resistance to carbon deposition of the nanoparticles. However, with 

decreasing temperature, there is a decrease in the peak shift, indicating less reaction at 

lower temperatures, and at operation temperatures (below 1000°C) the reaction should 

not occur at all. (Figure 4 and Figure 5) 

  The XRD patterns also show YSZ peak shifts after reaction of the mixed powders. 

Rietveld refinement correlated the peak shift to a decrease in the YSZ lattice parameter 

of 0.02 +/- 0.00016 Angstroms which could be caused by Al substitutions in the lattice.  Ji 

et al.63 reported that 5 weight percent Al can be doped into the YSZ structure.  

Furthermore, Gao et al.64 reported that when dopants with smaller atomic radii are added 

into the YSZ structure, there is an associated decrease in lattice parameters. However, 

both authors required temperatures above 1200°C to change the YSZ composition.  

Therefore, the reaction between the spinel and YSZ would only occur during fuel cell 

fabrication, and not during operation.   

 From a kinetic standpoint there are two limiting factors for either reaction to occur 

in an actual fuel cell system: surface area contact between the anode and spinel, and the 

available Al.   In the current system, there is a large amount of surface area contact 
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between each of the fuel cell components, but in an actual fuel cell the only contact will 

be right at the interface between the reforming layer and the anode.  With a decrease in 

surface area, the reaction rate will slow down. Furthermore, both reactions are utilizing 

Al, and since the Al is already in the stable spinel phase, and there was no huge 

degradation of the spinel in the study, it is unlikely that the reactions will occur to an 

extent during fabrication that is detrimental to the system.   

B. Coefficient of Thermal Expansion (CTE) 

 The coefficients of thermal expansion of the fuel cell components must match well 

enough to prevent thermal stress from causing failure upon startup and shutdown 

procedures.1  As previously stated, the most commonly used materials in SOFCs are a LSM 

cathode, a YSZ electrolyte, and a Ni-YSZ cermet anode which has the highest CTE.65  Mori 

et al66 reported that the CTE of the Ni-YSZ cermet depended on the Ni:YSZ ratio, with a 1 

Ni: 1 YSZ anode having a CTE of about 14.5 x 10-6 K-1 from 25°C to 1000°C.  This means 

that compared to a 1 Ni: 1 YSZ cermet anode, the oxide spinel (with a CTE of 10 x 10-6 K-1) 

will expand 31% less during heating and cooling of the SOFC stacks.  As a reference point, 

the 8 YSZ electrolyte has a CTE that is  about 28% less than that of 1 Ni: 1 YSZ cermet 

anode.17  The effects that the large difference in thermal expansion would have on the 

fuel cell in an SOFC stack depend on the thickness of the reforming layer compared to the 

thickness of the anode because the induced stress will vary, but the large difference in 

thermal expansion will likely cause cracking during startup and shutdown procedures for 

high temperature operations.  In intermediate temperature SOFCs, which operate at 

temperatures ranging from 550 to 750°C, the thermal expansion mismatch would not 

have as much of an effect. In a similar situation, Kwak et al.60 applied an internal reforming 

layer of NiO-MAl2O4 (M= Cu, Co, Ni) and added up to 50 weight % NiO to increase the CTE 

of the reforming layer to better match that of Ni-YSZ.  However, adding excess nickel to 

the catalyst layer does not solve the problem, because the catalytic layer would then be 

prone to carburization and all the other shortcomings of nickel.  Therefore, the best 
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option would be to utilize the spinel reforming layer in an intermediate temperature 

SOFC.  

C. Electrochemical Performance  

1. Operation Under 4% H2 

 While operating under a 4% H2 fuel gas there was no significant change in the 

power density output of the fuel cells with 0.015g of spinel and fuel cells without spinel 

additions.  The similar power densities were caused by two things: the spinel not 

completely covering the anode, leaving exposed Ni-YSZ anode to contact the platinum 

interconnect, and H2 not needing to be reformed by the spinel. Since H2 is already the 

optimal fuel for a Ni-YSZ anode, and does not require any reforming, the spinel is not 

participating in any of the electrochemical reactions while operating with H2. Therefore, 

the addition of spinel would not increase the performance of the fuel cell from an 

electrochemical reaction perspective.  However, the spinel could reduce the conduction 

of electrons from the anode to the platinum current collector.  Compared to Ni, which 

has an electrical conductivity of 138 x 104 S·cm-1 at 25°C17, the spinel has a significantly 

lower electrical conductivity. After the Ni-Cu nanoparticles have been reduced out of the 

bulk, the remnant spinel will be MgAl2O4.
67

  Padmaraj et al.68 reported that the electrical 

conductivity of MgAl2O4 spinel at 150°C is approximately 2.5 x 10-16 S·cm-1.  Therefore, the 

more spinel the current collector is contacting, the larger the effective resistivity of the 

anode, translating to a decrease in power density.   However, as previously mentioned, 

the addition of 0.015g of spinel was not enough to completely cover the anode.  The 

spinel only covered about 15% of the anode surface.  The coverage of 15% of the anode 

would cause a higher contact resistance between the anode and the interconnect, but 

since the current collector could contact 85% of the Ni-YSZ, the effect of the contact 

resistance was negligible.  Therefore, with no change in the electrochemical reaction rate 

of the cell and little change in the electrical conductivity, the peak power densities of the 

fuel cell did not change when 0.015 g of spinel was added.   
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2. Operation Under Methane-Carbon Dioxide Gas Mixtures 

 It is well known that variables such as temperature, oxygen:carbon ratio (O:C), 

hydrogen:carbon ratio (H:C), and pressure influence the likelihood of carbon deposition 

on the anode.69,70  As previously stated, carbon deposition is more likely to occur at high 

temperatures with low O:C and O:H ratios, but can be limited with the addition of steam.17  

In the current work, two dry methane-carbon dioxide gas mixtures were used in the 

electrochemical testing: a coking gas mixture containing 47.5% CH4 - 47.5% CO2 – 5% N2 

(O:C=1 and H:C=2), and a non-coking mixture consisting of 32% CH4 - 63% CO2 – 5% N2 

(O:C=4:3 and H:C=4:3). Therefore, with such low O:C and H:C ratios in the fuel gases, 

operating without any steam additions, and at temperatures of 750°C and 850°C carbon 

deposition was favored during the electrochemical testing of the fuel cells. In commercial 

use, steam would be added to reduce the effects of coking, but the large amount of steam 

that is necessary for steam reforming increases operational cost, decreases the electrical 

efficiency because of fuel dilution, and makes the anode atmosphere significantly more 

corrosive.  In addition, the endothermic nature of steam reforming can cause steep 

thermal gradients to form.  These thermal gradients, if large enough, can cause 

mechanical failure of the fuel cell to occur.17   

 As stated previously, the electrical conductivity of spinel type materials is not 

nearly as high as the electrical conductivity of Ni or Ni-YSZ cermets. To improve the 

conductivity of the reforming layer, other authors such as Wang et al. 42 and Srisuwan et 

al.56 have made Ni-spinel composite materials using as much as 60% nickel.  Although the 

addition of nickel did improve the conductivity of the anode, that option was not practical 

for this study.  In our composite anodes, the purpose of adding the spinel to the anode is 

because nickel-copper alloy nanoparticles can be reduced out of the spinel.  The 

nanoparticles are catalytically active sites for fuel reforming, with a large specific surface 

area, and can be regenerated through redox cycling if deactivated through carbon 

deposition or sulfur posioning.57  As discussed previously, the Ni:Cu ratio in the 

nanoparticles is important to the coking resistance and additional Ni might cause dilution 

of the Cu to an extent that reduces the coking resistance.   
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 After the spinel is reduced, well-dispersed Ni-Cu alloy nanoparticles with high 

specific surface area form on the surface of the spinel.56  These nanoparticles increase 

reforming of the incoming CH4 and CO2 fuel gas into H2 and CO according to equation 3.  

The available H2 and CO will then diffuse to the anode active layer where they will be 

electrochemically oxidized at the triple phase boundary to produce H2O, CO2, and 2e-. It 

is known that nickel-based cermet anodes have a higher electrochemical activity for H2 

and CO than for CH4 
45, so the cell with spinel additions has a higher power output than 

the cell without.  When the fuel cells were operated under the non-coking fuel gas of 32% 

CH4 – 63% CO2 -5% N2, the addition of 0.015 g of spinel increased the power densities 

from 74 mW·cm-2 at 850°C and 40 mW·cm-2 at 750°C to 98 mW·cm-2 and 56 mW·cm-2, 

respectively, which is approximately 30% increase in peak power density at both 

temperatures. As previously discussed, the fuel cell with 0.015 g of spinel maintains a low 

contact resistance between the anode and the interconnect, but this time the fuel cell 

also benefited from the spinel increasing the reforming rate of  methane.   

 Misture et al.57 reported that in a 12 hour catalyst test at 850°C, with a gas hourly 

space velocity (GHSV) of 60,000, 2 mL, approximately 0.84 g, of Ni0.375Cu0.375Mg0.25Al2O4 

was able to reform an average of 27% of the incoming methane. Due to the inherent 

differences in catalyst testing and electrochemical testing systems for SOFCs, it is difficult 

to accurately determine how much of the incoming methane is reformed by the spinel.  

However, it is clear that the small amount of spinel that was added to the fuel cell was 

insufficient to reform all of the incoming fuel gas.  Therefore, carburization reactions such 

as methane cracking and carbon monoxide disproportionation still occurred across the 

Ni-YSZ anode. The addition of 0.05 g of spinel did not improve the power density of the 

fuel cell while operating under the dry methane – carbon dioxide fuel gas.  As seen in 

Figure 13, the spinel covers more of the anode, which means that the platinum current 

collector was contacting less of the Ni-YSZ, and more of the insulating spinel phase during 

electrochemical testing.  The contact with the spinel phase increases the resistance of the 

anode, translating to a low power density.  The higher resistance was demonstrated when 

the conductivity was measured for Ni-spinel composites and compared to that of Ni-YSZ.71 
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It was noted that the Ni-spinel composites had a higher resistivity than Ni-YSZ which 

caused a decrease in the electrochemical performance of the fuel cells.  Compared to 

0.015 g of spinel additions, 0.05 g of spinel should increase the amount of CH4 and CO2 

reformed by a factor of 3.   However, this increase is still insufficient to reform all of the 

incoming methane.  Thus carbon deposition could still occurred on the Ni-YSZ anode.   

D. Scanning Electron Microscopy and Raman Spectra 

 Carbon deposition covers the active sites of the anode, resulting in the loss of cell 

performance.  Carbon can form various structures including adsorbed, polymeric, carbide, 

vermicular filaments, and graphitic, with graphitic carbon being the most common on 

anodes.72  The types of carbon variously degrade reactivity and increase the extent of 

catalyst deactivation.17,19  However, the amount and stability of carbon deposits formed 

on Ni-YSZ can be affected by current density, exposure time, water content in the fuel 

gas, and anode thickness.62  In all of the SEM images, no carbon fibers were observed.  

 The Raman spectrum for the fuel cell that does not have any spinel additions 

shows that the fingerprint bands of graphitic carbon are present on the anode, whereas 

the fuel cells with spinel additions do not have any graphitic carbon bands in the spectra.  

The band at 1350 cm-1 is the D band for graphite.   The band at 1585 cm-1 is the graphite 

G band.  The G band is the fundamental carbon peak which arises from the honeycomb 

structure of carbon.  At 2700 cm-1 is the 2D band for carbon. The 2D band arises from the 

resonant interaction between the incident light and the electronic structure of carbon.61   

 Carbon deposition on the anode occurs through two primary routes: methane 

cracking (equation 3) and carbon monoxide disproportionation (equation 4). Nikoo et al.38 

reported that at 850°C, with a CO2:CH4 ratio equal to 1, carbon deposition is favorable for 

a Ni-YSZ cermet anode.  It is known that nickel catalyzes the methane cracking reaction. 

73 However, the carbon can then be oxidized with CO2, via the reverse CO 

disproportionation reaction.74 The decrease in carbon on the fuel cell anode was 

attributed to the spinel increasing the reforming rate of the fuels gases prior to contact 

with the anode.    
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SUMMARY AND CONCLUSIONS 

Ni0.375Cu0.375Mg0.25Al2O4 was investigated for its use as a reforming catalyst for solid 

oxide fuel cell anodes.  At temperatures of 1300°C- 1500°C, the spinel was found to react 

with available nickel to form additional spinel; however, the reaction would not be 

extensive enough to cause detrimental effects to the fuel cell’s performance.  

The coefficient of thermal expansion was calculated from Rietveld refinements of the 

HTXRD patterns to be 10 x 10-6 K-1, which is lower than any other fuel cell material 

currently used in state-of-the-art fuel cells.  Therefore, the addition of a spinel reforming 

layer will cause stress on the fuel cell during startup and shutdown procedures, which 

could lead to mechanical failure of the SOFC during high temperature operation.   The CTE 

difference will not have as significant an effect for IT-SOFC applications.  

The electrochemical performance of the fuel cells was dependent on two factors: the 

amount of spinel added and the ability of the anode to efficiently conduct charge.  The 

addition of 0.015 g of spinel had no effect on the peak power density when operating 

under a 4% H2 atmosphere due to H2 not needing to be reformed and the platinum 

interconnect being able to contact the Ni-YSZ anode.  In addition, 0.015 g of spinel 

increased the power density by as much as 30% while operating under non-coking 

methane fuel gas mixture, and 27% increase under a coking methane fuel gas.   The 

increase in power density was attributed to the platinum interconnect contacting the 

more conductive nickel, while the spinel increased the reforming rate of methane to 

produce more H2 and CO.   It was observed that when the interconnect was contacting 

only spinel, as it did in the samples with 0.05g spinel addition, the peak power density 

dropped approximately 8% while operating under the coking methane fuel gas mixture. 

The drop in power density was attributed to an increase in ohmic resistance at the anode.  

Post electrochemical performance characterization of the fuel cells using SEM showed 

no carbon fibers on the anode.  However, ex-situ Raman shift spectra of the endurance 

testing samples indicate graphitic carbon is on the fuel cell with no spinel additions.  In 
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contrast, no graphitic carbon bands were present in the spectra for samples with spinel 

additions.  

Unless the CTE mismatch of Ni0.375Cu0.375Mg0.25Al2O4 and the SOFC anode can be 

resolved, Ni0.375Cu0.375Mg0.25Al2O4 is not suitable as a reforming catalyst for high 

temperature SOFCs.  However, in an intermediate temperature SOFC, where CTE 

mismatch does not have such a large effect, Ni0.375Cu0.375Mg0.25Al2O4 could be used.  

Furthermore, additional research is needed to optimize the processing of the reforming 

layer and application to the anode.  
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FUTURE WORK 

 To evaluate the full potential of the catalyst reforming layer, the processing and 

application of the spinel to the anode should be optimized.  Since the low electrical 

conductivity of the spinel diminishes the power density, the fuel cell should be fabricated 

in such a way that the current collector is beneath the reforming layer. Furthermore, long 

term stability of the spinel and anode components should be evaluated at the 

intermediate temperature SOFC range.  
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APPENDICIES 

Appendix A.  Ni0.375Cu0.375Mg0.25Al2O4 XRD Pattern 
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A-1. The XRD pattern for the synthesized Ni0.375Cu0.375Mg0.25Al2O4 spinel. 
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Appendix B.  Coefficient of Thermal Expansion 

B-1. The calculated error, in Ångstroms, for each calculated a lattice parameter 
from Rietveld refinements. 

Appendix C.  Electrochemical Performance Measurements 
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Appendix D.  SEM Photomicrographs   

D-1. SEM image of 0.05g spinel addition sample post 
endurance testing. The spinel can be seen on top of the SOFC 
anode. 
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D-2. SEM image of 0.015 g of spinel addition sample post 
endurance testing. Nanoparticles can be seen on the spinel 
surface. 

D-3. SEM image of 0.015g spinel addition sample. Ni-Cu alloy 
particles can be seen on the surface of the spinel particles.  
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  D-4. SEM image of the interface between the spinel particles 
and the cermet anode.  

D-5. SEM image of Ni-Cu nanoparticles reduced out of 
spinel. To alleviate the stress induced from the loss of Ni, 
pores and micro-cracks form on the spinel surface.  
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