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ABSTRACT 

With the looming threat of climate change, new technologies that can reduce the 

use of fossil fuels are desirable. One such technology is the solid oxide fuel cell (SOFC). 

SOFCs convert chemical energy directly into electrical energy, so they can be much more 

efficient than traditional sources of electrical power generation. SOFCs utilize an oxide-

ion conducting electrolyte to generate electricity by reducing molecular oxygen at the 

cathode and oxidizing fuel at the anode. High temperatures (<650 ºC) are required to 

catalyze oxide conduction through the electrolyte. High temperatures enable SOFCs to 

use a variety of fuels, but these same conditions also accelerate unfavorable reactions that 

can cause anode degradation. 

Research described in this dissertation examined the effects of carbon 

accumulation in SOFC anodes on overall device performance, and the spatial variation in 

anode degradation. Fuel was introduced to the fuel cell using a single fuel inlet. This 

method of fuel introduction created spatial variance in factors such as fuel concentration, 

and this variance was expected to affect carbon accumulation on the anode. Carbon 

accumulation is a major contributor to anode degradation through a variety of 

mechanisms including mass transport obstruction, anode delamination from the 

electrolyte, and metal dusting, a process describing anode disintegration induced by 

carbon growth disrupting the anode’s electronically conducting network. 

The amount of carbon accumulation on the surface of the anode was analyzed in 

operando using Raman spectroscopy. Spectroscopic results showed that more carbon 

accumulated on the anode further from the fuel inlet than closer to it. In situ 

electrochemical measurements coupled with post mortem visual and FEM analysis 

suggested that severe anode degradation occurred early in an experiment, affecting 

spectroscopic results. We infer that the highest amount of carbon accumulation occurs 

close to the fuel inlet causing fast and severe anode degradation, decreasing the amount 

of carbon that can accumulate in further trials when the majority of the spectroscopic data 

was collected. These results suggest that spectroscopic results should be analyzed with 

experimental factors such as anode location and trial sequence specifically in mind. 
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 BACKGROUND 

 Introduction 

Over the past few decades, global electricity consumption has been steadily 

increasing due in large part to the increasing number of people on the planet demanding 

access to reliable power. Connectivity to the electrical grid leads to measurable 

improvements in nutrition, health, and general quality of life. Increasing demand for 

electricity is very likely to continue as there are still over 1.3 billion people on the planet 

without access to electricity.
1
 Increased demand for electricity will tax existing 

infrastructure and, more importantly, lead to marked increases in greenhouse gas 

emissions if new electricity continues to come from traditional sources.  

The current electrical infrastructure is supported by large, centralized power 

plants. These power plants, though convenient sources of electrical power, have several 

inherent drawbacks. These centralized power plants require long electrical lines to 

transport electricity to customers, have efficiency challenges stemming from chemical to 

electrical energy conversion processes, and have significant environmental impacts. Long 

electrical transmission lines and complicated distribution systems lead to losses of over 

5%, and become even less efficient during peak times of electrical demand. A typical 

fossil fuel power plant operates with less than 50% efficiency. These inefficiencies 

compound, and in the United States, over 60% of all the energy that is used to generate 

electricity is lost through conversion processes that transform fuel into useful electrical 

power.
2
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Fossil fuels provide about 85% of the world’s electricity demands.
3
  The most 

prominent negative aspect of using fossil fuels for electricity generation is the role of 

carbon dioxide (the final oxidation product of fossil fuels) in climate change. Renewable 

energy sources such as wind, hydro, and solar power are attractive technologies because 

of their sustainability; however, they are expensive, can be unpredictable, and suffer from 

some of the same issues as current fossil fuel technologies. An alternative strategy to 

meeting the imminent needs of worldwide electrical power demands while reducing 

harmful emissions is to increase the efficiency of current electricity generating processes 

that rely on fossil fuels. If efficiencies could be improved by significant amounts, less 

fuel would be required to produce the same amount of electricity, and less greenhouse 

gases would be released into the atmosphere. A technology that overcomes many of the 

limitations of the current energy infrastructure is the solid oxide fuel cell (SOFC). 

Benefits of SOFCs 

Solid oxide fuel cells (SOFCs) are attractive alternatives to traditional fossil fuel 

fired power plants. SOFCs directly convert chemical potential energy into electricity, so 

the efficiency of a SOFC is not limited by the Carnot cycle, and conversion losses 

typically seen in fossil fuel power plants are avoided. SOFC efficiency can be over 60%, 

and in combined heating and power applications, they can reach efficiencies of greater 

than 80%.
4
 SOFC stacks are well suited for local or distributed delivery and can be 

designed for a range of electrical needs. For example, a single dishwasher-sized SOFC 

stack could be used to power an entire apartment complex or office building. 
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SOFCs are quiet since they only use solid-state materials and have no moving 

parts. The only mechanical noise comes from gas handling systems designed to deliver 

fuel and remove exhaust. Also, SOFCs are remarkably clean relative to traditional, 

combustion-based sources of electrical power. SOx and NOx production is significantly 

reduced in SOFCs because fuel is directly oxidized electrochemically.
5
 The biggest 

significant drawback to SOFCs is the high temperature required for operation. The reason 

for this requirement is discussed in detail in the next section, but with operating 

temperatures of greater than 650 ºC, material degradation reactions can be accelerated 

leading to loss of device performance and ultimately, device failure. 

High operational temperatures do, however, confer advantages to SOFC 

performance. High temperatures enable SOFCs to utilize non-noble metal catalysts such 

as nickel metal rather than more expensive and rare catalysts like platinum, necessary for 

low temperature hydrogen fuel cells. Additionally, high temperatures allow for SOFCs to 

generate electricity from a variety of fuel sources including natural gas, coal gas, biogas, 

and larger hydrocarbons.
6
 High temperatures also promote fuel reforming of higher 

molecular weight fuels and more complex fuel mixtures.
7, 8

 Finally, SOFCs are able to 

generate enough electricity to be self-sustaining once heated to operational temperatures 

provided the device is sufficiently insulated. The planar SOFCs used in this research use 

an extremely simple design described in detail later in this work. The simple design is 

both mechanically robust and easy to manufacture. 
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Limitations of SOFCs 

The reason that SOFCs operate at such high temperatures is related, in part, to the 

mechanism responsible for their functionality: oxide diffusion through the YSZ 

electrolyte. This process has an activation energy of around 100 kJ/mol, so very high 

temperatures are needed in order to allow for sufficient oxide flux to generate a 

significant current.
9
 Due to mechanical stability issues stemming from varying thermal 

expansion coefficients of materials used in SOFC construction, SOFCs often require very 

long start-up times to reach operating temperatures. A typical SOFC will operate at a 

temperature of between 650 and 1000 ºC, and will require over 10 hours to heat from 

room temperature. In addition to being slow to start up, SOFCs have a slow response to 

increased electrical load on the cell. Because of this slow response, SOFCs cannot be 

used as stand-alone electrical generators and must have a separate system that can handle 

immediate changes in electrical demand. 

While high temperatures promote fuel flexibility, unwanted chemistry that can 

negatively affect cell performance is also accelerated. Chemical stability of materials at 

high temperatures is a significant concern when designing fuel cells and testing devices.  

The experimental apparatus must be constructed from materials that are stable and non-

reactive in order to not compromise SOFC performance.  The fuel cell itself must be 

constructed from materials that are resistant to degradation mechanisms caused by 

common contaminants in the fuels. These contaminants include sulfur, chlorine, 

phosphine, and others. For example, chlorine, a common contaminant in coal gas, can 

irreversibly damage an anode even in extremely small concentrations of 5 ppm or less.
10
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Carbon can be considered an SOFC contaminant under certain circumstances. At 

operational temperatures with hydrocarbon fuels, carbon can build up on the anode. 

Carbon is adsorbed onto the nickel in an anode, and since there are a finite number of 

reactive sites, the accumulation of carbon can quickly and significantly affect cell 

performance by blocking the available catalytic sites. Carbon can also clog the porous 

channels in the anode which limits gas diffusion to active sites, and can permanently 

damage the anode by physically separating nickel particles from the bulk of the anode in 

a process called metal dusting.
11

 In extreme cases, the volume change of the anode from 

carbon accumulation can cause anode delamination from the electrolyte. Carbon 

accumulation on the fuel cell is dependent on many variables including fuel composition, 

partial pressures of fuels, temperature of the fuel cell, polarization conditions of the fuel 

cell, and composition of the anode microstructure.
12-17

  

 Overview of Research 

The primary focus of research discussed in this dissertation was to characterize 

the spatial distribution of carbon accumulation on a SOFC running on methane under 

both OCV conditions and under polarization. The data show that polarizing the cell helps 

reduce the amount of carbon that adsorbs on the anode. The spectroscopic data suggest 

that more carbon accumulates on the anode further away from the fuel inlet than closer to 

the fuel inlet. However in-situ electrochemical measurements paired with ex-situ visual 

and FEM analysis suggest that the trend seen spectroscopically is due to rapid 

degradation of the anode caused by metal dusting where spectroscopic measurements 

were taken. A significant amount of metal dusting of an anode can remove most of the 
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spectroscopically observable nickel particles where carbon could adsorb, thus making it 

appear as if little or no carbon builds up in that location. 

A second focus of this research was to analyze and characterize spatial variance in 

anode degradation. A pattern of enhanced degradation along the fuel stream was seen in 

ex-situ visual analyses. Within the stream, the highest degree of anode degradation was 

seen nearest to the fuel inlet using FEM images. Metal dusting of the anode is apparent in 

FEM images that show more numerous and larger pock-marks in the anode where more 

significant anode degradation had occurred.  

The spatial discrepancies in both carbon formation and anode degradation seen in 

this work suggest that the electrochemical behavior of SOFC anodes is extremely 

dependent on variables that can be inhomogeneous over the surface of the anode, such as 

partial pressures of fuel components and cell polarization. Therefore, analysis of 

spectroscopic and electrochemical data should consider how and where measurements 

were performed. 
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 METHODS & SYSTEMS 

 Solid Oxide Fuel Cell 

Fuel cells are energy conversion devices that directly convert a fuel’s chemical 

energy into electricity and products. The high operating temperatures of SOFCs allow 

them to operate with cheap and abundant metal catalysts like nickel and utilize a variety 

of fuels, including hydrogen, natural gas, biogas and coal gas. In this respect, SOFCs are 

attractive alternatives to lower temperature fuel cells, such as proton exchange membrane 

fuel cells, that rely on precious metal catalysts and extremely pure hydrogen fuel. Finally, 

SOFCs have a simple and easily scalable design making them useful for a variety of 

energy needs. 

SOFC Operation 

SOFCs used in this research were electrolyte supported membrane electrode 

assemblies, comprised of a 0.6 mm think yttria-stabilized zirconia (YSZ) electrolyte, a 

30 μm thick Ni-YSZ porous anode, and a 30 μm thick lanthanum strontium manganite 

(LSM)-YSZ porous cathode. Zirconia has three known phases: cubic at temperatures 

greater than 2370 ºC, tetragonal between 1170 ºC, and monoclinic at temperatures less 

than 1170 ºC. Only the cubic phase of zirconia is an effective oxygen conductor. The 

YSZ contained 8 mole percent of yttria to stabilize zirconia’s cubic structure by creating 

oxygen vacancies that also promote oxide transport through the ceramic.
18
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Cathode Chemistry Lanthanum strontium manganite (LSM) is the most 

commonly used cathode material in SOFCs.
19

 LSM is used because it has a high 

electrical conductivity at SOFC operational temperatures, and it has a thermal expansion 

coefficient similar to that of YSZ, which reduces mechanical stress on the SOFC during 

heat-up and cool-down processes. Finally, LSM is able to catalyze the reduction of 

molecular oxygen (O2) to oxide ions (2.1), and these can then diffuse through the cubic 

YSZ electrolyte to the anode. There is a significant energy barrier for both the 

dissociation of the oxygen molecule and the diffusion of oxide ions through the YSZ 

lattice. These energy barriers require SOFCs to be operated at high temperatures to 

promote dissociative chemisorption of oxygen at the cathode and diffusion of the oxide 

ions from the cathode to the anode.
20

 

  (2.1) 

CH
4
 CO

2
 + CO + H

2
O 

O
2-

 Load 

Air 

Ni-YSZ 

30 μm  

LSM-YSZ 

30 μm  

YSZ-8 

0.6 mm 

Figure 2.1 Schematic of an SOFC running with methane as fuel 
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Anode Chemistry Most SOFC architectures utilize a Ni/YSZ cermet as the 

anode.
19

 At operational temperatures, nickel metal has high catalytic activity for 

hydrocarbon reforming and hydrogen oxidation. Further, the mix of nickel and YSZ 

creates a composite material that is both electrically and ionically conductive. Anodes are 

manufactured using NiO-YSZ, and so must be reduced in situ before use. The reduction 

of nickel oxide to nickel metal is accompanied by a 40% reduction in volume that helps 

create a more porous anode microstructure desired in SOFCs for better gas diffusion 

throughout the anode.
21

 

In the absence of an oxide flux through the electrolyte (at open circuit conditions) 

methane will dissociate on nickel (2.2). The adsorbed hydrogen can recombine and 

desorb as hydrogen gas, leaving behind carbon deposits (2.3).  

  (2.2) 

  (2.3) 

When the cell is polarized, the oxide flux can electrochemically oxidize deposited 

carbon to form CO or CO2 as well as adsorbed hydrogen to form water (2.4). Typically, 

hydrogen is more readily oxidized electrochemically than carbon. FTIR analysis of the 

exhaust gas of a SOFC running on methane has shown that COx emissions consist 

approximately of 33% CO (2.5) and 67% CO2 (2.6), although this distribution will vary 

depending on temperature and fuel composition.
15

 

  (2.4) 

  (2.5) 

  (2.6) 
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In addition to the electrochemical reactions (2.4)-(2.6), heterogeneous surface 

chemistry creates secondary reaction pathways (2.7)-(2.9) that can complicate modeling 

SOFC behavior.
22

 The Boudouard reaction (2.7) is of particular importance in this work 

because it directly affects adsorbed carbon on the anode.  

  (2.7) 

  (2.8) 

  (2.9) 

Experimental Apparatus – Rocket 

Figure 2.2 shows a detailed cross section of “Rocket,” the assembly used to test 

SOFCs.
23

 SOFCs require high temperatures and dual atmosphere control. Rocket meets 

these requirements and allows for in situ optical access of the anode. Using alumina 

paste, the fuel cell is sealed (anode side up) to the top of an alumina tube. This 

arrangement allows for independent and controlled atmospheric environments on the 

cathode and anode. Alumina is used due to its stability at high operational temperatures 

and its relative inertness. Alumina’s coefficient of thermal expansion is about 20% lower 

than that of YSZ, leading to mechanical stress on the fuel cell that can cause mechanical 

failure during an experiment, thus a complete cell assembled on the benchtop must be 

heated very slowly in order to reach operational temperatures intact. 

Fuel flows through a feed tube with a residence time of approximately one second 

in the main body of the furnace, so fuel is able to reach operational temperatures and 

undergo any gas-phase reforming reactions that may occur before reaching the cell. To 

maintain optical access to the cell, the top of the furnace must remain uncovered, which 



11 

 

creates significant gradients in the thermal load near the anode. For the SOFC to be 

maintained at 700 ºC, the center of the furnace must be heated to approximately 830 ºC. 

The quartz enclosure fulfills two important functions: first, it seals the anode 

chamber from outside air. Second, it allows optical access to the anode in operando. The 

microscope objective has a 1cm working distance in order to be as distant from the 

furnace as possible. Finally, to record electrochemical data, gold wires are attached to the 

anode and cathode, using gold paste with silver mesh or platinum paste with platinum 

mesh respectively, and fed down through the silicone stopper. 

Furnace 

Microscope 

objective 

SOFC 

Cooling 

coil 

Alumina 

tube 

Quartz 

enclosure 

Silicone 

stopper 

Fuel 

feed 

Air feed 

Fuel 

exhaust 

Air exhaust 

Figure 2.2 Schematic of the SOFC testing apparatus, “Rocket” 

Schematic courtesy of Prof. Robert J. Kee, CSM
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 Electrochemical Techniques/Characterization 

For experiments described below, in situ electrochemical measurements are used 

to benchmark cell performance and monitor any cell degradation occurring throughout 

the experiment. The cell potential is measured in open circuit or galvanostatic 

polarization conditions to monitor cell behavior during each trial in an experiment. Fuel 

flows during all benchmark scans were 150 sccm Ar and 100 sccm H2 on the anode and 

100 sccm air on the cathode. 

Linear Sweep Voltammetry 

Linear sweep voltammetry (LSV) measures the current as a function of cell 

potential ranging from open circuit to zero volts between the anode and cathode. This 

technique allows for a rapid assessment of cell performance, but does not give much 

insight into specific cell degradation pathways if cell performance has decreased. For 

experiments presented in this work, LSV is mainly used to determine the current to 

Figure 2.3 Example LSV with power curve 
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maintain in trials where the fuel cell is polarized. Figure 2.3 shows a full LSV taken at 

700 ºC under hydrogen fuel with a sweep rate of 100 mV/s from OCV to 0V (Imax) 

between the anode and cathode. The bump at around 105 mA was caused by anode 

degradation that had already occurred in the experiment. Most LSVs in this work are not 

carried out to maximum current in order to avoid fuel cell damage from excessive 

electrical load. 

Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an extremely useful tool in 

measuring several different aspects of SOFC performance. During an EIS measurement, 

the voltage and current responses to a small amplitude AC signal are recorded. The real 

and imaginary impedance of the cell can be calculated at varying AC signal frequencies. 

The real impedance corresponds to ohmic properties of the cell, and the imaginary 

impedance corresponds to capacitive properties. The data for each frequency analyzed 

can be graphed using a Nyquist plot (imaginary vs. real impedance), where different arcs 

Figure 2.4 Example Nyquist plot showing EIS data 

RB 

RP 
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became apparent as seen in Figure 2.4. The arcs caused by specific frequency regimes are 

associated with different functions of the cell.  EIS data were taken from 100,000 – 0.1 

Hz with an AC amplitude of 10 mV. 

The characteristics in a Nyquist plot that are used to gather information about the 

electrochemical behavior of the fuel cell are the bulk resistance (RB) and the polarization 

resistance (RP). There are essentially no changes in the cathode or electrolyte during an 

experiment, so any change in RB or RP can be specifically attributed to changes in the 

anode. RB correlates to oxide diffusion in the fuel cell and is found using the x-intercept 

of the Nyquist plot. An increase in RB generally results from partial delamination of the 

anode or significant metal dusting that causes separation of the oxide conducting YSZ 

network in the anode, or from the formation of ion-insulating phases between the anode 

and electrolyte. RP consists of several contributing properties of the fuel cell including 

charge transfer and mass transport. No attempt is made in this work to separate individual 

contributions to RP. On occasion, RP decreases with a small amount of deposited carbon 

in the anode, implying that the carbon is forming as conductive graphite and electrically 

connecting parts of the anode that had been previously isolated, improving charge 

transfer properties of the anode.
24

 However, most often in an experiment, the 

accumulation of carbon leads to a less porous anode microstructure, blocked catalytic 

sites, and metal dusting that all severely reduce the mass transport or electrical 

conductivity of the cell, increasing RP. 
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 Spectroscopic Techniques/Characterization  

Rocket’s unique design allows for in operando spectroscopy and visual 

observations of the anode. The main spectroscopic technique used in this work is Raman 

spectroscopy. Visual observations of the cell in situ have also proven very useful in 

correlating specific electrochemical behavior with observed metal dusting, anode 

delamination, and cracks in the electrolyte caused by mechanical stresses during heat up. 

Raman Spectroscopy 

In order to study SOFCs, a spectroscopic technique is needed that is molecularly 

specific and not significantly affected by the blackbody radiation generated at SOFC 

operational temperatures. Vibrational Raman spectroscopy is used for this purpose 

because it is able to probe the vibrational energy levels of specific molecules, and since 

the wavelength of the detected signal is dependent on the wavelength of the incident 

light, issues with blackbody radiation can be avoided by using light source with a 

sufficiently short wavelength. In this work, the 488 nm line of a continuous, 30 mW 

 = 1 

 = 0 

Figure 2.5 Stereotypical Stokes shift used in Raman spectroscopy 

Virtual 

energy state 
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Arion laser is used to probe the anode. The 488 nm line is of sufficiently short 

wavelength so that the Stokes scattered light can still be observed on top of the large 

blackbody radiation background. Figure 2.5 is a schematic diagram illustrating Raman 

scattering for Stokes shifted light. The figure shows a photon inducing a polarization and 

scattering off a virtual energy state, leaving the system vibrationally excited. The 

scattered photon has a lower energy than the incident photon and can be easily separated 

using a combination of filters and diffraction gratings. The difference in energy between 

ground state and first vibrational excited state is dependent on the material, so a different 

wavelength photon will be emitted depending on the molecule probed.  Figure 2.6 shows 

an example Raman spectrum of a SOFC at 700 ºC after exposure to methane, showing 

multiple peaks from different structures. 

 

Raman Analysis There are several important features seen in the spectrum in 

Figure 2.6. The N2 peak always appears in each spectrum since the laser propagates 

Figure 2.6 Raman spectrum of anode at 700 ºC after ten minutes methane exposure 
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through air. The CH stretch seen in this spectrum at 2915 cm
-1

 is often seen with high 

(>50 mL/min) methane flow rates, and appears to be due to gas-phase species in the 

volume immediately above the anode. This feature disappears when the fuel flow is 

stopped. The small peak at 600 cm
-1

 is caused by the YSZ in the anode. The D, G, and 

2D peaks all correspond to vibrational modes of adsorbed graphite.
25, 26

 The most intense 

peak at 1560 cm
-1

, the G peak, is caused by the breathing mode in planar sp
2
 hybridized 

carbon rings ubiquitous in graphene and graphite. The intensity of the G peak is directly 

related to the amount of spectroscopically observable carbon on the anode. The D band 

appearing at 1350 cm
-1

 is associated with edge and site defects of graphene sheets. The 

ratio of the D to G peaks is often used to estimate the size of graphite domains, or infer 

the quality of specific carbon nanostructures, that are deposited on the anode.
27

 Finally, 

the 2D band at 2700 cm
-1

 (also called the G’ band), is often fitted with multiple peaks, 

and can be used to infer details about graphite stacking.
28

 

Kinetic Analysis The spectrum in Figure 2.6 is a ten second acquisition, meaning 

that many spectra can be obtained during the course of a ten minute exposure to methane. 

The kinetics of carbon growth can then be observed by plotting the intensity of the G 

peak versus time, as seen in Figure 2.7. While the intensity of the G peak cannot be used 

to determine the exact amount of carbon that has adsorbed to an anode, it can be used to 

compare the relative amount of carbon growth between trials in the same experiment.   
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Visual Observations 

Though often overlooked due to the abundance of sophisticated measurement 

tools, visual observation can be an extremely useful diagnostic tool. Nickel oxide is 

green-yellow in color whereas nickel is grey. The presence of a localized area of 

discoloration in the bottom left quadrant of the anode in Figure 2.8 suggests that a crack 

that developed in the cell during heat up, and is allowing air, specifically oxygen gas, to 

leak through the electrolyte. The picture in Figure 2.8 was taken at 700 ºC, and the cause 

of unexpected electrochemistry seen during that trial was immediately determined as a 

crack in the cell using visual observation. 

Figure 2.8 Crack in SOFC caused by mechanical stress 

Figure 2.7 Kinetics trace of G peak during 10 minute methane exposure  
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 Experimental Agenda 

Custom made button fuel cells were obtained from NexTech Materials (Lewis 

Center, Ohio). Fuel cells were heated to 700 ºC over 14 hours. During heat up, the anode 

was held under 50 standard cubic centimeters per minute (sccm) of argon, and the 

cathode was held under 50 sccm of air. Once the cell had reached 700 ºC, gas flows were 

changed to 150 sccm Ar and 100 sccm air on the anode and cathode, respectively. Since 

the anode is initially manufactured using NiO, each cell must be fully reduced before 

trials can begin. To reduce the anode, hydrogen gas was gradually introduced into the 

fuel stream up to 100 sccm H2 until the open circuit potential levelled off. Before trials 

began on each cell, a leak test was performed to ensure no cracks had developed from the 

mechanical stress during the heat-up process. To perform the leak test, hydrogen flow 

was shut off, and the cell was monitored electrochemically and spectroscopically. The 

cell was considered to be leak free if no nickel oxide had formed within 10 minutes of 

shutting off the hydrogen. After the cell passed the leak test, it was re-reduced under 100 

sccm of hydrogen to prepare for trials. 

Before each trial began, the cell was characterized electrochemically using LSV 

and EIS measurements with H2 as a fuel. During each trial, Raman spectra were acquired 

every ten seconds as the anode was exposed to methane under OCV conditions or under 

polarization. Raman spectra were taken at a single location on the anode during each trial. 

The cell potential was also measured throughout the trial. Each trial began with the anode 

exposed for 20 seconds to hydrogen at 20 sccm. After 20 seconds, hydrogen was shut off 

and methane was introduced at 25 sccm. Methane exposure lasted for 10 minutes, and 
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was followed by a two minute argon purge. After the argon purge, the anode was cleaned 

by introducing steam into the fuel line until all the spectroscopically observable carbon 

had been removed and the OCV indicated that nickel oxide was being formed. The cell 

was then reduced under hydrogen to prepare for the next trial. Because the focus of this 

work is to examine spatial heterogeneity of damage to SOFC anodes operating with 

methane, the variables studied in this work were anode location and cell polarization.  

Figure 2.9 shows representative spectroscopic and electrochemical data taken 

during a polarized (135 mA) trial. After the introduction of methane, carbon accumulated 

on the anode until an apparent equilibrium was reached. The sharp decrease in magnitude 

of the cell potential at 20 seconds is caused by polarizing the cell. At approximately 

740 seconds when water was introduced into the fuel stream, the spectroscopically 

observable carbon is quickly removed from the anode, and the cell potential reaches 

approximately -750 mV, indicating that steam in the fuel is partially oxidizing nickel in 

the anode. 

Figure 2.9 Representative kinetics trace with cell potential during polarized trial 
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The chronological order of trials in each experiment can play a role in data 

quality, since the anode degrades over the course of an experiment. For this reason, trial 

order was organized to minimize the effects of the degradation on the data. Location 

order was randomized for each experiment, and two trials were run back to back at each 

location under each polarization condition to minimize experimental differences when 

analyzing the effects of polarization. 
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 RESULTS 

 Spatial Distribution of Carbon Accumulation 

To study the spatial distribution of carbon accumulation, Raman spectra were 

acquired from three separate locations on the anode during separate trials. The locations, 

seen in Figure 3.1 were chosen to complement research done by collaborators at the Navy 

Research Labs. IR imaging performed with SOFCs operating under biogas (a mixture of 

methane and carbon dioxide) has shown that the most significant temperature change 

caused by the endothermic oxidation of biogas, and hence most reactive anode areas lie 

between the fuel inlet and current collector.
14, 15

 Only three locations on the anode were 

studied because it allowed each location to be tested with both polarization conditions 

multiple times in a single experiment.   

Spatial Distribution at Open Circuit Potential 

Overall, much more spectroscopically observable carbon accumulated near the 

current collector at spot A than near the fuel inlet at spot C. This trend is likely the result 

of spatial differences in anode degradation throughout the experiment that affect the 

C 

B 

A 

Figure 3.1 Image of anode showing location of Raman spectra 

Fuel Inlet 

Current 

Collector 
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amount of spectroscopically visible carbon growth at each location studied. Anode 

degradation is enhanced by excessive carbon accumulation, and if anode degradation 

occurs, spectroscopic results are significantly affected. 

Raman Kinetics Figure 3.2 shows six kinetics traces taken during OCV trials. The 

kinetics traces plot the intensity of the carbon G peak (1556 cm
-1

) over the course of the 

experiment. The data show that carbon does accumulate at each location; however, the 

data also show that the most carbon accumulation occurs at spot A on the anode, and the 

least amount of carbon accumulation occurs nearest to the fuel inlet at spot C. Previous 

studies have shown that carbon accumulation on Ni-YSZ cermet anodes follow first order 

kinetics with respect to the concentration of carbon in the fuel.
14

 The data in Figure 3.2 

appear to follow a first order rate law for carbon growth, where the total amount of 

carbon accumulation is dependent on the amount of nickel available for carbon 

adsorption. The spatially dependent difference in the amount of nickel at each anode 

location is discussed later in this section.  

Figure 3.2 Raman kinetics trace of carbon G peak during OCV 
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The jumps in intensity during some trials in Figure 3.2 are due to refocusing the 

laser during the experiment to maximize the carbon signal and remain as consistent as 

possible between trials. Metal dusting causes a loss of anode material because surface 

particles of the anode are literally being blown away. Excessive metal dusting leads to a 

decrease in anode thickness, and a change in height of the physical surface of the anode. 

The surface of the anode is moving so the laser must be refocused throughout the 

experiment. 

Electrochemical Data The data taken at OCV in Figure 3.3 correspond to some of 

the same trials shown in Figure 3.2. Very few differences exist between the trials 

suggesting  that  the  SOFC  and  experimental  apparatus  were  behaving  similarly  during 

each trial, and that the differences seen in the kinetics traces are solely due to anode 

location being studied rather than gas composition or other differences that would be 

evident in the electrochemical data. Polarized trials in Figure 3.3 are also very similar, 

suggesting that, again, any differences seen in the Raman spectra during these trials are 

Figure 3.3 Cell potential during fuel exposure 
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caused by real differences in the amount of carbon growth at each location. The apparent 

trend in cell potential versus anode location seen in Figure 3.3 is due to overall anode 

degradation over the course of the experiment, and cannot be assigned specifically to 

individual locations that were being studied spectroscopically, as spectroscopic 

experiments do not interfere with anode behavior or performance. 

A small, centralized current collector is used in these experiments (Figure 3.1), so 

any heterogeneity in anode conductivity, exacerbated by nickel removal from metal 

dusting, could complicate correlations between electrochemical data and spectroscopic 

data. Spectroscopic measurements only sample the topmost layer of the anode, whereas 

electrochemical measurements sample the entire conducting region of the anode. 

Nevertheless, only when electrochemical phenomena appear coupled with spectroscopic 

observations can there be some confidence in correlation. 

Carbon Accumulation under Cell Polarization 

Previous research has shown that polarizing a SOFC during operation reduces the 

amount of carbon that accumulates.
29

 By polarizing the cell, oxides diffusing through the 

YSZ to the anode can react to form gaseous CO (2.5) and CO2 (2.6) that are removed 

from the anode chamber as exhaust. Without polarizing the cell, no sustainable 

electrochemical pathways exist to remove carbon from the anode. The data in Figure 3.4 

support the theory that polarization is a viable method for partially, but not completely, 

suppressing carbon formation since the intensity of the carbon G peak is reduced at each 

location when the cell is polarized compared to OCV conditions.  
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Another goal of this research was to determine if the polarization induced carbon 

suppression had any spatial preference. Since electrons are removed from the anode via 

the centered current collector, the anode’s conductivity could play a significant role in 

what parts of the anode can undergo electron-generating carbon oxidation reactions. If 

the anode’s conductivity were low enough, more carbon suppression would occur closer 

to the current collector than far away from it. The data in Figure 3.4 show that the 

decrease in the intensity of the carbon G-peak for the polarized trials is proportionally 

equal at spot A and spot B. Spot C was excluded from the effects of polarization 

comparison because not enough carbon accumulated to measure a significant difference 

between polarized and non-polarized trials. 

 

 

 

 

Figure 3.4 Kinetics trace comparison between OCV and polarized trials 
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 Anode Degradation 

Spectroscopic Evidence of Rapid Anode Degradation 

The data presented so far are representative of the general trends observed during 

every trial. During the early trials of several experiments, however, Raman data collected 

at point C did not follow the general trends seen in the remainder of the experiment. 

Figure 3.5 shows a kinetics trace of the G peak taken at point C during an early trial.  

Unlike previous data reported for results at point C that showed the smallest 

amount of carbon growth for the three anode locations studied, the trial in Figure 3.5 

showed the highest amount of carbon accumulation. After reaching a maximum intensity 

at around 400 seconds, the amount of spectroscopically observable carbon appears to 

decrease significantly for the remainder of the trial, even though fuel composition was 

held constant. At about 610 seconds, the laser was refocused closer to the electrolyte, 

hence the abrupt but small increase in carbon G-peak intensity. The full intensity 

observed earlier in the trial, however, was not recovered. The need to refocus the laser 

Figure 3.5 Kinetic trace at point C under OCV conditions showing anode degradation 
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closer to the electrolyte in addition to the overall decrease in amount of spectroscopically 

observable carbon suggests that a significant amount of metal dusting occurred rapidly 

during the trial. This interesting behavior at point C early in an experiment was observed 

in multiple experiments, and was likely caused by anode degradation that occurred during 

the trial. Fast degradation at point C is consistent with the first order kinetics expected for 

carbon growth on an anode. At point C, methane is likely to be the most concentrated, 

causing the highest amount of carbon growth, leading to faster and more significant 

anode degradation than at other anode locations. 

Electrochemical Evidence of Anode Degradation 

Throughout an experiment, electrochemical benchmarks were used to characterize 

the performance of the fuel cell. These benchmark measurements can be used to infer the 

general health of the anode as well as specific issues relating to degradation mechanisms 

known for fuel cells. These benchmarks represent the performance of the entire cell, so 

no information on where anode degradation is occurring can be inferred from these 

measurements alone. Figure 3.6 shows benchmark LSV and EIS measurements taken 

before different trials throughout an experiment. Both the LSV and EIS show significant 

performance losses between each trial at the beginning of the experiment, and continued 

degradation throughout the rest of the experiment, though degradation processes appear 

to be slowed between later trials. The EIS shows an increase in both RB and RP 

throughout the experiment. The slight improvement in RB seen between trials 3 and 5 is 

likely caused by beneficial carbon deposits remaining on the anode during the 

electrochemical benchmark scans in trial 3. 



29 

 

Post-Mortem Visual and FEM Analysis 

Visual and FEM analysis of the anode provide additional, ex situ insight into the 

spectroscopic and electrochemical results observed during operation. Visual analysis can 

offer an overview of the spatial inconsistencies of anode degradation that occurred in the 

experiment and can give a framework for how to interpret the results seen spectro-

scopically and electrochemically during the experiment. FEM analysis can give further 

insight into specific anode degradation mechanisms that occurred throughout the 

experiment as well as differences in anode degradation between each location studied. 

Visual analysis of anodes at room temperature after the experiment all showed a 

similar pattern as seen in Figure 3.7. The post mortem image shows that the anode 

degradation that occurs throughout the experiment is very dependent on anode location. 

The greatest amount of anode degradation occurs between the fuel inlet and current 

collector, directly where Raman spectra were acquired. It also appears that more metal 

dusting occurred during the experiment at point C, nearest to the fuel inlet, than at point 

Figure 3.6 Electrochemical (LSV and EIS) evidence for anode degradation 
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B or point A since the color of the anode is lighter. The darkness of the anode comes 

from the nickel particles. A lighter color suggests that much of the nickel has been 

removed, leaving behind only the white YSZ scaffold. The most significant area of anode 

degradation is a defined, straight, and consistent band, suggesting that the gas mixture 

exiting the fuel inlet does not disperse significantly. Not apparent from the image is 

whether the main cause of metal dusting is the partial pressure of methane on specific 

anode locations or the gas flow rate over the surface of the anode.  

Post mortem Field Emission Microscopy (FEM) images suggest that observations 

made from the post mortem coloring of the anode about degradation variance at each 

location studied are true. Figure 3.9 and Figure 3.8 show FEM images at different 

magnifications for each anode location observed spectroscopically throughout the 

experiment. Figure 3.9 shows that pock-marks appeared in the anode at each location, 

though the amount and severity of pocking increases with proximity to the fuel inlet. 

Figure 3.8 shows detailed representative images of each location, and shows the 

difference in the amount of anode material that has been removed at each location, 

evidenced by the increased roughness as anode location nears the fuel inlet.

Figure 3.7 Post mortem image of anode at room temperature
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Figure 3.9 Post mortem FEM (1k X) images of anode locations studied 

Figure 3.8 Post mortem FEM (10k X) images of anode locations studied 
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  DISCUSSION 

 Conclusions 

The results from the Raman kinetics data suggest a strong correlation between 

anode location and extent of carbon accumulation. This correlation is likely caused by 

rapid, location-dependent anode degradation. The visual pattern of anode degradation 

observed post mortem suggests that there is little dispersion of the fuel stream after it 

exits the fuel inlet into the anode chamber.  

Evidence of rapid anode degradation can be seen in the electrochemical data taken 

with the cell between each trial. Both the LSV and EIS benchmark measurements taken 

between trials show quick decay in anode performance early on in an experiment and 

slower, but continued, decay in performance later in an experiment. The combination of 

visual and electrochemical data suggests that the peak Raman intensity of the carbon 

G-peak at each anode location can be correlated with the extent of anode degradation at 

that location: the smaller the Raman intensity, the higher the extent of anode degradation. 

The most prominent anode degradation mechanism is metal dusting. Metal 

dusting is caused by the over-accumulation of carbon within the anode leading to 

physical separation of nickel particles from the bulk of the anode, thus more carbon 

accumulation ultimately leads to a higher degree of metal dusting, and correspondingly 

smaller amounts of carbon formed on the anode in the long-term. Since the most metal 

dusting occurred at point C, nearest to the fuel inlet, we infer that the highest amount of 

carbon accumulation would occur at point C on a pristine anode, before any anode 

degradation occurs. This interpretation of the results accounts for the inconsistent results 
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seen at point C early on during some experiments – the fuel concentration was highest 

and metal dusting had not yet occurred to an extent that would affect spectroscopic 

results. 

 Future Work 

The fuel flows used in this work caused a significant amount of anode 

degradation early in each experiment, especially in a path along the areas of the anode 

that were studied spectroscopically. This anode degradation, though very interesting, did 

not allow for a comparison between the amount of carbon growth that would have 

occurred on a pristine anode surface at each location studied. Future experiments would 

include fuel flow dependence studies by changing both the amount of methane and argon 

being supplied to the anode during a trial. In addition, since such a localized area of the 

anode was metal dusted in front of the fuel inlet, new fuel flow patterns could be 

analyzed. A SOFC testing apparatus, “SAwCER” has already been designed and built, 

and could easily be used to experiment with different fuel flow patterns, such as having 

multiple fuel inlets spaced around the anode.
30

 

There was a significant difference in the amount of spectroscopically observable 

carbon growth on the anode between OCV and polarized trials; however, the data did not 

indicate definitively if polarization affects the rate of anode degradation. Future 

experiments should test whether the mitigation of carbon growth caused by cell 

polarization helps slow the degradation process, or if polarization somehow enhances cell 

degradation. Different current collector configurations could also be tested to ensure 

anode degradation that occurs does not affect results from trials under polarization. 
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Finally, since SOFCs are fuel-flexible, all of these experiments could be repeated 

with alternate fuels such as biogas, syngas, larger hydrocarbon fuels, and humidified 

fuels to analyze differences in anode degradation and see if polarization has a similar 

effect on carbon adsorption. 
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