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Abstract 

Solid oxide fuel cells are highly efficient electricity producing systems.  This thesis examines the 

characteristic of the resulting carbon accumulation on the solid oxide fuel cell anode from 

reformate fuels.  The two reformate fuels examined are based on the steam reforming of natural 

gas and diesel.  The solid oxide fuel cell anodes tested are the standard Ni/YSZ anode and the 

standard Ni/YSZ anode impregnated with 5% barium oxide.  The response of the anodes to the 

fuel was characterized using cyclic voltammetry, electrochemical impedance spectroscopy, 

temperature-programmed oxidation and scanning electron microscopy. 

 

The power curves of the diesel and natural gas reformate were largely similar to each other when 

compared to the performance in dry hydrogen.  Changes in fuel did lead to changes in the 

amount and type of accumulated carbon.  The natural gas reformate fuel as a whole accumulated 

less carbon than the diesel reformate. 
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Chapter One: Introduction 

1.1 Background 

Fuel cells are electricity producing devices that operate on a similar principle as a battery.  The 

difference is that a battery has a fixed charge contained within; when the charge is depleted the 

battery is dead.  Fuel cells operate as long as the electrodes are exposed to fuel and oxidants.  

Fuel cells, in general, operate at higher efficiencies seen in other electricity producing systems. 

 

There are many different types of fuel cells, differing in operating temperature and the type of 

electrolyte.  The solid oxide fuel cell (SOFC) has been gaining interest as it operates at high 

temperatures (above 600 °C) providing high quality heat and can theoretically use carbon 

containing fuels such as natural gas (CH4) or carbon monoxide (CO).  This fuel flexibility is a 

large advantage over most other types of fuel cells that require uncontaminated hydrogen (H2, 

fuel with less than a few ppm of CO1) to operate.  The SOFC operates with a solid electrolyte 

that conducts oxygen ions (O2-) from the cathode to the anode where the ion reacts with the fuel.  

In principle, any carbon that deposits on the anode could then react with the oxygen ions to form 

CO or CO2.  In reality, the use of carbon containing fuels results in some carbon deposition on 

the anode. 

 

H2 is the ideal fuel for fuel cells; however there are drawbacks to H2 including but not limited to 

lack of transportation network and limited production.  It is easier to transport fuels such as 

natural gas (pipelines) or diesel (trucks) to remote locations as these transportation networks 

already exist.  Because the SOFC is carbon tolerant, the fuel cell is capable of using a wide range 

of fuels beyond pure H2.  The Solid Oxide Fuel Cell Canada research network is a Natural 

Science and Engineering Research Council initiative to further develop SOFC for use in Canada.  

Natural gas and diesel reformates were the two fuels identified by the network as being 

promising fuel candidates for an SOFC and having significant Canadian applicability.  As with 

any fuel choice, there are limitations.  Direct use of natural gas as a fuel for a SOFC has led to 

increased carbon accumulation on the anode.  One solution has been to reform the gas into a 

composition that results in less carbon accumulation.  Reformate gases are the product of 
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chemical reactions that change fuels such as natural gas, diesel or coal into mixtures of H2, CO, 

CO2, CH4 and H2O.  Some other contaminants such as higher order hydrocarbons or H2S may 

also be present.  These mixtures are sometimes known as syngas, although syngas typically 

refers to mixtures of mainly H2 and CO.  Fuel cell operation utilizing reformate fuel results in 

less carbon accumulation due to the presence of CO2 and H2O.  CO2 and H2O react with carbon 

that may not necessarily be removed by the electrochemical reaction with the O2- ions.  SOFC 

response using these complex mixtures has not been clearly tested, which is the focus of this 

thesis. 

 

1.2 Project objective 

The objective of this thesis is to examine the carbon accumulation on solid oxide fuel cell anodes 

operating on simulated diesel and natural gas reformate gas mixtures.  The carbon was analyzed 

to examine for any variation in carbon type and quantity that arose from changes of reformate 

mixture and anode type.  The effect on peak power density and open circuit electrochemistry 

impedance spectroscopy was also examined. 

 

1.3 Thesis organization 

This thesis contains six chapters.  Chapter Two contains a literature review of the relevant 

research in addition to basic information regarding fuel cell operation.  Experimental procedure 

is outlined in Chapter Three.  Chapter Four is the first results chapter examining fuel cell 

behavior in basic mixtures of H2 and CO.  Chapter Five contains the results related to SOFC 

performance in the diesel and natural gas reformate fuel mixtures.  Lastly, Chapter Six provides 

the conclusions as well as recommendations for further studies.  
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Chapter Two: Literature Review  

2.1 Fuel Cells 

While the overall chemical reaction of fuel cell operation is the same as a combustion gas 

generator, fuel cells operate in a completely different manner than combustion generators.  The 

fuel cell separates the fuel and air (oxygen) on either side of the electrolyte.  The reaction 

proceeds via the electrochemical half reactions.  Rather than converting chemical potential 

energy to mechanical energy, fuel cells transform the chemical potential into electrical work.   

 

The direct conversion of chemical energy to electrical energy allows fuel cells to have higher 

efficiencies than more tradition methods of power generation.  The traditional methods of power 

generation such as coal or natural gas fired power plants are limited by the Carnot cycle while 

the fuel cell is not.  Gas turbine systems can have efficiencies up to approximately 40% while a 

solid oxide fuel cell (SOFC) can reach efficiencies as high as approximately 55%.  SOFC when 

combined with a gas turbine in a combined cycle can reach efficiencies higher than 70%1.  

Another advantage is that the efficiency of the SOFC is not strongly dependant on scale1.  That 

is, a small stack of 10 fuel cells can have a similar efficiency to that of 1000.  Also, the fuel cell 

stack has no moving parts (the balance of plant will have moving parts: pumps, compressors, 

etc.) leading to the possibility of the unit being very quiet.  Some fuel cell types (solid oxide fuel 

cells or molten carbonate fuel cells) can tolerate carbon containing fuels, such as natural gas or 

CO primarily due to the high operating temperature. 

 

The disadvantages of fuel cells are, however, numerous and are a barrier to any mainstream 

commercialization efforts.  There are currently only small scale and pilot projects using 

commercialized fuel cells.  Wal-Mart uses a fleet of hydrogen powered forklifts in Balzac 

Alberta2.  Bloom Energy in the United States has SOFC stacks producing electricity for a 

number of clients including Google, eBay and Wal-Mart3.  Long term stability is still an issue for 

widespread use of the SOFC.  The fuel cell should last at least 40,000 h or about 4.5 years before 

widespread commercialization can occur4.  Another potential barrier to fuel cell development is 

the fuel.  The ideal fuel for fuel cells is hydrogen.  However there are a number of technical 
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difficulties with utilizing hydrogen as a fuel.  First and foremost is that hydrogen does not occur 

naturally; hydrogen is not drilled or mined directly.  Hydrogen must be produced; the primary 

source of hydrogen is hydrocarbons (mostly natural gas5).  Another constraint is transporting 

hydrogen to the fuel cell locations.  Currently there is no extensive hydrogen transportation 

network as there is with coal, natural gas or gasoline/diesel.  Hydrogen cannot be transported in 

current natural gas pipelines due to concerns of hydrogen embrittlement and leakage6. Without a 

reliable device to use hydrogen, it is not likely a hydrogen economy will develop.  Without a 

hydrogen economy, it hinders the development of a reliable hydrogen fuel cell.  Since problems 

exist with hydrogen as fuel, alternative fuels are being explored, such as steam reformed natural 

gas or the direct use of natural gas. 

 

2.2 SOFC technology and materials 

SOFC have the highest operating temperature (>650 °C) of all the fuel cell types.  The high 

operating temperature creates useful secondary heat, which can be recovered to increase the 

overall efficiency.  Because the electrolyte transports an oxygen ion, carbon in the fuel could be 

oxidized to form CO2 the same way H2 is oxidized to form H2O.  In practice, not all deposited 

carbon will be oxidized, which leads to the accumulation of carbon on the anode.  The deposited 

carbon may block pores in the anode preventing mass transfer and in extreme cases, swell the 

anode to cause the anode to delaminate from the electrolyte7,8. 

 

The materials used in an SOFC must be physically and chemically stable at the operating 

conditions of an SOFC1.  The operating conditions are fairly harsh as the fuel cell operates at 

high temperatures (>650 °C), has reducing conditions on one side of the cell and oxidizing 

conditions on the other.  Because of the high temperatures of operation, all the different materials 

of the SOFC must have similar thermal expansion coefficients or there is the risk of thermal 

stress causing the electrodes to separate from the electrolyte.  In Figure 2.1, the fuel cell was 

cooled at an uncontrolled rate from 800 °C to 20 °C resulting in delamination of the platinum 

cathode. 
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Figure 2.1 The SOFC was cooled at an uncontrolled rate resulting in the separation of the 

cathode from the electrolyte.  The black arrow points to the separation of the 

electrolyte and cathode. 

Fuel cells are designed such that one component provides the mechanical stability or support of 

the cell.  Electrolyte supported cells have the highest ohmic loss as the electrolyte is, by 

necessity, thick to provide the support.  To account for the thicker electrolytes, electrolyte 

supported cells are typically operated at higher temperatures to increase conductivity and thereby 

reduce resistance.  However the cells are mechanically stable and easy to handle which makes 

them good candidates for laboratory testing.  Anode-supported cells have thinner electrolytes 

which lowers ohmic loss.  The disadvantage of anode-supported cells is that they are harder to 

seal and as a result are more prone to leaking.  Cathode-supported cells like anode-supported 

cells have thin electrolytes.  The problem of cathode-supported cells is that they suffer from mass 

transport limitations of gas through the thicker cathode9.  Also, common cathode materials used 

such as strontium doped lanthanum manganite (LSM) have inherently slower reaction kinetics9. 

 

The electrolyte of an SOFC must meet a number of requirements.  First, the electrolyte must be 

dense to prevent mixing of the fuel gas with the air or oxygen.  Second, the electrolyte must have 

an oxygen ion conductivity of at least 0.01 Scm-1 at the operating temperature10.  Third, the 

electrolyte must be stable in both a reducing atmosphere and an oxidizing atmosphere.  Last, the 

electrolyte must be an electrical insulator or the cell will short circuit.  The most common 
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material used as an electrolyte is yttria stabilized zirconia (YSZ).  YSZ has a conductivity of 

about 0.04 S cm-1 at 800 °C while being an electronic insulator as well as being stable at 

operating temperatures.  Ceria stabilized zirconia has also been used as an SOFC electrolyte as 

an alternative to YSZ10,11. 

 

The electrodes of an SOFC, like the electrolyte, also have specific requirements.  They must be 

electronically conductive (1-100 Scm-1 in oxidizing conditions12), sufficiently ionically 

conductive (>0.1 S cm-1 13), catalytically active for electrode reactions and sufficiently porous to 

allow for gas diffusion (approximately 35% 14).  Since the reactions at the electrodes involve 

gaseous fuel, electrons and oxygen ions, all three must be present to allow the reaction to 

proceed.  However, there are very few materials that contain the required properties, so 

composite electrodes are commonly used.  Composite electrodes are a mix of two or more 

materials which form separate phases. 

 

One acceptable material for the cathode is platinum.  Platinum has the advantage of not being a 

composite material, is highly conductive and is a good oxygen catalyst.  One significant 

disadvantage of platinum is that it is very expensive (>$48 USD/g).  A cheaper alternative is 

strontium-doped lanthanum manganite (LSM) which costs about $3 USD/g.   

 

Many different anode materials have been considered and tried.  The most common and arguably 

successful anode to date has been nickel (Ni) mixed with YSZ15.  Ni is a good catalyst as it will 

aid in reforming of hydrocarbons as well as the fuel cell reaction with hydrogen.  The Ni/YSZ 

anodes are also chemically and thermally stable and have a good thermal expansion match with 

the YSZ electrolyte.  Presence of carbon in the fuel typically results in carbon accumulation on 

Ni, which is the leading disadvantage of Ni/YSZ anodes8,16,12,17.  Recent work has explored 

Ni/YSZ anodes doped with various elements or compounds with the intent of reducing the 

amount of carbon growth on the anode.  Tin was one such element tried.  However tests showed 

that not only did the addition of Sn lower performance, it was not stable at operating conditions 

and actually led to higher levels of carbon accumulation18.  Elements such as Ru, Pt, Pd, Rh have 

resulted in mixed success in reducing carbon accumulation19.  Barium oxide (BaO) is another 
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additive that appears to aid in minimize carbon accumulation20.  BaO may absorb H2O onto the 

surface facilitating carbon removal.  Bilayer anodes are another method being explored to 

increase the SOFC carbon tolerance.  These anodes consist of two layers: a conduction layer and 

a functional layer.  The conduction layer aids in the reforming of the hydrocarbons and 

conduction of the electrons while being carbon tolerant.  The functional layer is 

electrochemically active towards the fuel cell reactions.  Buccheri has shown that Cu/YSZ + 

Ni/YSZ anodes have improved performance stability in natural gas21.  In this thesis a standard 

Ni/YSZ anode and a 5% BaO Ni/YSZ anode are used. 

 

With composite electrodes, the reaction takes place where the electrically conductive material, 

the ionically conductive material and the pores all contact to form the “triple phase boundary” 

(TPB).  It is uncertain how to quantify the size of the TPB and how far this region extends from 

the actual interface.  Shearing et al. have attempted to use an ion beam lift out technique to 

quantify the TPB22.  They estimated that a porosity of 10% would maximize the TPB.  Since 

there is still considerable difficulty in quantifying the TPB, the standard practice is to standardize 

results against the anode geometric area of the electrode. 

 

2.3 Carbon Monoxide 

Tests have shown that SOFC operating with 100% CO have power densities as high as 

0.7 W/cm2 on a planar design23.  Homel et al. showed long term stability of cells operating in CO  

with a stable power output over the 375 h test24.  CO is typically produced as a by-product of 

gasification reactions25,26.  The use of CO as a fuel should be carefully considered as there are a 

number of safety issues.  CO is highly toxic and transportation of CO may prove problematic.  A 

solution may be to produce and use a CO containing fuel at the same location. 

 

2.4 Reformate Fuels 

While H2 may be the preferred fuel for a fuel cell, it is not naturally occurring and must be 

produced.  Methane (from natural gas) is the most common feedstock to produce hydrogen.  

Natural gas can be used to produce hydrogen from three different reactions: partial oxidation, 
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auto-thermal reforming and steam reforming.  Of these methods, the most widely used is steam 

reforming25 as illustrated in Equation 1.  Water can further react with CO to produce more H2 as 

illustrated in Equation 2.  It is estimated that 95% of hydrogen production in the United States 

comes from steam reforming27.  The result of the steam reforming of natural gas is a mixture of 

H2, CO, CO2 and CH4, along with the remaining steam.  The conditions for steam reforming of 

natural gas actually are very similar to the operating conditions of a SOFC9.  Because of this, a 

great deal of work has been done to utilize either dry or humidified natural gas directly in the 

fuel cell28,29,30.  While the direct use of natural gas has the potential of increasing the overall 

efficiency of the fuel cell, a number of problems can develop.  The two most prevalent are 

carbon accumulation and heat gradients developing on the fuel cell4,29.  The exact mixture varies 

greatly depending on the H2O:CH4 ratio used, the reforming temperature, and the catalyst.  

 

From the chemical equations a steam to carbon ratio (S/C) of two is required.  However, in 

practice a S/C ratio of two will not prevent carbon accumulation on the catalyst.  It is not unusual 

in industry to see S/C ratios of 6.5 and greater31.  Increasing the S/C ratio will prevent carbon 

from depositing on the catalyst, but will also lower the overall efficiency of the process.  The 

produced gas is termed syngas, although it does not refer to any particular exact composition but 

rather a gas mixture composed mostly of H2, CO with some CO2 and CH4.  A number of factors 

influence the composition including but not limited to the S/C ratio, reactor size and temperature.   

 

�� � � � � � � �� � � � �  
 1 

�� � � � � � �� � � � �   2 

Because of the S/C greater than two, the resulting mixture can still contain a large amount of 

water (can be as high as 50 mol%).  Some or all of the water will need to be removed to increase 

the fuel concentration.  Some water left over may be beneficial as water will help remove carbon 

deposited on the anode.  The reformate mixtures are typically produced solely for the H2.  

However, since SOFC are carbon tolerant, there is the hope that the mixtures can be used directly 
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as a fuel without removing the CO and CO2.  Due to the higher variance in the reformate fuel 

composition, a composition based on a S/C ratio of three was used in this research. 

 

Diesel reforming is another possible source of syngas.  Since diesel is a liquid this makes it 

easier to transport and it has higher energy density than natural gas.  There is already significant 

infrastructure dedicated to the production, transport and distribution of diesel, which may make 

diesel a convenient choice as a fuel.  Diesel reforming works in a similar manner as natural gas 

reforming.  The primary method of diesel reforming is steam reforming, as illustrated in 

Equation 3 and catalytic partial oxidation, as illustrated in Equation 4. 
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Like steam reforming of natural gas, diesel reforming can also lead to a wide variety of 

reformate mixtures. 

 

2.5 Carbon deposition and removal 

Any time carbon is present in the fuel there is the risk of carbon accumulation on the anode.  

Some carbon can be beneficial as it will increase electrical conduction of the anode.  Too much 

carbon however is extremely detrimental.  Deposited carbon can have three effects on the anode.  

Carbon can deposit on the active sites of the catalyst resulting in lower activity of the anode.  

Accumulation on active sites is commonly referred to as poisoning and is caused by strong 

chemisorption of a species onto the nickel anode7,16.  Poisoning is more of a problem when 

operating with sulphur containing fuels rather than carbon.  More likely, the carbon will deposit 

on the surface of the anode which is called fouling.  Carbon fouling may result in little 

deactivation of the active sites of the anode as the carbon does not bond with the nickel rather 

only physically covers the active sites 32.  The carbon will however eventually block pores and 

result in slower mass transfer of gases7.  Lastly, the deposited carbon can result in mechanical 
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degradation of the cell when the carbon molecules physically change the microstructure of the 

anode8,32.  The carbon growth physically displaces the Ni particles, swelling the anode structure. 

 

The mode of carbon deposition changes depending on the carbon containing compounds found 

in the fuel.  When CH4 is present, carbon will form from decomposition of the CH4 molecule as 

seen in Equation 5.  CO can cause carbon to deposit through the Boudouard reaction (Equation 

6).  In typical syngas mixtures, where H2 and CO are both present an additional pathway of 

carbon deposition is available17 (Equation 7).  Suwanwarangkul et al. proposed that in syngas 

mixtures, the primary mode of carbon deposition was still the Boudouard reaction33.  Carbon 

deposition is greatly impacted by temperature.  At low temperatures (650 °C), carbon deposits 

inside the anode physically impeding diffusion34.  At temperatures above 800 °C, deposited 

carbon will dissolve into the Ni causing significant swelling8,34.  In an operating fuel cell that is 

drawing current some carbon may be oxidized by the O2- ions.  However, carbon will still likely 

deposit as not all carbon can be oxidized by the electrochemical reactions.  If a weak oxidizer is 

present in the fuel, it may aid in the removal of deposited carbon.  CO2 and H2O will remove 

deposited carbon in the reverse reactions seen in Equations 6 and 7, respectively.  These 

reactions are reversible equilibrium reactions, so changes in temperature and addition or removal 

of species will shift the equilibrium point. 

�� � � � � � � �   5 

� �� � � � �� �   6 
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In literature, carbon present on the anode is often referred to as carbon deposition.  However, 

since carbon reactions are typically equilibrium reactions, it would be more accurate to describe 

the system as carbon accumulation.  Carbon accumulation is deposition minus removal.  Guéret 

et al. found graphitization at temperatures greater than 1000 °C35.  Since 1000 °C is above the 

operating temperature of the fuel cell, this reaction is either unlikely to occur or will proceed 

slowly.  Baker et al. reported three TPO peaks from natural gas at 580 °C, 625 °C and 730 °C36.  

He et al found that a single TPO peak at around 600°C formed while operating under humidified 
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natural gas at 800 °C8.  The temperature of the carbon peak varies with operating temperature 

and fuel.  Several methods have been proposed to prevent carbon deposition and manage 

accumulation.  The simplest solution has been to humidify the fuel.  The addition of water to a 

natural gas feed has been shown to lower the amount of carbon accumulated37.  Another simple 

fuel additive is CO2 which shifts the Boudouard reaction back to the gas phase.  Snoek et al. 

examined the kinetics of CO2 and H2O gasification of carbon.  They found that H2O is more 

effective, but CO2 would still remove carbon from the anode38.  Also, Ma� ek et al. have shown 

that changes in fabrication technique also leads to reduced carbon accumulation39.  The addition 

of some metals to the anode has been demonstrated to reduce carbon accumulation19.  Doping 

nickel anodes with barium oxide has also been found to increase carbon removal rates in a 

humidified fuel20.  Barium oxide may assist in the removal of carbon by absorbing water.  

Density functional theory predicts that the water will dissociate, forming a hydrogen and 

hydroxide ion.  The hydroxide ion then reacts to form CO and eventually CO220.  The goal is to 

create a system that is carbon tolerant, while not significantly undermining the performance of 

the fuel cell. 
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Chapter Three: Experimental Methods  

In this section the experimental methods of the research program are presented.  The goal of the 

thesis is to investigate cell performance in two reformate fuel compositions.  This section of the 

thesis explains the cell fabrication, testing procedures and the tests used in the thesis. 

 

3.1 Cell fabrication 

An SOFC comprises three primary components: the electrolyte, the anode and cathode.  For 

research purposes an optional reference electrode is also sometimes added.  The electrolyte 

separates the fuels and prevents the electrons from short circuiting the load.  The anode and 

cathode are catalytically active to the specific half-cell reactions.  The reference electrode is 

added to differentiate the effects of the anode and cathode from the full cell performance.   

 

Figure 3.1 shows the three electrode fuel cells prepared for these experiments.  Electrical 

potentials could be measured from the anode, cathode and the reference electrode located on the 

cathode side.  The advantage of the three electrode design is that it allows the effects of the 

anode and cathode to be measured independently of the full cell results.  With a two electrode 

cell design, only the full circuit potential may be measured. 

 

Figure 3.1 Three electrode configuration (not to scale). 

The fuel cell is prepared in three main steps.  First the electrolyte disk is pressed and sintered.  A 

25 mm diameter die press was used to compress 0.8 g of yttria-stabilized zirconia (YSZ, Tosoh, 

TZ-8Y) into disks at approximately 6 MPa for 2 min.  The sintering process took place at 



 

13 

1450 °C for 2 h in a high temperature furnace in air.  Heating and cooling rates were 5 °C/min.  

The resulting disk has a density of approximately 9.27 g/cm3, a diameter of approximately 19 

mm and a thickness of approximately 0.3 mm. 

 

The anode material was prepared by mixing an equal mass of nickel oxide (NiO, 99% metal 

basis) and YSZ in ethanol.  The slurry is ball milled for 48 h.  The standing ethanol is then 

evaporated using a magnetic stirred hot plate.  The standing ethanol is typically evaporated 

within 10 min.  To completely remove the remaining ethanol, the slurry is held in an oven at 80 

°C.  The dried powder was then ground with a mortar and pestle and sieved through a 150 µm 

screen.  The fine anode powder was then mixed with a small amount of Terpineol (Alpha Aesar 

� -Terpineol, 96%) until the NiO/YSZ powder has dissolved (there should be no NiO/YSZ grains 

still present).  If the slurry is too viscous, the anode will not sinter properly to the electrolyte 

resulting in a cracked and peeling anode.  If the slurry is too thin, the anode will be thinner than 

desired.  To obtain the proper anode area and thickness, a mold was used.  The molds consisted 

of an Avery sticker label (Avery 5160) with a 7 mm diameter hole.  The sticker label was applied 

to the electrolyte, with the hole at the center of the electrolyte.  The anode slurry was painted 

over and the label peeled off.  The electrolytes with the painted anodes were then placed back in 

the high temperature oven for sintering.  This process took place at 1350 °C for 4 h.  Heating and 

cooling rates were 5 °C/min.  Electrode properties are highly dependent on materials used and 

fabrication methods40. 

 

The cathodes were applied to the cell in a similar manner as the anodes.  A 7 mm diameter hole 

was punched through the Avery sticker label with a 1.5 mm hole punched through at least 2 mm 

away from the edge of the 7 mm cathode hole.  The 7 mm hole was visually lined up with the 

anode (the anode can be seen through the electrolyte).  Platinum paste (Engelhard) was then 

painted over the holes in the label to form the cathode and reference electrode.  Silver wires 

(99.9% metal basis) were attached to the reference electrode and cathode using additional 

platinum paste.  A small amount of glass paste was applied at the edge of the electrolyte along 

the shaft of the wire to hold the wire in place.  The cells were then set at 900 °C for 2 h with a 

temperature ramp rate of 10 °C/min. 
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After the cathode and reference electrodes were cured, the silver wire attached to the cathode and 

reference electrodes were examined to ensure the wires properly contacted the electrodes.  On 

the cells where the wire had lifted, additional platinum paste was applied to maintain contact.   

 

A similar procedure was used to attach the anode silver current collector to the cathode.  The 

silver current collectors were attached to the anodes using silver paste.  The silver paste was air 

dried and no sintering was required. 

 

If the cells were to contain BaO, the following procedure was performed before adding the anode 

current collectors.  A solution of 0.5 g of barium nitrate (99.999%) dissolved in 6 ml of distilled 

water was prepared.  The barium solution was applied to the anode by wet impregnation using a 

solution volume containing 5% BaO by Ni mass.  That is for every 1g of Ni, the solution 

contained the equivalent mass of Ba for 0.05 g BaO.  The cells are heated up to 120 °C for 4 h at 

a rate of 2 °C/min to remove the water.  To convert the barium nitrate to barium oxide the cells 

are then heated to 600 °C at a rate of 5 °C/min and held at 600 °C for 3 h.  The cells are cooled at 

a rate of 5 °C/min back to room temperature. 

 

3.2 Cell holder assembly 

The experimental apparatus consisted of the fuel cell attached to the end of alumina tube as 

depicted in Figure 3.2.   The anode was attached facing the tube, so that the cathode is exposed to 

air.  The anode is exposed to gases flowing through an inner glass tube and carried away by the 

alumina tube. 

 

Figure 3.2 Schematic diagram of cell holder apparatus. 
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The cells were attached to an alumina tube using Cermabond sealant (Aremco Cermabond 552-

VFG). The Cermabond was mixed with thinner (Aremco Cermabond 552-VFG-T) if required.  

Silver wires in a quartz fiber sleeve were attached to the current collectors and reference 

electrode wire.  A stainless steel Swagelok reducer using an O-ring was used to create the seal 

against the alumina tube. 

 

3.3 Reformate fuel composition 

Two reformate fuels were tested in this research: diesel and natural gas reformate mixtures.  The 

diesel reformate composition was a mixture obtained from Theme 1 of the Solid Oxide Fuel Cell 

Canada research network41,42.  The goal of Theme 1 is to develop reformate fuels for SOFC’s.  

The test fuel composition is listed in Table 3.1. 

 

Table 3.1 Diesel reformate fuel composition. 

Component Theme 1 Fuel 

Composition 

(mol%) 

Humid Test Fuel 

Composition 

(mol%) 

Dry Test Fuel 

Composition 

(mol%) 

H2 55-57 57 68 

CH4 0.6-1 2 3 

CO 18 18 21 

CO2 7 7 8 

H2O 16 16 --- 

 

The natural gas reformate mixture was based on plant data taken from work done by Soliman et 

al26,43.  The exact composition of a natural gas reformate mixture is highly variable and depends 

on a number of factors.  The natural gas reformate composition was chosen as it is easily 

obtainable and in line with our goal of obtaining a fuel for a SOFC, not necessarily to maximize 

H2 production.  Table 3.2 lists the composition of the natural gas reformate fuel mixture used in 

this research. 
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Table 3.2 Natural gas reformate fuel composition. 

Component Humid Test Fuel Composition 

(mol%) 

Dry Test Fuel Composition 

(mol%) 

H2 45.5 70 

CH4 6.5 10 

CO 5.8 9 

CO2 7.2 11 

H2O 35* --- 

*Estimated 

 

3.4 Electrochemical techniques 

Electrochemical reactions involve chemical reactions with charge transfer of electrons.  By 

measuring and observing the charge transfer, certain cell characteristics and observations of the 

electrochemical reaction can be made.  Electrochemical experiments were carried out using a 

Solartron electrochemical interface (SI 1287) and a Solartron impedance/ gain phase analyser (SI 

1260A). 

 

For this research, three electrochemical tests were used to characterize the cells and reactions: 

open circuit voltage (OCV) measurements, cyclic voltammetry and electrochemical impedance 

spectroscopy. 

 

3.4.1 Open circuit voltage 

Open circuit voltage (OCV) is a measurement of the potential that develops between the anode 

and the cathode when there is zero net current.  The theoretical OCV of a fuel cell can be 

calculated by assessment of the Nernst potential, E as shown in Equation 8.  In Equation 8, E0 is 

the reversible potential of the cell at the operating temperature, R is the ideal gas constant, T is 

the operating temperature, n is the number of moles of electrons involved in the electrochemical 

reaction, F is Faraday’s constant, a is the activity of the reactants and products, and � i is the 

stoichiometric coefficient of species i.  In a fuel cell, the activity of a product can be 
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approximated by the partial pressure of the reactant or product.  From Equation 8, the OCV is a 

function of the reactants and products at the anode and cathode.   
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The reversible standard state potential, E0 is a function of temperature.  Listed in Table 3.3 are 

the E0 values for the three fuels that were used in this study. 

Table 3.3 Reversible potential for fuels at 800 °C. 

Fuel Equation E0 (V) 

H2 � � �
*
�

� � � � � �  0.977 

CO �� �
*
�

� � � � � �  0.981 

CH4 �� � � � � � � �� � � � � �  1.037 

 

At OCV, theoretically there are no products being formed as there is no net oxygen transfer 

across the electrolyte.  According to Equation 8, as the partial pressure of the reactants approach 

0, the Nernst potential is infinite, making the Nernst potential of dry hydrogen at OCV 

undefined.  In reality the OCV is limited by the amount of O2 leaking into the anode chamber 

forming water.  Using the Nernst equation, the resulting O2 partial pressure of a system with an 

OCV of 1.16 V would be 3.33 x 10-23 atm of O2 at the anode.  When the potential in dry 

hydrogen is 1.2 V at OCV, the oxygen partial pressure decreases to 5.9 x 10-24 atm.  Very small 

variations in oxygen partial pressure at the anode result in a large change in the OCV of the cell.  

Because of this, humidified H2 is used as the presence of H2O at the anode defines the Nernst 

potential.  The Nernst potential of 0.97% H2/3% H2O feed is 1.102 V.  The calculated Nernst 

potential is very close to potentials observed experimentally, which were typically 1.09 V and as 

high as 1.10 V. 

 

OCV is considered to be the harshest condition in terms of carbon accumulation.  If carbon is 

deposited near the TPB, it is possible the carbon will be oxidized by oxygen ions passing through 
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the electrolyte.  However, under OCV conditions there is no net current flux and by extension no 

oxygen ions flow across the electrolyte to oxidize the deposited carbon. 

 

3.4.2 Cyclic voltammetry 

In cyclic voltammetry experiment, the voltage is linearly changed across the cell and the 

resulting current is measured.  Since the SOFC cells used in this research had three electrodes, 

the individual electrode overpotentials could be measured as well as the overall cell response.  

The overpotentials represent the potential loss in the electrodes required to induce a current.  At 

OCV these losses would be zero.  The full cell cyclic voltammetry experiments show the overall 

cell response to changes in the applied potential.  The potential loss at any given current is the 

sum of the anode overpotential, cathode overpotential and ohmic losses.  Figure 3.3 illustrates 

the losses experienced by a working SOFC.  The data from Figure 3.3 was obtained from a cell 

operating under dry H2 at 800 °C.  The ohmic resistance was determined from the impedance of 

the full cell at OCV.  The sum of the losses experienced by the anode, cathode and electrolyte 

equal the loss of the full cell. 

 

Figure 3.3 Potential losses experienced by a Ni/YSZ//YSZ//Pt cell operating on dry H2 at 800 

°C.  Experimental results shown. 
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3.4.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) measures the response of a cell to a small 

variation in the applied current or potential at steady state.  The variations are sinusoidal as given 

in Equations 9 and 10 for perturbations in potential and current, respectively.  V(t) is the voltage 

at any given time, V0 is the amplitude of the potential perturbation and �  is the angular frequency 

of the disturbance.  The angular frequency is also equal to 2� f, where f is the frequency measured 

in Hertz.  In equation 10, �  is the phase angle, which is the phase shift between the voltage and 

current. 

Electrical resistance is typically defined as opposition to the flow of current through a material, 

and is calculated from Ohm’s law as the ratio of voltage and current as seen in equation 11. 

 

Impedance represents the resistance of a circuit to a current changing from steady state, and is 

defined as the ratio of the time dependant voltage and current as seen in  

+, -. �
/0 , -.

/1 , -.
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Alternatively, impedance can be represented in complex notation as the following. 

+, -. � +2 � 3+4 
 13 

Impedance data are most often plotted as a Nyquist plot.  The Nyquist plot represents each 

impedance point with its real and complex component as seen in Figure 3.4.  The impedance data 

can also be interpreted using an equivalent circuit as seen in Figure 3.5.  The first resistor (R1) 
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shows the resistance between the two electrodes.  In the case of a full cell study, this would be 

the resistance between the anode and cathode.  This resistance is also called the ohmic resistance 

of the electrolyte.  If the anode or the cathode is being studied, R1 is the resistance between the 

anode/cathode and the reference electrode.  The second resistance (R2) shows the polarization 

resistance of the electrode, while C1 is the double layer capacitance between the electrolyte and 

the electrode. 

 

Figure 3.4 Nyquist plot example, R1 is the ohmic resistance while R2 is the polarization 

resistance. 

 

Figure 3.5 Equivalent circuit of an EIS experiment. 

3.5 Temperature programmed oxidation 

Temperature programmed oxidation (TPO) was used to quantify the accumulated carbon on the 

anode after testing.  The exit stream from the TPO cell was originally characterized using a 

Cirrus mass spectrometer manufactured by MKS Spectra Products.  The Cirrus mass 

spectrometer broke halfway through the set of experiments.  Characterization of the spent 

smaples was then completed using an Autosorb 1c Quantachrome Instruments with a Pfeiffer 

mass spectrometer. 
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TPO experiments involve heating the sample at a linear rate in an oxidizing atmosphere and 

analyzing the product gas.  The mass spectrometer was calibrated using a 1 % CO2 balance He 

gas certified by Praxair. 

 

During a TPO experiment with the Cirrus mass spectrometer, a 50 ml/min stream of 10% O2 in 

He flowed over the sample.  The sample was heated up at a rate of 10 °C/min to 900 °C.  The 

effluent gas was then analysed by the mass spectrometer.  When the Autosorb was used, the 

samples were still heated up at a linear rate of 10 °C/min to 900 °C.  However, due to constraints 

in the equipment, the oxidizing gas used was a 30 ml/min flow of 5% O2 in He.  The mass 32 

signal (molecular weight of O2) was analyzed over the course of the experiments to ensure that 

the O2 levels did not drop significantly which would lead to partial oxidation of the carbon. 

 

By graphing the mass 44 signal (molecular weight of CO2) versus time, the mass of accumulated 

carbon can be determined by calculating the area under the curve.  The temperature at which the 

carbon peak occurs also indicates how reactive the carbon is.  Sample calculations for the TPO 

experiment are found in Appendix A. 

 

The mass 18 signal (H2O) is also examined.  If there is a rise in the mass 18 signal corresponding 

with one of the carbon peaks, this may indicate the presence of CHx fragments adsorbed onto the 

Ni surface. 

 

3.6 Scanning electron microscopy imaging 

Scanning electron microscopy (SEM) imaging was employed to examine the morphology and 

microstructure of the cell components as well as to search for visible carbon deposits.  The 

technique was also used for estimating thickness of the cell components.  In SEM, an area of the 

sample is bombarded with high energy electrons.  The collision of the electrons with the sample 

results in electrons from the sample being released along with the electrons from the beam.  X-

rays are also produced as a result of the collisions.  The released electrons allow for an image of 

the surface to be constructed, while the X-rays released are specific to the elements present 

allowing them to be identified.  The SEM device used was a Philips FEI environmental scanning 
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electron microscope.  Samples were mounted to an alumina block with carbon paste.  To 

increase the conductivity of the sample and reduce background noise, the samples were sputtered 

with gold. 

 

3.7 Testing procedure 

When testing the cells, there was generally one of two objectives for that cell: carbon 

accumulation or cell characterization.  All cells ran for 6 h after initial characterization.  To 

determine performance degradation, some cells were tested after 6 h to examine performance 

loss.  Since these tests would remove some of the carbon accumulated on the cell, the cells could 

not be used for qualitative carbon assessment.  For a carbon accumulation test, the flow of fuel 

was switched to He (20 ml/min) during cool down.  

 

The sleeved silver wires were attached to the anode and cathode prior to sealing the cell on the 

alumina tube.  Once the cell was attached to the alumina tube using Ceramabond, the sealing was 

allowed to set for 1 h in air.  A sleeved silver wire was then attached to the reference electrode 

and the alumina tube connected to the Swagelok reducing union.  The assembly was then placed 

inside the furnace. 

 

The cell was heated up slowly to 93 °C at a rate of 1 °C/min.  This temperature was maintained 

for 2 h.  After this initial heating phase, the cell was heated at a rate of 1 °C/min to 260 °C and 

was held for 2 h.  The cell was then heated to an operating temperature of 800 °C at a rate of 2 

°C/min.  This temperature profile was provided by Ceramabond to dry the Ceramabond sealing.  

Cells were heated up under a 20 ml/min flow rate of He to remove any atmospheric oxygen from 

the anode chamber.  The cathode was exposed to the atmosphere during heating and testing. 

 

Once the cell reached a temperature of 800 °C, the cell was partially reduced under a flow of 50 

ml/min of 10% H2, balance He for 10 min under OCV.    The cell was then fully reduced with a 

50 ml/min flow of H2 for 20 min under OCV.  The partial reduction followed by full reduction 

was to reduce stress on the cell that any volumetric change may have on the cell.  After 20 min 

under pure H2, if the OCV was less than 1.16 V the cell was run for another 10 min under OCV.  
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If after 20 min, the OCV was still less than 1.16 V, the test was halted as the sealing was not 

sufficient and too much O2 was leaking into the cell.  The test continued if the OCV was above 

1.16 V in pure H2.  The cell was then characterized using cyclic voltammetry and impedance 

spectroscopy. 

 

The hydrogen was humidified by flowing the gas through a bubbler with a frit and the cell 

response was measured under OCV for 10 min.  At the operating conditions in Calgary, the 

humidified hydrogen will contain approximately 2.6% water.  After 10 min, the cell came to a 

new steady state potential.  Cyclic voltammetry (CV) and impedance spectroscopy tests were 

then performed in full cell configuration after the system had come to steady state.  CV and 

impedance measurements were then performed to measure the individual effect and contribution 

of the anode and cathode to the resistance and power curve. 

 

The anode flow was then switched to the fuel composition at 50 ml/min.  The OCV was 

observed for 10 min under full cell configuration.  The cell was held at these conditions until a 

steady OCV was obtained, which typically occurred within 10 min.  The effects of the full cell 

and the anode were then characterized with CV and impedance measurements.  The cell was then 

run for 6 h at OCV conditions under full cell configuration. 

 

If the cell was to be used to quantify the amount of accumulated carbon, then the fuel was 

switched to He immediately after 6 h to stop the additional accumulation of carbon.  If the cell 

was used to characterize performance degradation, then further testing took place.  These cells 

underwent CV and impedance measurements under full cell and anode configuration. 

 

3.8 Errors and Reproducibility 

Each test condition was repeated twice with different cells.  Each cell was exposed to dry and 

humidified hydrogen and then one of the reformate fuels.  Variation in the initial peak power 

density of the cells was typically no more than a factor of 1.5.  The two sets of experiments 

involving humidified natural gas reformate being exposed to the standard Ni/YSZ anode and the 

5% BaO Ni/YSZ anode had poorer reproducibility with variations between cells of a factor of 
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over 2.  The average initial ohmic resistance was 1.87 	 cm2 ± 0.89 	 cm2.  After 6 h of testing 

the average ohmic resistance was 2.18 	 cm2 ± 1.10 	 cm2.  The difference of the total resistance 

increase (ohmic plus polarization) after 6 h between cells studied under the same conditions was 

within a factor of 2, except when dry diesel reformate was exposed to a standard Ni/YSZ anode, 

which varied by a factor closer to 4.  The variation in the electrochemical data is partially 

expected with handmade cells. 

 

Examining the reproducibility of the TPO data was made difficult by the need to change the 

mass spectrometer instrument part way through the study.  The Cirrus mass spectrometer 

measured over a factor of 2 difference in the total amount of carbon for two different dry diesel 

reformate exposures of the standard Ni/YSZ anodes.  However, the difference in the amount of 

carbon was mostly in the area below the high temperature carbon peak.  The differences in the 

low temperature carbon peak, observed for several standard Ni/YSZ anodes tested in dry diesel 

fuels in the Cirrus instrument, was close to 50%.  This range is similar to what was seen in 

humidified diesel reformate with the same anode materials.  The Pfeiffer mass spectrometer 

appears to report poorer reproducibility, with the difference between the two tests under the same 

conditions varying by a factor of 4.  However, the actual amount of carbon this factor represents 

is less than 1 mg of carbon per g of anode.  The extremely small amount of carbon making up the 

reported difference may be within the experimental error of the mass spectrometer.  While the 

relative error reported may seem high, the absolute error is low. 
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Chapter Four: Hydrogen and Carbon Monoxide Experiments  

This section details the preliminary experimental results supporting the main experiments.  The 

preliminary experiments fall were done with pure hydrogen or simple fuel mixtures.  The simple 

mixture tests refer to cells operating with varying mixtures of carbon monoxide and hydrogen.  

All experiments in this section were tested using fuel cells with a Ni/YSZ anode and a platinum 

cathode and reference electrode. 

 

4.1 Hydrogen experiments 

As hydrogen is considered the ideal fuel for a fuel cell, tests using hydrogen allow for a baseline 

against which to compare other experiments.  All tests began with characterization using dry and 

humidified hydrogen.  In addition to this initial characterization, a 6 h test was performed using 

dry hydrogen.  This test with dry H2 gave data regarding cell performance changes that are not 

due to carbon accumulation. 

 

Figure 4.1, shows the cell potential obtained at OCV over the 6 h test in dry hydrogen at 800 °C.  

The OCV potential did not decrease over the course of the experiment and remained constant at 

approximately 1.2 V, indicating that the sealing did not crack and increase the leakage of oxygen 

into the cell. 

 

Even though the cell is operating in H2, the peak power density of the cell does degrade over 6 h, 

as seen in Figure 4.2 from an initial 0.104 W cm-2 to 0.075 W cm-2.  The cell experienced a 28% 

drop in performance.  Therefore, some degradation does occur that is due to non-carbon related 

issues such as sintering of the nickel.  Figure 4.3 shows the impedance spectra for a cell tested 

every hour over the course of the 5 h experiment. Ohmic resistance of the cell remains constant 

at 1.18 
  cm2 while the polarization resistance increased from 7.8 
  cm2 to 10 
  cm2.  The drop 

in performance is likely due to sintering of the Ni or issues with the silver current collectors, 

although other factors may be the cause.  The cause of the power loss is not further examined as 

it is not the focus of the research.  The power loss itself is still important as it demonstrates that 

not all the cell degradation is due to carbon accumulation. 
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Figure 4.1 Potential of Ni/YSZ//YSZ//Pt cell over a 6 h test at OCV under dry hydrogen at 

800 °C. 

 

 

Figure 4.2 Power and I/V curves of a Ni/YSZ//YSZ//PT cell before and after operation in H2 

for 6 h.  Cell was held at OCV and at 800 °C. 
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Figure 4.3 Full cell EIS of a Ni/YSZ//YSZ//PT cell run at OCV for 6 h under H2 at 800°C.  

EIS measurements were taken every hour.  The 1 h, 3 h and 6 h results are shown. 

4.2 Hydrogen and carbon monoxide mixtures 

Before the reformate fuels were used, tests were performed using various mixtures of carbon 

monoxide and hydrogen.  Adding more CO to a H2/CO fuel lowered the performance of the cell, 

as seen in Figure 4.4.  A cell operating in a fuel mixture of 50% CO 50% H2 has a peak power 

density of 0.105 W cm-2, which is roughly half the peak power density of a cell in pure H2 fuel 

(0.19 W cm-2).  Increasing the CO concentration to 75% lowers the peak power density to 0.091 

W cm-2 while further increasing the CO to 80% decreases the power density to 0.068 W cm-2.  

Finally, a cell exposed to a 100% CO fuel only has a power density of 0.034 W cm-2.  

Simulations done by Inui et al. show that different fuel mixtures of H2 and CO all had similar 

power curves, which is what was seen with the tested mixtures of H2 and CO44.  The likely 

reason for the drop in performance is due to increased polarization resistance experienced at the 

anode.  CO rich fuels have much higher activation losses at the anode than pure H2.  Figure 4.5 
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increases the polarization loss of the electrodes. Similarly, the addition of H2 to a pure CO 

greatly reduced the polarization losses of the anodes 

 

Figure 4.4 Comparative power curves of Ni/YSZ//YSZ//Pt fuel cells operated under various 

CO/H2 fuel mixtures.  All tests taken at 800 °C after 20 min under fuel at OCV. 
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Figure 4.5 Comparative impedance of different fuel mixtures.  All tests taken at 800 °C.  (�  

100% H2, �  25%/75% H2/CO mixture, �  50%/50% H2/CO mixture, �  75%/25% 

H2/CO mixture, �  100% CO). 

Changes in the chemical species that are electrochemically active at the electrodes will change 

the OCV of the cell.  A cell operated under pure CO for 6 h (Figure 4.6), like H2, has a stable 

OCV over the course of the test.  This stability indicates that the chemical species at the anode 

and cathode remain essentially constant from the start to finish of the test.  When the fuel is 

switched to a 75% CO/25% H2 mixture (Figure 4.7), there is a larger change in the OCV over 

time.  This change indicates the presence of a new species that alters the potential of the cell.  

With a fuel of 75% CO/25% H2, the accumulation of carbon is likely changing the mixed 

potential of the OCV over the 6 h test.  Small amounts of accumulated carbon can improve the 

cell performance by increasing the electrical conductivity of the anode.  Large amounts of 

accumulated carbon will result in deterioration of cell performance as the carbon blocks pores in 

the anode and changes the anode microstructure as described in the literature review in Chapter 

2. 
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Figure 4.6 Potential of a Ni/YSZ//YSZ//Pt cell over a 6 h test at OCV under dry CO at 

800 °C. 

 

Figure 4.7 Potential of a Ni/YSZ//YSZ//Pt cell over a 6 hour test at OCV under dry 75% 

CO/25% H2 at 800 °C. 

Time (h)

0 1 2 3 4 5 6

P
ot

en
tia

l (
V

)

1.00

1.01

1.02

1.03

1.04

1.05

1.06

Time (h)

0 1 2 3 4 5 6

P
ot

en
tia

l (
V

)

1.11

1.12

1.13

1.14

1.15

1.16

1.17



 

31 

Figure 4.8 shows the degradation in performance over 6 h of a cell held at OCV exposed to a 

75% H2 25% CO fuel.  Over 6 h the peak power density drops from 0.096 W cm-2 to 0.089 W 

cm-2, which is relatively little degradation when compared to cells exposed to the other fuel 

mixtures, such as 50% H2 50% CO (Figure 4.9) and 25% H2 75% CO (Figure 4.10).  The 

performance of the cell exposed to the 50% H2 50% CO fuel mixture decreased from 0.104 to 

0.05 W cm-2.  When the fuel is changed to a 25% H2 75% CO mixture the cell performance 

degrades from 0.089 to 0.035 W cm-2.  The sharp drop in voltage at the end of the 6 h curve is 

indicative of severe mass transport limitations.  Lower amounts of degradation are seen in the 

100% CO fuel, dropping from an initial 0.88 to 0.62 W cm-2 (Figure 4.11). 

 

Figure 4.8 Performance of a Ni/YSZ//YSZ//Pt cell over 6 h at OCV operating with a 75% H2 

25% CO fuel at 800°C. 
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Figure 4.9 Performance of a Ni/YSZ//YSZ//Pt cell over 6 h at OCV operating with a 50% H2 

50% CO fuel at 800 °C. 

 

Figure 4.10 Performance of a Ni/YSZ//YSZ//Pt cell over 6 h at OCV operating with a 75% H2 

25% CO fuel at 800 °C. 
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Figure 4.11 Performance of a Ni/YSZ//YSZ//Pt cell over 6 h at OCV operating with a 100% 

CO fuel at 800 °C. 

The performance losses of peak power densities of the cells exposed to the various fuels over the 
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Table 4.1 Cell degradation after 6 h at OCV at 800 °C. 

Fuel Peak Power Density (W cm-2) Percent Degradation 

(%) Initial Final 

100% H2 0.104 0.075 28 

25% CO 75% H2 0.096 0.089 7 

50% CO 50% H2 0.104 0.054 48 

75% CO 25% H2 0.089 0.035 61 

100% CO 0.088 0.062 30 

 

Figure 4.12  to Figure 4.15 show typical TPO curves for cells exposed to different fuel 

compositions.  Each fuel composition was tested twice with separate cells.  For all curves, the 

main temperature peak occurs between 595 °C and 650 °C, temperatures which are typical.  The 

signal received by the mass spectrometer sometimes contained some noise, however the trend 

was readily apparent.  Figure 4.12 shows two TPO curves for cells operated for 6 h under a 50% 

CO/50% H2 mixture.  The first test showed a total carbon accumulation of 0.31 g carbon/g anode 

with the peak at 613 °C.  The second test resulted in 0.26 g carbon/g anode with the peak at 595 

°C.  The mass 18 signal is also plotted in Figure 4.12.  There is a H2O peak corresponding to the 

low temperature carbon peaks for both tests.  This result indicates that despite there being no 

natural gas in the feed, the carbon on the surface is reacting with the H2 in the gas to form methyl 

fragments (CHx).  All other TPO tests showed a mass 18 peak corresponding to the low 

temperature carbon peak.  The graphs plotting the mass 18 signal are found in Appendix B.   

 

Figure 4.13 presents the TPO results for two cells operated with 75% CO/25% H2.  The total 

carbon measured in the two tests was 0.38 g carbon/g anode with the peak at 626 °C and 0.31 g 

carbon/g anode with the peak at 641 °C.  Figure 4.14 shows the TPO curves for cells operated 

with an 80% CO/20% H2 mixture.  The total carbon accumulated is 0.34 g carbon/g anode with 

the peak at 636 °C.  The second test measured 0.27 g carbon/g anode with the peak at 638 °C.  

The 100% TPO results are reported in Figure 4.15.  For the first test, the total carbon 

accumulated was 0.12 g carbon/g anode with the peak at 595 °C.  The second test resulted in 

0.033 g carbon/g anode being accumulated with a temperature peak at 302 °C.  The first 
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experiment gave a high temperature carbon peak at 595 °C, while the second test did not.  The 

exact temperature of the carbon peak depends on experimental conditions used during the TPO 

experiment, what type of carbon is present and how much carbon is present.  Because of this 

variability, the temperature of the carbon peak is not a firm indicator of the type of carbon 

present.   

 

However, the TPO plots consistently showed two distinct carbon peaks, indicating that two 

separate forms of carbon are present on the anode surface.  The low temperature carbon has a 

peak around 380 °C while the high temperature carbon has a peak around 620 °C.  The lack of a 

high temperature carbon peak in the second test indicates that the high temperature carbon never 

formed or did form and was removed prior to the TPO test.  The high temperature carbon from 

the 100% CO fuel is significant as it shows that the same types of carbon are formed, as shown 

in Equations 6 and 7.  Similar amounts of low temperature carbon were found in all four fuel 

compositions.  The TPO profiles of the different CO/H2 mixtures varied mostly by the amount of 

high temperature carbon that formed on the anode.  The similar amounts of low temperature 

carbon may indicate thermodynamic equilibrium limiting the amount of low temperature carbon.  

The low temperature carbon may also convert to the high temperature carbon type. 

 

Figure 4.12 TPO result of two cells at OCV for 6 h at 800 °C under 50% H2 50% CO fuel 

mixture.  The mass 18 signal is also plotted. 
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Figure 4.13 TPO result of two cells at OCV for 6 h at 800 °C under 25% H2 75% CO fuel 

mixture.   

 

Figure 4.14 TPO result of two cells at OCV for 6 h at 800 °C under 20% H2 80% CO fuel 

mixture.   
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Figure 4.15 TPO result of two cells at OCV for 6 h at 800 °C under 100% CO fuel.   

 

Table 4.2 lists the amount of carbon accumulated on the anodes as a function of fuel 

composition.  Increasing the CO concentration in the fuel (up to 75% CO) resulted in an increase 

in the amount of accumulated carbon.  At around 75% CO there is a peak in the amount of 

accumulated carbon and increasing the CO concentration actually resulted in lower amounts of 

accumulated carbon.  This result is in agreement with the results of Alzate-Restrepo and Hill.  

That is, cells operating with a 100 % CO fuel have a lower rate of carbon accumulation than 

some H2/CO mixtures, with the maximum amount of carbon accumulation occurring around 

75% CO17.  The amount of carbon accumulated is a function of the CO to H2 ratio.  The 

maximum amount of carbon accumulation is around 75% CO and 25% H2.   

 

There was a noticeable difference between the amounts of carbon accumulated in different tests.  

When transferring the cell from the test rig to the TPO, there is the possibility of losing carbon.  

However it is much more difficult to gain or otherwise add carbon to the sample. Because of this, 

the larger value of the carbon accumulation amounts is the more accurate value. 
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Table 4.2 Carbon accumulation on Ni/YSZ anode after 6 h operating at 800 °C. 

Fuel Components 
Accumulated Carbon 

(g carbon/g anode) 

H2 CO Test 1 Test 2 

50 50 0.26 0.31 

25 75 0.31 0.38 

20 80 0.27 0.34 

0 100 0.033 0.12 

 

4.3 Summary 

In this chapter the initial experiments, examining behavior in hydrogen and carbon monoxide 

were examined.  These tests confirmed that the testing procedure produced reproducible results 

and that the trends were in agreement with results found by Alzate-Restrepo and Hill17. 

 

Carbon accumulation on the anode is a function of the ratio of carbon monoxide and hydrogen.  

The presence of hydrogen with carbon monoxide will result in hydrogen reacting to form water 

and carbon.  Maximum carbon accumulation occurs around 75% CO, 25% H2.  The TPO profiles 

contained two carbon peaks, a main peak at around 620 °C and a secondary smaller peak at 

around 380 °C indicative of two types of carbon were present on the anode.  Additionally, a 

carbon peak at 620 °C was found in a test using 100% CO.  The formation of the carbon peak at 

620 °C indicates that the CO and CO/H2 mixtures form the same types of carbon.  The ratio of 

H2 and CO, however, had less of a prominent effect on the initial cell power.  The addition of CO 

to a pure H2 fuel greatly increases the activation resistance; however, the increase in resistance is 

not linear with the increase of CO.  Similarly, adding H2 to a pure CO fuel greatly lowers the 

activation loss.  Similar intolerance to changes in fuel composition can be seen with the initial 

power curves.  The initial performance of the cells operating with CO/H2 mixtures can be very 

similar.  However, after 6 h, there is a large difference in the power curves.  The change in peak 

power density is likely due to increased carbon accumulation resulting from changes in fuel 

composition.  Peak power degradation from the H2/CO fuel mixtures generally matched the 
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trends in carbon accumulation.  Maximum degradation was seen in the cell exposed to the 25% 

H2 75% CO fuel mixture that corresponds with the fuel presenting the maximum carbon 

accumulation.  The cell exposed to the pure CO fuel had low levels of carbon accumulation and 

showed similar degradation as compared to the cell exposed to pure H2 fuel. 
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Chapter Five: Reformate Fuel Results  

This chapter examines the results of the reformate fuel tests.  The primary focus is to examine 

the cell degradation and carbon accumulation resulting from 6 h tests at the OCV.  The two fuel 

mixtures were selected to simulate diesel and natural gas reformate fuels.  Standard Ni/YSZ 

anodes and Ni/YSZ anodes impregnated with 5% BaO, were tested in this section.  All cells have 

a platinum cathode and reference electrode. 

 

5.1 Diesel Reformate Fuel 

The results in this section detail experiments performed with diesel reformate fuel.  The purpose 

of the experiments was to determine the power degradation and amounts of carbon accumulation 

of a SOFC operating in a diesel reformate fuel.  The power curve of the fuel cell is then 

compared to a fuel cell operating under pure hydrogen.   

 

While OCV is not an accurate indicator of cell performance, changes in the OCV will signify a 

change of the chemical species at the electrodes.  Figure 5.1 shows the OCV of a Ni/YSZ anode 

fuel cell operating under dry diesel reformate over 6 h.  The minor change in the OCV is likely 

due to carbon accumulation on the anode as the fuel remains constant.  The lack of major 

changes in the OCV also suggest that oxygen levels in the anode chamber remained relatively 

constant as an increase in oxygen would result in a large change in the OCV.  The initial OCV 

was just below 1.16 V in dry diesel.  OCV in dry diesel reformate was slightly lower than that of 

dry hydrogen, which was recorded at 1.2 V for this particular cell.  The change in OCV 

demonstrates that the anode is affected by the 30% of the fuel mixture that is not hydrogen. 
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Figure 5.1 Change in a Ni/YSZ//YSZ//Pt cell OCV over 6 h exposed to dry diesel reformate 

at 800 °C. 

As expected from the CO/H2 mixtures, the addition of CO along with the CO2 and CH4 lowered 

the peak power density of the cell.  Figure 5.2 shows the comparative power curves of the same 
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power density dropped to 0.157 Wcm-2.  Miao et al. looked into the effect of various diluents on 

the performance of SOFC45.  They found that the addition of CO to a mixture of H2, H2O and 
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 cm2 compared to 3.5 
 cm2 found in dry H2. The ohmic resistances, 

in theory, should remain constant for both fuels.  In reality, there is some small variation in the 
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ohmic resistance seen in Figure 5.3.  The ohmic resistance was 1.07 
 cm2 for dry H2 and 1.15 


 cm2 for dry diesel reformate fuel. 

 

Figure 5.2 Initial performance of a Ni/YSZ//YSZ//Pt cell in dry H2 and dry diesel reformate 

at 800 °C. 

 

Figure 5.3 Initial impedance plots of a Ni/YSZ//YSZ//Pt cell in dry H2 and dry diesel 

reformate at 800 °C at OCV. 
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The peak power density of the Ni/YSZ//YSZ//Pt cell operating with dry diesel reformate did 

drop over the 6 h test, as seen in Figure 5.4.  The peak power density after 6 h was measured to 

be 0.113 W cm-2.  The change in peak power density corresponds to a 28% drop.  A second test 

at the same conditions resulted in an initial peak power density of 0.104 Wcm-2 and decreased by 

16% over the 6 h test to 0.087 Wcm-2. 

 

Impedance measurements seen in Figure 5.5 show an increase in the polarization resistance 

which may contribute to the loss in performance.  Initial polarization resistance was measured to 

be approximatly 1.91 
  cm2 and increased to 4.57 
 cm2 after 6 h.  The ohmic resistance 

changed slightly over the test, from an initial 1.15 
 cm2 to a final 1.19 
 cm2.  The second test 

using dry diesel reformate fuel on a Ni/YSZ anode showed a 16 % loss in peak power (0.14 W 

cm-2 to 0.087 W cm-2).  The ohmic resistance increased from an initial 1.6 
 cm2 to 1.74 
 cm2 

after 6 h.  The polarization losses increased from 3.73 
 cm2 to 4.57 
 cm2.  While the second test 

showed that the cell had higher ohmic and polarization losses, resulting in lower power, the 

second cell experienced a smaller increase in the resistances, resulting in a smaller power drop 

over the 6 h test. 

 

Figure 5.6 demonstrates the performance of a Ni/YSZ anode in diesel reformate fuel humidified 

to 3%.  The initial performance of the cell was 0.111 Wcm-2 and decreased over 6 h to 0.095 

Wcm-2.  This cell experienced a 14% degradation in peak power density, which is below the 

approximately 28% degradation that was experienced by the operating in dry hydrogen.  While 

the peak power density of the cell may have dropped with humidification of the fuel, there was 

less degradation in humidified fuel compared to the dry fuels.  Other groups have seen an 

increase in long term performance with humidification of fuel45.  One explanation for the 

increased stability in the humidified fuels is that H2O is aiding in the removal of carbon.  

However, the H2O may be doing more than that, as the degradation in the dry diesel reformate 

feeds do not exceed that of H2 feed.  The presence of H2O may be slowing the rate of Ni 

sintering in the anode.   
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In agreement with the power density curves over time, the impedance also shows a smaller 

increase in the polarization resistance of the cell over 6 h.  Figure 5.7 shows an initial 

polarization resistance of approximately 1.83 
  cm2 to a final 2.19 
  cm2.  The ohmic resistance 

of the cell increased over the test from 1.51 
  cm2 to 1.67 
  cm2.  The increase in polarization 

resistance of the cell when the fuel was humidified was only 0.37 
  cm2 compared to an increase 

of 2.6 
  cm2 when the fuel was dry.  The SOFC typically experiences initial degradation before 

long term stability is achieved24.  With the 6 h tests, the fuel cell is likely still undergoing the 

initial degradation in performance.  However, from the results in Chapter 4, carbon accumulation 

can increase the initial degradation in the 6 h timeframe.  The test was repeated under the same 

conditions with similar results.  The initial peak power of the cell in the second test was 

measured to be 0.138 W cm-2 and decreased to 0.123 W cm-2 after 6 hours, giving a degradation 

of 11 %.  The ohmic resistance increased from 1.18 
 cm2 to 1.23 
 cm2, while the polarization 

resistance increased from 1.56 
 cm2 to 2.09 
 cm2 over the 6 h test. 

 

Figure 5.4 Power curves of a Ni/YSZ//YSZ//Pt cell exposed to dry diesel reformate fuel at 

OCV over a 6 h test at 800 °C. 
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Figure 5.5 Impedance measurements of a Ni/YSZ//YSZ//Pt cell exposed to dry diesel 

reformate at 0 h and 6 h at OCV at 800 °C. 

 

Figure 5.6 Power curves of a Ni/YSZ//YSZ//Pt cell exposed to humidified diesel reformate 

at OCV over a 6 h test at 800 °C. 
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Figure 5.7 Impedance measurements of a Ni/YSZ//YSZ//Pt cell exposed to humidified diesel 

reformate at 0 h and 6 h at OCV at 800 °C. 

Addition of barium oxide to the cell anode lowered the peak power density of the diesel 

reformate in both the dry (Figure 5.8) and humidified case (Figure 5.10).  5% BaO Ni/YSZ 

anodes operating in both the dry and humidified fuels have similar power curves.  The cell in the 

dry feed resulted in a peak power density of 0.096 Wcm-2 compared to 0.109 Wcm-2 in the 

humidified fuel.  Cells operating in both the dry and humidified diesel reformate feeds had 

similar amounts of degradation.  The cell in the dry feed after 6 h at OCV dropped to 0.071 

Wcm-2, which is a 26% loss in performance.  The cell in the humidified feed performed slightly 

better with a power loss of 24%, resulting in a peak power density of 0.083 Wcm-2.  The second 

set of testing using the 5% BaO Ni.YSZ anodes with dry diesel reformate resulted in a peak 

power density of 0.095 Wcm-2 which degraded to 0.083 W/cm-2 after 6 h.  These results are fairly 

close to those recorded in the first test.  The second test using humidified diesel reformate 

showed an initial cell peak power of 0.083 W cm-2 and a final peak power of 0.059 W cm-2.  In 

the first set of tests, humidification of the fuel resulted in larger peak power, however the second 
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the fuel improves power curve over a 5% BaO Ni/YSZ anode.  
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Figure 5.9 shows the impedance data for the 5% BaO Ni/YSZ anode exposed to the dry diesel 

reformate fuel.  The initial polarization resistance is approximately 2.05 
  cm2 and increases to 

3.23 
  cm2.  The ohmic resistance for this cell increase over the course of the experiment from 

1.67 
  cm2 to 2.11 
  cm2.  The second test exposing the 5% BaO Ni/YSZ anode to the dry 

diesel reformate resulted in an initial ohmic resistance of 1.62 
  cm2 which increased to 1.78 
  

cm2 after 6 h.  The polarization losses increased from 2.31 
  cm2 to 3.02 
  cm2 after 6 h.  The 

polarization resistances were lower when the feed was humidified as seen in Figure 5.11.  At the 

beginning of the test, the polarization resistance was approximately 1.28 
  cm2 and increased to 

1.8 
  cm2.  The ohmic resistance also increased over the length of the test, starting at 1.67 
 cm2 

and increasing to 2.11 
 cm2.  The second test using a 5% BaO Ni/YSZ anode exposed to 

humidified diesel reformate showed an initial ohmic and polarization resistance of 2.01 
 cm2 

and 2.15 
 cm2 respectively.  The ohmic and polarization resistance increased after 6 h to 2.5 


 cm2 and 3.85 
 cm2 respectively. 

 

The increase of ohmic resistance with the 5% BaO Ni/YSZ anodes over the 6 h tests was 

generally much larger than the standard Ni/YSZ anodes.  The increase in the ohmic resistance 

could be due to the formation of insulating compounds that form from the reaction of BaO and 

YSZ.  Despite the increase in ohmic losses, the cell still performs above the standard set in H2 

fuel tests.   
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Figure 5.8 Power curves of a 5% BaO Ni/YSZ//YSZ//Pt cell exposed to dry diesel reformate 

over a 6 h test at OCV at 800 °C. 

 

Figure 5.9 Impedance measurements of a 5% BaO Ni/YSZ//YSZ//Pt cell exposed to dry 

diesel reformate at 0 h and 6 h at OCV at 800 °C. 
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Figure 5.10 Power curves of a 5% BaO Ni/YSZ//YSZ//Pt cell exposed to humidified diesel 

reformate over a 6 h test at OCV at 800 °C. 

 

Figure 5.11 Impedance measurements of a 5% BaO Ni/YSZ//YSZ//Pt cell exposed to 

humidified diesel reformate at 0 h and 6 h at OCV at 800 °C. 
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Previous work done by Retrepo examining carbon formed from CO/H2 mixtures showed that 

there are two carbon peaks, one in the 360°C range and the second at around 590 °C46.  

Experiments in this thesis found similar temperature peaks of around 380 °C and 620 °C.  The 

temperature peaks found by Retrepo and the peaks found in this thesis are close enough to 

conclude that the same type of carbon was formed.  Finnerty et al. examined carbon depositing 

from dry natural gas and found two carbon peaks, although their peaks were located at 647 °C 

and 802 °C47.  The different fuels may result in different types of carbon forming and account for 

shifts in the temperature peaks.  Test conditions of the TPO experiment, such as oxygen flow rate 

and temperature ramp rate, also impact the temperature at which the carbon peaks occur.  The 

lower temperature peak is referred to as more reactive carbon and the high temperature peak is 

referred to as less reactive carbon.   

 

Figure 5.12 shows the TPO curves for two cells with a Ni/YSZ anode exposed to dry diesel 

reformate for 6 h at OCV.  The first tests measured 0.11 g of carbon per g of anode, while the 

second test measure 0.045 g of carbon per g of anode.  The large difference in the amounts of 

carbon accumulation could be due to a number of factors.  Since Ni acts as a catalyst for carbon 

accumulation, the anode in the first test may have had more Ni active sites than the anode in the 

second test.  The increased catalytic activity of the Ni may in turn promote carbon accumulation.  

A second explanation is that some of the carbon was lost in the transfer between the fuel cell test 

rig and the TPO experimental apparatus.  The second explanation is not likely as there was no 

visible carbon when the cell was removed from the alumina tube.  All the carbon was contained 

in the anode microstructure.  Both TPO curves had similar amounts of the more reactive carbon.  

The difference in the total amount of carbon is mostly observed in the high temperature carbon 

peak.  The average low temperature peak has a rate of 0.019 mol CO2/mol Ni/min.  The mass 18 

signal was also plotted.  As with CO/H2 fuel mixtures (see Figure 4.12), there is a peak in the 

mass 18 signal (H2O) corresponding with the low temperature carbon.  This diesel reformate fuel 

results in methyl fragments absorbing onto the surface of the anode.   

 

During the latter part of the thesis, a pump in the Cirrus mass spectrometer failed.  Because of 

the failed pump, TPO experiments were then conducted with the Autosorb and Pfeiffer mass 
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spectrometer. Figure 5.13 shows the TPO curve of a Ni/YSZ anode exposed to dry diesel 

reformate for 6 h that had been quantified in the Pfeiffer mass spectrometer.  The total carbon 

measured under this curve is 0.019 g of carbon per g anode.  While the amount of carbon 

measured by the Pfeiffer is the same order of magnitude as the amount of carbon measured by 

the Cirrus, the amount of carbon recorded on the cell surface is significantly lower that what had 

been recorded with the Cirrus mass spectrometer.  The Pfeiffer mass spectrometer appears to 

underestimate the amount of carbon on the surface compared to the Cirrus mass spectrometer.  

Also, the signal to noise ratio of the Pfeiffer mass spectrometer was smaller than that of the 

Cirrus mass spectrometer.  This difference suggests that the potential of error is much higher 

with the Pfeiffer mass spectrometer.  The mass 18 signal from the Pfeiffer mass spectrometer is 

shown in Figure 5.13.  The mass 18 signal does increase with the low temperature carbon peak.  

However, the mass 18 signal in Figure 5.13 does not return to the baseline.  The continuous 

increase in the signal indicates poor calibration rather than a continuous increase in H2O from the 

sample.  The drift in the mass 18 signal is likely due to the signal strength increasing with 

temperature.  Despite the change in experimental apparatus, the carbon peaks in Figure 5.12 and 

Figure 5.13 are similar.  While the quantity of the carbon measured may be different between the 

mass spectrometers, the peak temperatures occurred at the same locations for similar carbon 

types. 
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Figure 5.12 Carbon accumulation on two Ni/YSZ anodes from dry diesel reformate at 800 °C 

for 6 h at OCV using Cirrus mass spectrometer.  The mass 18 signal is also 

plotted. 

 

Figure 5.13 Carbon accumulation on two Ni/YSZ anodes from dry diesel reformate at 800 °C 

for 6 h at OCV using Pfeiffer mass spectrometer.  The mass 18 signal is also 

plotted. 
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Figure 5.14 presents the TPO profiles for two Ni/YSZ cells exposed to humidified diesel 

reformate for 6 h under OCV.  The total amount of carbon accumulated over the test was 0.024 g 

and 0.034 g carbon per g anode.  The resulting TPO curves from the cells operated with a 

humidified fuel did not have a high temperature peak, only a low temperature peak.  

Humidification of the feed eliminated the high temperature peak, while leaving the low 

temperature peak largely unchanged.  The similar size of the low temperature peak in all tests in 

both operating conditions (dry and humidified feed) may suggest a possible thermodynamic 

equilibrium limiting the amount of the more reactive carbon.  Koh et al also suggested that 

humidification may change the form of carbon depositing on the anode48.  The mass 18 signal for 

the remaining diesel experiments are presented in Appendix B.  All graphs show a peak in the 

mass 18 signal aligning with the low temperature carbon peak. 

 

The resulting TPO curves of cells with a 5% BaO Ni/YSZ anode exposed to dry diesel reformate 

are seen in Figure 5.15.  The amount of carbon accumulated on the anodes are 0.014 g and 

0.0028 g carbon per g anode.  The curves have temperature peaks at 348 °C and 366 °C.  These 

curves have only low temperature peaks and are similar to the shape of the curve found for the 

humidified diesel on the Ni/YSZ anodes.  The similar shape of the curve suggests that the same 

type of carbon is forming; the barium is just limiting the amount. 

 

The TPO curves for the 5% BaO Ni/YSZ anodes exposed to humidified diesel reformate are 

shown in Figure 5.16.  The first test measured 0.0045 g carbon per g anode with a peak at 373°C.  

There is a very small peak occurring around 780 °C.  This peak may be an anomaly in the data or 

a different type of carbon that has accumulated on the anode.  The second test measured 0.0072 g 

carbon per g anode with a carbon peak at 302 °C.  The second test likely overestimates the 

amount carbon on the anode as the CO2 reading does not return to the baseline after the carbon 

peak.  This result could from a drift in the sensor likely related to the increase in temperature.  A 

black test was not run to confirm this hypothesis. 

 

Because of the change in experimental apparatus, it is difficult to compare the amount of 

accumulated carbon measured using the Cirrus mass spectrometer and the amount of carbon 
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measured using the Pfeiffer mass spectrometer.  However, the amount of carbon is less than what 

was accumulated on all the other cells operating under diesel reformate fuel. 

 

Figure 5.14 Carbon accumulation on two Ni/YSZ anodes from humidified diesel reformate at 

800 °C for 6 h at OCV.  Samples analyzed using the Cirrus mass spectrometer. 
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Figure 5.15 Carbon accumulation on two 5% BaO Ni/YSZ anodes from dry diesel reformate 

at 800 °C for 6 h at OCV. 

 

 

Figure 5.16 Carbon accumulation on two 5% BaO Ni/YSZ anodes from humidified diesel 

reformate at 800 °C for 6 h at OCV. 
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The addition of any carbon limiting measures (humidifying the fuel or adding BaO to the anode) 

resulted in lower levels of carbon accumulation.  The most noticeable changes in the TPO curves 

of Figure 5.14-Figure 5.16 was the elimination of the high temperature carbon peak.  The high 

temperature carbon peak is only observed when exposing dry diesel reformate to a standard 

Ni/YSZ anode.  This result indicates that H2O prevents the formation of the high temperature 

carbon.  The BaO also removed the high temperature carbon peak, but also lowered the amount 

of low temperature carbon. 

 

5.2 Natural Gas Reformate Fuel 

A natural gas reformate fuel was the second reformate fuel examined in this thesis.  There is 

body of literature dealing with direct use of dry natural gas or internal reforming of natural 

gas30,48,49.  Murray et al found similar performance between natural gas and 3% humidified 

natural gas28.  However, in the case of internal reforming, there is some uncertainty in what 

chemical species are undergoing the electrochemical reactions at the anode.  By fixing the fuel 

composition, it is possible to eliminate some of the uncertainty.  Some internal reforming will 

still occur when the fuel is humidified, but there is less uncertainty regarding fuel composition.  

This section examines results of the natural gas reformate fuel tests. 

 

Figure 5.17 shows the OCV of a Ni/YSZ anode exposed to dry natural gas reformate for 6 h.  

Over the 6 h test, there is no appreciable change in the cell potential.  The steady OCV indicates 

that there is no increase in oxygen levels leaking into the anode chamber over the course of the 

experiment.  The constant OCV may also be an indication of absence of high levels of carbon 

accumulation on the anode over the course of the 6 h test.  The initial test of the Ni/YSZ anode 

exposed to the dry natural gas reformate shows a slightly lower power curve than when the cell 

was exposed to H2 as seen in Figure 5.18.  In H2 the fuel cell obtained a peak power density of 

0.183 Wcm-2, compared to 0.150 Wcm-2 obtained by the cell when the fuel was switched to dry 

natural gas reformate.  Comparing the impedance of dry H2 and dry natural gas reformate in 

Figure 5.19 the arc is longer measuring 2.2 
 cm2 for operating reformed natural gas, compared 

to 1.88 
 cm2 while operating in dry hydrogen. 



 

57 

 

Figure 5.17 Change in OCV over 6 h of a Ni/YSZ//YSZ//Pt cell exposed to dry natural gas 

reformate at 800°C. 

 

Figure 5.18 Initial performance of a Ni/YSZ//YSZ//Pt cell in dry H2 and dry natural gas 

reformate at 800 °C. 
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Figure 5.19 Initial impedance plots of a Ni/YSZ//YSZ//Pt cell in dry H2 and dry natural gas 

reformate at 800 °C. 
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Wcm-2 and decreased to 0.085 Wcm-2 after 6 h resulting in 14% degradation in performance.  

The second test at these conditions had a much higher loss of 29% with the peak power density 

decreasing from 0.038 Wcm-2 to 0.027 Wcm-2.  Analyzing the impedance data found in Figure 

5.23 the cell had an initial ohmic resistance of 1.56 
  cm2 and polarization resistance of 2.98 
  

cm2.  The ohmic resistance increased to 1.69 
  cm2 with an increased polarization resistance of 

3.66 
  cm2.  The second test had initial and final ohmic resistance of 4.66 
 cm2 and 5.56 
 cm2.  

The polarization resistance increased from 4.46 
 cm2 to 7.07 
 cm2.  The very high ohmic and 

polarization resistances are consistent with the lower power density of the second test. 

 

Figure 5.20 Power curves of a Ni/YSZ//YSZ//Pt cell exposed to dry natural gas reformate at 

800 °C over 6 h at OCV. 
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Figure 5.21 Impedance measurements at 0 h and 6 h of a Ni/YSZ//YSZ//Pt cell exposed to dry 

natural gas reformate at 800 °C. 

 

Figure 5.22 Power curves of a Ni/YSZ//YSZ//Pt cell exposed to humidified natural gas 

reformate at 800 °C over 6 h at OCV. 
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Figure 5.23 Impedance measurements at 0 h and 6 h of a Ni/YSZ//YSZ//Pt cell exposed to 

humidified natural gas reformate at 800 °C. 

Compared to the standard Ni/YSZ anodes, the addition of 5% BaO resulted in a lower 

performance in dry natural gas reformate as seen in Figure 5.24.  The peak power density for the 

cell was recorded at 0.076 W cm-2 and decreased to 0.057 W cm-2 after 6 h.  The performance 

degraded 25% over the 6 h.  The second test experienced a higher decrease in power density of 

32%, from 0.09 Wcm-2 to 0.061 Wcm-2.  The ohmic resistance increased over the 6 h test from 

2.11 
  cm2 to 2.57 
  cm2.  The polarization resistance increased from 2.07 
  cm2 to 3.48 
  cm2.  

The initial ohmic and polarization resistances of the cell in the second test were 1.83 
 cm2 and 2 


 cm2, respectively.  The ohmic resistance increased to 2.26 
 cm2 and the polarization resistance 

increased to 3.44 
 cm2 after 6 h. 

 

Humidifying the fuel over the 5% BaO Ni/YSZ anodes resulted in a slight increase in the 

performance when compared to the dry fuel. Humidification did not result in a noticeable 

increase in performance with the standard Ni/YSZ anodes.  In Figure 5.26 the peak power is 

0.109 Wcm-2 and decreased over the experiment to 0.077 Wcm-2.  The cell experienced a 29% 

loss in peak power density over the 6 h.  The second tests initially had a peak power density of 
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