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Abstract
Solid oxide fuel cells are highly efficient elecity producing systems. This thesis examines the
characteristic of the resulting carbon accumulatiorthe solid oxide fuel cell anode from
reformate fuels. The two reformate fuels examiaedbased on the steam reforming of natural
gas and diesel. The solid oxide fuel cell anodstet are the standard Ni/YSZ anode and the
standard Ni/YSZ anode impregnated with 5% bariumd@x The response of the anodes to the
fuel was characterized using cyclic voltammetrgcebchemical impedance spectroscopy,

temperature-programmed oxidation and scanningrelechicroscopy.

The power curves of the diesel and natural gasmefte were largely similar to each other when
compared to the performance in dry hydrogen. Césamngfuel did lead to changes in the
amount and type of accumulated carbon. The nagasateformate 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 thagrate on a similar principle as a battery. The
difference is that a battery has a fixed chargeainad within; when the charge is depleted the
battery is dead. Fuel cells operate as long asl#wtrodes are exposed to fuel and oxidants.

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

There are many different types of fuel cells, diffg in operating temperature and the type of
electrolyte. The solid oxide fuel cell (SOFC) legn gaining interest as it operates at high
temperatures (above 600 °C) providing high quddégt and can theoretically use carbon
containing fuels such as natural gas gCét carbon monoxide (CO). This fuel flexibility a
large advantage over most other types of fuel tetlisrequire uncontaminated hydrogen, (H
fuel with less than a few ppm of Qo operate. The SOFC operates with a solid lgte

that conducts oxygen ions {Pfrom the cathode to the anode where the ion seaith the fuel.

In principle, any carbon that deposits on the armmied then react with the oxygen ions to form
CO or CQ. In reality, the use of carbon containing fu@sults in some carbon deposition on

the anode.

H> is the ideal fuel for fuel cells; however there drawbacks to Hincluding but not limited to
lack of transportation network and limited prodaati It is easier to transport fuels such as
natural gas (pipelines) or diesel (trucks) to reariotations as these transportation networks
already exist. Because the SOFC is carbon tolettafuel cell is capable of using a wide range
of fuels beyond pure H The Solid Oxide Fuel Cell Canada research nétwsoa Natural

Science and Engineering Research Council initigovieirther develop SOFC for use in Canada.
Natural gas and diesel reformates were the twe fidentified by the network as being
promising fuel candidates for an SOFC and haviggicant Canadian applicability. As with
any fuel choice, there are limitations. Direct o$@aatural gas as a fuel for a SOFC has led to
increased carbon accumulation on the anode. Queosohas been to reform the gas into a
composition that results in less carbon accumulatiReformate gases are the product of



chemical reactions that change fuels such as nafasadiesel or coal into mixtures o$,HCO,
CO,, CHs and HO. Some other contaminants such as higher ordiobgrbons or & may
also be present. These mixtures are sometimesrkaswyngas, although syngas typically
refers to mixtures of mainly +and CO. Fuel cell operation utilizing reformatelfresults in
less carbon accumulation due to the presence efad@@HO. CQ and RO react with carbon
that may not necessarily be removed by the eldotrmécal reaction with theDions. SOFC
response using these complex mixtures has notdeanly tested, which is the focus of this
thesis.

1.2 Project objective

The objective of this thesis is to examine the earaccumulation on solid oxide fuel cell anodes
operating on simulated diesel and natural gasmedte gas mixtures. The carbon was analyzed
to examine for any variation in carbon type andmixathat arose from changes of reformate
mixture and anode type. The effect on peak powasitly and open circuit electrochemistry

impedance spectroscopy was also examined.

1.3 Thesis organization

This thesis contains six chapters. Chapter Twadaios a literature review of the relevant
research in addition to basic information regardirg) cell operation. Experimental procedure
is outlined in Chapter Three. Chapter Four isfitts¢ results chapter examining fuel cell
behavior in basic mixtures ofz2Hind CO. Chapter Five contains the results relat&DFC
performance in the diesel and natural gas reforfu@emixtures. Lastly, Chapter Six provides

the conclusions as well as recommendations fohéurgtudies.



Chapter Two: Literature Review
2.1Fuel Cells

While the overall chemical reaction of fuel celleogtion is the same as a combustion gas
generator, fuel cells operate in a completely d#fifé manner than combustion generators. The
fuel cell separates the fuel and air (oxygen) ¢imegiside of the electrolyte. The reaction
proceeds via the electrochemical half reactionath& than converting chemical potential

energy to mechanical energy, fuel cells transfdrendhemical potential into electrical work.

The direct conversion of chemical energy to eleatrenergy allows fuel cells to have higher
efficiencies than more tradition methods of powemneyation. The traditional methods of power
generation such as coal or natural gas fired p@fagts are limited by the Carnot cycle while
the fuel cell is not. Gas turbine systems can fedfieiencies up to approximately 40% while a
solid oxide fuel cell (SOFC) can reach efficienasshigh as approximately 55%. SOFC when
combined with a gas turbine in a combined cyclereach efficiencies higher than 78%
Another advantage is that the efficiency of the 8@4-not strongly dependant on séal@hat

is, a small stack of 10 fuel cells can have a sinefficiency to that of 1000. Also, the fuel cell
stack has no moving parts (the balance of plarithale moving parts: pumps, compressors,
etc.) leading to the possibility of the unit bewary quiet. Some fuel cell types (solid oxide fuel
cells or molten carbonate fuel cells) can tolecaon containing fuels, such as natural gas or

CO primarily due to the high operating temperature.

The disadvantages of fuel cells are, however, nouseand are a barrier to any mainstream
commercialization efforts. There are currentlyyosrhall scale and pilot projects using
commercialized fuel cells. Wal-Mart uses a flefghydrogen powered forklifts in Balzac

Alberte. Bloom Energy in the United States has SOFC stpobducing electricity for a

number of clients including Google, eBay and Walr¥laLong term stability is still an issue for
widespread use of the SOFC. The fuel cell shadddt least 40,000 h or about 4.5 years before
widespread commercialization can odcufnother potential barrier to fuel cell developthis

the fuel. The ideal fuel for fuel cells is hydroageHowever there are a number of technical



difficulties with utilizing hydrogen as a fuel. rBt and foremost is that hydrogen does not occur
naturally; hydrogen is not drilled or mined dirgctHydrogen must be produced; the primary
source of hydrogen is hydrocarbons (mostly natyas). Another constraint is transporting
hydrogen to the fuel cell locations. Currentlyrthes no extensive hydrogen transportation
network as there is with coal, natural gas or gasfiliesel. Hydrogen cannot be transported in
current natural gas pipelines due to concerns dfdgen embrittlement and leakég®/ithout a
reliable device to use hydrogen, it is not likelgyalrogen economy will develop. Without a
hydrogen economy, it hinders the development eliable hydrogen fuel cell. Since problems
exist with hydrogen as fuel, alternative fuels laeeng 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 (>63@fall the fuel cell types. The high
operating temperature creates useful secondarywbkh can be recovered to increase the
overall efficiency. Because the electrolyte trawgpan oxygen ion, carbon in the fuel could be
oxidized to form CQthe same way Hs oxidized to form HO. In practice, not all deposited
carbon will be oxidized, which leads to the accuatioh of carbon on the anode. The deposited
carbon may block pores in the anode preventing tmassfer and in extreme cases, swell the

anode to cause the anode to delaminate from theaige’ .

The materials used in an SOFC must be physicatlychemically stable at the operating
conditions of an SOFC The operating conditions are fairly harsh asftie¢ cell operates at

high temperatures (>650 °C), has reducing conditammone side of the cell and oxidizing
conditions on the other. Because of the high teatpees of operation, all the different materials
of the SOFC must have similar thermal expansiofffictents or there is the risk of thermal
stress causing the electrodes to separate froeléhtolyte. In Figure 2.1, the fuel cell was
cooled at an uncontrolled rate from 800 °C to 20€sulting in delamination of the platinum

cathode.
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Figure 2.1 The SOFC was cooled at an uncontrodésinesulting in the separation of the
cathode from the electrolyte. The black arrow ®tn the separation of the

electrolyte and cathode.

Fuel cells are designed such that one componenidae®the mechanical stability or support of
the cell. Electrolyte supported cells have thénbgj ohmic loss as the electrolyte is, by
necessity, thick to provide the support. To actdonthe thicker electrolytes, electrolyte
supported cells are typically operated at highewpteratures to increase conductivity and thereby
reduce resistance. However the cells are mecHbnstable and easy to handle which makes
them good candidates for laboratory testing. Arsulgported cells have thinner electrolytes
which lowers ohmic loss. The disadvantage of arsaggported cells is that they are harder to
seal and as a result are more prone to leakingho@e-supported cells like anode-supported
cells have thin electrolytes. The problem of cdisupported cells is that they suffer from mass
transport limitations of gas through the thickethcalé. Also, common cathode materials used

such as strontium doped lanthanum manganite (L$Mg Inherently slower reaction kinefics

The electrolyte of an SOFC must meet a numberafirements. First, the electrolyte must be
dense to prevent mixing of the fuel gas with threoaioxygen. Second, the electrolyte must have
an oxygen ion conductivity of at least 0.01 Scat the operating temperattfte Third, the
electrolyte must be stable in both a reducing apphese and an oxidizing atmosphere. Last, the

electrolyte must be an electrical insulator ordgi will short circuit. The most common



material used as an electrolyte is yttria staldlizeconia (YSZ). YSZ has a conductivity of
about 0.04 S crhat 800 °C while being an electronic insulator &l a&s being stable at
operating temperatures. Ceria stabilized zircbamalso been used as an SOFC electrolyte as

an alternative to YS211

The electrodes of an SOFC, like the electrolytsy dlave specific requirements. They must be
electronically conductive (1-100 Sénn oxidizing condition¥), sufficiently ionically
conductive (>0.1 S cth'3), catalytically active for electrode reactions audficiently porous to
allow for gas diffusion (approximately 35%). Since the reactions at the electrodes involve
gaseous fuel, electrons and oxygen ions, all thmest be present to allow the reaction to
proceed. However, there are very few materialsdbatain the required properties, so
composite electrodes are commonly used. Compelgitérodes are a mix of two or more

materials which form separate phases.

One acceptable material for the cathode is platinBtatinum has the advantage of not being a
composite material, is highly conductive and i©sadjoxygen catalyst. One significant
disadvantage of platinum is that it is very expeagb$48 USD/g). A cheaper alternative is

strontium-doped lanthanum manganite (LSM) whichsabout $3 USD/g.

Many different anode materials have been considaneldried. The most common and arguably
successful anode to date has been nickel (Ni) miiedYSZ'°. Niis a good catalyst as it will

aid in reforming of hydrocarbons as well as thd ée#l reaction with hydrogen. The Ni/YSZ
anodes are also chemically and thermally stablehamd a good thermal expansion match with
the YSZ electrolyte. Presence of carbon in thétiymcally results in carbon accumulation on

Ni, which is the leading disadvantage of Ni/YSZ de$16121! Recent work has explored
Ni/YSZ anodes doped with various elements or comdewvith the intent of reducing the
amount of carbon growth on the anode. Tin wassoiod element tried. However tests showed
that not only did the addition of Sn lower performe, it was not stable at operating conditions
and actually led to higher levels of carbon accatoih®. Elements such as Ru, Pt, Pd, Rh have

resulted in mixed success in reducing carbon actation'®. Barium oxide (BaO) is another



additive that appears to aid in minimize carboruaudatiort®. BaO may absorb 4@ onto the
surface facilitating carbon removal. Bilayer an®dee another method being explored to
increase the SOFC carbon tolerance. These anodsstof two layers: a conduction layer and
a functional layer. The conduction layer aidshie teforming of the hydrocarbons and
conduction of the electrons while being carbonreoie The functional layer is
electrochemically active towards the fuel cell teats. Buccheri has shown that Cu/YSZ +
Ni/YSZ anodes have improved performance stabititgatural ga8. In this thesis a standard
Ni/YSZ anode and a 5% BaO Ni/YSZ anode are used.

With composite electrodes, the reaction takes phdesre the electrically conductive material,

the ionically conductive material and the poresafitact to form the “triple phase boundary”
(TPB). Itis uncertain how to quantify the sizetleé TPB and how far this region extends from
the actual interface. Shearing et al. have attedhat use an ion beam lift out technique to
quantify the TPB?. They estimated that a porosity of 10% would nmmaze the TPB. Since

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

results against the anode geometric area of thtrete.

2.3 Carbon Monoxide

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

0.7 W/cnt on a planar desigh Homelet al. showed long term stability of cells operating i@ C
with a stable power output over the 375 h’festO is typically produced as a by-product of
gasification reactiort8?% The use of CO as a fuel should be carefully ictemed as there are a
number of safety issues. CO is highly toxic amehs$portation of CO may prove problematic. A

solution may be to produce and use a CO contafniglgat the same location.

2.4 Reformate Fuels

While H2 may be the preferred fuel for a fuel cell, it @& naturally occurring and must be
produced. Methane (from natural gas) is the mostroon feedstock to produce hydrogen.

Natural gas can be used to produce hydrogen froee ttifferent reactions: partial oxidation,



auto-thermal reforming and steam reforming. Ofémethods, the most widely used is steam
reforming® as illustrated in Equation 1. Water can furtezat with CO to produce more Hs
illustrated in Equation 2. It is estimated tha¥®bf hydrogen production in the United States
comes from steam reformifig The result of the steam reforming of natural igas mixture of
H>, CO, CQ and CH, along with the remaining steam. The conditianssteam reforming of
natural gas actually are very similar to the opegatonditions of a SOFC Because of this, a
great deal of work has been done to utilize eitimgror humidified natural gas directly in the
fuel celP®2%32 While the direct use of natural gas has themiztieof increasing the overall
efficiency of the fuel cell, a number of problensaevelop. The two most prevalent are
carbon accumulation and heat gradients developinhefuel cefl?. The exact mixture varies
greatly depending on the8:CH; ratio used, the reforming temperature, and thal ystt

From the chemical equations a steam to carbon (&t®) of two is required. However, in
practice a S/C ratio of two will not prevent carkamtumulation on the catalyst. It is not unusual
in industry to see S/C ratios of 6.5 and gréateincreasing the S/C ratio will prevent carbon
from depositing on the catalyst, but will also lowiee overall efficiency of the process. The
produced gas is termed syngas, although it doesefestto any particular exact composition but
rather a gas mixture composed mostly ef GO with some C@and CH. A number of factors

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

Because of the S/C greater than two, the resuttitx¢ure can still contain a large amount of
water (can be as high as 50 mol%). Some or d@lefvater will need to be removed to increase
the fuel concentration. Some water left over mayéneficial as water will help remove carbon
deposited on the anode. The reformate mixturesypreally produced solely for theH

However, since SOFC are carbon tolerant, thefeeidibpe that the mixtures can be used directly



as a fuel without removing the CO and £@ue to the higher variance in the reformate fuel

composition, a composition based on a S/C ratibrafe was used in this research.

Diesel reforming is another possible source of agngSince diesel is a liquid this makes it
easier to transport and it has higher energy detigin natural gas. There is already significant
infrastructure dedicated to the production, tramsaod distribution of diesel, which may make
diesel a convenient choice as a fuel. Diesel neifog works in a similar manner as natural gas
reforming. The primary method of diesel reformiagteam reforming, as illustrated in

Equation 3 and catalytic partial oxidation, assthated in Equation 4.

Like steam reforming of natural gas, diesel reforgntan also lead to a wide variety of

reformate mixtures.

2.5 Carbon deposition and removal

Any time carbon is present in the fuel there isrtble of carbon accumulation on the anode.
Some carbon can be beneficial as it will incredsetecal conduction of the anode. Too much
carbon however is extremely detrimental. Depositathon can have three effects on the anode.
Carbon can deposit on the active sites of theystedsulting in lower activity of the anode.
Accumulation on active sites is commonly referre@s$ poisoning and is caused by strong
chemisorption of a species onto the nickel afétiePoisoning is more of a problem when
operating with sulphur containing fuels rather tickarbon. More likely, the carbon will deposit
on the surface of the anode which is called fouli@grbon fouling may result in little
deactivation of the active sites of the anode asttbon does not bond with the nickel rather
only physically covers the active sit&s The carbon will however eventually block pored a

result in slower mass transfer of gdselsastly, the deposited carbon can result in meicia



degradation of the cell when the carbon moleculssipally change the microstructure of the

anodé&?32 The carbon growth physically displaces the Ntipkes, swelling the anode structure.

The mode of carbon deposition changes dependirtiggocarbon containing compounds found
in the fuel. When CHlis present, carbon will form from decompositiortted CH molecule as
seen in Equation 5. CO can cause carbon to deposiigh the Boudouard reaction (Equation
6). In typical syngas mixtures, where &hd CO are both present an additional pathway of
carbon deposition is availablgEquation 7). Suwanwarangkul et al. proposedithayngas
mixtures, the primary mode of carbon deposition stidkthe Boudouard reactiéh Carbon
deposition is greatly impacted by temperature loit temperatures (650 °C), carbon deposits
inside the anode physically impeding diffusibnAt temperatures above 800 °C, deposited
carbon will dissolve into the Ni causing signifitamwelling"*% In an operating fuel cell that is
drawing current some carbon may be oxidized byCthéons. However, carbon will still likely
deposit as not all carbon can be oxidized by thetedchemical reactions. If a weak oxidizer is
present in the fuel, it may aid in the removal epdsited carbon. Gnd HO will remove
deposited carbon in the reverse reactions seeqguattbns 6 and 7, respectively. These
reactions are reversible equilibrium reactionsglsanges in temperature and addition or removal

of species will shift the equilibrium point.

5
6
7

In literature, carbon present on the anode is aftérred to as carbon deposition. However,
since carbon reactions are typically equilibriuraatéons, it would be more accurate to describe
the system as carbon accumulation. Carbon acctiotuia deposition minus removal. Guéret
et al. found graphitization at temperatures greater #@00 °C° Since 1000 °C is above the
operating temperature of the fuel cell, this reacis either unlikely to occur or will proceed
slowly. Bakeret al.reported three TPO peaks from natural gas at 68625 °C and 730 €€
Heet alfound that a single TPO peak at around 600°C fdrmigile operating under humidified

10



natural gas at 800 %C The temperature of the carbon peak varies witirating temperature
and fuel. Several methods have been proposeceteipr carbon deposition and manage
accumulation. The simplest solution has been toitiidy the fuel. The addition of water to a
natural gas feed has been shown to lower the anodwatrbon accumulatél Another simple
fuel additive is CQwhich shifts the Boudouard reaction back to thegzase. Snoek al.
examined the kinetics of G@nd HO gasification of carbon. They found thai(His more
effective, but CQwould still remove carbon from the and¥eAlso, Ma ek et al. have shown
that changes in fabrication technique also leadedaced carbon accumulatf®n The addition
of some metals to the anode has been demonsteateduce carbon accumulati@n Doping
nickel anodes with barium oxide has also been fdaandcrease carbon removal rates in a
humidified fuet®. Barium oxide may assist in the removal of carbprabsorbing water.
Density functional theory predicts that the watdf eissociate, forming a hydrogen and
hydroxide ion. The hydroxide ion then reacts torfcCO and eventually CG&. The goal is to
create a system that is carbon tolerant, whilesigstificantly undermining the performance of

the fuel cell.
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Chapter Three: Experimental Methods

In this section the experimental methods of theassh program are presented. The goal of the
thesis is to investigate cell performance in twiomaate fuel compositions. This section of the

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

3.1 Cell fabrication

An SOFC comprises three primary components: therelgte, the anode and cathode. For
research purposes an optional reference electsoalsa sometimes added. The electrolyte
separates the fuels and prevents the electronsdhon circuiting the load. The anode and
cathode are catalytically active to the specifili-hall reactions. The reference electrode is
added to differentiate the effects of the anodecatidode from the full cell performance.

Figure 3.1 shows the three electrode fuel cellpgmed for these experiments. Electrical
potentials could be measured from the anode, catand the reference electrode located on the
cathode side. The advantage of the three electtesign is that it allows the effects of the
anode and cathode to be measured independentig dilt cell results. With a two electrode

cell design, only the full circuit potential may besasured.

Figure 3.1 Three electrode configuration (not talec

The fuel cell is prepared in three main stepsstHire electrolyte disk is pressed and sintered. A
25 mm diameter die press was used to compressdi.gtgia-stabilized zirconia (YSZ, Tosoh,
TZ-8Y) into disks at approximately 6 MPa for 2 mifihe sintering process took place at
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1450 °C for 2 h in a high temperature furnace in &ieating and cooling rates were 5 °C/min.
The resulting disk has a density of approximateB7y/cnd, a diameter of approximately 19
mm and a thickness of approximately 0.3 mm.

The anode material was prepared by mixing an egasak of nickel oxide (NiO, 99% metal
basis) and YSZ in ethanol. The slurry is ball edlfor 48 h. The standing ethanol is then
evaporated using a magnetic stirred hot plate. stéweding ethanol is typically evaporated
within 10 min. To completely remove the remain@tganol, the slurry is held in an oven at 80
°C. The dried powder was then ground with a matat pestle and sieved through a 150 um
screen. The fine anode powder was then mixedaviimall amount of Terpineol (Alpha Aesar
-Terpineol, 96%) until the NiO/YSZ powder has dised (there should be no NiO/YSZ grains
still present). If the slurry is too viscous, #reode will not sinter properly to the electrolyte
resulting in a cracked and peeling anode. If theysis too thin, the anode will be thinner than
desired. To obtain the proper anode area andrtegsk a mold was used. The molds consisted
of an Avery sticker label (Avery 5160) with a 7 ndiameter hole. The sticker label was applied
to the electrolyte, with the hole at the centethef electrolyte. The anode slurry was painted
over and the label peeled off. The electrolytahwhe painted anodes were then placed back in
the high temperature oven for sintering. This pesctook place at 1350 °C for 4 h. Heating and
cooling rates were 5 °C/min. Electrode properéiesshighly dependent on materials used and

fabrication methods.

The cathodes were applied to the cell in a sinmlanner as the anodes. A 7 mm diameter hole
was punched through the Avery sticker label withsmm hole punched through at least 2 mm
away from the edge of the 7 mm cathode hole. Time/hole was visually lined up with the
anode (the anode can be seen through the eleelrolgtatinum paste (Engelhard) was then
painted over the holes in the label to form thé@cdé and reference electrode. Silver wires
(99.9% metal basis) were attached to the referelemtrode and cathode using additional
platinum paste. A small amount of glass pasteapgadied at the edge of the electrolyte along
the shaft of the wire to hold the wire in placeheTcells 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 werdctine silver wire attached to the cathode and
reference electrodes were examined to ensure tles wioperly contacted the electrodes. On

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

A similar procedure was used to attach the anddersiurrent collector to the cathode. The
silver current collectors were attached to the asagsing silver paste. The silver paste was air

dried and no sintering was required.

If the cells were to contain BaO, the following pedure was performed before adding the anode
current collectors. A solution of 0.5 g of bariwmitrate (99.999%) dissolved in 6 ml of distilled
water was prepared. The barium solution was agppdiehe anode by wet impregnation using a
solution volume containing 5% BaO by Ni mass. Tikdbr every 1g of Ni, the solution

contained the equivalent mass of Ba for 0.05 g B&Re cells are heated up to 120 °C for 4 h at
a rate of 2 °C/min to remove the water. To contlegtbarium nitrate to barium oxide the cells
are then heated to 600 °C at a rate of 5 °C/minhatdi at 600 °C for 3 h. The cells are cooled at
a rate of 5 °C/min back to room temperature.

3.2Cell holder assembly

The experimental apparatus consisted of the fueattached to the end of alumina tube as
depicted in Figure 3.2. The anode was attachgdddhe tube, so that the cathode is exposed to
air. The anode is exposed to gases flowing thraugimner glass tube and carried away by the
alumina tube.

Figure 3.2 Schematic diagram of cell holder apparat
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The cells were attached to an alumina tube usimgh&eond sealant (Aremco Cermabond 552-
VFG). The Cermabond was mixed with thinner (Arer@@mabond 552-VFG-T) if required.
Silver wires in a quartz fiber sleeve were attadetthe current collectors and reference
electrode wire. A stainless steel Swagelok reduserg 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 researisal and natural gas reformate mixtures. The
diesel reformate composition was a mixture obtaifnech Theme 1 of the Solid Oxide Fuel Cell
Canada research netw6tk2 The goal of Theme 1 is to develop reformatesffiet SOFC's.

The test fuel composition is listed in Table 3.1.

Table 3.1 Diesel reformate fuel composition.
Component Theme 1 Fuel Humid Test Fuel Dry Test Fuel
Composition Composition Composition
(mol%) (mol%) (mol%)
Ho 55-57 57 68
CHs 0.6-1 2 3
CO 18 18 21
CO, 7 7 8
H20 16 16

The natural gas reformate mixture was based ort gita taken from work done by Solimain
al*¢43 The exact composition of a natural gas reformateure is highly variable and depends
on a number of factors. The natural gas reforroateposition was chosen as it is easily
obtainable and in line with our goal of obtaininfual for a SOFC, not necessarily to maximize
H2 production. Table 3.2 lists the composition & tiatural gas reformate fuel mixture used in

this research.
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Table 3.2 Natural gas reformate fuel composition.

Component Humid Test Fuel CompositionDry Test Fuel Composition
(mol%) (mol%)
Ho 45.5 70
CHa 6.5 10
CO 5.8 9
Co 7.2 11
H20 35*
*Estimated

3.4 Electrochemical techniques

Electrochemical reactions involve chemical readiafith charge transfer of electrons. By
measuring and observing the charge transfer, oectdi characteristics and observations of the
electrochemical reaction can be made. Electrootedrakperiments were carried out using a
Solartron electrochemical interface (Sl 1287) ai@bkartron impedance/ gain phase analyser (Sl
1260A).

For this research, three electrochemical tests wsgd to characterize the cells and reactions:
open circuit voltage (OCV) measurements, cyclicamimetry and electrochemical impedance

spectroscopy.

3.4.10pen circuit voltage

Open circuit voltage (OCV) is a measurement ofpbiential that develops between the anode
and the cathode when there is zero net curreng. tidoretical OCV of a fuel cell can be
calculated by assessment of the Nernst poteftias, shown in Equation 8. In EquatiorE8,is
the reversible potential of the cell at the opagtemperatureR is the ideal gas constaiitjs

the operating temperatumejs the number of moles of electrons involved ia étectrochemical
reactionF is Faraday’s constard,is the activity of the reactants and products, amgthe

stoichiometric coefficient of species In a fuel cell, the activity of a product can be
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approximated by the partial pressure of the reacaproduct. From Equation 8, the OCV is a
function of the reactants and products at the aaodecathode.
$
I"#

( % ) 8
&' "#

The reversible standard state potentidlisea function of temperature. Listed in Table &8
the EC values for the three fuels that were used inghidly.

Table 3.3 Reversible potential for fuels at 800 °C.

Fuel Equation EV)
*

H2 - 0.977
*

(6{0) - 0.981

CHy 1.037

At OCV, theoretically there are no products beiogrfed as there is no net oxygen transfer
across the electrolyte. According to Equations3thee partial pressure of the reactants approach
0, the Nernst potential is infinite, making the Narpotential of dry hydrogen at OCV

undefined. In reality the OCV is limited by the amnt of Q leaking into the anode chamber
forming water. Using the Nernst equation, the Itesy O, partial pressure of a system with an
OCV of 1.16 V would be 3.33 x 3 atm of Q at the anode. When the potential in dry
hydrogen is 1.2 V at OCV, the oxygen partial pressiecreases to 5.9 x30atm. Very small
variations in oxygen partial pressure at the amedalt in a large change in the OCV of the cell.
Because of this, humidified2Hs used as the presence ofdHat the anode defines the Nernst
potential. The Nernst potential of 0.97%/3% HO feed is 1.102 V. The calculated Nernst

potential is very close to potentials observed expentally, which were typically 1.09 V and as
high as 1.10 V.

OCV is considered to be the harshest conditioerms$ of carbon accumulation. If carbon is

deposited near the TPB, it is possible the carbiirbes oxidized by oxygen ions passing through
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the electrolyte. However, under OCV conditiong¢hs no net current flux and by extension no

oxygen ions flow across the electrolyte to oxidize deposited carbon.

3.4.2Cyclic voltammetry

In cyclic voltammetry experiment, the voltage rselarly changed across the cell and the
resulting current is measured. Since the SOFG oskd in this research had three electrodes,
the individual electrode overpotentials could beasuged as well as the overall cell response.
The overpotentials represent the potential logkerelectrodes required to induce a current. At
OCYV these losses would be zero. The full cellicyabltammetry experiments show the overall
cell response to changes in the applied potentibé potential loss at any given current is the
sum of the anode overpotential, cathode overpatieatid ohmic losses. Figure 3.3 illustrates
the losses experienced by a working SOFC. ThefdataFigure 3.3 was obtained from a cell
operating under dry +hat 800 °C. The ohmic resistance was determirad the impedance of
the full cell at OCV. The sum of the losses exgreeed by the anode, cathode and electrolyte
equal the loss of the full cell.

1.1
R ocV
1.0 Cathode
S 09 Ohmic
I
2 0.8
o) @ Anode
g 07
0.6 Full Cell
0'5 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

Current Density (Acm'z)

Figure 3.3 Potential losses experienced by a Niff\sZZ//Pt cell operating on drytht 800
°C. Experimental results shown.
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3.4.3Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) meadhe response of a cell to a small
variation in the applied current or potential &asty state. The variations are sinusoidal as given
in Equations 9 and 10 for perturbations in potértna current, respectively/(t) is the voltage

at any given timeyo is the amplitude of the potential perturbation and the angular frequency
of the disturbance. The angular frequency is atpeal to2 f, wheref is the frequency measured
in Hertz. In equation 10, is the phase angle, which is the phase shift wlee voltage and

current.

0,-. 0 56,8-.

1,-. 156,8- 9.
10

Electrical resistance is typically defined as opipms to the flow of current through a material,
0
1 11

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

Impedance represents the resistance of a circaictorent changing from steady state, and is

defined as the ratio of the time dependant voleagecurrent as seen in

/0 ,-.
+,-.  —
1,-. 12

Alternatively, impedance can be represented in ¢exnpotation as the following.

+,-.  +¢ 34
13

Impedance data are most often plotted as a Nyplgst The Nyquist plot represents each
impedance point with its real and complex compomergeen in Figure 3.4. The impedance data

can also be interpreted using an equivalent ciesugeen in Figure 3.5. The first resisii)(
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shows the resistance between the two electrodethelcase of a full cell study, this would be
the resistance between the anode and cathode reBssance is also called the ohmic resistance
of the electrolyte. If the anode or the cathodeeimg studiedR1is the resistance between the
anode/cathode and the reference electrode. ThadeesistanceR2) shows the polarization
resistance of the electrode, while C1 is the dolayler capacitance between the electrolyte and

the electrode.

Figure 3.4 Nyquist plot examplR1is the ohmic resistance whiR2is the polarization

resistance.

Figure 3.5 Equivalent circuit of an EIS experiment.

3.5 Temperature programmed oxidation

Temperature programmed oxidation (TPO) was usediantify the accumulated carbon on the
anode after testing. The exit stream from the TBOwas originally characterized using a
Cirrus mass spectrometer manufactured by MKS Spé&strducts. The Cirrus mass
spectrometer broke halfway through the set of erprts. Characterization of the spent
smaples was then completed using an Autosorb lat@ciarome Instruments with a Pfeiffer

mass spectrometer.
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TPO experiments involve heating the sample atemlimate in an oxidizing atmosphere and
analyzing the product gas. The mass spectrometeicalibrated using a 1 % ¢Balance He

gas certified by Praxair.

During a TPO experiment with the Cirrus mass spacéter, a 50 ml/min stream of 10% i@

He flowed over the sample. The sample was hegqied a rate of 10 °C/min to 900 °C. The
effluent gas was then analysed by the mass speeteomWhen the Autosorb was used, the
samples were still heated up at a linear rate ¢iCltin to 900 °C. However, due to constraints
in the equipment, the oxidizing gas used was a B@imflow of 5% & in He. The mass 32
signal (molecular weight of fpwas analyzed over the course of the experimergasure that

the @ levels did not drop significantly which would letxpartial oxidation of the carbon.

By graphing the mass 44 signal (molecular weigh€G$) versus time, the mass of accumulated
carbon can be determined by calculating the ardanthe curve. The temperature at which the
carbon peak occurs also indicates how reactivedhaon is. Sample calculations for the TPO

experiment are found in Appendix A.

The mass 18 signal ¢B) is also examined. If there is a rise in thesriE&s signal corresponding
with one of the carbon peaks, this may indicatepttesence of CHfragments adsorbed onto the

Ni surface.

3.6 Scanning electron microscopy imaging

Scanning electron microscopy (SEM) imaging was eygd to examine the morphology and
microstructure of the cell components as well asetarch for visible carbon deposits. The
technigue was also used for estimating thicknesseo€tell components. In SEM, an area of the
sample is bombarded with high energy electronse ddllision of the electrons with the sample
results in electrons from the sample being releasmug with the electrons from the beam. X-
rays are also produced as a result of the colksidrhe released electrons allow for an image of
the surface to be constructed, while the X-raysastd are specific to the elements present

allowing them to be identified. The SEM devicediseas a Philips FEI environmental scanning
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electron microscope. Samples were mounted towamiaa block with carbon paste. To
increase the conductivity of the sample and redhaoé&ground noise, the samples were sputtered
with gold.

3.7 Testing procedure

When testing the cells, there was generally ortevofobjectives for that cell: carbon
accumulation or cell characterization. All celiéifor 6 h after initial characterization. To
determine performance degradation, some cells tested after 6 h to examine performance
loss. Since these tests would remove some ofdiin accumulated on the cell, the cells could
not be used for qualitative carbon assessmenta Earbon accumulation test, the flow of fuel
was switched to He (20 ml/min) during cool down.

The sleeved silver wires were attached to the anodecathode prior to sealing the cell on the
alumina tube. Once the cell was attached to tinmiala tube using Ceramabond, the sealing was
allowed to set for 1 h in air. A sleeved silverewvas then attached to the reference electrode
and the alumina tube connected to the Swagelolcieglunion. The assembly was then placed
inside the furnace.

The cell was heated up slowly to 93 °C at a rate W&/min. This temperature was maintained
for 2 h. After this initial heating phase, thelaeas heated at a rate of 1 °C/min to 260 °C and
was held for 2 h. The cell was then heated topanaiing temperature of 800 °C at a rate of 2
°C/min. This temperature profile was provided r&nabond to dry the Ceramabond sealing.
Cells were heated up under a 20 ml/min flow rateletto remove any atmospheric oxygen from

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

Once the cell reached a temperature of 800 °G;ehevas partially reduced under a flow of 50
ml/min of 10% H, balance He for 10 min under OCV. The cell wes fully reduced with a
50 ml/min flow of Hfor 20 min under OCV. The partial reduction folleavby full reduction
was to reduce stress on the cell that any volumelrange may have on the cell. After 20 min
under pure H if the OCV was less than 1.16 V the cell wasfarmanother 10 min under OCV.
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If after 20 min, the OCV was still less than 1.16the test was halted as the sealing was not
sufficient and too much Qvas leaking into the cell. The test continuettheg OCV was above
1.16 V in pure K. The cell was then characterized using cyclitarometry and impedance

spectroscopy.

The hydrogen was humidified by flowing the gas tigio a bubbler with a frit and the cell
response was measured under OCV for 10 min. Abdpleeating conditions in Calgary, the
humidified hydrogen will contain approximately 2.6%ater. After 10 min, the cell came to a
new steady state potential. Cyclic voltammetry J@wd impedance spectroscopy tests were
then performed in full cell configuration after thgstem had come to steady state. CV and
impedance measurements were then performed to neghsundividual effect and contribution

of the anode and cathode to the resistance andrpmommes.

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

observed for 10 min under full cell configuratiohhe cell was held at these conditions until a
steady OCV was obtained, which typically occurrethiw 10 min. The effects of the full cell

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

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

If the cell was to be used to quantify the amodrga@umulated carbon, then the fuel was
switched to He immediately after 6 h to stop thditahal accumulation of carbon. If the cell
was used to characterize performance degradatien,further testing took place. These cells
underwent CV and impedance measurements undexeluind anode configuration.

3.8 Errors and Reproducibility

Each test condition was repeated twice with difiecells. Each cell was exposed to dry and
humidified hydrogen and then one of the reformatds. Variation in the initial peak power
density of the cells was typically no more thametdr of 1.5. The two sets of experiments
involving humidified natural gas reformate beingeged to the standard Ni/YSZ anode and the

5% BaO Ni/YSZ anode had poorer reproducibility witiriations between cells of a factor of
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over 2. The average initial ohmic resistance w8g 1cn¥ + 0.89 cn?. After 6 h of testing

the average ohmic resistance was 2.t8¥ + 1.10 cn?. The difference of the total resistance

increase (ohmic plus polarization) after 6 h betweells studied under the same conditions was
within a factor of 2, except when dry diesel refatenwas exposed to a standard Ni/YSZ anode,
which varied by a factor closer to 4. The variatio the electrochemical data is partially

expected with handmade cells.

Examining the reproducibility of the TPO data waad® difficult by the need to change the
mass spectrometer instrument part way throughttitys The Cirrus mass spectrometer
measured over a factor of 2 difference in the tatabunt of carbon for two different dry diesel
reformate exposures of the standard Ni/YSZ ano#ksvever, the difference in the amount of
carbon was mostly in the area below the high teatpes carbon peak. The differences in the
low temperature carbon peak, observed for seveaatard Ni/YSZ anodes tested in dry diesel
fuels in the Cirrus instrument, was close to 50Pkis range is similar to what was seen in
humidified diesel reformate with the same anodeens. The Pfeiffer mass spectrometer
appears to report poorer reproducibility, with tliéerence between the two tests under the same
conditions varying by a factor of 4. However, Hetual amount of carbon this factor represents
is less than 1 mg of carbon per g of anode. Themmely small amount of carbon making up the
reported difference may be within the experimeatsabdr of the mass spectrometer. While the

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

This section details the preliminary experimengsiults supporting the main experiments. The
preliminary experiments fall were done with purelfogen or simple fuel mixtures. The simple
mixture tests refer to cells operating with varymixtures of carbon monoxide and hydrogen.

All experiments in this section were tested usimgl tells 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 fiedl, tests using hydrogen allow for a baseline
against which to compare other experiments. Alstéegan with characterization using dry and
humidified hydrogen. In addition to this initidharacterization, a 6 h test was performed using
dry hydrogen. This test with dry-igave data regarding cell performance changestkatot

due to carbon accumulation.

Figure 4.1, shows the cell potential obtained a@@er the 6 h test in dry hydrogen at 800 °C.
The OCV potential did not decrease over the coofsiee experiment and remained constant at
approximately 1.2 V, indicating that the sealind dot crack and increase the leakage of oxygen

into the cell.

Even though the cell is operating in,khe peak power density of the cell does degrade ® h,
as seen in Figure 4.2 from an initial 0.104 W?%m 0.075 W cni. The cell experienced a 28%
drop in performance. Therefore, some degradat@s dccur that is due to non-carbon related
issues such as sintering of the nickel. Figuresh@vs the impedance spectra for a cell tested
every hour over the course of the 5 h experimehtniO resistance of the cell remains constant
at 1.18 cn? while the polarization resistance increased froBn 7cn?to 10 cn¥. The drop

in performance is likely due to sintering of thed¥iissues with the silver current collectors,
although other factors may be the cause. The azube power loss is not further examined as
it is not the focus of the research. The powes Itself is still important as it demonstrates that

not all the cell degradation is due to carbon aadation.
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Figure 4.1 Potential of Ni/YSZ//YSZ//Pt cell ovebd test at OCV under dry hydrogen at
800 °C.
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Figure 4.2 Power and I/V curves of a Ni/'YSZ//YSZl/€ell before and after operation in H
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/IPT ceilin at OCV for 6 h under +at 800°C.

EIS measurements were taken every hour. The hlardl 6 h results are shown.

4.2 Hydrogen and carbon monoxide mixtures

Before the reformate fuels were used, tests wetferpeed using various mixtures of carbon
monoxide and hydrogen. Adding more CO to#3D fuel lowered the performance of the cell,
as seen in Figure 4.4. A cell operating in a fuefture of 50% CO 50% fhas a peak power
density of 0.105 W crfj which is roughly half the peak power density afdl in pure H fuel
(0.19 W cn¥). Increasing the CO concentration to 75% lowkespgeak power density to 0.091
W cn1? while further increasing the CO to 80% decreakegpbwer density to 0.068 W &m
Finally, a cell exposed to a 100% CO fuel only Ag®wer density of 0.034 W c¢in

Simulations done by Inwt al. show that different fuel mixtures oklnd CO all had similar
power curves, which is what was seen with the destixtures of Hand C3* The likely

reason for the drop in performance is due to irsgdgolarization resistance experienced at the
anode. CO rich fuels have much higher activatomsés at the anode than pute Higure 4.5

presents the impedance of the various fuel mixtufidee initial addition of CO to purezHuel
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increases the polarization loss of the electro8esilarly, the addition of BHto a pure CO
greatly reduced the polarization losses of the asod
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Figure 4.4 Comparative power curves of Ni/YSZ//Y®Zfuel cells operated under various

CO/H; fuel mixtures. All tests taken at 800 °C afterm@it under fuel at OCV.
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Figure 4.5 Comparative impedance of different fueltures. All tests taken at 800 °C. (
100% H, 25%/75% H/CO mixture, 50%/50% H/CO mixture, 75%/25%
H2/CO mixture, 100% CO).

Changes in the chemical species that are electmuchb®y active at the electrodes will change
the OCV of the cell. A cell operated under pure 1606 h (Figure 4.6), like K has a stable
OCV over the course of the test. This stabilityigates that the chemical species at the anode
and cathode remain essentially constant from #me tst finish of the test. When the fuel is
switched to a 75% CO/25%Hhixture (Figure 4.7), there is a larger changteOCV over
time. This change indicates the presence of aspewies that alters the potential of the cell.
With a fuel of 75% CO/25% Klthe accumulation of carbon is likely changing thiged

potential of the OCV over the 6 h test. Small anmtewf accumulated carbon can improve the
cell performance by increasing the electrical canigity of the anode. Large amounts of
accumulated carbon will result in deterioratiorceli performance as the carbon blocks pores in
the anode and changes the anode microstructuresasttked in the literature review in Chapter
2.
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Figure 4.6 Potential of a Ni/YSZ/IYSZ//Pt cell oveb h test at OCV under dry CO at
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Figure 4.7 Potential of a Ni/YSZ//YSZ//Pt cell oveb hour test at OCV under dry 75%
CO/25% h at 800 °C.
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Figure 4.8 shows the degradation in performance &Veof a cell held at OCV exposed to a
75% H 25% CO fuel. Over 6 h the peak power density slifopm 0.096 W crd to 0.089 W
cm?, which is relatively little degradation when comgaito cells exposed to the other fuel
mixtures, such as 50%t%0% CO (Figure 4.9) and 25% M5% CO (Figure 4.10). The
performance of the cell exposed to the 50966P6 CO fuel mixture decreased from 0.104 to
0.05 W cn?. When the fuel is changed to a 25%#3% CO mixture the cell performance
degrades from 0.089 to 0.035 W-émThe sharp drop in voltage at the end of thecGriae is
indicative of severe mass transport limitationewer amounts of degradation are seen in the
100% CO fuel, dropping from an initial 0.88 to 0\82cnT? (Figure 4.11).
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Figure 4.8 Performance of a Ni/'YSZ//YSZ//Pt celeo® h at OCV operating with a 75% H
25% CO fuel at 800°C.
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Figure 4.9 Performance of a Ni/'YSZ//YSZ//Pt celeo® h at OCV operating with a 50% H
50% CO fuel at 800 °C.
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Figure 4.10 Performance of a Ni/YSZ//YSZ//Pt celepn6 h at OCV operating with a 75% H
25% CO fuel at 800 °C.
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Figure 4.11  Performance of a Ni/'YSZ//YSZ//Pt celeo6 h at OCV operating with a 100%
CO fuel at 800 °C.

The performance losses of peak power densitidseofells exposed to the various fuels over the
course of the experiments are shown in Table #tie general trend in the cell performance
degradation across the different fuels is an irsea performance degradation with increasing
CO concentration past 25% up to 100% CO fuel. & &ell with a 100% CO fuel, while having

a much lower power output, degrades at a simitartaa fuel cell with 100% Huel. The
25%CO0/75% H fuel showed lower levels of degradation. The Iolegels of degradation
observed for the cell exposed to the 25% CO/75%ebt may be due to a better anode

microstructure rather than inherent superior progenf the fuel mixture over pure:H

33



Table 4.1 Cell degradation after 6 h at OCV at 8D0

Fuel Peak Power Density (W cin Percent Degradation
Initial Final (%)
100% H 0.104 0.075 28
25% CO 75% K 0.096 0.089 7
50% CO 50% K 0.104 0.054 48
75% CO 25% H 0.089 0.035 61
100% CO 0.088 0.062 30

Figure 4.12 to Figure 4.15 show typical TPO curfeesells exposed to different fuel
compositions. Each fuel composition was testeddéwtith separate cells. For all curves, the
main temperature peak occurs between 595 °C and®@5@mperatures which are typical. The
signal received by the mass spectrometer sometiorgained some noise, however the trend
was readily apparent. Figure 4.12 shows two TP®esufor cells operated for 6 h under a 50%
CO/50% H mixture. The first test showed a total carboruawnalation of 0.31 g carbon/g anode
with the peak at 613 °C. The second test resutt@®6 g carbon/g anode with the peak at 595
°C. The mass 18 signal is also plotted in Figui®4 There is a #D peak corresponding to the
low temperature carbon peaks for both tests. f@sslt indicates that despite there being no
natural gas in the feed, the carbon on the surfaesacting with the Fin the gas to form methyl
fragments (CK). All other TPO tests showed a mass 18 peak sporeding to the low
temperature carbon peak. The graphs plotting tesri8 signal are found in Appendix B.

Figure 4.13 presents the TPO results for two agllrated with 75% CO/25%,H The total
carbon measured in the two tests was 0.38 g caylamode with the peak at 626 °C and 0.31 g
carbon/g anode with the peak at 641 °C. Figuréd dhibws the TPO curves for cells operated
with an 80% CO/20% KHmixture. The total carbon accumulated is 0.34rpan/g anode with
the peak at 636 °C. The second test measuredy@aibon/g anode with the peak at 638 °C.
The 100% TPO results are reported in Figure 4Rdy. the first test, the total carbon
accumulated was 0.12 g carbon/g anode with the @385 °C. The second test resulted in
0.033 g carbon/g anode being accumulated with peeature peak at 302 °C. The first
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experiment gave a high temperature carbon pea®sat®, while the second test did not. The
exact temperature of the carbon peak depends @rimgntal conditions used during the TPO
experiment, what type of carbon is present and imoxeh carbon is present. Because of this
variability, the temperature of the carbon peakdsa firm indicator of the type of carbon

present.

However, the TPO plots consistently showed twartisttarbon peaks, indicating that two
separate forms of carbon are present on the anotées. The low temperature carbon has a
peak around 380 °C while the high temperature ¢aHas a peak around 620 °C. The lack of a
high temperature carbon peak in the second testatas that the high temperature carbon never
formed or did form and was removed prior to the TB€. The high temperature carbon from
the 100% CO fuel is significant as it shows thatsahme types of carbon are formed, as shown
in Equations 6 and 7. Similar amounts of low terapge carbon were found in all four fuel
compositions. The TPO profiles of the different/@&©mixtures varied mostly by the amount of
high temperature carbon that formed on the anddhe similar amounts of low temperature
carbon may indicate thermodynamic equilibrium limgtthe amount of low temperature carbon.

The low temperature carbon may also convert tditle temperature carbon type.
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Figure 4.12  TPO result of two cells at OCV for &tl800 °C under 50%450% 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 &tI800 °C under 25% H2 75% CO fuel
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Figure 4.15 TPO result of two cells at OCV for &tf800 °C under 100% CO fuel.

Table 4.2 lists the amount of carbon accumulatetheranodes as a function of fuel
composition. Increasing the CO concentration enftlel (up to 75% CO) resulted in an increase
in the amount of accumulated carbon. At around T3ahere is a peak in the amount of
accumulated carbon and increasing the CO concemtrattually resulted in lower amounts of
accumulated carbon. This result is in agreemetit thie results of Alzate-Restrepo and Hill.
That is, cells operating with a 100 % CO fuel havyewer rate of carbon accumulation than
some H/CO mixtures, with the maximum amount of carbonuaaglation occurring around

75% CQ3’. The amount of carbon accumulated is a functich@CO to H ratio. The

maximum amount of carbon accumulation is around T8%@and 25% bl

There was a noticeable difference between the ate@iftarbon accumulated in different tests.
When transferring the cell from the test rig to RO, there is the possibility of losing carbon.
However it is much more difficult to gain or othese add carbon to the sample. Because of this,

the larger value of the carbon accumulation amougritse more accurate value.

37



Table 4.2 Carbon accumulation on Ni/YSZ anode &tleroperating at 800 °C.

Accumulated Carbon
Fuel Components
(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, examiniogavior in hydrogen and carbon monoxide
were examined. These tests confirmed that thmgegtocedure produced reproducible results

and that the trends were in agreement with refalisd by Alzate-Restrepo and Hill

Carbon accumulation on the anode is a functiomefatio of carbon monoxide and hydrogen.
The presence of hydrogen with carbon monoxideredult in hydrogen reacting to form water
and carbon. Maximum carbon accumulation occurgradt@5% CO, 25% H The TPO profiles
contained two carbon peaks, a main peak at aroR@d® and a secondary smaller peak at
around 380 °C indicative of two types of carboneveresent on the anode. Additionally, a
carbon peak at 620 °C was found in a test usin@adlG®. The formation of the carbon peak at
620 °C indicates that the CO and C@fhixtures form the same types of carbon. The wftio

H> and CO, however, had less of a prominent effe¢hennitial cell power. The addition of CO
to a pure Hfuel greatly increases the activation resistahogever, the increase in resistance is
not linear with the increase of CO. Similarly, adgH, to a pure CO fuel greatly lowers the
activation loss. Similar intolerance to changekigl composition can be seen with the initial
power curves. The initial performance of the cepierating with CO/Emixtures can be very
similar. However, after 6 h, there is a largeati&nce in the power curves. The change in peak
power density is likely due to increased carboruaadation resulting from changes in fuel

composition. Peak power degradation from th&C fuel mixtures generally matched the
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trends in carbon accumulation. Maximum degradatias seen in the cell exposed to the 25%
H> 75% CO fuel mixture that corresponds with the fuelsenting the maximum carbon
accumulation. The cell exposed to the pure COHadllow levels of carbon accumulation and

showed similar degradation as compared to theegplbsed to pure Huel.
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Chapter Five: Reformate Fuel Results

This chapter examines the results of the reforruaktests. The primary focus is to examine
the cell degradation and carbon accumulation rieguitom 6 h tests at the OCV. The two fuel
mixtures were selected to simulate diesel and abgas reformate fuels. Standard Ni/YSZ
anodes and Ni/YSZ anodes impregnated with 5% Ba#De wested in this section. All cells have
a platinum cathode and reference electrode.

5.1 Diesel Reformate Fuel

The results in this section detail experimentsqrened with diesel reformate fuel. The purpose
of the experiments was to determine the power diadiean and amounts of carbon accumulation
of a SOFC operating in a diesel reformate fuele pbwer curve of the fuel cell is then

compared to a fuel cell operating under pure hyeinog

While OCV is not an accurate indicator of cell pemiance, changes in the OCV will signify a
change of the chemical species at the electroéiggire 5.1 shows the OCV of a Ni/YSZ anode
fuel cell operating under dry diesel reformate dvéx. The minor change in the OCV is likely
due to carbon accumulation on the anode as thedo®lins constant. The lack of major
changes in the OCV also suggest that oxygen léwvele anode chamber remained relatively
constant as an increase in oxygen would resultiange change in the OCV. The initial OCV
was just below 1.16 V in dry diesel. OCV in dregskl reformate was slightly lower than that of
dry hydrogen, which was recorded at 1.2 V for gasticular cell. The change in OCV

demonstrates that the anode is affected by thed®Q#e fuel mixture that is not hydrogen.
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Figure 5.1 Change in a Ni/'YSZ//YSZ//Pt cell OCV o%eh exposed to dry diesel reformate
at 800 °C.

As expected from the COgHnixtures, the addition of CO along with the £&hd CH lowered
the peak power density of the cell. Figure 5.2x&hthe comparative power curves of the same
cell exposed to hydrogen and dry diesel reformabeder dry hydrogen, the cell obtained a peak
power density of 0.178 Wch When the fuel was switched to dry diesel refdenthe peak
power density dropped to 0.157 WémMiaoet al.looked into the effect of various diluents on
the performance of SORE They found that the addition of CO to a mixtafed,, H,O and

CO, decreased the performance of the cell. Indivigubey found that CO, C£and CH
decreased the performance, while the additigD creased the cell performance. These
experiments saw a decrease in the performanceagitition of any of the gases including@®
Figure 5.3 shows the impedance of the cell undeHdrand dry diesel reformate. Both curves
have a similar sized first arc measuring just thas 1.5 cn?. The two fuels differ in the
second arc. The diesel reformate actually hadalsnoverall impedance than dry,H
measuring approximately 2cn? compared to 3.5 cn found in dry H. The ohmic resistances,
in theory, should remain constant for both fudtsreality, there is some small variation in the
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ohmic resistance seen in Figure 5.3. The ohmistegxe was 1.07 cn for dry H and 1.15

cn? for dry diesel reformate fuel.
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Figure 5.2 Initial performance of a Ni/YSZz//YSZ//g¢ll in dry B and dry diesel reformate

at 800 °C.
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Figure 5.3 Initial impedance plots of a Ni/YSZ//Y/E2 cell in dry H and dry diesel
reformate at 800 °C at OCV.
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The peak power density of the Ni/YSZ//YSZ//Pt agerating with dry diesel reformate did
drop over the 6 h test, as seen in Figure 5.4. pBElag& power density after 6 h was measured to
be 0.113 W cm. The change in peak power density correspond<2&#6 drop. A second test
at the same conditions resulted in an initial peaker density of 0.104 Wcfmand decreased by
16% over the 6 h test to 0.087 Weém

Impedance measurements seen in Figure 5.5 shonci@ase in the polarization resistance
which may contribute to the loss in performanadatidl polarization resistance was measured to
be approximatly 1.91 cn? and increased to 4.57cn¥ after 6 h. The ohmic resistance
changed slightly over the test, from an initial5L.1cn¥ to a final 1.19 cn?. The second test
using dry diesel reformate fuel on a Ni/YSZ anoldeveed a 16 % loss in peak power (0.14 W
cm?to 0.087 W cn?). The ohmic resistance increased from an initidl crm?to 1.74 cny

after 6 h. The polarization losses increased f8or8 cn¥ to 4.57 cn?. While the second test
showed that the cell had higher ohmic and polddrdbsses, resulting in lower power, the
second cell experienced a smaller increase inesistances, resulting in a smaller power drop

over the 6 h test.

Figure 5.6 demonstrates the performance of a Ni/¥&ae in diesel reformate fuel humidified
to 3%. The initial performance of the cell wasld Wcm? and decreased over 6 h to 0.095
Wenr2, This cell experienced a 14% degradation in geaker density, which is below the
approximately 28% degradation that was experiebgetie operating in dry hydrogen. While
the peak power density of the cell may have droppéd humidification of the fuel, there was
less degradation in humidified fuel compared todhefuels. Other groups have seen an
increase in long term performance with humidifioatof fuef®. One explanation for the
increased stability in the humidified fuels is thRD is aiding in the removal of carbon.
However, the HO may be doing more than that, as the degradatitimei dry diesel reformate
feeds do not exceed that of féed. The presence ob® may be slowing the rate of Ni

sintering in the anode.
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In agreement with the power density curves ovee tithe impedance also shows a smaller
increase in the polarization resistance of themedr 6 h. Figure 5.7 shows an initial
polarization resistance of approximately 1.88n¥ to a final 2.19 cn?. The ohmic resistance
of the cell increased over the test from 1.5&n? to 1.67 cn?. The increase in polarization
resistance of the cell when the fuel was humidified only 0.37 cn? compared to an increase
of 2.6 cn? when the fuel was dry. The SOFC typically expeees initial degradation before
long term stability is achievétl With the 6 h tests, the fuel cell is likely ktihndergoing the

initial degradation in performance. However, frtm results in Chapter 4, carbon accumulation
can increase the initial degradation in the 6 leframe. The test was repeated under the same
conditions with similar results. The initial pepé&wer of the cell in the second test was
measured to be 0.138 W @mand decreased to 0.123 W-émifter 6 hours, giving a degradation
of 11 %. The ohmic resistance increased from 1.4:i8¢ to 1.23 cn¥, while the polarization
resistance increased from 1.56n7 to 2.09 cnv over the 6 h test.
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Figure 5.4 Power curves of a Ni/'YSZ//YSZ//Pt celpesed 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//¥82ell exposed to dry diesel
reformate at 0 h and 6 h at OCV at 800 °C.
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Figure 5.6 Power curves of a Ni/'YSZ//YSZ//Pt celpesed 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//¥82kll exposed to humidified diesel

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

Addition of barium oxide to the cell anode lowetbd peak power density of the diesel
reformate in both the dry (Figure 5.8) and humetifcase (Figure 5.10). 5% BaO Ni/YSZ
anodes operating in both the dry and humidifiedsfliave similar power curves. The cell in the
dry feed resulted in a peak power density of 008> compared to 0.109 Wc#in the
humidified fuel. Cells operating in both the drnydaehumidified diesel reformate feeds had
similar amounts of degradation. The cell in theféled after 6 h at OCV dropped to 0.071
Wenr?, which is a 26% loss in performance. The cethimhumidified feed performed slightly
better with a power loss of 24%, resulting in akopawer density of 0.083 Wc The second
set of testing using the 5% BaO Ni.YSZ anodes withdiesel reformate resulted in a peak
power density of 0.095 WchAwhich degraded to 0.083 W/chafter 6 h. These results are fairly
close to those recorded in the first test. Themsedest using humidified diesel reformate
showed an initial cell peak power of 0.083 Wand a final peak power of 0.059 W&min

the first set of tests, humidification of the fuesulted in larger peak power, however the second
test resulted in a lower peak power. With fewdgistis inconclusive whether humidification of

the fuel improves power curve over a 5% BaO Ni/Yéddde.
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Figure 5.9 shows the impedance data for the 5% [BAC5Z anode exposed to the dry diesel
reformate fuel. The initial polarization resistaris approximately 2.05 cn¥ and increases to
3.23 cn?. The ohmic resistance for this cell increase ¢hercourse of the experiment from
1.67 cn¥to2.11 cn?. The second test exposing the 5% BaO Ni/YSZ atodee dry
diesel reformate resulted in an initial ohmic resise of 1.62 cn¥ which increased to 1.78
cny after 6 h. The polarization losses increased 2084 cn¥ to 3.02 cn? after 6 h. The
polarization resistances were lower when the feasl mumidified as seen in Figure 5.11. At the
beginning of the test, the polarization resistanas approximately 1.28 cn¥ and increased to
1.8 cn?. The ohmic resistance also increased over thgthesf the test, starting at 1.6%n?
and increasing to 2.11cn?. The second test using a 5% BaO Ni/YSZ anodesagto
humidified diesel reformate showed an initial ohmancl polarization resistance of 2.0&n?
and 2.15 cn¥ respectively. The ohmic and polarization resisteincreased after 6 h to 2.5

cn? and 3.85 cnv respectively.

The increase of ohmic resistance with the 5% Bak¥$¥ anodes over the 6 h tests was
generally much larger than the standard Ni/YSZ asodrhe increase in the ohmic resistance
could be due to the formation of insulating compasithat form from the reaction of BaO and
YSZ. Despite the increase in ohmic losses, thest#lperforms above the standard set in H

fuel tests.
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Figure 5.8 Power curves of a 5% BaO Ni/YSZ//YSZbet exposed to dry diesel reformate
over a 6 h test at OCV at 800 °C.
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Figure 5.9 Impedance measurements of a 5% BaO KMifYSZ//Pt cell exposed to dry
diesel reformate at 0 h and 6 h at OCV at 800 °C.

48



1.2 0.20
1.0 %
1015 §
S =3
=~ 038
£ =
% 4 0.10 %
E 0.6 e
)
4 0.05
0.4 c%
a
02" * : : 0.00
0.0 0.1 0.2 0.3
Current Density (Acm™)
Figure 5.10  Power curves of a 5% BaO Ni/YSZ//YSEG6Ell exposed to humidified diesel
reformate over a 6 h test at OCV at 800 °C.
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Figure 5.11 Impedance measurements of a 5% BaOSXil\t SZ//Pt cell exposed to

humidified diesel reformate at 0 h and 6 h at O€8aD °C.

49



Previous work done by Retrepo examining carbon éarfnom CO/H mixtures showed that

there are two carbon peaks, one in the 360°C randehe second at around 59¢¢C
Experiments in this thesis found similar tempemfeaks of around 380 °C and 620 °C. The
temperature peaks found by Retrepo and the peaksl fio this thesis are close enough to
conclude that the same type of carbon was fornk@ahertyet al. examined carbon depositing
from dry natural gas and found two carbon peakbipabh their peaks were located at 647 °C
and 802 °@’. The different fuels may result in different tgpef carbon forming and account for
shifts in the temperature peaks. Test conditidritle@TPO experiment, such as oxygen flow rate
and temperature ramp rate, also impact the temperat which the carbon peaks occur. The
lower temperature peak is referred to as moreikgacarbon and the high temperature peak is

referred to as less reactive carbon.

Figure 5.12 shows the TPO curves for two cells witki/YSZ anode exposed to dry diesel
reformate for 6 h at OCV. The first tests measrdd g of carbon per g of anode, while the
second test measure 0.045 g of carbon per g ofeanble large difference in the amounts of
carbon accumulation could be due to a number abfac Since Ni acts as a catalyst for carbon
accumulation, the anode in the first test may e more Ni active sites than the anode in the
second test. The increased catalytic activityhefiMli may in turn promote carbon accumulation.
A second explanation is that some of the carbonlesisn the transfer between the fuel cell test
rig and the TPO experimental apparatus. The seegpldnation is not likely as there was no
visible carbon when the cell was removed from tlenaa tube. All the carbon was contained
in the anode microstructure. Both TPO curves lmaidas amounts of the more reactive carbon.
The difference in the total amount of carbon is tiyasbserved in the high temperature carbon
peak. The average low temperature peak has afr@t619 mol C@mol Ni/min. The mass 18
signal was also plotted. As with CQ/Hiel mixtures (see Figure 4.12), there is a paaké

mass 18 signal (#D) corresponding with the low temperature carb®his diesel reformate fuel

results in methyl fragments absorbing onto theamgrof the anode.

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

the failed pump, TPO experiments were then conduetth the Autosorb and Pfeiffer mass
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spectrometer. Figure 5.13 shows the TPO curveNif¥éSZ anode exposed to dry diesel
reformate for 6 h that had been quantified in tfesffer mass spectrometer. The total carbon
measured under this curve is 0.019 g of carbomy@erode. While the amount of carbon
measured by the Pfeiffer is the same order of ntagaias the amount of carbon measured by
the Cirrus, the amount of carbon recorded on tHesadace is significantly lower that what had
been recorded with the Cirrus mass spectrometee. PTeiffer mass spectrometer appears to
underestimate the amount of carbon on the surfacgared to the Cirrus mass spectrometer.
Also, the signal to noise ratio of the Pfeiffer mapectrometer was smaller than that of the
Cirrus mass spectrometer. This difference suggeatshe potential of error is much higher
with the Pfeiffer mass spectrometer. The massdrakfrom the Pfeiffer mass spectrometer is
shown in Figure 5.13. The mass 18 signal doegase with the low temperature carbon peak.
However, the mass 18 signal in Figure 5.13 doesatotn to the baseline. The continuous
increase in the signal indicates poor calibratether than a continuous increase #®©Hrom the
sample. The drift in the mass 18 signal is likeye to the signal strength increasing with
temperature. Despite the change in experimentaragus, the carbon peaks in Figure 5.12 and
Figure 5.13 are similar. While the quantity of ttegbon measured may be different between the

mass spectrometers, the peak temperatures ocairtteel same locations for similar carbon
types.
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Figure 5.12  Carbon accumulation on two Ni/YSZ arsoldlem dry diesel reformate at 800 °C

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

plotted.

0.014 8.5e-12

0.012 —
c 8.0e-12 5
E 0,010 <
Z J—
< &
o 0.006 7.0e-12
O —
= 0.004 0
S 6.5e-12 ‘2‘5

0.002 ‘

0.000 | ‘—— : 6.0e-12

0 200 400 600 800

Temperature (°C)
Figure 5.13  Carbon accumulation on two Ni/YSZ arsoldem dry diesel reformate at 800 °C
for 6 h at OCV using Pfeiffer mass spectrometene mass 18 signal is also

plotted.
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Figure 5.14 presents the TPO profiles for two NiZYclls exposed to humidified diesel
reformate for 6 h under OCV. The total amountarbon accumulated over the test was 0.024 g
and 0.034 g carbon per g anode. The resulting diR@es from the cells operated with a
humidified fuel did not have a high temperaturelpealy a low temperature peak.
Humidification of the feed eliminated the high tezmgture peak, while leaving the low
temperature peak largely unchanged. The simit&r ai the low temperature peak in all tests in
both operating conditions (dry and humidified feed)y suggest a possible thermodynamic
equilibrium limiting the amount of the more reaetivarbon. Kolet alalso suggested that
humidification may change the form of carbon defiogion the anod€ The mass 18 signal for
the remaining diesel experiments are presentegpeAdix B. All graphs show a peak in the

mass 18 signal aligning with the low temperatumbaa peak.

The resulting TPO curves of cells with a 5% BaOYISiZ anode exposed to dry diesel reformate
are seen in Figure 5.15. The amount of carbonrastaied on the anodes are 0.014 g and
0.0028 g carbon per g anode. The curves have tatope peaks at 348 °C and 366 °C. These
curves have only low temperature peaks and ardasitoithe shape of the curve found for the
humidified diesel on the Ni/YSZ anodes. The simslaape of the curve suggests that the same

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

The TPO curves for the 5% BaO Ni/YSZ anodes exptsédmidified diesel reformate are

shown in Figure 5.16. The first test measured4bf carbon per g anode with a peak at 373°C.
There is a very small peak occurring around 780 T@is peak may be an anomaly in the data or
a different type of carbon that has accumulatetheranode. The second test measured 0.0072 g
carbon per g anode with a carbon peak at 302 & s€&cond test likely overestimates the
amount carbon on the anode as the @@ading does not return to the baseline aftec#nieon

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

black test was not run to confirm this hypothesis.

Because of the change in experimental apparatissdifficult to compare the amount of

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

was accumulated on all the other cells operatirdgudiesel reformate fuel.
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Figure 5.14  Carbon accumulation on two Ni/YSZ arsoldlem humidified diesel reformate at
800 °C for 6 h at OCV. Samples analyzed usinglineis mass spectrometer.
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The addition of any carbon limiting measures (hufyikg the fuel or adding BaO to the anode)
resulted in lower levels of carbon accumulatiome Tost noticeable changes in the TPO curves
of Figure 5.14-Figure 5.16 was the eliminationhad high temperature carbon peak. The high
temperature carbon peak is only observed when exgpdsy diesel reformate to a standard
Ni/YSZ anode. This result indicates thatHprevents the formation of the high temperature
carbon. The BaO also removed the high temperaan®n peak, but also lowered the amount
of low temperature carbon.

5.2 Natural Gas Reformate Fuel

A natural gas reformate fuel was the second refteueel examined in this thesis. There is
body of literature dealing with direct use of diatural gas or internal reforming of natural
gas©484% Murrayet alfound similar performance between natural gas3#chumidified
natural ga&. However, in the case of internal reforming, éhisrsome uncertainty in what
chemical species are undergoing the electrochemgaations at the anode. By fixing the fuel
composition, it is possible to eliminate some @ timcertainty. Some internal reforming will
still occur when the fuel is humidified, but thesdess uncertainty regarding fuel composition.
This section examines results of the natural gasmate fuel tests.

Figure 5.17 shows the OCV of a Ni/'YSZ anode expdsetty natural gas reformate for 6 h.
Over the 6 h test, there is no appreciable chamgfeei cell potential. The steady OCYV indicates
that there is no increase in oxygen levels leakitgthe anode chamber over the course of the
experiment. The constant OCV may also be an itidicaf absence of high levels of carbon
accumulation on the anode over the course of thée6t. The initial test of the Ni/YSZ anode
exposed to the dry natural gas reformate showiglatlyllower power curve than when the cell
was exposed toHas seen in Figure 5.18. Irx Hhe fuel cell obtained a peak power density of
0.183 Wcn?, compared to 0.150 Wchobtained by the cell when the fuel was switchedrio
natural gas reformate. Comparing the impedanciyolH, and dry natural gas reformate in
Figure 5.19 the arc is longer measuring 2¢&¥ for operating reformed natural gas, compared
to 1.88 cnv while operating in dry hydrogen.
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Figure 5.17 Change in OCV over 6 h of a Ni/YSZ//Y®Z cell exposed to dry natural gas
reformate at 800°C.
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In Figure 5.20, a fuel cell with a Ni/YSZ anode wasted in dry natural gas reformate fuel for 6
h operating at OCV. The cell had an initial powensity of 0.15 Wcr, which decreased to
0.132 Wecn? after the 6 h. This test resulted in a 12% lagseiak power density. The second
test using a Ni/YSZ anode in dry natural gas refgmshowed an initial peak power density of
0.092 Wemr? which degraded to 0.079 Wchafter 6 hours. The impedance data also show an
increase in polarization resistance as well aggatshcrease in ohmic resistance over the 6 h
test. The initial ohmic and polarization resisemere 1.12 cn? and 2.2 cnv, respectively.
After 6h, the ohmic resistance increased to 1.20while the polarization resistance increased
to 2.97 cn?. The second test at the same conditions resitad initial ohnmic resistance of
1.53 cn? and an initial polarization resistance of 5.1&7. The ohmic and polarization

resistances increased after 6 hours to 1.@1% and 5.28 cn?, respectively.
Figure 5.22 shows the power curve of a Ni/YSZ amoteunder humidified natural gas

reformate fuel initially and after 6 h at OCV. Cpaned to the dry natural gas reformate test

(Figure 5.20), there was a drop in initial perfono@. The initial peak power density was 0.099
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Wcnm?2 and decreased to 0.085 Weémfter 6 h resulting in 14% degradation in perfanoe

The second test at these conditions had a muclehigés of 29% with the peak power density
decreasing from 0.038 Wctrto 0.027 Wcnf. Analyzing the impedance data found in Figure
5.23 the cell had an initial ohmic resistance 661. cn? and polarization resistance of 2.98
cn?. The ohmic resistance increased to 1.6&¢ with an increased polarization resistance of
3.66 cn?. The second test had initial and final ohmicstsice of 4.66 cn? and 5.56 cn¥.
The polarization resistance increased from 4.46v to 7.07 cn?. The very high ohmic and

polarization resistances are consistent with teetgower density of the second test.
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Figure 5.20 Power curves of a Ni/'YSZ//YSZ//Pt @lposed 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 & NidYSZ//YSZ//Pt cell exposed to dry
natural gas reformate at 800 °C.
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Figure 5.22  Power curves of a Ni/'YSZ//YSZ//Pt @lposed to humidified natural gas
reformate at 800 °C over 6 h at OCV.

60



2.5

20 -
200 Hz
NE 15+ 200 Hz \b
g 1.0 + oxO © 900,
<~ OOOQOOQ... ooo
= °
N 0.5 %, OOo
’ %)
Y
0Oh o 6 h
0.0 & >
_0.5 1 1 1 1 1
0 1 2 3 4 5 6
Z' (\Wem?)

Figure 5.23 Impedance measurements at 0 h and & NibY SZ//YSZ//Pt cell exposed to

humidified natural gas reformate at 800 °C.

Compared to the standard Ni/YSZ anodes, the aadifi®% BaO resulted in a lower
performance in dry natural gas reformate as se€igure 5.24. The peak power density for the
cell was recorded at 0.076 W 2mand decreased to 0.057 W-¢mfter 6 h. The performance
degraded 25% over the 6 h. The second test exigedea higher decrease in power density of
32%, from 0.09 Wcm to 0.061 Wcnt. The ohmic resistance increased over the 6 Hrtest
2.11 cn?to 2.57 cn?. The polarization resistance increased from 2.@n? to 3.48 cnv.
The initial ohmic and polarization resistanceshef tell in the second test were 1.887 and 2

cn?, respectively. The ohmic resistance increaséd26 cnv and the polarization resistance
increased to 3.44cn¥ after 6 h.

Humidifying the fuel over the 5% BaO Ni/YSZ anodesulted in a slight increase in the
performance when compared to the dry fuel. Hunadifon did not result in a noticeable
increase in performance with the standard Ni/YS@das. In Figure 5.26 the peak power is
0.109 Wcnt and decreased over the experiment to 0.077 ¥chme cell experienced a 29%

loss in peak power density over the 6 h. The sgtests initially had a peak power density of
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