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Abstract

Solid oxide fuel cei (SOFQ) are promisingdevicesfor power generation due to their high
efficiency and clean operation. Another prominent feature of S0g-@eir ability to operate

with not only H fuel but also hydrocarbons and synglisilike many other fuel cells, SOFE

also are capable ofutilizing CO as fuel This flexibility with respect tofuel lessens the
dependency on pure;kndcomplex fuel processingnd hasncreasd the interest in SOFas

an alternative power sourceowever, their widespread commercialization is still hindered by
high cost and paolong term stability associated with high temperature operation and carbon

deposition at the anode when fuelled with hydrocarbons.

The main objective of the research described in this thesis was to introduce and investigate a
method to mitigate theffects of carbon formation in Niased anodes operating at intechate
temperatures with hydrocarbdinels (e.g, CH,). Ni-samariadopedceria (NtSDC) anode
supported cells were fabricated and ithperformance and susceptibilittoward carbon
depositin werestudiedwhen operating galvanostatically with various fuels includdtd, and

CO-CO, mixture at intermediate temperatures (5B00°C). Ni-SDC anodesupported cells
operating with CH and COCO, were strongly affected by the temperature when the cell
performance witftCH, was found to benore stableluring operation af00°C tharat 600°C The
maximum power density of the cell with Glds fuel was found to be higher than that achieved
with H, as fuel at700°C Meanwhile, the cell voltage duriraperation with CGCO, fuel was

more stable a600°Cthan at 700°CDegradation of the performancé the NiSDC cellswith

CH, and COCQO; fuels under conditions where carbon formation is thermodynamically favored
was found to be relatively small despite fiact that significant amounts of carbon accumulated

in the anode. This may due to the fact that carbon deposited predominantly at the surface of the

anode closest to the fuel entry point.

Sulphur in the form of H,S was introduced into theSOFC at ppm le&el concentrations to
evaluate its effecsa potentiakcarbon inhibitorin a celloperatingunderdry CH, at 700°C. Two

methods for exposing the anodeHgs were investigated: i) continuous introduction throughout



cell operatioraspart of the gas feed streaand ii) introduction as part of a mixture with binly

for a shortperiod of timeas a prereatmentbeforeregularoperaton with dry CH, alone.These
studies showed thabntinuous feeding dfl,S within the dryCH, fuel at the level of onlya few
ppm (10 and 2 ppm) was enough ¢ausecatastrophic failur®f the cellwithin ~20 hrsdue to
thepoisoning effect of KS. On the other hand, the introduction of3at a level o2 ppmin dry

H, into the cell for 30 minuteasan anode préreatment beforewitching to dry CH was very
successful and enabled the SOFC to mairgthleperformance for over 100 hours of operation
under dry CH, with a lower degradation rate than that observed when a cell was wictgiesl
with H,S. This pretreatment did not affect the methane conversion significantly during the
subsequent galvanostatic operation with dry,CFhe presence of 43 influenced the type of
carbon formed depending dhe manner in which the % was irtroducedinto the SOFC
Carbon deposits that formed during operation with dry, @ldne after the30-minute pre
treatment wh H,S weremore easily removed thanadse producedwhen the fuel containedry
CH4 alone or HS-containing fuel was introducedontinuously over the entire run The
introduction of HS fora short duration prior to shifting to dry GHuppressethe formation of

graphitic carboratthe anode

The amount otarbon formedn the cells duringCH, operationwas estimated by shifting the

gas stream tbumidified H while maintaining the applied current unchanged and measuring the
guantity of carborcontaining gasesvolved. These measurements revealed that less carbon was
deposited in a cell that had been-pemated with HS prior to 100 hrs of operation with dry ¢H
compared to a cell that had not been exposed ,®. Hihis analysis also showed that the
procedure of flowindwmidified H, into the cell after operation with dry Ghvhile maintaining

the same current appearedemove carbon from the anoded reduce the rate of degradation of

the cell voltage.
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Chapter 1

|l ntroducti on

World-wide energy consumption has dramatically increased over the last two decades due to
population and economic growth as well as changes in quality of life. This rapid growth
energy consumption in both industrialized and devatppountries hated to an ever increasing
dependence on fossil fuels, causing faster depletion of these resources and serious environmental
problems (e.g., air pollution and greenhouse gas emgsidba overcome this problem, better

use of these energy resources and theldpweent of sustainable and cleaner energy sources are

essential.

Fuel cells are efficient energy generation devices that enable clean conversion of chemical
energy from fuels into electrical energy. Due to the directstep conversion of chemical
energyinto electrical energy, the efficiency of energy conversion in fuel cells is higher than in
conventional combustion turbinds addition, fuel cells do not generate harmful pollutants such
as nitrogen oxides (NQ sulphur oxides (S, carbon monoxideQO) and particulates since

combustion does not take place (Li, 800

Known as ahigh temperature fuel cell opeireg between 604L000°C, solid oxide fuel cell
(SOFC) can operate with electrical energy efficiesabove 50%A very important feature of
SCOFC is that it can operate with many types of fuel includiagsyngas and hydrocarbons. High
temperature operation enabldsect conversion of hydrocarbons to occur within the SOFC
itself, thereby solving th@roblems associated with havinggorify thefuels before introduction
into the fuel cell When H only is used as fuel, SOFCs eronly water and heat with no
pollutants (Stambouli and Traversa, 200&)th otherfuels such afiydrocarbonge.g.,CH,) or
synthesis gas (syngas), the carbon dioX{@&,) content in the SOFC exhaust stream becomes
high since it is not diluted with nitrogen. Thisay offer better efficiencyfor eventualCO,

capture (Dijkstra and Jansen, 2002).

SOFC applicationsinclude essentiallystationarypower generatiomangng from residential
scale power units (1 to 5 kW) to -@ite power plants (100 kW to 1 MW) and largeale
distributed power plants (2 to 10 MW). In mt#WW power generation, SOFCs are commonly

incorporated with combined heat power (CHP) systems which utiigegenerated heat to
1



produce steam and/or provide space heating or domestic hot Wwatewlti-MW systems,
SOFCs can bategrated with gas turbines for further electricity generation using the unreacted
portion of the feed stream to the fuel cell. SGFe also used for smaller applications such as
automobile auxiliary power units (APUs) (5 kW) and portable device$(2OW) (Minh, 2004).

Although SOFG have great potential, technical barriers must be resolved betoee
widespreadcommercializatiorbecomespossible. The main challengare associated witthe
high coss of thecell componenmaterials and interconnects athe poor longterm performance
and stabilityat thehigh operating temperatures (i.e., 80000°C for high temperature SOFC).
Also, when hydrocarbon fuelsre usedcarbon deposition occurs on the aneahel degrades
SOFC performance. The accumulation of the carbon in the anode detenmditemanceby
impedingthe transport of fuel to the active anode sites and in the worst case, by destroying the

anode structure.

1.1 Motivation

IntermediatetemperatureSOFG (IT-SOFG) which operatdrom 500to 700°C have received
considerablattention among researcheaiince they enablmuch less expensive materials to be
used andre morestabk due to lesshermal degradatiotihan athigher temperatureddowever a
decreas intemperature increases the ohmic resistantlee cell operating witlhe stateof-the-
art material (ytria-stabilized zirconia, YSZ). Therefore, the use of matemdth betterionic

conductivity and a SOFC design a@&dat reducing the thickness of the electrolyte is desirable.

Doped ceria (dopedCeQ,) exhibits higher ionic conductivity than YSZ at low operating
temperaturesin addition, it has been reported thlhé presence of ceria in the anode cermet
enhanceghe electrochemical oxidation reacatigMurray et al., 1999). Anodesupported cell
designfeaturesa thin electrolytewith a thickanode which also serves as the cell suppdre T
thick anodealso offers a large number cftalyst sites for chemical and electrochemical
reactions to take place whéime SOFC is directly fuelled with hydrocarbons. In this work; Ni
samaria dopederia (NkSDC) anodesupported cedl are used Their performanceand the
tendency forcarbon depositioto occur wherhydrocarbonfuels (i.e., CH;) and COare used

havebeen examineth this thesis



Ni-basedanods are highly active for chemical and electrochemical reactiar have high
electronic conductivity. However, Ninetal provides a good surfafar the formation of carbon
and so is prone to carbon deposition when hydrocarbons are fed directly to the.anode
Consequentlyresarchers have made great efdd improvethe carbon tolerancef Ni-based
anodes. Most of this work has involved modification oftldsed anodes during cell fabrication
by alloying or impregnating the Ni witmetals, noble materials or alkaline eartldes (Nikolla
et al., 200%; Takeguchiet al., 2003; Asamotoet al., 2009. In this work, we examine the
potential to minimize carbon formation by introducing a gas stream containing sulphur in the
form of H,S into the SOFC anode.

Sulphur compounds are well knowm be able to poison catalysts and electrodes and thereby
terminateelectrochemical and chemical reactioh$ias been shown thatfew ppm of HS (e.g.
2-15 ppm at 800 °Care sufficient to dramatically degrade the eleciemical performance
(Matsuzaki and Yasuda, 2000) and methane reforming activity (Rasmussen and Hagen, 2010) in
SOFG. However according to DFT calculatian by Abild-Pedersenet al. (2005), the
introduction of the appropriatailphurbearing speciewhich has a strong affinityor Ni, can
inhibit carbon formation by adsorption tonNi sitesthat are active for carbon formatioim. a
work with methane steam reforminBostrupNielsen (1984)also reportedhat the used of 1
ppm HS for catalyst pretreatent has eliminated the carbon filaments, leaving only amorphous

carbon on the Ni catalyst

Sincesulphurcompoundscan poison catalysif present in excess amounts, it is important to
determine the range of concentrai@t whichthey cansuppress carloformation, but do not
unduly poison the Nbased anodes. Researchers have focused on the negative effects of sulphur
on the reforming activity and electrochemical reactions o#bdsed anodewhen SOFCis
fuelled directly withCH,. Yet, very little rese@h so farhas focused on the potential positive

effect of sulphuto inhibit carbon deposiin. For this reasonye focus orthistopicin this work.
Briefly, the main objectives in this work were:

1 To evaluatethe performance of Nteriabased (NiSDC) celk andtheir susceptibility
towards carbon deposition when directly fed witldrocarbongi.e., CH;) andCO.
1 To investigate the effecdf incorporatingH,S into the inlet gas stream on carbon
depositionat the SOFC anodehen operatindgNi-SDC cellwith CH,4 fuel.
3



1.2 Organization of the thesis

This thesis is organized into eight chapters.

Chapter lpresents ayeneralintroduction of the research and discusses the research motivation
andobjectives of the researchhis is followed inChapter 2with background on fuel cells and
SOFC operation, a reviewf dhe types ofelectrolyte, anode and cathode materiad¢ed in
SOFCs discussion ofthe forms of carborthat deposit in SOFC anodeand describeghe
previousefforts to minimize carbon deposition in-Hased anode€hapter Jrovides details on
theprocedures tgynthestetheelectrolyte and anode materidighricatethe cell and cell saip,

carry outthe electrochemicakxperimentsanalyze gasompositionand characterie the anode
constituents and morphologyhe results of experiments carried out to evaluate the performance
and stability ofanodesupportedNi-SDC cellsoperating with differentuels (H,, CH, and CO) at
temperaturerangng from600to 700°C are presented i@hapter 4Chapter Socuses orcarbon
depositionin Ni-SDC cels when operatingvith CH; and COfuels Chapter 6describes the
results of applying different strategies fotrodudng H,S into the NiSDC cells operating with

dry CH, fuel to mitigate the deleterious effects of carbon formation. Based on the results
obtained in Chapter 6, a procedure to reduce the extent of carbon deposition during SOFC
operation with dry Chlfuel that involves préreating the anode with a gasesm containing

low concentrabns of HS is explored further in Chapter 7. In particular, the effects of this
approach on SOFC performanaajtlet gas compositignCH, conversion and the amount of
carbon depositedare determined Finally, the thesis closes Wit conclusions and

recommendation®r futurework in Chapter 8



Chapter 2

Literature Revi ew

This chapter is divided into three main parts. The first part begins with a background discussion
on fuel cells and thermodynamics with specific focus on SOFC oper#othis research is

aimed at operating SOFCs at intermediate temperatures, an overview of suitable materials for
fuel cell components and cell design are also given. The second part of the chapter covers the
topics of internal reforminggdirect utilization of hydrocarbon fuels in SOFCs and problems
associated with the use of hydrocarbon fuels such as carbon deposition. Included is a review of
the forms of carbon that deposit in SOFC anodes. Finally, in the third part of the chapter, efforts
to minimize cabon deposition in Nbased anodes and useSHo inhibit carbon formation are

discussed.

2.1 Introduction to fuel cells

Fuel cells are very promising devices for energy transfer and power generation. Using the
principle of electrochemical conversion, fuel lsgbroduce electricity directly from chemical
energy available in thei rayrereea,20068)nRud celsfaree | an
theoretically more efficient than heat engines and batteries. A heat engine converts the chemical
energy into thermal energy and then into mechanical energy before transforming it into electrical
energy. This multistep energy conversitends to lower the overall energy efficiency. Compared

to heat engines, fuel cells have potentially higher energy efficiency and are not restricted by

Carnot efficiency.

Batteries share the same operational principles as fuel cells where electricyl ene
generated directly from reactants through electrochemical reactions. Batteries operate as both
energy conversion and energy storage devices. A primary battery undergoes only one discharge
cycle in which its chemical reactants are consumed and eim@tis made to recharge it. The
maximum amount of energy available depends entirely on the amount of chemical reactants
stored within the device. Meanwhile, a secondary battery operates through repeated
charge/discharge cycles and requires an externatielpower source to regenerate its chemical

reactants and thereby recharge its electrical energy. Fuel cells, on the other hand, act solely as
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energy conversion units by producing electrical energy as a fuel and oxidamanéireiously
supplied (Li, 206).

The conventional pathway of generating electricity involves the thermal combustion of fuel. In
a heat engine when hydrogen is used as its fuel, hydmegeits with oxygen to produeeater

and heat:

O g OO0 Mwo 2.1
The cleavage of theonds within H and Q and the formation of water involve the transfer of
electrons between atoms. The resulting energy change associated with these bonds is released as
heat which can be converted into intermediate forms of energy and finally into ogtiectri
( O @yke et al., 2006). In fuel cells, electrons that move from highergy reactants to lew
energy product are directly harvested as electrical energy. This is made possible since the fuel
and oxidant reactants and the sites for oxidationraddction are spatially separated so that the
electrons necessary to complete the overall reaction must flow through an external circuit. The
electrons produced by the haltll reaction at the fuel electrode are transferred to the oxidant
electrode via tb external circuit to complete the reaction. The net reaction in a fuel cell is
exactly the same as in a heat ayewrtgl,6 8006). ®"hen t F
significant amount of energy in the form of heat is also generated within fuel Telis, the
simultaneous utilization ahis exhaust heat and electrical energwifuel celtgas turbine can

potentiallyimprove the overall efficiency of power generation.

A fuel cell consists of three main componentsfugl electrode (anode) and ii) ioant
electrode (cathode) separated by iii) an electrolyte. The anode and cathode are connected to an
external circuit to provide a pathway for the electrons generated/consumed by the
electrochemical reactions. The ha#ll reactions at the anode and cath involve ions and
electrons. The ions migrate through the electrolyte, while the electrons are transported between
the electrodes through the external circuit in the form of electricity. To achieve a high reaction
rate and a large power output, the #ledes are porous to maximize the surface area in contact
with the reactants, while the electrolyte is thin to minimize its ionic resistance (Varga, 2007).
The electrodes provide sites for the electrochemical reactions and the conductivity required to

transport electrons. Meanwhile, the electrolyte acts as an ionic conductor, electronic insulator



and a barrier to separate the reactants. lons can also flow through the electrodes because the
electrodes are composite porous materials containing ionically cmglunaterialgLi, 2006).

During fuel cell operation, gaseous fuel (e.g., hydrogen) is delivered to the anode and gaseous
oxidant (i.e., oxygen from air) is supplied to the cathodepiylucts can also be formed at the
electrodes depending on the fuBhese byproducts are also transported out of the electrode into

the gas stream (Haile, 2003).

Fuel cells are primarily classified into five major typatkaline fuel cells (AFCs), phosphoric
acid fuel cells (PAFCs), proton exchange membrane fuel ¢#MECs), molten carbonate fuel
cell (MCFCs) and solid oxide fuel cells (SOFC3hese five major fuel cells operate via
different halfcell reactions depending upon the characteristics of the electrolyte. The principal

half-cell reactions operating in eaftkel cell are given ifTable 21.

Table 2-1 Half-cell reactions of five major types of fuel cells

Fuel Cells Anode Reaction Cathode Reaction
AFC ( ¢/ (°¢(/ CcA / ¢(/ TA o1/ (
PAFC ( O ¢ cA I 1( TA O ¢(/
PEMFC ( O ¢ cA I 1( TA O ¢(/

MCFC ( #/1 °o( /1 #I1 cA I c¢#l TA O qHl
#/1 #/1 O c#/l CcA
SOFC ( |/ o(/ cA /|  TtAoc/
#1 | O #[] CcA

Among these fuel cells, AFCs were the first developed and successfully operated in space
shuttlemissions. Attempts to use AFCs for terrestrial applications, however, have been restricted
due to the requirement that pure Bnd Q be used. Acicbased PAFCs are available in
commercial units that can generate up to 200 kW power. Nevertheless, thaf tyeé cell is
not yet considered to be commercially mature. PEMFCs and SOFCs have received the most
attention in recent years. With membrane electrolyte anetdowperature operations, PEMFCs
are ideal for transportation and have been employed in mogitypes for fuekell-powered
vehicles. The demand for alternative power generation has drawn considerable interest in

developing SOFCs. Due to their high operating temperatures, SOFCs are able to utilize
7



hydrocarbon fuels, making them more flexible widispect to fuel options than the other types.
MCFCs which are the other high temperature cells are still in the early stages of development
and precommercial demonstration (Li, 20D6The operating characteristics of the five types of

fuel cells are summmzed inTable2-2.

Table 2-2 Major types of fuel cells (Li, 200@®emirbas, 2009; Shah, 2007)

Features Type of fuel cells
AFC PAFC PEMFC MCFC SOFC
Electrolyte | KOH aqueous H3POy Polymer Molten lon-
(immobilized) solution membrane | carbonate| conducting
(immobilized) salt ceramic
Electrodes Pt Pt Pt Ni Ni-YSZ
(Anode/ (Anode/ (Anode/ (Anode/ (Anode)
Cathode) Cathode) Cathode) Cathode) | Lag gStro,MnO3
(Cathode)
Charge OH H* H* caq o*
carrier
Operating 60-80 160220 50-80 600-700 600-1000
temperature
(°C)
Fuels H, H, H,, CH;OH, H,, CO, H,, CO, CH,
C,H,OH CH,
Efficiency 60-70 40-45 45-60 60-65 5565
(%)
Applications | Transportation| Stationary | Transportation| Stationary| Stationary
space travel power portable power power
generation, equipment, | generation, generation,
CPH space travel CPH CPH

CHP:Combined heat and power



2.2 SOFC thermodynamics
In a fuel cell, the workn or electrical energy output is related to the potential difference
between the electrodes called the cell poterflalhe cell potential is defined as the work done
by transferring electrons from the electrode at lower potential (anode) to the eexttrogher
potential (cathode):
o W YO "%
£"0 £ "0 2.2

where¢ is the number of electrons involved in the electrochemical reactions at the electrodes
and"Ois the Faraday constant (96,487n®I ). Y"'Ois the change in Gibbs free energy of the
reaction “Yis the temperature of the system andis the entropy change due to irreversible
losses. The maximum electrical wodk is generated when the irreversible losses are
zero. Thus, irthis circumstanceEq. 2.2 shows thab ;  becomes equal 8Owhich in

turn can beelated to the cell potenti@ at thermodynamic equilibrium as follows:

AR Yo ¢O »3
When the fuel and oxygen are introduced to a separated anode and cathode, respectively, this

leads to an electromotive force that can be related to the chemical potential gradient of oxygen

between the two electrodes (Zétal.,2001). If a fuel cell is ewed as an oxygen concentration

cell, the calculation of itsequilibrium cell potentialcan be calculated using the chemical

potentials of oxygen at the anode (; ) and at the cathodé ( ; ). By combining Egs. 2.3 and

2.4, the equilibrium cell potenti@ can be directlyelated to the partial pressures of oxygen at

the anoder{ ) and at the cathodq (; ). The result is given below in Eq. 2.5:

«

Ya YUY En 2.4

<
O
= x
¢
¢

(9]
)

YO Y'Y, n

=

| i —_ 2.5
O S0 & 8 € .
where'Yis the gas constant (8.314 J th#).
At the cathode, the reduction of the oxygen is given by:
#AOED AA 1Q £ ¢ 26



Meanwhile at thenode, the oxidation reaction is:
' TTdgR £ 05 1Q 57
If H, is the fuel introduced on the anode side, it reacts vith as follows:

LT T Ok SU L £ OU0R 2.8

The subscriptsa, el and an denote the species at the cathode, electrolyte and anode sites,
respectively. If the cathode is exposed directly to thejaig, is 0.21 atm. Meanwhilg  is
calculated using the equilibrium constant of the fuel oxidation reaction. Earatte of kKifuel

and the reaction given in Eq. 2.8, the partial pressure of oxygen at the anode becomes:

N 2.9

L N

wherery ,1n ,0 are the partial pressures of®and H at the anode and the equilibrium

N i

constant of reaction 2.8, respectively.

At equilibrium, the equilibrium constand is related to the standard Gibbs free energy change

Y'd (Eq. 2.10) wher& T is the Gibbs free energy change under standard conditions.

yad
‘ Odn — 2.10
v Qwn v
Combining Egs. 2.9 and 2.10 with Eqg. 2.5 yields an expressio® for terms of the standard
Gibbs free energy and;ldnd HO partial pressures:

yd Y'Y, 1 2.11

O F) Q"Oa €

nn s
where¢ 1. Note that Eq. 2.11 is the Nernst equation for an SOFC whés tHe fuel. In the

more general situation when any type of fuel is usedcan be written as

!Y!I B|
o0 O _ga 2.12
& B|

where O’ is the standard cell potentialtemperaturéY| is the activity of reactant or produict

andu is the corresponding stoichiometric coefficient.

10



2.3 Cell overpotentials

In a practical application, a reasonable amount of the current from a fuel cell generates useful

electrical energy in the form of power or power dengityVatt per unit area):

L 'O 2.13

where Qs the current density (anger unit geometrical area) a(volt) is the operating cell
potential During the operation under a load of current, the operating cell pot@nsahlways

lower than the equilibrium cell potentia®) . The operating cell potential differs from the
equilibrium value due to losses associated with kinetic, ohmic and mass transfer effects. These
losses are observed as overvoltages or overpotentials that reduce the cell potential from its

equilibrium valuei.e.,

6 O - - - 2.14
where— is the activation (kinetic) overpotential,  is theohmic overpotential and is

the concentration (mass transfer) overpotentigli, 2006. The magnitudes of these
overpotentials vary with the current drawn by the fuel cell. The more current flowing through the
cell, the larger are the magnitudes of the overpotentials and the lower is the resulting cell
potential Once current begins to flow, the cell voltage desgeand each overpotential becomes
important in different regions of aurrent densitypotential (+V) curve. Figure 2-1 shows a
typical -V curve in which the cell voltage is plotted versus the current denSityvation
overpotentials the dominant loss at small current density while the atherpotentialosses are

less important. Activationoverpotentialalso occurs at higher current density, but ohmic
overpotentiabecomes more significant at intermediate currents and concentatqgootential

becomes operative at high current densities.
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/
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Figure 2-1 A typical currentdensityvoltage(i-V) curve of a fuel cell

Activation overpotential

The activation overpotential- is caused by limitations associated with the electrode
kinetics of the electrochemical reactions and so is strongly affected by the nature of the
electrodeelectrolyte interface (Virkaet al.,2000). The relationship between the current density

‘Gand the activation overpotentiat  is given by the welknown ButlerVolmer equation:

¢ -0 RS
"Q "Q A Q lY "Y A QD p |! — 215

Y'Y

where"Qis an exchange current density (ampere per unit geometrical arga)isutice transfer
coefficient (0<| <1). The magnitude ofQ is a measure of facility of the electrochemical
reaction. The higher the value &, the faster is the inherent kinetics of the electrochemical
reaction (Charet al.,2001). The value ofQcan be obtained from a plot of the Tafel equation,
which is a simplified version of the Butifolmer equation that arises when is large

- T3t B (Li, 2006):

- Q
- — 1 1= — 2.16
| l 0 T8t 6
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Ohmic overpotential

The ohmic overpotential — accounts for the resistance to transport ions through the
electrolyte and electrons through the electrodes and current collectors and the contact resistance
between the cell components (Aguéiral., 2004). Since some ionic transport also takes place
through the porous electrodes, the ohmic overpotential also accounts for the resistance to
transport of ions through the electrodes. The dominant resistance, however, comes from the
electrolyte where theffect can be reduced by decreasing the electrolyte thickness and improving
its ionic conductivity (Chart al.,2001). The ohmic overpotential can be expressed in terms of

Ohmdés | aw whereby it incred&ses |linearly with

- Y 2.17

whereY is the ohmian)resi stance (Y

Concentration overpotential

Concentration overpotentjat results from the limitations in the mass transfer of reactants
and products to and from the porous electrodes. It is strongly affected by the electrode
microstructure, namely porosity, pore size and tortuosity (Vekat.,2000). This overpotential
anises when the feed rate of a reactant and/or the removal rate of a product from the electrode
cannot keep pace with the rate of the electrochemical reactions. Reactant gases must diffuse
through the pores to reach reaction sites. When current is being dirawv the cell and a
reactant gas at the electrode surface is consumed more rapidly than it can be replaced by
transport from the bulk gas stream, its partial pressure at the reaction sites will be lower than it is
in the bulk gas stream (Chahal.,2001). As more current is drawn, the gas in the vicinity of the
reaction sites becomes increasingly depleted. If the point is reached where the gas concentration
at the electrode surfaces becomes low enough, the cell voltage rapidly drops to zero and the cell
reaches its limiting current densitf2 Under the assumption that the current density is high and
the rate of reactant transport is the rate limiting, can be calculated using the equation below
(Li, 2006):

6 I— 2.18



2.4 Solid oxide fuel cell operation and component materials

Ideally operated for stationary power generation with an output of 100 kW to 250 kW, SOFCs
are expected to have an electrical efficiency of 50%. Incorporation of these systems with gas
turbines forco-generation can increase the efficiency up to 70% (Singhal, 2000). Although the
utilization of SOFCs for transportation is limited due to its high temperature operation, SOFCs
can provide energy for a wide range of power applications: portable andpawait systems,
combined power heat (CPH) and SOJg@s turbine systems (Minh, 2004). Operation at high
temperatures tends to reduce kinetic problems associated with the electrochemical reactions and
thereby allows these of low cost catalysts (e.§i) and accommodates the direct utilization of
hydrocarbon fuelsViethane (the main component of natural gas) has been the main hydrocarbon
fuel employed in SOFCs (Murragt al., 1999). Other than methane, fuels such as liquid
methanol $ahibzadaet al., 2000),ethanol (Yeet al.,2007) and biogas also have been directly
used (Shiratoriet al., 2008). Furthermore, unlike other fuel cells that are intolerant to CO,
SOFCs are capable of using CO as fuel and so are not highly dependent op gnotecbimplex

fuel processing.This flexibility has become the main reason farntinual interestamong

researchers in SOFC development.

2.4.1 SOFC operation

The electrochemical reactions in an SOFC occur at the interface between the electrode and
electrolyte, known as the tripjghase boundary (TPB). At these sites, the gas phase, anode (or
cathode) and electrolyte meet each atiérthe cathodelectrolyte interface, oxygen ions {®

are formed by the electrochemical reduction offdm the gas stream via the haHll reacton:

Ps ooy 2.19

C

Ideally, the dense solid electrolyte with high ionic conductivity and negligible electronic
conductivity does not permit the passage of the oxidant gas molecules or electrons but only the
migration of G "to the anode. The ‘Oions move through the electrolyte via a vacancy hopping
mechanism towards the anedectrolyte interface. At the ano@dectrolyte interface, the ions
participate in an electrochemical reaction with the fuel to produce electrons. Wisethél fuel,

for example, it reacts with the?Gas follows to generate water and electrons
14



'O O O0'00 ¢Q 2.20

The electrons then, in turn, flow back to the cathode through the external circuit as electricity.

The overall reaction in an SOFC whepibithe only fuel is:

o Py ooy 2.21
C
The final products of this process depend on the fuels used. A fuel with a mixtwemd IEO,
for example, will produce $#© and CQ. These reaction products will flow back to the fuel
channel through the anode pores. The operating principle of an SOFC is illustifaiga&2-2.

.
Oxidant (i.e., 3, air) Fuel (e.g. H)
L > |
Reduction Oxidation
gs Qo § 0§ ©00 ¢Q

Figure 2-2 Schematic diagrashowingSOFCoperation
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2.4.2 SOFC materials

Over several decades, numerous studies have led to some materials being selected as standard
materials for SOFC components. Yttatabilized zirconia (¥Os-stabilized ZrQ denoted as

YSZ) is known as a standard SOFC electrolyte. Since its discovery in 1899 and utilization as the
solid electrolyte in the first SOFC in 1937, YSZ has been successfully applied in most SOFC
laboratories and demonstration units (Minh, 1993). Stia¢eof-the-art materials for the SOFC

anode and cathode arenickelSZ ( Ni 1 YSZ) c e rdaoped lanthamun nanganate t i u m
(Sr-doped LaMn@, LSM), respectively (Sammex al.,2006).

Material selection for each SOFC component depends on its fulacitbthe conditions it will
face. For example, the SOFC electrolyte must be an oxygen ion conductor. The oxygen ions
move through the crystal lattice of the electrolyte from one site to another by theactalbted
hopping into vacant oxygen sites. Thaygen ion conductivity is highly dependent on
temperature (Skinner and Kilner, 2003). The SOFC electrolyte must have the following
important properties (Minh and Takahashi, 1995):

1 chemically, morphologically and dimensionally stable in the combined megland
oxidizing atmospheres

1 highionic conductivity and negligible electronic conductivity
1 nonreactivity with electrode materials during operation and fabrication
1 thermal expansion that matches that of the electrodes
1 high density to prevent gas leakad®widant and fuel

The SOFC anode promotes the electrochemical oxidation of fuels. It must allow for the
diffusion of the fuel and exhaust gases to and from the asled&olyte interface and also
permit the conduction of generated electrons to the external circuit. Berrésons, the SOFC
anode should have excellent electrocatalytic activity towards fuel oxidation, high electronic
conductivity, chemical stability in a reducing environment, coefficient of thermal expansion
(CTE) close to that of the other cell componeand sufficient porosity for fuel and product gas
transport (Jiang and Chan, 2004). At the SOFC catl®glis, reduced to ®'ions. This requires
cathode material that is highly stable under oxidizing environments and electronically

conductive. Analogousotthe anode, cathode also should have a sufficient porosity to facilitate
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the transport of molecular oxygen from the oxidant feed channel to the catlecttelyte
interface and a CTE that matches that of the electrolyte (Singhal, 2000).

Known as an exdient electrolyte, YSZ can withstand the wide range of oxygen partial
pressur e s*afmrandrhakigh idni& conductivity selevated temperatures (0.1&18™
at 1000C and 0.03S cm™ at 800C) (Yamamoto, 2000). Conventional SOFCs operateigit
operating temperatures (83000°Q to ensure that the oxygen ion conductivity in the solid
electrolyte is high. Nevertheless, it would be cost effective and make SOFCs more commercially
viable if their operating temperatures could be reduced. This woaldee much less expensive
materials to be used since a broader choice ofetextrochemical SOFC components, e.g.,
interconnect and cell housing, becomes available. In addition, high temperature problems such as
densification of electrodes and crack fotima due to thermal stress can be avoided @fial.,
2002).

An improvement of cell chemical and mechanical stabilities with-effsttive operation is
possibleat temperaturebelow 800C (Huijsmanset al., 1998). Therefore, many efforts have
been made towards intermedit¢enperatureSOFCs(IT-SOFCs), operating in the 5000°C
temperature rangeLower temperatures, however, cause a significant reduction in YSZ
conductivity and consequently increase the ighimsses in the electrolyte. Therefore, the use of
electrolytes with higher ionic conductivity at lower temperatures is necessary and consequently
ceria doped with rare earth oxides such as samaria (SDC), gadolinia (GDC) and yttria (YDC)
have become the an electrolyte materials for intermediagmperature SOFCs (Ralgh al.,

2001). Another option to improve the ionic conductivity at low temperatures is to reduce the

electrolyte thickness using an anesigported cell geometry (Kiet al.,2005).

Electolyte material

Pure ceria (Ceg) has a negligible ionic conductivity. However, doping oxides of metals with
lower valence into pure ceria introduces oxygen vacancies into its fluorite crystal structure in
order to maintain charge neutrality when the*’Cleost is replaced by Sthor Gd*. Since
oxygen ions can readily move through the ceria lattice via these oxygen vacancies;ataped

exhibits excell ent o0xyge n-Vinknatatianovacdngycfarmationt y .
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can be described as a rgac in which one oxygen vacancy unit is produced in the ceria host

lattice with addition of each samaria (8Dg):

YaO u ¢Ya o® ab 2.22
where"Yd& is Sm on the Ce crystal site that leaves the lattice negatively charged relative to the
undoped oxidew®is an oxygen vacancy and is a neutral oxygen. When a small amount of
samaria is added to Ce(Ca solid solution of (Ce@hx(SMQO s)x is formed with an ionic
conductivity two orders of magnitude higher than that of pure ceria afl@0@°C (Yahiroet
al.,1988). The ionic conductivity in materials such as doped ceria depends on temperature,
oxygen partial pressure in the gas environment, typeandentration of dopant, microstructure

and processing conditions (Hei al.,2007). The ionic conductivity increases with dopant level
due to the formation of more oxygen vacancies up to an optimum concentration, but then
decreases with any further iease.At higher dopant level, stronger dopamxygen vacancy

interactions tend to reduce the mobility of vacancies and the ionic conduXizfy2009).

Researchers report differing findings regarding whether saidaped ceria or gadolinia
doped cea has the higher conductivity. Yahiet al. (1988) found that SDC with dopant
concentratiorx=0.2 (Ce gShy.01.9) exhibits an ionic conductivity of 0.0% cmt at 800°C, 1.7
times higher than the value of 0.055 Skcfor GDC (Ce.sGdy 019 with the same dopant
composition. Eguchet al. (1992) from the same group confirmed that the ionic conductivity is
the highest athe optimum dopant ionic radius, which corresponds to that 6f.Sthe optimum
ionic radius of the dopari onemost clogly matches that of the host Célnaba and Tagawa,
1996). On the other hand, Steele (2000) compared the conductivities of GDC and SDC over the
temperature range of 50®W0°C and found that GDC (g0 101.95) has a higher conductivity
of 0.0095 S cni than the value of 0.0033 S &rfor SDC (C@.¢Smy.10: 9 at 500°C. It is worth
noting that the dopant concentration»sf0.1 in this work differed from that of the previous
work. Mogenseret al. (2000) attributed the differences in the reported condtiesviof SDC
and GDC to the methods of fabrication which affects grain boundary conductivity of each
sample. Later, Zhat al. (2003) reported no significant difference in the ionic conductivities of
SDC and GDC when measured over the temperature ran@#-&50°C. Although they found
that the conductivity reached its maximum at a dopant concentsat@h5 in both electrolytes,
they suggested that other electrochemical and mechanical properties such as the ionic
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transference number, thermal expansion toris (CTE) and compatibility with other
components should be considered in selecting the best electrolyte material. In summary, doped
ceria has better conductivity at lower temperatures than does YSZ. The conductivities of SDC
and GDC at 700°C are very slar to that of YSZ at 1000°C (Zhet al., 2003). At identical
temperatures, the conductivity of dopeetia is about onerder of magnitude larger than that of
YSZ, making dopederia a promising candidate for SOFC electrolyte at intermediate
temperature¢Zhu and Deevi, 2003). For example, the ionic conductivities of pure ceria, SDC,
GDCand YSZ at 800°@re listed inTable2-3 (Eguchi, 1997).

Table 2-3 lonic conductivities of ceridasedand YSZelectrolytesat 800°C (Eguchi, 1997)

Materials l oni ¢ condWeIcmv i
CeG 0.03
CepsSmy. 2019 (SDC) 9.45
Ce.sGth 2019 (GDC) 5.53
(2r0)o.9A'Y 203)0.08 (YSZ) 3.01

The main limitation in using dopezkria electrolytes, however, concerns their chemical
stability at the low oxygen partial pressures on the anode side which causes $6rite @e
reduced to C&. Dopedceria, although primarilyan ionic conductor, also exhibits some
electronic caductivity. A lower open circuit voltage QCV) is expected for dopederia
electrolyte compared to the Nernst voltdQedue to this electronic conduction. Since the cell
voltage is a direct measure ffel efficiency, this internal shorting also lowers the energy
efficiency (Zhanget al.,2007). In the worst case, this short circuit effect may expand the lattice
and cause its mechanical integrity to degrade to some extent (Kleab2004). It shald be
noted, however, that the electronic conductivity of depexda may be reduced and become less
of a problem when current is flowing through a cell (Dathal, 1999).0ther than the oxygen
partial pressurethe electronic conductivity of the elealyte isalso affected byemperature. A
rise in temperature triggers a dramatic increase in the electronic conductivity ofcdw@ed-or
this reason, Zhu and Deevi (2003) suggested that dogréal would only be useful as an SOFC
electrolyte at tempatures below 800°C. Matseit al. (2005) reportedthat the suppression of
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electronic conduction is possible by reducing the operating temperaturacagasing oxygen

partial pressure bytroducing fuel in a humidified state into the cell.

The utilizaton of ceria in industrial catalysis as a promoter or main catalyst has been well
reported. Trovarellet al. (1999) have described the usages of ceria for 1) catalytic treatment of
SO generated from fluid catalytic cracking units and exhaust gases (C@ndl@ydrocarbons)
from combustion engines, 2) catalytic wet oxidation for removal of organics present in
wastewater and 3) dehydrogenation of et hyl
utilized ceria in reforming of methane (Laosiripojana andafgsumrungat, 2005) and higher
hydrocarbons (Laosiripojana and Assambumrungat, 2006a; Laosiripaganal., 2006;
Laosiripojana and Assambumrungat, 2006b). Its properties such as reduction/oxidation (redox)
behavior, high oxygen storage capacity, interactiath supported metal can also be easily
modified to make it a very promising catalyst (Laosiripojana and Assambumrungat, 2006a).
When ceria is used as a promoter for,Geforming, a gasolid reaction occurs between ¢H
and CeQ at high temperatures addition to the reactions on the Ni surface that produce CO and
H,. Moreover, the reduced state of ceria, €g@an react with C®and HO to produce more
CO and H and regenerate CeORedox reactions between ¢Hnd lattice oxygen which take
place on the Cefsurface improve the reforming activity and increase the resistance towards
carbon deposition (Laosiripojare al., 2005). The high resistance to carbon deposition is also
attributed to the high oxygen stgex capacity (OSC) of ceria (Laosiripojana and
Assambumrungat, 2006a).

In SOFC applications, ceria is very well known as an oxidation catalyst that can increase the
activity for anodic oxidation of hydrogen and hydrocarbons. In general, finely dispersedsce
more active than doped ceria as an oxidation catalyst (Atketsaln, 2004). However, Zhao and
Gorte (2004) reported that the rates of oxidation of methane on ceria and sdéopadaceria

were very similar
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Anode material

Pure Ni has an elgonic conductivity of 2.0x10S cm' at 1000C and is an excellent catalyst
for C-H breaking and fuel oxidation. The electrochemical activity eb&ked anodes in SOFC
depends strongly on theipgle-phase boundary (TPByhere Ni, gas and the electrolyte phase
meet (Jiangnd Chan2004). The main drawback with the use of Ni, however, is that it catalyzes
carbon formation when hydrocarbons are used as fuel. Consequently, numerous studies focused

on developing Niree anoés for use with hydrocarbon fuels have been reported.

Gorteet al.introduced the use of Gbased anodes based on the idea that Cu does not catalyze
carbon formation and has high electronic conductivity. They found tha¥SZu anodes
performed poorly dudo the negligible activity of Cu for the oxidation of hydrogen and
hydrocarbons. However, by incorporating cento this CuYSZ anode, this group was able to
operate the cell using various hydrocarbon fuels and maintain stable conditions without any
carlon deposition. They suggested that ceria plays a catalytic role in the composite anode and
that the addition of an oxide such as ceria is crucial for the acceptable performancelbaEseCu
anode(Gorteet al.,2002; Mclintoshet al.,2002; Gorte and Voh2003).

Other Niree anodes examined to minimize carbon deposition in SOFCs are pesovikde
and Irvine (2003) employed LSCM ((§.&Sf.25CrosMnpsOs1)sin a CHi-fuelled SOFC at
900°C and found this anode to have good catalytic activity for retdgwtmical oxidation of
CH,, while maintaining good stability in both reducing and oxidizing conditions. Among the
promising materials from titardbased oxides, $§sY0.0siO3z 1 {YST) was found to be very
stable and maintain good electronic conductivitya reducing environment (Jiaraqnd Chan,
2004). Heet al. (2004) introduced ceria into YSYSZ anodes to enhance their catalytic activity.
The cells exhibited excellent OCVs in the presence,ard CH, indicating a good CTE match
between YST and YSZput generated moderate power densities. A double perovskite,
SrMgMoOg (SMMO), was also studied and successfully used with methane and sulphur

containing fuels to give good performance (Huanhgl.,2006).

Although these perovskites displayed an excellent resistance to carbon deposition when
operated in SOFC with hydrocarbons, they still have problems with performance or chemical
stability. LSCM and YST, for example, have low electronic conductivities sothiedr electrical
performance ignuch inferior to that of Nbased anodes (Sun and Stimming, 20D8spite
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showing reasonable performance with hydrocarb8iMIO was observed to react with most of

the commercially available SOFC electrolytes (Y82, GDC and LGSM) at high temperatures.

The SMMGQelectrolyte interactions produced new phases that caused an increase of the ohmic
and polarization resistancedldrreroLépezet al.,2010). On the other handlj is an excellent
electronic conductoandis thernally and chemically compatible with the electrolytes:bidsed
anodes havegood electrochemical catalytic activity for hydrogen and hydrocarbesse of
fabrication and are relatively inexpensive. Due to these desirable propBlitie=snains the
preferalte choice for SOFC anodes and so variotsres have been made to improve the carbon

tolerance of Nibased anodes.

Considering that Ni is already a good oxidation catalyst, the addition of -depedto Ni
would be expected to enhance fuel oxidation withn SOFC anode. Wangt al. (2003)
observed NiISDC anodes to exhibit high catalytic activity, low polarization and stable
performance in SOFCs for 30 hrs under OCV conditions while treating duyfédd. They
found NiSDC to have lower polarization than-MB5Z and proposed that MiDC is a better
anodic electrocatalyst due to the mixed conductivity of SDC. Under reducing condition at the
anode, lattice oxygen anions are released from the SDC. Aetying the release of lattice
oxide ions are the liberation of two electrons. The oxide ions participated in the electrochemical
oxidation of CH while the liberated electrons were rapidly transferred to the current collector
through the conductive netwotbtetween Ni and SDC. lidat al. (2007) have measured the
carbon deposition rate for several anode materials by gravimetric technique and found that the
Ni-SDC has the highest carbon deposition rate. SOFC operation under a current load however
showed moretable operation in N6EDC compared to the NSZ. The deposited carbon formed
over NiSDC can be effectively removed with a supply of current. dilal. (2007) stated that
the oxygen potential at the anode during the carbon deposition is very lowgctgsmeduction
of ceria. The reaction of reduced ceria with electrochemical produgis oHCQ incorporates
oxygen in the lattice. The lattice oxygen will subsequently eliminate the carbon, making the

removal of carbon proceeds more rapid forS{IC than for Ni-YSZ.
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Cathode material

The traditional cathode material, LSM, has godetcteonic conductivity (~ 300 $m™ at
900°C) andow ionic conductivity. However, its electrical properties are not sufficient for SOFC
operation at temperatures below 08C (Sun et al.,, 2009). SmgsSkHsCo0; (SSC),
Lag.6Sh.4Coy Feys0s3 1 {LSCF) and BasSr sCo gFey 203 1 §BSCF) have been the most studied
materials as cathode alternatives for use in SOFCs at low temperatures. As mixed ionic
electronic conductors, thegxhibit lower cathodic polarization resistance and higher ionic
conductivity compared to LSM. The polarization resistance of {&M with YSZ eleciolyte
was report e dn’atd50iCgXiaét al6H03)Y A LSCFGDC cathode with GDC
electrolyteexhibited lower p@d r i zati on resinfaadc @srlab 600 ahd 33 Y
700°C, respectively (Murragtal.,2 002) . A | o we rcn at®00iCevaswobtained 18 Y
when an SSEGDC cathode with SDC electrolyte was tested @¢ial.,2002). RemarKkaly low
values of 0.05D . 0 7 dn’ af 600°C were obtained for BSCF cathode materials (Shao and
Haile, 2004).

Since the cathodelectrolyte interfacial resistance is the biggest contributor to the total cell
resistance (Xia and Liu, 2002), replacementL&M with a material having better catalytic
activity and conductivity at low temperatures is necessary to maintain high power densities.
Except for BSCF, these materials also have greater electronic conductivities than LSM at low
temperatures. LSCF and SS&xhibit electronic conductivities about two and ten times,
respectively, higher than LSM at 600°C. The electronic conductivities for the LSM, SSC, LSCF
and BSCF at 600°C are shownTiable2-4.

Table 2-4 Electronic conductivitiesf LSM, SSC,LSCF and BSCF at 600°(Rembelskiet al.,2012)

Materials Electronic conductivity, S cth
LSM ~180
SSC ~1000
LSCF ~300400
BSCF ~30
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SSC was chosen in this work due to its high electrochemical activity and electrical
conductivity. The electrochemical performance of SSC also can be improved by the addition of
dopedceria which tends to suppress SSC partgrewth, maintain good porosity within the
cathode structure and increase the TPB area (Zttaslg 2006). A few studies have reported the
excell ent performance of Ni T SDCGSDC eathbds. Thei t h S
optimum SDC contentinthe 8§ SDC cat hode c¢compo s30wtéo (Maats f oun
al., 2002; Zhanget al, 2006;Wanget al, 2008a).

2.4.3 SOFC designs

Two main types of cell configuration in SOFCs are tubular and planar designs. In tubular SOFC,
the cylindrical cell is more regent to the thermal stress damage to its structure. Another
advantage of tubular SOFCs is that they do not requirdigfaissealing. Compared to tubular
SOFCs, the planar design is easier to fabricate and uses less material, making it cheaper to
manufactue. A planar SOFC is comprised of flat plates which are rectangular or circular in
shape. They appear to be more attractive due to better performance when measured on the basis
of active cell surface area. This is attributed to the smaller ohmic resisissmaated with the
transport of the oxide ions and electrons. The main concerns with the planar design, however, are
the strict requirements that the thermal expansion coefficients of the components match each
other andhat seals be gagght (Li, 2006.

Cell support plays the important role of providing the mechanical strength to the whole device.
Cathodesupported structures are normally used in tubular cells, while electralyteanode
supported structures are more common in planar cells. Ireatna@dytesupported cell, relatively
strong structural support is provided by a dense and thick electrolyte, while the anode is
generally thin (~50 um). On the other hand, an arsaggorted cell contains a thin electrolyte
supported by ~ 1 mm thick anode.

The breakdown in connectivity in any of the three phases at the TPB will hinder the reactions
at the anode and cathode (Gorte and Vohs, 2003). It has been estimated that the electrochemical
reactions in the anodat the TPBoccur a distance not more thabtO0 pum from the electrolyte
(Gorte and Vohs, 2003)he factors affecting thactive arean the composite anode are its

microstructure (solid grain size, pore size, porosity) and composition (Deng and Petric, 2005; Ai
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et al.,2008). The effective reactiazone can &lo be enlarged by use of mixed iceiectronic
conductor (MIEC)oxide such as dopederia in theanode. Fukunagat al. (2007) showed that

an effective thickness of N6DC anodes was 110 um, but can be increased above this level if the
anode sucture is further optimized. The region in an anode that contains the entire TPB is
commonly known as an anode functional layer and the optimization of this region improve the
chargetransfer processes. In an electrolgteoported cell, an entire thin@ae can be considered

to be a functional layer, while in an aneslgpported cell, portions of the anode that do not
contain a TPB function as a support layer ecalbed conduction layer.

During lower temperature operation, electrolgteported cells tehto experience large ohmic
polarization due to the high resistance to oxide ion transport through the thick electrolyte. Since
ohmic loss is one of the dominant factors affecting cell performance, reduction of the electrolyte
thickness is desirable and anodesupported cells are preferable in the development of SOFCs
for operation at lowand intermediate temperatur@suijsmans, 2001)The technical challenges
in anodesupported design are primarily to construct a thin electrolyte without any deferts (e
cracks, pinholes) and form a dense andtggd electrolyte that adheres to the porous anode
substrate. These features prevent the evues of gases through the electrolyte (Basual.,

2008). Also, the effect of concentration polarization becomg®rtant in the anodsupported

cells due to limitations of reactant gas transport to the anodic reaction sites through the thick
porous anode (Kinet al.,1999). While a finegrained microstructure is necessary to reduce the
effective chargaransfer rgistance, the anode has to be porous enough to facilitate the diffusion
of gaseous species (Tanmral.,1997). On the other hand, excessive porosity will significantly
reduce the mechanical strength of the anodedtral., 2007). Since the anode furmtis as a

support in this type of cell, maintenance of adequate mechanical strength is very important
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2.5 Internal reforming in SOFCs

Other than the anoddectrolyte interface area which active for the electrochemical reactitens
remainder of the anode in aneslgpported cells serves nefectrochemical purposes. It
functions as an electronic conductor to carry electrons from the etrargder region to the
current collector and as a structural backbone for the cell. ii@ddhe remaining anode may
serve as catalytic sites for heterogeneous chemical reactions when the SOFC is fuelled with
hydrocarbons. Ni contained in an SOFC anode support is known as an excellent reforming
catalyst (Belyaevet al., 1995) and is activeor thermal decomposition of hydrocarbons
(Kishimoto et al., 2006). The catalytic activity of Ni allows SOFCs to internally reform
hydrocarbons and use CO as a fuel, both of which give SOFC its fuel flexibility.

Within the anode structure, the hydrocarbaare reformed by reacting with steam. This
process is catalyzed by Ni and producesadd CO which are then readily oxidized by the
electrochemical reactions. Steam reforming of methane, which is the main component of natural

gas, occurs by the reaction:

60 050 G0 &0

2.23
which has a standard enthalg{D ¢ TQG € 4.
The Ni anode also catalyzes the wagas shift reaction{O T PQ@ £ & to form more
H, fuel:
C o N -
ouvu Ou9 O owv 294

Internal steam reforming is made possible due to the elevated SOFC operating temperatures.
Heat generated in the cell by the electrochemical reactions is directly used for the endothermic
reforming reaction. The main concern with the process, howeveheidatge temperature
gradient within the anode originating from the endothermic steam reforming occurring at the
outer region and the exothermic electrochemical reaction at the inner region of the anode. This
large temperature gradient may cause thermasstwithin the cell structure. Another problem
with internal steam reforming is that the fuel must also contain water which dilutes the fuel,
lowers the cell voltage and reduces the electrochemical efficiency (Mogensen and Kammer,
2003).
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2.6 Direct hydrocarbon utilization in SOFCs

Another important application of anodapported cells is direct utilization of hydrocarbons. In
direct conversion, hydrocarbon fuel is fed directly into the anode compartment without
processing the fuel and significant mixing withO or CQ, (Mogensen and Kammer, 2003).
Direct use of hydrocarbons in SOFCs has high thermodynamic efficiency and reduces the

thermal gradient within the cell when steam reforming occurs.

Mogensen and Kammer (2003) defined the direct conversion of hydomsaas either the
direct electrochemical oxidation of the fuel or the electrochemical oxidation of the
decomposition products from the hydrocarbon fuel. When referring specifically to direct
oxidation, all steps in the reaction must be electrochemiepksiTherefore, any process that
involves decomposition or cracking of the hydrocarbon on the anode surface followed by the
electrochemical oxidation of the cracking products is not classified as being direct oxidation.
Mcintosh and Gorte (2004) stated ttha is unlikely that the electrochemical oxidation of
hydrocarbons could occur without heterogeneous chemical reactions involving the scission of C
H and GC bonds on the anode compartment. Mogensen and Kammer (2003) also suggested that
both direct chemml oxidation and oxidation of cracking products can occur in parallel. In
addition, the direct oxidation might not only involve with total oxidation but also partial

oxidation reactions.

CH4 may be electrochemically oxidized at the TPB, but also decompose within other regions
of the anode support. Buccheri and Hill (2012) have listed the chemical and electrochemical
reactions that may possibly occur at the anode when fuelled withT®ld ande may contain a
maximum of six species according to their thermodynamic stabilities: deposited carbon, (C), H
CO, CQ, H,0O and residual ClH One possible chemical reaction within the anode is methane
decomposition, also kme as methane cracking (Eq. 2)2which produces Hand carbon

deposit:

00%0 ¢0O 2.25

In addtion, steam reforming (Eq. 2.2and waer-gas shift reaction (Eq. 2.24nay also possibly
occur with the participation of 4 produced electrochemically at the TBP region. Species such
as C, H,, CO and CH may be anodically oxidized by reaction witlf Qvia the following

electrochemical reactions:
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The primary problem with direct hydrocarbon oxidation is the faster cell degradation due to
carbon deposition on the anode surface. With direct feed of hydrocarbons, Ni actively catalyzes
the carbon formation. Also, it is not possible to entirely prevemtbon deposition in the
presence of high oxide ion concentration when current is flowing. THéu® can only remove
carbon in a region near the TPB and has no influence on the situation at the Ni cermet in the
anode support region (Mcintosh and Gort@04£). Anodesupported cells exhibit better OCV
and larger limiting current densities than electroltpported cells when methane fuel is being
used. The conduction layer enhancesdaglytic activity for decomposition and/or reforming
reactions withinthe thicker anode and improves the performance. However, this cell design is
more harmed by carbon deposition than electredyigported cells due to higher degradation

rates in the presence of methane (Bucostesi.,2011).

2.7 Carbon deposition in SOFCs

Carbon deposition is a major problem for SOFCs operating with hydrocarbon Sueface
carbon deactivates the SOFC anode by blocking the access of reactants to reactidrasites k

et al.,2007), while the growing carbon filaments can lead to Ni loss due to metal dustingt(Toh
al., 2003). In addition, the deposition of carbon may lead to volume expansion within the anode
and fracture the anode structure (Katal.,2002). In SOFCs, Nbased anode catalysts are not
only excellent for reforming and electrochemical reactions but also can initiate the formation of
carbonwhen hydrocarbons such as methane are directly utilized used as fuel. This occurs

through decomposition or crackir{§q. 225) wherebyCH, dissociates on the Ni surface and
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loses its hydrogen atoms in sequence to produ€intermediates and form atomic carbdime

dissociative adsorption reactiofts methane decomposition gferimm, 1999):

&)

6 0% 60 KO) 2.31

000 0o EO 2.32

Methane decomposition initiates the deposition of carbon at high temperatures. The rate of
methane decomposition increases with temperature and leads to an increase of carbon deposition
on the catalyst surface, even more so attemperats hi gher t hetnl,1999)0e C (M
Another pathway for thdéormation of carbon is the disproportionation of CO in the system

through the Boudouard reaction:

cO0° 6 00 233
Since this reaction is highly exothermic, its equilibrium is shifted to the right as the temperature
is reduced and so contributes to more carbon deposition. In fact, most of the carbon formed

during lowtemperature SOFC operation is associated with ¢aistion (Wangpt al.,2008b).

From a thermodynamic analysis, the regime where carbon is unstable can be determined and
the amount of steam needed to avoid carbon deposition for a particular fuel can be calculated.
For example, a steato-carbon ratio (S/Cpf 1.5 was found to be sufficient to prevent carbon
deposition for methane fuel over the temperature rangel@00°C (Sasaki and Teraoka, 2003).
Nonetheless, thermodynamic calculations only reflect the expected equilibrium conditions and
do not accountdr the impact of reaction kinetics. Experiments have shown that carbon can form
under conditions where it is predicted to be thermodynamically unstable €Kiah, 2006).

Thus, kinetics play a very important role in controlling carbon deposition andomgsinsidered
when determining the conditions for stable operation without carbon deposition éDffikr
2009).

The extent of carbon deposition is governed by a balance between carbon formation and
carbon removal. Obviously, carbon accumulation oceungn the rate of carbon formation
exceeds the rate of carbon remof&imm, 1999. The main processes by which carbon forms
are methane decomposition (Eq. 2)2&nd theBoudouard reaction (Eg. 2.83arbon can be
electrochemically oxidizeénd removed byeaction Eq. 2.26The interaction of carbon with
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H,0O and/or CQ produced from the electrochemical reactions at the anode also help to remove it.
he presence of significant amounts of £&hd HO in the vicinity of the anode can remove

carbon by reversal of tHgoudouard reactio(Eg. 2.34 and gasification via reaction &:3

L
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2.7.1 Type of carbons

The morphology and the reactivity of the carbon deposited at the#eanf SOFCs are varied
depending on the fuels, anode materials and the operating conditions. Sehested (2006) indicated
three kinds of carbon morphology produced within the hydrocarbon environments: 1) pyrolytic
carbon 2) whisker carbon and 3) encapsutptiarbon. At high temperatures, carbon deposition
mechanisms involve with the reactions in a gas phase or the reactions over solid surface of

catalyst.

Pyrolytic carbon is known as gatase carbon formed in naatalytic freeradical, gagphase
condensation reactions. This carbonaceous compound is formed by the exposure of hydrocarbons
heavier than methane to high temperatures. Pyrolytic carbon depoghs external surface of
solids rather than on the internal surfaces of porous solids. Hence, its formation does not cause

pitting of the surfaces to which the hydrocarbon is exposed (Mcintosh and Gorte, 2004).

The GH bonds in methane are much strontfean the GC bonds in higher hydrocarbons.
Thus, higher temperatures are needed to pyrolyze tG&h that required for larger alkanes.
Therefore, in the case of carbon deposition from methane, it is most likely that the carbon is
formed by surface reactis (He and Hill, 2007). Although carbon formation on Ni catalyst
surfaces has been well investigated, not all aspects are fully understood yet (Trimm, 1999). It is
believed that methane dissociates on the surface of Ni and produces highly reactive naonatomi
carbon that can be easily removed by the carbon removal reactions. However, if an excess of
carbon forms and/or carbon removal reactions are slow, it can polymerize to a less reactive form.
Once present as a polymer, carbon is much more difficult tovermod so will accumulate on
the surface of catalyst or dissolve into the bulk of the nickel particles (Trimm, 1999). The
dissolution of carbon into the Ni catalyst causes the formation of carbon whiskers or filaments
through a dissolutioprecipitation mehanism. According to this mechanism, dissolved carbon
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diffuses through the Ni particles to their grain boundaries where it precipitates as a thin fiber at
the Ni rear side. These carbon fibers tend to press against the Ni particles as their filament tips
grow. This stress causes lifting and separation of the Ni particles from the anode support which
can eventually lead to fracture and even catastrophic failure or fragmentation of the catalyst
(Snoecket al.,1997).

Kan and Lee (2010a) fourwdhisker carboror known ascarbon filaments on a N6DC anode
when investigating the effect of introducing Fe into an arsg®orted cell operating with dry
methane fuel at 650°C. This caused a slight decrease in cell voltage although operation remained
stable for 50 hrA similar type of carbon deposit was found on aYl$iZ anodeby the same
group when operating with humidified methane fuel at 650°C (Kan and Lee, 2010b). They
proposed that the carbon initially deposits in an amorphous form in both cases, butdtrtransf
into a crystalline structure as it accumulates after a prolonged exposure at high temperature. It is
the crystallized filament form of carbon that appears to cause cell degradation. The
transformation of carbon filaments into a strongly bound strectihigh temperature over time
was also reported by Finnerty and Ormerod (2000). @hext. (2011) also confirmed that the
carbon morphology and its effect on the degradation ebased anode supported cells are

strongly affected by the operating temgtere.

At high temperatures, the dissolution of carbon filaments into Ni particles has also been
observed. He and Hill (2007) reported filamentous carbon to be the dominant form found on Ni
YSZ pellet at temperatures up to 600°C. When the temperatursevaased above 750°C, the
amount of carbon deposit formed significantly increased although most was obsetisswice
into the bulk of the Ni particles and cause a significant expansion of tSZRlistructure.
However, when oxidation of this dissolvezhrbon began to occur, the -MBZ structure
collapsed entirely. Nikooyeét al. (2008) reported the formation of carbon filaments ot¥SZ
cermet at 800°C when hydrogen was present in the methane feed stream. This carbon was
subsequently removed fully kgmperaturgorogrammed hydrogenation (TPH) without damage
to the NtYSZ structure. In the absence of hydrogen, carbon dissolved into Ni particles and
irreversibly changed the Ni structure. In this case, the removal of carbon by TPH led to the

appearancefamumerous cracks on the Ni particle surfaces.
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Encapsulating carbon originates either from polymeric carbon orplygse carbon.
Encapsulating carbon may consist of a thin hydrogenated carbqy) fi®iHor a few layers of
graphite covering the nickel pafes. This type of carbon remains on the surface of Ni,
encapsulates the surface and results in the loss of activity and deactivation of the catalyst
(Sehested, 2006). Carbon deposits formed on the surface can contain fairly ordered structures,

possibly feamed via dehydrogenation, surface migration and growth (Trimm, 1999).

Granular and encapsulating carbons are the types of carbon responsible for blockage of anode
active sites, causing fuel shortage and degradation of cell performance in most SOFCngperatio
Alzate-Restrepo and Hill (2008) reported the formation of graniylae carbon when operating
Ni-YSZ anode in SOFC with dry methane fuel at 8003@der current loasvhen the electrode
is polarized lhey suggested thahe dehydrogenation of methamecomes slower and the
adsorbed CHspecies do not completely dehydrogenate. These species do not diffuse through the
Ni particles and instead remained on the anode surface as a gtgpalaf carbon deposit.
Similarly, a significant amount of carbon hasen observed on the surface of bothYISiZ and
Ni-SDC anodes operating with humidified methane fuel at 850°C. The blockage of the anode by
this carbon was responsible for the deterioration of cell performance and led to an increase of
gasphase diffusiorresistance (Yuret al., 2012). Sumiet al. (2010) found a large amount of
encapsulating carboon a NtYSZ anode surface in 8OFC operating with methane at a S/C
ratio of 0.5 and 1000°C. The encapsulating carbon covered tN&Rlisurface and deactivated
the anode by decreasing its catalytic activity and inhibiting gas diffusion.

Carbon deposits also can be characterized in terms of its reactivity with oxygen through
temperaturgorogrammed oxidation (TPO). TPO has been a useful technique that for detgrmi
the amount and type of carbon deposited on SOFC anodes. The type of carbon formed on the
catalyst surface and the reactivity of the deposits are determined from measuring the temperature
at which it is oxidized to C@ Finnertyet al. (1998) have catwrized carbon found on NSZ
surfaces using the terminology of type I, type Il and type Ill according to TPO profiles. Type |
carbon can be removed from the-&iode at a temperature of ~ 597°C, type Il is removed just
above 627°C and type Il can onle wemoved above 727°C. Type Il is the most strongly
boundtype of carbon believed to have a graphitic structure. Meanwhile, type | is the most
reactive carbon and type Il carbon is formed from type | over time, possibly due to ageing

processes. Guet al. (2007) have classified carbon deposited ofbNis ed cat al yst s
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2.8 Carbon inhibition

When hydrocarbon fuels are being used, carbon deposition on Ni is almost unavoidable.
Therefore, carbon deposition must be minimized to extend the useful lifetimeshafséd
anodes when operating with hydrocarbons. Thus, considerable edff®orbden expended to
modify Ni cermets to take advantage of their good properties and reduce the deposition problem.
One approach has been to use alloys or impregnabadéid anodes with metals such as Cu
(Kim et al.,2002; Parlket al.,2009), Sn (Nikolleet al.,2009a; Kan et al.,2009; Singh and Hill,

2012) and Au (Niakolast al, 2010).

Since Cu does not catalyze the formation of carbon filaments, alloying Ni with Cu has reduced
the amount of carbon deposited on anode surfaces €Kih, 2002). Unfatunately, Cu®@ and
Cu meltat temperatures below that needed for electrolyte sintenipgdethe application of Cu
based anodes in SOFGAIso, Cu ions tend to migrate into the YSZ electrolyte during -high
temperature calcination. This complicates matters by requiring fabrication methods in which Cu
is added in a separate step that does not involvetéigherature processing (Gorte and \ohs
2003).

From DFT calculations, Nikollat al. (2009b) proposed that the ability of Sn to disrupt carbon
formation is due to its displacement of Ni atoms at the step sites of Ni particles. Sn neutralizes
the active step sites which serve as the nucleagoters for carbon and moves the dominant
pathways to the more abundant, yet less active, terrace sites. The same group found that the
introduction of Sn did not affect the electrochemical activity and electronic conductivity of the
anode. They also proped that the addition of Sn to Ni anodes improves their carbon tolerance
by their ability to catalyze the oxidation of the C atoms rather than formi@goGnds (Nikolla
et al., 2009a). The opposite effect, however, was observed by Singh and Hill (2002) wh

reported that the addition of Sn did not improve the electrochemical reaction rate or carbon
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tolerance on Nbased anodes. In fact, the presence of large amounts of Sn was believed to hinder

the carbon removal reactions.

The carbon tolerance of bimetallAu-N i anodes was studied by Net¢
presence of Au allowed stable operation with no obvious carbon deposition even at high methane
concentration (CkWH,0O>3). This group suggested that the-Wualloy surface retards the
sequential dehydgenation of Ck species that produces carbon. Instead, the oxidation of CH
to the oxyhydrogenated species ,CHwhich subsequently decomposed to CO andwds
observed (Gavrielatast al.,2008; Niakolast al, 2010).

The use of noble metals such as Rtiand Pd has also been considered for carbon inhibition.
Small additions of Ru, Pt and Pd have been found to improve the electrochemical activity of Ni
based anodes and suppress carbon deposition. Takeguah{(2003) added Ru and Pt when
operating ®FC under internal reforming conditions and suggested that the steam reforming of
methane becomes rapid due to the effective gasification of the carbonaceous specious. Very little
carbon deposited and enough hydrogen was formed to improve the cell paderBased on
their study on the use of a /i anode with a dry methane fuel, Nabeteal. (2006) suggested
that although the anode enhanced the methane decompositigranal I€, the deposited carbon

so formed was smoothly gasified by thgCHoroduced @ctrochemically.

Alkaline earth oxides (CaO, MgO, SrO and BaO) have also been investigated for their
capabilities to minimize carbon formation. CaO and SrO were effective in suppressing carbon
deposition on NiYSZ anodes, while MgO was found to promotebcar deposition (Takeguchi
et al.,2002). A slight decrease in the power density was observed with the addition of alkaline
oxides which was attributed to the electronic insulation from the oxides. A similar trend was
reported after the incorporation of CaGrO and MgO into NEDC anodes by Asamotet
al.(2009), with the exception of MgO that was found not to affect carbon deposition. Another
promising alkaline metal oxide for carbon removal is BaO. BaO nanostructures are believed to
promote the watemedided carbon removal reactions on Ni anodes. The formation of nanosized
BaO islands on the anode surface by vapor deposition successfully sustainedvi8& Ni
performance for 100 hrs undegHg with no degradation (Yanet al.,2011).
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2.8.1 H,S as carbon inhibitor

Another substance well known to have a harmful effect on SOFC operation is sulphur. Sulphur is
commonly added to natural gas as an odorant in various forms such as thiophene, mercaptan,
dimetyl sulphide or K5 (Pacific Gas and Electric Company, 2018ulphur poisons SOFC
anodes and leads to degradation of the electrochemical performance (Gaasgkt006) and
reduced methane conversi(asmussen and Hagen, 2010h the other hand, sulphur has been
reported to have a positive effect by inhibitingrlwon formation. In a review on coke
minimization, Trimmet al (1999) stated that a controlled amount of sulphur on the Ni surface is

an effective way to reduce the extent of carbon deposition.

In an early effort to inhibit carbon formation by adding swipto the gas stream, Rostrup
Nielsen (1984) used 43 for methane steam reforming. Rostiiglsen suggested that carbon
deposition on a Nbased catalyst can be controlled by the adsorption of sulphur on its surface.
Carbon filaments were entirely elinsited and only amorphous carbon remained on the Ni
surface at a critical sulphur coverage that depended upon the temperature and partial pressure of
H,S. The mechanism proposed to explain this effect involved a concept kn@nsemsble size
control by which the size of Ni ensemble sites responsible for methane reforming or carbon
formation is controlled by the occupancy of sulphur. Carbon deposition is reduced by
minimizing the size of these sites and thereby interfering with the reactions that form carbon.
Compared to the reforming reaction, carbon formation was more affected by the sulphur. It was
also suggested that a larger number of active sites is needed for carbon formation than for
methane reforming. As carbon formation proceeds from methane dedbompds the
dissolution of adsorbed carbon in Ni particles and finally to carbon precipitation, the size of the
ensemble sites increasealith occupancy of sulphurthe ensemble sites for dissolution of
adsorbed carbon are blocked and the dissolutionadfon into Ni is retarded. Meanwhile,
enough sulphufree Ni ensembles remain for the adsorbed carbon to react with steam. Hence,
carbon filament formation is suppressed while methaneméigrproceeds at a slower rate.

Kuhnet al.(2008) investigated #thinfluence of HS on the catalytic activity of NYSZ cermet
during methane steam reforming. The cermet was exposegbtattf00C before being cooled
down and fuel gases were introducéthey discovered that the effect of sulphur on methane
reformingand carbon formation depends strongly on temperature. At low temperab@&Gx
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under HS flow, the activity formethane conversion exhibited only a small decrease although
carbon deposition was effectively inhibited. However, at temperatures aboVv€, 7fth
methane reforming and carbon formation were deactivated. It appeared,&athibited the
methane decomposition that caused carbon formation but also reduced the activity for methane

reforming at these higher temperatures.

Since sulphur compoundsdsorb very strongly on Ni, it is necessary to introduce only
tolerable quantities of sulphur to prevent total deactivation of the catalyst. For example, 1 ppm of
H,S used byRostrupNielsen (1984) was sufficient to render the formation of carbon filasnent
while 50 ppm HS employed by Kuhret al. (2008) likely deactivated methane reforming.
Therefore, the amount of,8 in the system should be controlled to a level that inhibits carbon

formation but still permits methane activity on a sufficient numbacuve sites.

The effect of sulphur on hydrocarbon reforming and carbon formation was also studied
theoretically using DFT calculation. Bengaatdal. (2002) proposed the presence of two kinds
of active sites on the Ni surface that are involved in methefoeming and carbon formation:
steps and terraces. Due to the different binding energies of these two sites to sulphur, sulphur
atoms preferentially bind to step sites rather than terrace sites. Calculations demonstrated that
carbonformation begins withits nucleation at steps and then proceeds with growth over the
nearby terrace sites. Thus, the adsorption of sulphur species on Ni step sites should block the
sites for carbon formation. WhereRestrupNielsen (1984) proposed that carbon inhibition by
sulphur occurs due to an insufficient number of sites in the ensemble for carbon dissolution,
Bengaarcet al. (2002) suggested that sulphur inhibits carbon formation due to a competition for
step sites onhe basis of DFT. They also suggestbdt the unoccupiederracesites may
dominate methane reforming after sulphur introduction by providing a stable but lower rate for
this process.

Abild-Pedersenet al. (2005) used DFT calculations to calculate thergyebarriers for
methane decomposition on Ni step sites. They found that although step sites are highly active,
the reaction does not occur exclusively on steps. While the steps can be blocked to eliminate
carbon formation, methane activation is still pbkes on the terrace sites with a moderate
decrease in its rate. Galetal. (2007) later computed the energy barriers for the various stages

of methane decompositiomhey found that sulphur blocking inactivates the step sites for
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methane decomposition érforces adsorption to occur on the terrace sites lying between the
steps. Comparison of the energies for methane decomposition on shilptked step sites and

free terrace sites revealed a much higher barrier for the reaction on the blocked step sites,
indicating that the reaction on terrace sites is dominant. Based on these DFT analyses, carbon
formation inhibition on the Ni surfaces is possible by the blocking of step sites by active species
such as sulphur. At the same time, methane activation cam oncterraces with a moderate

reduction in reforming rate.

Grgicak et al. (2008) examined the effect of 8 on carbon deposition in SOFC in the
presence of dry methane fuel. This group used much higher concentratioss (@EH.0% v/v)
than previous earchers studying steam reforming. In the presence of drfu€Hvith no HS,
a significant amount of carbon confirmed to be graphite depasitdumbth N+YSZ and CeYSZ
anodes. This carbon caused a full degradation and disengagement of the anodeeifrom t
electrolytes. When the 43 was introduced into the fuel, the cell performance initially decreased,
but then began to improve and eventually stabilize. The group suggested that the initial
disruption when KBS was introduced into the system may h&een caused by the initial
blocking of the actives sites due to sulphur adsorption on the metal surface. The slight recovery
of the catalytic activity after a prolonged supply ofSHvas attributed to the conversion of the
adsorbed sulphur into metal suigd compounds believed to have a good resistance towards

carbon formation.

Recently, the introduction of43 into a reformate stream was reported to significantly prolong
the operating life of an SOFC stack consisting oVSiZ anodes to over 3,000 hrs ((kkrjeeet
al., 2013). The controlled addition of,B (0.5 to 2.5 ppm) to the reformate stream (28% H
30% CO, 6% HO) effectively retarded the formation of carbon and prevented the coarsening of
the granular microstructure of the-M5Z anode, while nalegradinghe power output from the

stack.

Grgicak et al. (2008) suggested that the stable anode performance in the presence of dry
methane and #6 could be attributed to metal sulphide formation. Thermodynamic analysis by
Wang and Liu (2007), however, shed that only a sulpheadsorbed Ni intermediate should be
present dung most SOFC operations at 6800°C, if operating at HS concentrations below

than 1000 ppmThey suggested that sulphidization which leads to metal sulphide formation
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would not likely occur at the high temperatures during SOFC operation. Their finding was
supported by then situ Raman spectroscopy analysis of Cheng and Liu (2007). At SOFC

operating temperatures (>500°C), no metal sulphides were observed even when aShigh H

concentrabn of 100 ppm was introduced into the system. The presence of metal sulphides was

only detected at 300°C after the-M5EZ anode was cooled slowly.

2.9 Summary

To summarize, the literature review that has been presented can be summarized as follows:

T

SOFCscan operate with high energy efficiency and have much greater flexibility than other
fuel cell types with regard to the fuels that can be used and the direct utilization of
hydrocarbons.

In order to reduce the cost and solve the mechanical problems reddbegh temperature
operation, it would be desirable to operating SOFS at lower temperatures. Thuajehals

chosen fointermediateemperaturésOFC operation in this study are:

electrolyte: samaridoped ceria (SDC)

anode: nickebamariadoped cea (Ni-SDC)

cathode: samaridoped strontium cobalt oxidsamariadoped ceria (SSGDC)
Carbon deposition is the main problem in SOFCs when operating with direct hydrocarbon
fuels. Rapid degradation in the cell performance has been attributed to thetiolepafsi
various types of carbon on the anode.

Carbon deposition on Miased anodes must be controlled when operating with hydrocarbon
fuels. Many studies on carbon inhibition have been reported; carbon minimization is possible
by retarding thecarbonproducing mechanisms and/or improving the carbon removal

reactions.

Sulphur has been reported to inhibit carbon deposition. Nonetheless, its poisoning effect on
electrodes and catastrophic effects on SOFC cell performance is also well known. Thus,
further research is needed into the role of sulphur as a carbon inhibitor in SOFCs and
determination of the optimum amount that should be added into hydrocarbon fuels.
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Chapter 3

Experi ment al Met hod

This chapter describes the procedures followed in testing tf&DWNi cells fed with carbon
containing fuels in the SOFC test station. The chapter begins with discussions of the synthesis of
fresh anode and electrolyte powders using the glyaitnate process (GNP) and then cell
fabrication. Next, the steps for cell setupd the electrochemical techniques to determine the cell
performance and stability are described. The chapter also explains the utilization eGicro

and mass spectrometrMS) for the outlet gas analysis. Finally, the chapter closes with
descriptions bthe conductivity measurements and techniques to characterize the anode before

and after the electrochemical tests.

3.1 SDC and NiO powder synthesis

The powder materials for use in the anode and electrolyte were nickel oxide (NiO) and-samaria
doped cerigSDCi Ce sSmy20;.9) and were synthesized using the glyeniate process. It is a
seltfcombustion method for powder synthesis that occurs at flame temperatures of 1100 to 1450
°C with a large amount of product gases. GNP is an inexpensive techraqyedtiuces fine
electrolyte powders with high relative density and excellent conductivity after sinteringéPeng
al., 2004). It yields homogenous nasized powders with low carbon residue through a very
rapid combustion reaction (Chiekt al.,1990). GNP was chosen for this work particularly since

it can generate SDC powder that has a highly porous,-iéanstructure with very low fill
density. This morphology is desirable for the successful fabrication of a thin ahdlpifree
electrolyte film viathe drypressing technique (Xia and Liu, 2001). In this work, the SDC
powder was pressed onto the anode material. Both were themteced at relatively high
temperature to ensure that the resulting electrolyte layer is dense enough to prexeatdnel

crossover between electrodes.

According to Chicket al. (1990), the structure of the loose powder generated by glycine
nitrate combustion is related to the volume of the three main gases relegs€® (nd HO).
The overall combustion reactions fahe SDC and NiO when all glycine fuel is

stoichiometrically oxidized by nitrates are given by Egs. 3.1 and 3.2, respectively.
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To obtain SDC powder with a stoichiometric proportion of £em 20,6, cerium (lll) nitrate
hexahydrate, Ce(N&x-6H,O (Alfa Aesar, USA) and samarium (lll) nitrate hexahydrate,
Sm(NG)3-6H,0 (Alfa Aesar, USA were dissolved in 250 mL of distilled water with a metal
mole ratio of C&:Sn?*= 4:1. GNP involves a quick, simultaneous combustion whereby glycine
and metal nitrates act as fuel and oxidizers, respectively. The ratio for glgaiiteate (G/N)
used in this preparation corresponded to aliesh composition. Glycine (\WEH,COOH) (Alfa
Aesar, USA) was added into the precursor solution at a G/N of 0.53:1, which is smaller than the
stoichiometric value of 1.67:1. This ratio is similartt@at used by Chiclet al. (1990), who
found that it resulted in the highest flame temperature of 1450°C. The higher the flame
temperature, the more rapid and complete is the combustion and the finer and more crystalline is
the powder. A solution of nické€lll) nitrate hexahydrate, Ni(N§»,-6H,O (Alfa Aesar, USA) on
the other hand was used as the precursor for NiO. This time,-adiuelomposition with a G/N
ratio of 3:1 was used for NiO preparation based on the work of &ualg(2005) who reported
tha a more crystalline Ni phase was produced undefrfaklconditions. They suggested the use
of a fuel content ~-2imes more than the stoichiometric composition for NiO synthesis through
GNP.

Before combustion, the solution of glycine and nitrates wi@sed and heated at 90°C
overnight using a digital hgilate stirrer (VWR, USA) to obtain a solution in a viscous gel form.
The combustion reaction was carried out inside a fume cupboard in a compartment made of
aluminum sheets. The gel was heated orelactric stove (Salton Canada, Canada) until it
reached its ignition temperature and erupted into flame. Thisng&ted combustion produced
a very fine paleyellow ash of SDC and a dark brown, fodike structure of NiO ash. The ashes
were then calcied inside a benetop furnace (Barnstead Themolyne, USA) to remove any

remaining carbon residues and to form powa#h a wellcrystallized structureThe NiO ash
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was calcined at 850°C for 4 hrs and turned a dark green colour after the calcination. iMeanwh
the SDC was calcined at 800°C for 2 hrs but retained itsyp#itev color. The SDC ash after
combustion and NiO after calcination are showRigure3-1a and brespectively.

Figure 3-1 a) SDC ash after combustion; b) NiO ash after calcination

3.2 Button cell fabrication

The button cell used in this work consisted of samdoed ceria (SDC), nickel oxiggamaria
doped ceria (NieSDC) and samaridoped strontium cobalt oxiesamariadoped ceria (SSC
SDC) as its electrolyte, anode and cathode, respectively. TheSNO cemet had a
composition of 55 wt.% NiO and 45 wt.% SDC. The NiO and SDC were mixed by wet ball
milling at 75 rpm for 24 hrs in an ethanol solution using a jar mill (US Stoneware, USA) with
zirconia grinding balls. 5 wt.% polyvirydutyral (PVB) (Scientific Blymer Products Inc., USA)
was added as a binder and 5 wt.% ebclyl phthalate (DOP) (Sigmaldrich, USA) was used

as a plasticizer. During the watilling of the anode, a 5:45 weight ratio of solid:total suspension
was used. The composition of the aacglurry during the wemilling is given in Table 3-1.

After the wetmilling, the slurry was heated at Pt and a powder of NK3DC was obtained
after drying. The powder was then ground using a pestle and sieved to generate particles finer
than 354 pm.
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Table 3-1 Anodeslurry composition during weinilling

Materials Cermet Anode composition| Suspension
(Wt.%) (Wt.%) (Wt.%)
NiO 55
SDC 45 90 i
Polyvinyl-butyral (PVB) 5
Di-octyl phthalate (DOP - 5
Ethanol ; 75

For cathode preparation, a commercially available samapad strontium cobalt oxide
(SMy5SK sCo0s, SSC) (Praxair Specialty Ceramit$SA) was mixed with the SDC powder at a
wei ght rati o of-ter@9d is@DE@aro{SgmaAldrich, USA) and ethyl
cellulose (Sigmaldrich, USA) were added into the SSEDC powders to act as solvent, liquid
carrier and binder, respectively. @hconcentrations ofiterpenio isopropanol and ethyl
cellulose in the suspension were maintained at,3®».8nd 2.5 wt.%, respectively. The mixture
was balmilled for 48 hrs at 75 rpm to form a cathode ink. The composition of the SSC/SDC

cathode ink ishown inTable3-2.

Table 3-2 Cathode ink composition

Materials Cathode (wt.%) Ink (wt.%)
SSC 70
SDC 30 o5
Uterpeniol 32.5
Isopropanol - 10
Ethyl cellulose 2.5

Anodesupported cells were fabricated by uniaxial-grgssing. 1.0 (= 0.001) g of NiSDC
powder was weighed and pressed in a stainless steel mold at 160 MPa for 1 min using a
hydraulic presser (Carver, USA) to obtain a circular disk of the anode sab3tnan 0.033 (+
0.0005) g of SDC powder was then carefully distributed over the anode substratepaessea
at 220 MPa for another 1 min. The-pressed anodelectrolyte bilayer was then sintergda
high-temperature furnace (CM Furnades., USA) at 1330C for 5 hrs to producan anode
supported NiIGSDC|SDC bilayer with a thin film electrolyte. The sintered NEDC|SDC bi

layer was ~ 17 mnn diameter. In order to accommodate the diameter of the alumina tube
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holding the cell in the SOFC test statj the bilayer was polished to a 15 mm diameter using

wet sand paper affixed to a roll grinder (Buehler, USA).

The SSGESDC ink was then applied to the middle of the NBDC|SDC bilayer at the
electrolyte surface through a 6 mm diameter hole cut in ésayf Scotcfi tape. The thickness
of the cathode was controlled by the number of tape layers and its surface was made flat by
leveling the ink over the hole. Based on a diameter of 6 mm, a geometric area of 0’288 cm
the cathode was used in the subsequent electrochemical characterization in this work. The cell
with the painted cathode then went through another sintering step &C1@802 hrs. The
temperature profiles followed during the sintering of the {$SIBC|SDC bilayer and of the SSC
SDC to the NiIGSDC|SDC bilayer are given in Appendix A. Within the sintering procedures for
the anodeslectrolyte and cathode, the specimens were initially heated at 400 °C for 30 min to
ensure that all binders were burna@ over the firing. Photographs dhe sinteredNiO-
SDCI|SDC bilayerand NiO-SDC|SDC|SSEDC cell are presented iRigure 3-2a and b,

respectively.

Figure 3-2 a) SinteredNiO-SDC|SDC bilayerb) NiO-SDC|SDC|SS&DC cell
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3.3 SOFC testing

3.3.1 Cell setup
The NiO-SDC|SDC|SSEDC cell is mounted on a vertical alumina tube with the same outer

diameter (15 mm). Inside the alumina tube is a parallel quartz tube with a smaller outer diameter
of 6 mm. The purpose of the alumina tube is to hold the cell during the testing, while the quartz
tube supplied the fuel gases to the cell. Fuel flows throlglguartz tube to the anode surface.

Once the fuel gases pass through the anode and the electrochemical reactions have occurred, the
resulting gases leave through a space between the quartz tube and the alumina tube to the outlet
stream. The current celttor for the anode consists of an Ag wire with 0.25 mm O.D. (Alfa
Aesar, USA) connected to Ag gauze with 50 mesh size (Alfa Aesar, USA) that is seated on top
of one end of quartz tube. The Ag mesh is used to increase the contact area with the electrode. A
small force is applied by a spring located at the other end of the quartz tube to maintain good
contact between the anode and current collecddosimilar current collector and arrangement are

used on the cathode side. Air supply is introduced to thedatsurface through a quartz tube

and the outlet gas is discharged directly into the environment. The Ag current collectors at the
anode and cathode sides are connected to their corresponding terminals of the
potentiostat/impedance analyzer. A schemaiagrdm of the cell saip inside the furnace is

shown inFigure3-3a.

A ceramic sealant (Aremco Product Inc., USA) is employed to seal the cell enaduthina
tube Figure 3-3b). Themethod to apply this sealant proceeds as follows. The ceramic sealant
was a mixture of ceramic paste (Ceramabond\#5&) and thinner (Ceramabond 5%2 at a
weight ratio of 92:8. A quartz tube (12 mm O.D. and 45 cm long) was used temporarily to hold
the cell in place while the sealant was carefully applied between the alumina tube and the cell.
The sealant was then teb harden at room temperature for one day. On the next day, the cell
was heated according to the sealant heating procedure®@f&32 hrs and then to 260°C for
another 2 hrs. This heating step was carried out at 1.69Ctamider 10 mL mih *of N, flow.

The next step was to reduce NiO in the NMSDC cermet into its active Ni metal form. The
reduction was carried out at 600°C under a humidifietbdli N, while increasing the H
concentration gradually for every hour from 10%39% N, to 100% H over duration of 6 hrs.

The cell 6s open circuit voltage (OCV) was mon
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to ensure that the cell had stabilized after this pretreatment, it was held overnight under a
humidified 10% H-90% N, at 600°C before thelectrochemical testing. After stabilizationet
temperature was then adjusted according to the desired operating condition and the gas feed rate
was gradually increased to 80 mL fif humidified H, after the operating temperature was

reached. Air wa supplied to the cathode surface at a fixed flow rate of 86 mLmin

An initial electrochemical test (open circuit voltage, DC potentiodynamic and impedance
analysis) was conducted with humidified tdd to the anode side to ensure that the cell had be
properly fabricated and could achieve acceptable SOFC performance. Finally, the desired fuel
was introduced into the system by slowly changing the fuel from humidifietb Harbon
containing fuel (dry Cklor CO-CO, mixture) under a galvanostatic mode0al A cm? or 0.35
A cm’?. Stability tests were also conducted using galvanostatic mode of operation at the same
current densities. ¥ was introduced into the cells either continuously as part of fuel gas

mixtures with CH or for short intervals as mites with H.

The experimental procedure involves in this work were “4bmr@suming where it took 3
consecutive days from sealing procedure before the cell is ready for any electrochemical testing.
The overall steps required for cell preparation beforestéue of the electrochemical experiments

are shown schematically Figure3-4.
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3.3.2 SOFC test station set-up

The electrochemical measurements were conducted in a SOFC test station shown schematically
in Figure 3-5. The test station consists of a gas controlling system, bubbler for gas
humidification, button cell, furnace, electrochemical measurement equipment and outlet gas
analysis instruments. The compositions of the various fuel gases were adjusted usingoé series
mass flow controllers (Bronkhorst, USA) connected to a FieldPoint device linked to the
LabVIEW Version 7.0 (National Instruments, USA). The flow rates of the SOFC fuels were

controlled through LabVIEW software while air as oxidant set by a manual netame

All gases were commercially available from Praxair Inc. (USA). The feed gases to the anode
side were comprised of,HGrade 5.0), N (Grade 4.8), Ar (Grade 5.0), GHiGrade 2.0), C®
(Grade 3.0), CO (Grade 2.5) and certified gas mixtures of 40 g@mrH+ and 20 ppm kS in
CH.. A total fuel gas flow rate of 80 mL nlifwas used in the experiments involving &hd
CO-CO,, while a flow rate of 40 mL min'was used when dry GHivas introduced into the cell.

The fuel gases were either dry or humidified3% HO by bubbling dry fuel through a water

column at 25°C.

A button cell was placed on a alumit@e (McDanel Advance Ceramic Technologies, USA)
inside a vertical tubular furnace (Carbolite, UK). During the experiment, the fuel flowed upward
along tre tube to the anode surface and was discharged by flowing downward from the tube to
the outlet stream connected to a water trap. The outlet gas composition was analyzed using an
online micregas chromatograph (Agilent, USA) or OmniSthmass spectrometr{Pfeiffer
Vacuum, Germany) before being vented to fume hood. The electrochemical experiments were
conducted using various gas fuels and the resulting cell performance and stability were
monitored by a PC attached to a potentiostat/galvanostat couplecdmwithpedance analyzer
(Solartron Analytical, UK).
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3.3.3 Electrochemical experiments

In this work, the cell electrochemical performance was analyzed by measuring its open
circuit voltage and conducting DC potentiodynamic, galvanostatic and electrochemical
impedance spé&mscopy experiments. The open circuit voltage and DC potentiodynamic and
galvanostatic experiments were carried out using a Solartron Electrochemical Interface
model 1287 potentiostat/galvanostat, while a Solartron Impedance Analyzer model 1260 was
usedfor impedance measurements. The model 1287 potentiostat/galvanostat has 4 terminals
for connection to a working electrode (WE), counter electrode (CE) and two reference
electrodes (RE1 and RE2).

A standard tweelectrode configuration was used to charamterthe electrochemical
behavior of the cell in this study. In a tvetectrode configuration, the potential difference
between the anode and cathode is measured to give the cell voltage. This is the simplest cell
setup since a reference electrode is nguired, but interpretation of the resulting data can be
complicated by the fact that they reflect events occurring at the anode, cathode and
electrolyte simultaneously. With no reference electrode, the RE1 terminal is shorted directly
to the WE terminal athconnected to the working electrode, while the RE2 and CE terminals
are shorted together and connected to the counter electrode. Similarly, impedance analysis
using the tweelectrode system measures the impedance of the overall cell instead of that of
anindividual electrode. The use of a threlectrode configuration enables the behavior of a
single electrode to be isolated from that of the remainder of the cell. With this arrangement, a
differentiation between the behavior of the anode and cathode caade Unfortunately,
the cell geometry used in this work (i.e., ansdgported cell) complicates the use of a three
electrode system due to difficulties in positioning the reference electrode on an anode
supported cell. In an impedance study by Mcinteshal (2003) using a threelectrode
system for an anodsupported cell, the response of the cathode obtained after locating the
reference electrode in the electrolyte could not be distinguished from that of the total cell

obtained through a twelectrodemeasurement.
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Open circuit voltage experiment

The open circuit voltage (OCV), the cell voltage at zero current, was measured under
humidified H, conditions for at least 10 min to ensure a stable value was obtained before any
electrochemical testing with carbaontaining fuels was conducted. This initial

measurementas crucial to ensure that a particular bels a decent OCV value.

Galvanostat and potentiodynamic experiments

Potentiodynamic experiments were conducted to determine the cell voltage (V) over a
range of cell current densities (i). The experiments were performed by applying a potential
difference across the cell that increasedkdify with time at a rate of 5 mV $ Cell
performance was further analyzed by calculating the power defsityf#6 and presented
in i-V curves. Meanwhile, cell stability tests were conducted by monitoring the cell voltage
as function of time at a giveapplied current (i.egalvanostatic mode). In this work, current
density of 0.1 or 0.35 A chfwas employed for the galvanostatic experiments based on a

geometric area of 0.283 érfcathode area).

The rate of cell degradation (or improvement) was caledlasing an equation:

6B OQ@AWEIET ¢ 0 'Q ACBBIA'D —_— 3.3
where @ is the cell voltage at the end of the experimenb at . @ is the cell
voltage obtained at the timé when the cell reaches its steady voltage during the

experiment. The selected time for  varied depending on the duration of the experiment.
For 6, 10 and 100 hrs experiments, was set to 1, 2 and 30 hrs, respectively. The
potentiodynamic and galvanostatic experiments were carried out using CorrWare software
(Scribner Associates Inc., USA) and the resultivgand cell voltage data were gathered and

evaluated usig CorrView software (Scribner Associates Inc., USA).
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a useful tool to characterize the behavior
of an operating SOFC cell. Known as an alternating current (#Chnique, the
measurement can be conducted with or without a direct current (DC) signal superimposed on
an AC signal. Although a small perturbation of either the potential or current can be applied,
the former alternative is most commonly used in the cdisieiel cells. In this case, the
applied potential has the following sinusoidal form:

0 O OEIlo 3.4
whereOis the oscillating potentialD is the amplitude of the input signal, is the angular

“

frequency]( ¢* "Qandois time. The response dfie system to this perturbation is a
sinusoidal current with the same frequency, but shifted with time according to a phase angle

%q as follows:

0O OO0ETO %o 35
where ‘Ois the oscillating current an@ is the amplitude of the output current signal.
Analogous to the resistancerrentpotential relationship in a DC circuit, the relationship
between the applied sinusoidal potential and its resulting current is known as the
impedance&o. Thus an expressidor impedance is given by the ratio between the sinusoidal

potential and current:

o~ 36
KO)

The impedance can be expressed as a complex number and converted from the time domain

to the frequency domaifHuanget al.2007) When expressed in complartation,®is:

O A T IAT G "@ROE%H & Qo 3.7
where™Qs the imaginary unit ~ p , while ¢eandcx are the real and imaginary parts of the
impedance:

O YQ IBAT G 3.8
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x 040 80 E%o 3.9

The impedance spectra are commonly presented as a Nyquist plot i@eéreis plotted
versus'Y ‘@over a range of frequencies. A schematic diagram of a Nyquist plot of an
electrochemical system featuring two frequedependent semicircles is given Figure
3-6. The intercept on the real axis at the hifjaquency end of the spectra corresponds to the
pure ohmic resistancesk the cell. Althaugh the value accounts for losses associated with
both ionic and electronic transport within the electrodes, the main sourcgi®fuBually
ionic transport within the electrolyte. Meanwhile, the difference between the intercepts at the
low and high freqgancy ends of the spectra yields the polarization resistageeRRR;

related to electrode processes (Jasiaski.,2004).

An electrical circuit model involving a combination of inductor (L), resistor (R), capacitor
(C) and/or constant phase eleme(®PE) is typically fit statistically to the impedance
spectra. An equivalent circuit often used to fit the impedance spectra obtained from operating
SOFC cells is shown iRigure 3-7. Inductance (L) is often observed at the high frequency
end below the reampedance axis. This effect has been attributed to the inductance of the
connecting wire and the internal inductance of the measuring instrumead @k Irvine,

2011). In SOFC systems,GPE is usually selected over a simple capacitance to fit the data
to compensate for inhomogeneities associated with the roughness of porous electrodes
(Pajkossy, 2005). The experimental data from the impedanceireepés of this work were
modeled and fitted according to the equivalent circuit showRkigure 3-7 and used to

characterize the changes to the stath®cell during the course of operation.
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Figure 3-7 Equivalent circuitmodelused in thielectrochemicalvork

The impedance measurements in this study were conducted on the full cell between the
anode to cathode using a tetectrodeconfiguration. Thus, the polarization resistange R
obtained from the measurement combines the effects of both anode and cathode processes.
Measurements were conded using a zero DC bias (i®CV condition) and at DC current
(0.1 A cm?or 0.35 A cm §. The impedance spectra were generated using ZPlot software
(Scribner Associates Inc., USA). The frequencies of the input potentials were varied over the
range from 0.1 to TOHz during the EIS measurements on each sample. Finally, the
impedance data weraayzed through the equivalent circuit model using ZView software

(Scribner Associates Inc., USA).
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3.3.4 Gas outlet analysis

In this work, analysis of the outlet gas from the SOFC for one experimental condition was
conducted using micrgas chromatography (Agiéé model 3000A) and for another set of
experiments using mass spectrometry (MS) (Omni%$tarodel GSD 320). The mict6C

was employed for ofine analysis of the outlet gas composition during experiments to assess
cell stability under dry Cliwhile the MSwas used to determine the gas composition while
flowing humidified H, gas under galvanostatic mode on the cell after the stability tests. The
micro-GC equipped with Molecular Sieve and Plot U columns, both operated with TCD
detectors using Ar and He as marrs, respectively, was used to measure the amounts of CH

H,, CO and CQin the discharge from the anode gas chamber. However, it was not possible
to determine the amount of,@8 present using micf&C. A known amount of N(10 mL)

was introduced as anternal standard into the outlet stream before entering the-GiCrto

avoid measurement error due to reactions that change the gas volume. 2000 pL of gas sample
was injected into the instrument every 15 min. The gases were identified from the retention
times of the various peaks and the concentration of each gas was obtained from a calibration
factor relating the area of its peak to its concentration. The gas analysis viaG@Giomas

managed using the Agilent Cerity software (Agilent, USA).

The MS operas with a CSEM/Faraday detector with two gaght filaments for its
ionization source. Operating at 1000 mbar sample pressure, the instrument uses a stainless
steel capillary heated to 200°C. The MS signals given by the ion current intensities for H
(m/e=2), CH; (m/e=16), CO (n/e=28) and CQ (m/e=44) were continuously monitored and
the measured data were generated every 50 milliseconds. The signals were initially calibrated
with gas mixtures of known concentration and gas analysis by MS through Q®adera
software (Pfeiffer Vacuum, Germany). The outlet gas from the SOFC setup was measured
immediately by the MS by connecting the instrument directly to the outlet from the furnace.

A heating tape (Omega Engineering Inc., Canada) was wrapped around thee geading

to the MS to ensure that water entering the instrument remained in vapor form. A variable
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autotransformer (Staco Energy Products Co., USA) and aKyfeermocouple (Omega
Engineering Inc., Canada) were used to maintain the gas line tempeatatard°C.

3.3.5 Quantification of carbon

Amount of carbon deposited after some of the cell stability tests was determined according to
amount carbortontaining gases produced while contacting the cell with humidifigd H
After the stability test, the fuel gagas switched to Ar and the cell purged with 40 mL'nfin

of this inert gas. Gas analysis using MS during the gasification procedure was started while
the cell was being purged to ensure that no trace of the gases from the electrochemical
reactions remaineth the outlet gas line. After 30 min of purging, the inlet gas was then
switched to 80 mL min'of 3%-humidified H, for 1 hr at 700°C at a constant current of 0.35

A cm' 2 The amount of carbon deposit in the cell formed during the previous stability test

was measured from the amount of CO,,@ad CH in the effluent gas.

3.4 Material characterization

3.4.1 Conductivity measurement

In this work, the ionic conductivity of the SDC electrolyte at various temperatures from 500
to 800 °C was also measured. EIS has badely employed by researchers to measure the
electrical conductivities of solid materials due to its ability to separate the contributions to the
electrical behavior of the grain, namely the bulk conductivity and grain boundary
conductivity (Zhanet al., 2001). In general, an impedance spectrum obtained during a
conductivity measurement consists of distinct arcs at high, intermediate and low frequencies
that can be attributed to responses in the bulk grain, grain boundary and electrode,
respectively. Ashe temperature increased, individual polarizations were reduced and the
arcs shifted to higher frequencies (Christie and Barkel, 1996) and in most occasions the arc at
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high frequency did not appear at all over the frequency range selected for the Rastng (
al., 2013;Zhouet al.2012).

In this study, conductivity measurements of SDCs were carried out usingriwe
impedance spectroscopy. Approximately 0.700 g of a calcined SDC powder was pressed in a
stainless steel mold at 220 MPa for 1 min and then sinteradhightemperature furaceat
1330(°C for 5 hrs. The thickness of the dense disk after the sintering was measured. An Ag
paste (ESL ElectroScience, USA) was then applied onto both sides of the disk by painting it
througha hole cut into Scotéhtape layers. The Ag paste was piosied so that it was
aligned in the middle of the disk. The paste was then baked for 1 hr°&.78ibnilar to the
other electrochemical tests, the current collectors used were an Ag wire and Ag mesh and the
disk was fixed with a ceramic sealant to annaha tube in the test apparatus. The
measurement was conducted in air from 500 t@0ft 50°Cintervals over the frequency
range from 0.1 to TOHz. Curve fitting of impedance data for each temperature was

performed using an equivalent circuit via ZView.

3.4.2 Temperature- programmed oxidation (TPO)

The presence of carbon deposited on the anode surface after the cell stability tests in the
presence of carbetontaining fuelsvas analyzed using temperatym@granmed oxidation

(TPO). TPO is an essential techné used in catalytic studies to identify and determine the
guantity of carbon deposited on catalyst surfaces. In this work, the analysis was conducted in
a CATLAB microreactor quipped with a mass spectrometrgodel QIG20 (Hiden
Analytical Ltd., UK). TPOwas only used to determine the nature of the deposited carbon,
depending on the temperature at which the, @@m carbon oxidation evolved. It is
important to note that the amount of &m the TPO would not reflect the total amount of
deposited carboan the anode surface since the analysis was only conducted for a small part
of the cell. A broken sample of the cell with known weight was initially placed in the

CATLAB reaction chamber. A gas stream containing He with 50arfd 1.5% Ar was then
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introducel at a flow rate of 90 mL min* The reaction temperature was then increased from
room temperature to 830 at a linear rate of 10 °C rhitend the C@generated in the exit

gas was monitored by mass spectrometry.

3.4.3 Scanning electron microscopy (SEM) and Energy dispersive x-ray (EDX)

The anode microstructure and the morphology of the carbon deposits after electrochemical
testing were examined using model LEO 1530 scanning electron microscope (SEM)
equipped with an energy dispersiveray analyzer (EDX). T EDX was employed to
analyze the elemental composition of the material. All SHMK analysis was used to
examine cell crossections particularly on the anode part. Prior to the analysis, a small
fragment of the cell was mounted on a 70°tgtestub holler (Ted Pella Inc., USA) using
carbon conductive tape (Ted Pella Inc., USA) and then sputtered with gold to ensure that a
~10 nm thick layer was produced. SEM images of varying magnifications were taken using
10 and 20 kV energy beams using both secondigtron (SE) and backscattered electron
(BSE) detection modes. The BSE mode distinguishes areas of different chemical composition
so that elements with high atomic number appear brighter than lighter elements. EDX
analysis was performed by focusing orparticular spot or area or by scanning along a
particular line over the sample cressction. The analysis was conducted in the Waterloo
Advanced Technology Lab (WATLab) in the Chemistry Department.

3.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surfassitive technigque used to analyze the
surface chemistry of a material. In this work, the analysis was employed to characterize the
chemical state of elements present on the surface of the cellsexies before and after
electrochemical testing. In XPS spectra, peaks for the various elements present appear at the

binding energies of the ejected electrons. During XPS analysis, photoelectron is injected
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from a core level by an-Xay photo of energyth The energy of the emitted electrons is the
analyzed by electron spectrometer in a form of kinetic eneédgy. The binding energy of
the electron Q) is quantified and presented by the instrument according to relationship

between the XPS parameters:

O 0 0O w 3.10

where 'Q is the photon energyQ is the kinetic energy of the electron aod is the
spectrometer work function. XPS analysis captures the composition within a region very
close to the material surface within @€lQ nm depthiWatts 2003) For the analysis in this
study, the narrow XPS scans in the sulphur (S 2p), nickel (Ni 2p) and carbon (C 1s) were
carried out. The identification of the chemical states in each region was assigned according to

the binding energy (eV) of the variepeaks appearing in the spectrum.

The XPS analysis was performed using a Thermo ESCALab 250 unit (VG Scientific, UK)
configured with a monoc hrrayseutce at a power K150W h 3 =
with the base pressure in the analytical chambaintmined below 3.0 x1¥ bar. Data were
collected with pass energy of 20 eV for the eshell spectra and 50 eV ftne survey spectra. The
takeoff angle, defined as the angle between the substrate normal and the detector, was fixed at O
degree Curvefitting and deconvolution of these scans were done using CasaXPS version 2.3
(Casa Software Ltd, UK).

3.4.5 X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to identify the crystalline phases in the SDC, NiO and
NiO-SDC samples prepared in this worlhelmeasurements were conducted using a Bruker
D8 Focus xray diffractometer (Bruker, Germany) available in thealytical Lab of the
Chemical Engineering Department. Powder samples were introduced and evenly dispersed
within the sample holder. A glass ®idvas used to level the sample with the top of the cup

and obtain a weltlispersed sample with a smooth surface. Solid samples were fixed to the
59



middle of the sample holder cup with a piece of dogided tape. The analysis was
performed usiog CaXKUlrm42mtj) at a 40 kV pot e
sampl e was scanned oV e r90°ataratenfd®d5° pef secdrfl. Then gl e s
data obtained were analyzed using EVA software (Bruker, Germany) for phase identification

and generat XRD patterns for freshlgrepared, calcinedyall-milled sintered and reduced

materials.

3.5 Summary

In conclusion, the experimental procedure in this work involves material preparation, cell
fabrication, electrochemical testing, deposited carlgontification and anode surface
characterizations before and after experiments. The overall procedure starting from the cell

setup is summarized below kiigure3-8.
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Chapter 4
NiSDC ansoupepported cell s: ,PegdHnar 1 @80On c e

4.1 Introduction

Traditional solid oxide fuel cells (SOFCs) consisting of stdtthe-art material, YSZ are
normally operated at high operatingmperatures (860000°C). Elevated temperature
operation, however, results in high cost and problems in material selection and component
degradation. Therefore, reducing the operating temperature is crucial in order to improve
long term reliability of SOE. Numerous studies have been conducted using et®yesl

based material for intermediate temperature SOFCsSQFG). Dopedceria exhibits
superior ionic conductivity as an electrolyte in low operating temperatigschi, 1997).

Plus, the presence oéma in the anode cermet is known to improve the oxidation reaction
(McIntosh et al., 2002) In this study, Nisamaria dopederia (NtSDC) anodesupported

cells have been fabricated using a-drgssing technique. The performance of the cell at
intermedide temperatures (60000°C) has been extensively evaluated under various types of
fuel (Hz, CHs, CO-CO,).

4.2 Experimental Procedure

Cell fabrication and seaip procedure for N6SDC anodesupported cells were described
briefly in sections 3.2 and 3.3.1, respeely. After the cell reduction step at 6@) the
temperature was adjusted according to the desired operating condition in this werk (600
700°C). The NiSDC cell was then evaluated under humidifiegd dadd carborcontaining

fuels; humidified CH, dry CH,, or CO-CQO,. The flow rates of Hland COCO, gases at the
anode was at a total 80 mL riiSTP) while the flow rate of CHgas is 40 mL mitt. The

flow rate of CH was half of the flow rate of {to maintain a constant total molar flow rate

of hydrogen. Manwhile, air flow rate at the cathode was at 86 mLi(8TP).
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The electrochemical performance of the cell was evaluated under potentiodynamic,
galvanostatic and impedance modes usindgeteetrochemical Interface 1287 and Impedance
Analyzer 1260 (Solaron Analytical, UK).Cell stability test was carried out with humidified
H,, humidified CH and COCO, under galvanostatic mode at 0.1 Atand the impedance
analysis was carried out before and after the stability test. Impedance measurements were

perfamed at DC condition (0.1 A c¢f) at a frequency range of 0.1 to*Hx.

Conductivity test was carried out to determine the ionic conductivity of the SDC
electrolyte. The SDC disc was obtained by pressing the SDC powder and sintered it at
133CC for 5 hrs.Silver paste was applied at both sides of the disc anddiré@@C for 1
hr. The measurement was performed iniaithe temperature range of 5800°C for every
50°C interval using tweprobe impedance spectroscopy. Thequency range through the

analysis was fixed at 0.1 to 21Hz.

The phase identification of the raw powders, anode substrate and electrolyte film were
examined through XRD by Bruker D8 Focus ( Br uk
1.5425 A). The aprepared, calcined, sintered, balllled and reduced samples were
scanned at 40 kV potenti al and 40 -888AThecur r ent
microstructure and the elemental composition of the fresBDN cell were characterized
using SEM (LEOL530) equipped with an energy dispersiveaX (EDX).

4.3 Results and Discussions

4.3.1 XRD

The XRDpaterns for NiO, SDC and Ni€3DCare shown irFigure 41. Two phases coexist

in the asprepared NiO with additional phase of metallic Ni found in the sanitpre 4

1a). One possible reason for the presence of metallic Ni may be due to the localized reducing
environment, induced by the remaining glycine during the late stages of the combustion

(Prasacket al., 2008). Howeverthe Ni peaks disappeared after powder calcination &350
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for 4 hrs, leaving all peaks indexed only to a single NiO phase. The calcined sample was a
pure NiO with all main peaks; (111), (200), (220) and (311) corresponding to the fluorite
type cubic strature. The NiO peaks become stronger indicating an increase in the crystalline

structure after the calcination.

Similarly in Figure 41b, the peaks from the gwepared, calcined and sintered of SDC
indicate a cubic fluorite structure for SDC. There wap@ak referring to either Sm or CgO
phase, showing that Sm and Ce ions were homogenously formed into a single phase of SDC.
After the sample was sintered at 1330or 5 hrs, the resulting SDC film was very well

crystallized, as demonstrated by the stearg narrow diffraction peaks.

Much higher intensity of the peaks was observed for the sintereeSRMO compared to
the baltmilled NiO-SDC (igure 41c). All peaks in these two Ni€3DC samples were only
ascribed to either NiO or SDC suggesting there washemical interaction between NiO
and SDC, thus no undesired phase was formed during the cell processing. Later, after the cell
reduction, the sample presented strong peaks including some belonging to metallic Ni. This
indicates that most of the NiO phasethe NiOSDC anode cermet has been successfully

reduced into its Ni active form during the reduction.
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4.3.2 Conductivity

Impedance spectra have been widely used to measure the ionic conductivity of solid
materials. In general, an impedance spectrum of an ionic conductor consists of several
independent semicircular arcs from high frequency to low frequency pondisg to the

bulk, grain boundary and electrode contributions. However, not all arcs from these
contributions can be observed, depending on the nature of the sample and the measurement
conditions. Inthis work, for example,only one weldefined arc wa®bserved from each
impedance plot of the SDC disc tested within the temperature range -@085W (Figure

4-2a and b). The first and second semicircles of the plot, wiyjgically occur in the high
frequency region, were not visible, indicating that both bulk and grain boundary resistances
(Y and’Y ) were frequency independent. The observed semicircle was only for the low
frequencies, which can be attributed to the electrode resistahge A similar trend was
observed by a few researchers when testing the conductivity for SDC and GIrGlyks

at temperatures higher th&00°C (Ding et al., 2010; Okstizomeret al., 2013). Fuentes and

Baker (2008havedescribed the phenomena of this single arc as the effect on the spectra of

inductances generated within the experimental apparatus.
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Figure 4-2 Impedance spectra for SDC pellet measured at temperatures@)®@0and b)650

80C°C c) Equivalent circuit for ionic conductivity measurement

The ionic conductivity, is determined using equation Eq. 4.1 whéfds the total
resistance, calculated from Y Y . Meanwhile/tand A are the thickness of the SDC

disc and the electrode area, respectively:

b 4.1

"0Y
In this work, the bulkresistance)Y and the grain boundary resistancé, could not be

separated and the values fof Y  and the electrode resistanté, were estimated by

fitting the plots according to the equivalent circuit showRigure4-2c.
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The ionic conductivities measured for the SDC electrolyte at QUPC are listed ifable
4-1. Obviously the ionic conductivity increases when increasing the temperature, with a
maximum value of 0.063 S émat 800°C. There is a bit of disparities regarding
conductivities values in #h literature, but overall, the ionic conductivities of the SDC
prepared in this work were somewhat lower than the values attained by other researchers.
Penget al. (2004) found thathe ionic conductivity of the SDC produced using the similar
GNP process as 0.082 S cthat 800°C. Approximately 0.075 S ¢mat 800°C was observed
inLiuetal.( 2013) 6s work through t hetals(20ti¢ hayger e p ar
studied the effect of the sintering temperature on the SDC from GNP. They have obtained the
highest conductivity at 1300°C sintering temperature, approximately the same temperature
used for sintering in this work (1330°C). Their maximum conductivity was 0.0154'&tcm
600°C, which is higher than the value of 0.010 S oftained in the presestudy.

Temperature dependence of the conductivity is plotted according to Eq. 4.2t(Elj
2007):

LY anmabﬁw 4.2

where "Yis absolute temperature, is the preexponential constant,O is the activation
energyand Qis the Boltzmannconstant (8.617 x1DeV K™). The plot is shown ifrigure
4-3.0was calculated from the sl ope of tthe pl o
'O =0.86 eV. The value of th® obtained is within the range of activation energies of SDC

electrolyte produced from various fabrication methods ¢0.68 eV)(Ding et al.,2010)
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Table 4-1 lonic conductivitiesof SDC electrolyte

Temperature (°C) Conductivity (S crit)
800 0.063
750 0.042
700 0.026
650 0.017
600 0.010
550 0.005
500 0.002
4.5
4 -
35 +
T 3
HE 25 Ea= 0.86 eV
(&)
Q oot
5
= 15
1 -
05 +
0 1 1 1 1
0.9 1 1.1 1.2 1.3

1000/T (K1)

Figure 4-3 Linearized plot of ioniconductivities of SDC electrolyte
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4.3.3 Cell dimension and composition

A dry-pressing technique was employed to fabricate th&INC anodesupported cells.

Figure 4-4 shows the SEM micrographs of the crgsstional area of fresh MIDC cell

taken after reduction under humidified.Hrigure 4-4a shows that the electrolyte is well
adhered to both the anode and cathode substrates without any noticeable cracks. This
suggests a good quality of SDC film formed on the substrate. The electrolyte is uniform over
the cell structure and having a thickness of approximately 31 um. Being the support layer of
the cell, the anode exhibited a thickest of about 600 pm. Meanwhile the cathode layer
thickness is around 160 prRigure4-4b).

163.8um

Figure 4-4 SEM imagef Ni-SDC|SDC|SSEDCccell aosssection a) Cell components

b) Cell dimensions

A dense structure of the SDC layer is clearly showRigure4-5a. An EDX scanning of
Area 2 (electrolyte), given inFigure 4-5c, verified that Ce, Sm, and O are the primary
elements of the electrolyte. A detected amount of Al in the composgimost likely due to
contamination from the aluminum compartment employed during the GNP combustion.
There was also a trace of Au detected which originated from thecgatthg procedure.

At the cathode region, multiple pores with various pore siare observed on the surface
implying cathode with a porous structure. The EDX mapping of a selected area on the
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cathode vicinity (Area 1)Rigure4-5b) provides an elemental composition of mainly Sm, Ce,
Co, Sr, and O which is representative of the composite of sad@ed strontium cobalt
oxide and samaridoped ceria (SSGDC).

An EDX analysis for the anode region (Area Bigure4-5d) indicates the mapping of Ni,
Sm, Ce and O which reflects the anode composition of Ni and sadugréal ceria (Ni
SDC). The anode structure consists of a unifdrstribution of Ni phase within a framework
of SDC. Both linked and isolated Ni phases were observed in the anode region, surrounded
by the SDC network. A good connection was found established between the SDC network
and the SDC electrolyte.
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4.3.4 Open circuit voltage in H, and CO-CO; feeds

The equilibrium cell potential can be determined using the Nemsition shown in Eq. 4.3.
N n andn p arethe partial pressures of oxygen at the anode and the cathode,
respectively’Ois the Faraday constant (96,487 C Mpl'Yis gas constant (8.314 J ritd{)

and"Yis temperature (K).

4.3

>5¢

O —Oﬁn

Y'Y, N
el 0
T

¢

The Nernst equation, however, does not provide an accurate estimation for OCV when a fuel
cell operates with mixed ionielectronic conductors, such as dojedia electrolyte. Besides

the ionic conduction, dopetkria also exhibits an electronic condustiavhich effect is
stronger at high reducing conditioReducing environment, which promotes the partial
reduction of C& into C€", causes a rise in electronic conduction inside the doped ceria
material (Mogensen, 2000). Known as an electronic carrif, @hich is formed uniformly

within the ceria fluorite structure, is responsible for the electron transport. The electronic

conductivity,, can then be expressed as:

. 6@ Q 4.4
where 6 & is the concentration oE€’* ions, Qis the clarge of the electron aridis the
mobility. Due to this mixedonic conduction behavior, the OCV of dopegria electrolyte

will be lower than thé\ernst cell potential.

Therefore, an electronic conduction factor should be considered when calculaing th
theoretical OCV for alopedceria electrolyteThe calculation otheoretical OCV takes into
account the effect of the electronic conductivity within do@edceriaelectrolyteaccording
to Eq. 4.5 (Matsuet al.,2005a):

o -
O ~ ” ”

h

YUY P 4.5
=

where, is the ionic conductivity which is dependent entirely on the temperature. Meanwhile
the electronic conductivity, is a function of local oxygen partial pressufe,:
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At zero electronic conductivity,( 1), the Eqg. 4.5 reduces back into its former Nernst
equation.Therefore, under conditions where the electronic conduction is suppressed, for
example at relatively low temperatures and highly humidified fuel (high ), the
measured OCVs will be closed to that predicted by the Nernst equdatsui et al.,
20053.

By applyingEq. 4.5,the theoretical OCV for a system operating with SDC can be better
estimated In this work, the predicted OCVs for cebased electrotg have been calculated
using the SDC electrolyte parameters under humidified ddtained from Matsuet al.
(2005b) Table4-2). The calculations for both Nernst potential and theoretical OCV for SDC

are given in AppendiB.

Table 4-2 Electrolyte propertieffom Matsuiet al.,(2005b)

Temperature (K)] , (S cm?) , (Scmb)
1073 0.101 7.16 x10°
973 0.0471 5.01 x10
873 0.0176 1.78 x10°
773 0.00532 2.51 x10™

The OCVs for NiSDC cells have been measured in humidifiedaHd 40% C@CO, at
different temperatures. The values obtained from the experiments, as well as those calculated
from theNernst potential (Eq. 4.3nd from the theoretical OCVs for cebased electrolyte
(Eq. 4.5) are compared Figure 4-6 and Figure 4-7 for humidified H and 40% CGCO,,
respectively. The humied H, fed at the anodeontained of 97% k3% HO and 40%
CO-CO, mixture composed of 40% CO and 60% LMeanwhile 21% @in air was used at
the cathode. fie thermodynamic properties for both reactants and oxidant were obtained
f r om Simrbdudichts Chemical Thermodynamics'{®dition) (Smith, 1996).

FromFigure4-6, the cellshoweda large discrepancy of the experimental OCVs from the
Nernstpotentialand this is believed due to the electronic conduction. The prediction of OCV
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using the theoretical OCMsom Eq. 4.5 provides a better evaluation for the the dmased
electrolyte cell. However, experimentally observed OCVs were still lower than the
theoretical OCVsSDC by appoximately ~126. The reason for thisan be due to the
improper sealing (Zhangt al., 2004) or physicallefects on the electrolyte (Moaet al.,

2009). A wider difference between the experimental and theoretical values was observed at
low temperature (550°C). This may due to the effect of electrode polarization with
temperature. Wheroperating the cell at low temperatures, the electrode polarization
increases, resulting in loss of the cell voltage even at OCV condition (#taalg 2007).
Nonetheless, the OCVs measured from this study are close to the OCVs obtained by other
researchrs on theNi-SDC anodesupported cells. The OC\attained inthis work and by

other researchers are comparedaible4-3.
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Figure 4-6 OCVs from Nernst equation, theoretical SDC and experimental work for humidifiec
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Table 4-3 OCVs of NiSDC|SDC|SSEDC cellunder humidified H

Open circuit voltage (V)
Temperatur - -
°C) Yin etal., | Zhanget al., | Wanget al.,| Yanget al., | This study
(2004) (2006) (200&) (2012)

450 0.94 0.98 0.95 0.95 -
500 0.92 0.95 - 0.93 -
550 0.89 0.92 - 0.90 0.89
600 0.88 0.88 - 0.85 0.87
650 0.87 0.85 0.82 0.82 0.85
700 - - - - 0.82

Meanwhile, he experimental OCVs obtained for 40% -©Q, showa smaller discrepancy
to the theoretical OC¥compared tdhat for humidified H (Figure4-7). The experimental
valueswerelower thanthetheoreticalOCVs for the SDCby only ~5%
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Figure 4-7 OCVs from Nernst equation, theoretical SDC and experimental work for
40%C0/60%CQ
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4.3.5 Performance in H,, CH; and CO-CO,

The NiSDC cells were tested with various fuels from humidifiedtéd carborcontaining
feeds; humidified Chl dry CH,, and mixtures of C&O,. The cells were evaluated from
600 to 700°C, a temperature range for an intermetkatperature SOFCThe OCVs,
maximum power densities and limiting current densities obtainetlif&DC measured in
this work are summarized iable 4.4.The i-V curves and the corresponding power
densities for NiISDC under humidified  humidified CH and dry CH are shown irFigure
4-8.

The maximum power densities obtained usingSIMC anodesupported cells in this work
(e.g. 376 mW cm? at 600°C under humidified HFigure 4-8a)) is comparable tdhe
published resultfor the cellusing a similar cathode material, SSOC. Xia et al. (2001)
who worked on a cell with an electrolyte thickness similar to that used in the present work
(30 um), but deposited through scraminting, obtained a power density of 38V cm? at
600°C under humidified H Nonetheless, a power density of 480V cm® was obtained by
Ding et al. (2008) using a cell with an electrolyte thickness of 70 um fabricated usirg dry
pressing and esintering. Later, Yangt al. (2012) have successfully produced a dense SDC
electrolyte of thickness ~15 um using spin coatidgelatively higher power density}38
mW cm®) was attained in their work under humidified & 600°C. The cell performance is
influenced by various factors for example electrolyte thickness, component compositions as
well as fabrication methods. Forstance, thinner electrolyte film (~15 pum) and the use of
active cathode material (such as BSCF) will lead to better cell performanee gAi2006).
Maximum power densities of 553 and 663 naii* were found under humidified 44t 650
and 700°Crespectively. The performance found at these temperatures also comparable with

the results in the literature.

Obviously, the highest power densities were achieved at the highest temperature tested
here, that is 700°C. It is interesting to note that thgimmam power density was slightly
better with CH than for H (Figure4-8a-b and c). The maximum power densities at 700°C

are 663, 721 and 697 mW &for humidified H, humidified CH and dry CH, respectively.
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The limiting currendensities were also higher in CH~3.0 Acm®) compared to k(~2.0 A

cm). This better performance in GHuel may be attributed tie high catalytic activity of
Ni-SDCanode towards Cjbxidation(Murray et al, 1999).1t is suggested that the ability of
ceria to store and transfer the oxygen ions enhances the rate of methane oxidatioat Wang
al. (2003) found that the rate of methane oxidation on the surface-8DRianode is even
higher than the ® supply rate to the actives sites. They also recommended that the high
activity and stability of NiSDC in CH, is due to the ability of SDC to release the lattice
oxygen ions under reducing environment. The released lattiggen ions were then
participated in the electrochemical oxidation of {CHA better performance on the cell under
CH, than the H fuel was also found similar at 650°C. Meanwhile at 600°C, the humidified
H, exhibited a better performance compared ta,.QWiaximum power density c8376 mW

cm? was achieved a00°C compared t870 mW cnf and 356 mW crf for humidified

CH,4 and dry CH), respectively.

79



@ 10— 0 humidified H2_600 C 800
humidified H2_650 C —
08 1 ,——ei‘wmidified H2_700C =
— { 600 °
S Y 2
©06 - \ E
I )
= e . 1 400 3
2 0 4 | ..." '-.:'.. [} %
8 " N °
Y { 200 2
02 | X g
o
L)
0.0 K | 1 0
0 05 1 15 2 25 3
Current density (A cm?)
®) L0 ——— humidified CH4_600 C 800
—>—=—yumidified CH4_650 C —
7— — -husidified CH4_700 C &
0.8 ’ \
— { 600 ©
b =
206 S
8 2
E 1 400 £
Z0.4 T
8 2
{ 200 2
0.2 2
[a
0.0 - N 0
0 1 15 2 2. 3 35
Current density (A cmg)
c
© 10— ary cHa oo c| 80
. - dry CH4_650 C o~
0.8 I S—= = -dry CH4_700C £
_ - | 6008
b £
g0.6 - :;
8 4 400'%
[=) c
204 ¢ 5
q) S
O ()]
4 2002
0.2 | g
\
0.0 & 4 0
0 3 35

1 15 2 2.55
Current density (A cm)
Figure 4-8i-V curvesunder a) humidified kb) humidified CH and c) dry CHat various temperatures

80



Although seldom being directly fed into SOFC due to its toxicity, €D enter as a
synthesis gas component and also an important intermediate during direct utilization of CH
Thus, the electrochemical activity of 8SDC with CQOcontaining fuel was also assessed
(Figure 4-9). In this work, carbon deposition inside the gas delivery tube has become the
main concern while operating with CO due to possibility of the Boudouard reaction(2CO
C + CQ). Carbon formatn through the Boudouard reaction is thermodynamically favorable
at lower temperatureg\t temperatures below 580, carborformationwill occur unless the
ratio of CO/CQ is kept very low Klurray et al.,1999) In order to avoid the accumulation of
carbonin the delivery tube, the CO concentration used in this work was onitedirto 20
40%, representing lessavouralle conditions toward the Boudard reaction. The
concentrations were selected based quailrium compositios calculated for C&CO,
mixtures (Appendix C)In addition, heating tape was applied to ensure rapid heating of the
CO gas feed.

Only 239 mWem? was achieved with the 40% GCO, mixture at 608C, about 1.5 times
lower than what was obtained with, EIhd CH at the same temperature. However, it has to
be considered that the concentrations of CO used in this work (20 and 40 %) were much
lower than that used fordand CH, (100%). Nevertheless, the power density obtai3® (
mW cm?) was higher than that refted by Suet al. (2010) at similar temperature (180N
cm®) using pure COThe maximum power densities for 40% @@, were within a range of
239270 mWcm%. Meanwhile, cell working with 20% GO, provided maximum power
densities of 588 mW cm. The highest power density achieved 6Y) was270 mW cm?,
obtainedat 650C with 40%CO.Li et al.(2010) have found a limiting current density of 0.39
A cm? at 800C with 20% COCO, using NiYSZ cell. A higher limiting current density
(0.59 A cm? with 20% CO)was found in the present study, even at lower operating

temperature, 70C.
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Table 4-4 Open circuit voltagg(OCV), maximum power density and limiting curretensity ofNi-
SDCI|SDC|SSEDC cell under various fuetsd temperatures

Fuels Temperaturg OCV Max. power Limiting current

(°C) (V) | density (mWem?®) | density (Acm®)

700 0.82 663 2.09
Humidified H, 650 0.84 553 1.64

600 0.85 376 1.21

700 0.83 721 3.04
Humidified CH, 650 0.87 589 2.28

600 0.90 370 1.29

700 0.83 697 3.01
Dry CH4 650 0.86 583 2.25

600 0.89 356 1.33

700 0.81 268 0.84
40%CO-CO;, 650 0.86 270 0.69

600 0.89 239 0.60

700 0.73 88 0.59
20% COCO;, 650 0.77 66 0.43

600 0.83 50 0.28

4.3.6 Cell stability

The stability of NiSDC cells under i} CH, and CO fuels was tested under galvanostatic
mode at a constant current density (0.1 A%rithe current density was chosen based@n i
curves of each fuel in section 4.3.5 to allow the cell operates at least &.7#0/6cell
voltage. The stability tess were conducted at 600 and 700°C where cell voltages were
monitored over time. Humidified CfHand 20% CGCO, mixture were selected instead of dry
CHs and 40% C@ECO; in order to reduce the risk of carbon deposition on the argidbility

tests for H andCH, were performed for 10 hrs whilgeriment with CO was limited to for

6 hrs only to avoid the accumulation of carliaside the gas delivery tube.
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Figure 4-10 shows that there was no clear drop in the performance of the cell with all
fuels. Cell voltages were stable at 089 V for B, 0.74 V for CH and 0.650.64 V for
CO. A slight improvement of 0.06 mV fmwas observed in the cell operating with Citd
small cell degradation occurred under(.12 mVhr?) and CGCO, (2.34 mVhr?).

0.9
700°C
0.8 § Degradatiof: 12 mV hrt hum. H,
S o oy T ORI A aee )
é: e ks — Improyemen®.06 mV ht __ hum. CH
So7 |
; — Degradatio@:34 mV hrt 20% CO/CQ
8
0.6 +
05 1 1 1 1 1
0 2 4 Time (hr) 6 8 10

Figure 4-10 Cell voltage versus time at constant current demsit/1 A cm?at 700°C

A similar set of galvanostatic experiments carried out at a lower operating temperature
(60°C) is shown inFigure4-11. Cell operating with H shows a stable cell performance
with a degradation rate (0.63 mV firsmaller than that obtained at 7000C12 mV ht).

Cell with CH, however showed a significant degradation rate of 5.36hm\father than an
improvement at 7. Ths is suggests that the cell performance with, @Bls more stable
during operation at 700°C than at 600°C. Meanwhile, the cell voltage for CO improved over
time at 600°C, contrary to what happened at 70BR§Lire4-10 andFigure4-11 demonstrate

the important effect of temperature on cell stabflityNi-SDC operating wittCH, and CO.
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Figure 4-11 Cell voltage versus time at constant current demsity1 Acm?at 600°C

Electrochemical impedance of the cell was analyzed before and after the stability tests at
700 and 600°CThe analysis was performed using telectrode configuration under a BC
biased condition at 0.1 A ¢fn Each spectrum is fitted using a standard edgmtecircuit
shown inFigure 4-12a. The intercept on the real axis at the higiequency end of the
spectra corresponds to the ohmic resistance incdtle R. Meanwhile, the difference
between the two intercepts at the real axis yields the polarization resistgreQHR)
which is related to the electrode proces&#sce the air flow rate employed at the cathode
side in all cells remained constanhanges in Rcan be directly related to changes in the
feed at the anode. The values foy &d R from both 700 and 60C experiments are
tabulated in Table 4-5. In overall, the values of Rs and Rp obtained in this works are
comparable with the values reported by other researchers usi8®Glianodesupported
cells (Yinet al.,2007; Wanget al.,2008; Ai et al.,2011).

Figure4-12b-d show the impedance spectra for the cells operating witiCH, and CO
CO, mixture at 70°C. There was no obvious change on the impedance spectrg torcH
CH, before and after the stability testéie value ofRs for H, did not vary while there waes

smallincrease in Rf r om 0. 04 3 cmt (Bigure 4-1205). On tife other handCH,
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showed no difference in thes but a reduction inhe R, from 0086 to 006 4 cnif* after the

10 hrs stability test Higure 4-12c). Kim et al. (2002) have ascribed the decrease of
resistances after operation with £td the formation of carbon within the anode region. The
addition of carbon at moderatevéds has formed a connection between the isolated metal
particles in the anode and made the patrticles electronically linkbe tmutside circuit. Thus,

more anode surface is involved for the electrochemical reaction and as a result, has reduced
the ohmic and polarization resistancedn the other hand, the change in impedance spectra
after the stability test under CO fuel was significdfigre 4-12d). Rs has increased from

0.19t o 0 .n# and K has douted from 0.26 to 0.5¥ cnr’.
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Figure 4-12 a) Equivalent circuit. Electrochemical impedaspectra before and after stabilit
test for b) humidified i ¢) humidified CH and d) 20%CO/C@at 700°C
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Table 4-5 Rs and R before and after stability test at 7&0d 600C

700°C 600°C
Conditions
Rs(Y cmf) | Ry (Y cmf) |Rs(Y cn)| Ry (Y cnr)
Initial humidified H, 0.18 0.043 0.25 0.24
After 10 hrs in humidified ki 0.17 0.071 0.24 0.30
Initial humidified CH, 0.17 0.086 0.23 0.36
After 10 hrs in humidified CH 0.17 0.064 0.30 0.50
Initial 20%COCO;, 0.19 0.26 0.34 0.35
After 6 hrs in 20%CGACO;, 0.23 0.59 0.33 0.36

The impedance spectra before and after stability test &CG6(resented blyigure4-13.
There washo significantchange in Rfor the cellmeasured before and after the stability test
in humidified H at 600C, similar toresults foundat 700C. A slight increase was observed
on the R, In CH,; fuel, there was an increase in both &d R, as illustrated by the
impedance spectra, clearly reflects higher cell performance degradation over time at 600°C
than at 700°C. Meanwhile, the decent performance in CO at 600°C catateeito the
constant resistance in both &d R.
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4.4 Summary

In this study, NiSDC anodesupported cells were fabricated-house and the cell
performance was tested undes &hd carborcontaining fuels: Chland COCO, mixture.

The findings from this work can be summarized als\W:

1 Ni-SDC anodesupported cells have been successfully fabricated usingrdsging
technique. Single cell composed of a thin electrolyte (~31 um) adhered well to the porous

anode and cathode of ~600 pm and ~160 pum in thickness, respectively.

1 The theoretical OCVs were calculated using a modified Nernst equation to consider the
effect from mixed ionieelectronic conductivity for ceribased electrolyte Experimental
OCVs obtained by the cells with humidified iWere lower than the theoreticalO¥'s by
12%. Meanwhile, the difference between the experimental and theoretical OCVs for the

cells operating with 40% CQO, was only 5%.

1 The highest maximum powdelensities of 663, 721, 697 m\ém? were achievedor
humidified H humidified CH, and dry CH at 700C, respectively. Better overall
performanceat both 700°C and 650°@as observed for the cell in Gkhan the H. On
the other hand, the use of humidified yelded the best performance at 600°C compared
to CH,. Much lower power densities were s#gyved with CO fuel than Hand CH,
However, it should be considered that CO concentrations used in this study were-only 20
40%. Nevertheless, ¢hmaximum power density and limiting current density achieved in
CO-CO, were found to be better than that regpd in previous works.

1 Stable performance withonsignificant cell drop was found fail cells tested at 600 and
700°C under H, CH; and COCO,. The cell was found to exhibit higher voltage and be
more stable using GHat 700°C than at 600°C. However, a larger degradation in cell
performance was observed with €& 600°C. The opposite trend was found for operation
with CO: the cell performance showed better stability at 600 than atC70Dhe
temperature, even over thenge 606700 C, has a strong effect on the stability of the cell
performance for Cland COCO..
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Chapter 5
Carbon depos-bbCoansouwepNarted cell s in
CHand CO

5.1 Introduction

Fuel flexibility is one of the most important advantages of SO&@s other fuel cells.

SOFC can operate with a direct supply of hydrocarlamais also capable of utilizing CO as

fuel. Hydrocarbons can be fed directly into the anode compartment without additional
processing or significant mixing with steam. Amongligdrocarbon fuels, Cihas attracted

much attention for SOFCs since it is the main constituent of natural gas. CO, on the other
hand, enters as a component of the reformate gas generated from hydrocarbon processing.
The common problem associated with théso fuels, however, is the faster degradation in
SOFC performance due to carbon deposition at the anode. Despite having excellent
electrochemical activity, Nbased anodes also catalyze carbon formation on their surface.

Carbon is generally formed frorthe decomposition of CH(Eq. 2.29 and via the
Boudouard reactiofEq. 2.33 when CO is fed into the syster@uring SOFC operation
undercurrent loadH, from Eqg. 2.27and carbon producedom Eqgs.2.25and2.33can be
electrochemicallyxidizedinto H,O and COWhen CH is fed into the system, methane total
oxidation €q. 2.29 and partial oxidationEq. 2.30 reactions may occuid,O produced
electrochemicallycan interact with Cihiand CO andead to the t®am reforming reaction
(Eq. 2.23 and vater-gasshift reaction (Eq. 2.24When CO is available in the system either
through the feedroresulting from oxidation of carbopartial oxidation of CkH or methane
steam reforming, CO oxidation into GCEQ. 2.8) is expected.

It has been reported that theldp of dopedceria to better avoidarbon deposition than
other oxides is due to the reaction of its lattice oxygen with the surface carbon @iw@dng
2005). One interesting feature with cebbased material is that, as the material is reduced
under reducing condition producing electrons, formation of oxygen vacancy is formed within

the latticestructure. Formation of vacancy will increase the transfesxide ions and this
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ionic conductivity is expected to reduce carbon deposition rate 480X anode. Also,
surface oxygen becomes available when the electrochemical prod@rr KEQ dissociate
over the reduced ceria. This surface oxygen can readdgt rwith carbon and thereby
remove it from the surface (lidzt al.,2007). Wanget al. (2003) reported that the release of
lattice oxygen of SDQs also possibleduring OCV condition (no current load) within
reducing atmosphereThese oxide ions then fuher participated in the electrochemical

oxidation reactions

Previously in Chapter 4, performanceNifSDC anodesupported cellfas been evaluated
under H, CH; and CO at various operating temperatuteghis study,stability of thecell
was furthemmonitoredwith CH; and COfuels under conditions which carbon deposition is

favoured.

5.2 Experimental Procedure

Stability tests have been conducted at current densities of 0.3% Zanth0.1 A crh%n the
presence of dry CHand CO, respectively-or the e&periments conducted with dry Glfeed,
pure gas was fed into the cell at a rate of 40 mL' thilm the case of CO, a mixture
containing 40% CO and 60% G@as fed into the cell at a total flow rate of 80 mL hiin
For comparison, a test under similar citiods was carried out on a cell operating with
humidified H, (3% HO) as fuel.

Electrochemical impedance spectroscopy (EIS) was performed during the course of the
stability tests using the galvanostatic mode at a DC current density of 0.35 Avken the
feed stream consisted of dry ¢a&hd 0.1 A crh when the feed contained CO. The frequency
range for the EIS was from 0.1 to°18z. An equivalent circuit was then used to fit the
impedance spectra to obtain numerical values of the effective otasistanceRs and
polarization resistanc¢dR,. Following the stability experimentsections of the anode were
examined using SEM (LEO 1530). The presence of carbon deposit on the anode was also

monitored using the energy dispersiveay analysis (EDXA)
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The equilibrium composition expected within the anode compartment after with dry CH
and COCO, was computed using the HSC Chemistry 5.1 software package (Outokumpu,
Finland). In this analysis, the amount of each product is obtained by minimizatiore of th
Gibbs free energy for the system. The thermodynamic calculations were based on inlet gas
feeds that match the experimental conditions of the stability tests described in the preceding

paragraph. Under a current load, the flux of oxygen ions delivergédetanode from the

cathode side is governed by the applied curr
T 5.1
a O
wherel is the flow of oxygen supplied (ma&'). & Tt is the number of electrons

involved in the oxygen reduction reaction,(®4eY 21 Ois current (A) andOis the
Faraday constant (96,487 swol™Y).

5.3 Results and Discussions

5.3.1 Equilibrium composition

Figure 5-1 shows the equilibrium composition as a function of temperature in a SOFC
operated with dry ClHand 40%C®@60%CQ. From the analysis using dry Ghis feed
(Figure5-1a), the amount of H produced is almost twice that of i@dicating that bottH,

and C originaté from methane decompositiorEq. 2.25. CH; is more stable at low
temperature, buit increasingly decomposes to Hnd C as the temperature is raised. The
methaneconversionxCH,4 reaches ~92.6% at 800°Gnder the condition applied (dry GH

0.35 A cm?), C deposition is predicted to occur regardless of the temperaheemount of
carbon formed increases with increasing temperaturéhendmount of C formed no longer
changes when the temperature is increased above 600&Glux of oxygen ions produced

at a current density of 0.35 A Erfyields only relatively small ammts of CO, C@and HO

of less than 10 mol%. 40 production is favoured to a small extent at lower temperature,
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while the amount of CO increases slightly as the temperature rises. However, the amount of

CO, produced always remains insignificant under ¢hesnditions.

Figure 5-1b shows the results of the corresponding calculations vehdeed stream
containing a 40%0-60%CQ mixture is introduced and the SOFC operates at a current
density 0f0.1 A cnl 2 The CO convaiion, xCO and the amount of C formed drop sharply as
the temperature is raised and become virtually-exastent at temperatures above 640°C.
This trend is expected given the exothermic nature of the Boudouard re@tio?.33).
Thus, no carbon should be deposited at temperatures above 640°C when equidibrium

reached.
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Figure 5-1 Equilibrium composition as a function of temperature for SOFC operating with t
following feed streams: a) dry GKD.35 A cm?) and b) 40%C@50%CQ (0.1 A cm?)
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5.3.2 Ni-SDC under CH,; and CO

Experimental stability tests have been carried out to investigate the carbon deposition
behavior in NiSDC anodesupported cells operating withfael stream containing dry CH

and another stream containing a 40%6@oCQ mixture These experiments were carried

out under conditions where carbon formation is thermodynamically favoured (700°C for dry
CHsand 550°C for 40%C®0%CQ mixture).

The cellperformance was operated for 100 hrs in dry, @Hobtain the time course of the
cell voltage shown irfrigure 5-2. The cell voltage remained stableagiproximately 0.75 V
for the first20 hrs before the performance started to gradually decrease over the remainder of
the experiment at a rate of 1.33 mV hiThe tiny spikes observed continually are caused by
the disruption of the galvanostatic magguired to carry out the impedance measurements.
Theseinterruptionshoweverhave no effect on the overall measurement and behaviour of the

system The gradual degradation trend was maintained until 100 hrs.
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Figure 5-2 Variation of cell voltage over 100 hrs of SOFC operation atC@6th dry CH, at a
current density of 0.35 A crh
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The corresponding values ofsRnd R obtained from impedance analysis are plotted
against time inFigure 5-3. No significant change in Rwas observed other than a slight
increase between 30 and 50 hrs of operation, suggesting that the ohmancesidtthe cell
remained almost constant with @Exposure. The polarization resistancg & the other
hand, decreased during the first hour and then increaseeé adi |y fr omecmf. 05 2
indicating that the electrode process of theSINC celldeteriorated over time.
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015 | W
5
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0.00

Initial 1 10 20 30 40 50 60 70 80 90 100
Time (hr)

Figure 5-3 Variation of R and R over 100 hrs of SOFC operation at 70ith dry CH, at a

current density of 0.35 A crh

In order to determine whether carbon deposition caubed degradation in cell
performance after CHexposure, the performance was compared with the cell voltage
monitored when the feed stream contained humidifigdbily. The variation of the cell
voltage over 75 hrs of operation with humidified isl presented ifrigure 5-4. The voltage
remained stable between 0.72 V and 0.74 V over most of the experimental run with a
degradation rate of 0.33 mh' *that was smaller than that obtained in the presence of dry
CH, (i.e., 1.33 mV Hr 3. Over the first 30 hrs of operation, the cell voltages measured in the
presence of humidified Hand dry CH were comparable to each other. However, as the time
progressed, the cell operating with humidified iaintained its cell voltage while the other

using dry CH began to decline. This difference in behaviour is consistent with what would

96

t

o



be expected if carbon were accumulating on the anode during the long exjmodry CH.

The deposited carbon on the-8SIDC anode might have blocked the pores at the anode and
increased the resistance for transport of the gas to reaction sites. Another possible effect of
carbon is that it could have reduced the number of availbblactive sites for electro
oxidation at the electrolytanode interface or covered the sites for,@eEcomposition over

the entire anode.
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Figure 5-4 Variation of cell voltage over 75 hrs of SOB@eration at 70 with humidified H at
a current density of 0.35 A ¢

The variation of Rand R of the cell when operating with humidified,Hvas also
measured for comparison. As shown kigure 5-5, both quantities remained almost
unchanged over the #%ur period. Rincreased verg | i ght |y fr omenf,. 154 t
but on the whole was unaffected by the nature of the gas (humidifienr dry CHy).
Meanwhile, the Rfor dry CH; was only slightly higher than the,/Rom the humidified H.
Thus, although carbon may have deposited on the anode, the electrochemical processes
involving the NiSDC anode remained active in generating elegtenergy for at least 100

hrs operation.
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Figure 5-5 Variation of R and R over 75 hrs of SOFC operation at Y0With humidified H at a
current density of 0.35 A ¢rh

The variation of the ceNoltage over time during operation of the-8IDC cell at 0.1 A
cm Zand 550°C with the 40%C@60%CG feed is shown irFigure 5-6. As with the runs
using dry CH, the spikes on the plot arose due to the disturbances to the system when the
impedance was measuredarbon deposited inside the gas delivery tube has beduene t
main concern while operating with CO due to possibility of the Boudouard reaction. Thus,
the operation for C& O, mixture was only limited for 6 hours onl@ver the operation, the
cell voltage decreased from 0.75 to 0.72TWe degradation rate of 4BV hr was much
higher than that observed when operating with the humidifieghd dry CH feed streams.
Since carbon was also found to accumulate on the tube leading to the anode when CO was
employed, it is possible that higher rate of carbon formation thr@ayldouard reaction

compared to that of methane decomposition has caused higher degradation uhdagr CO
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Figure 5-6 Variation of cell voltage over 6 hrs of SOFC operation at®%5@ith 40%C060%CQG
at a current density of 0.1 A &

The values of Rand R measured during the operation with 40%©-60%CQ are
presented irFigure 5-7. In both cases, much higher resistances were obtained than in the
previous cases, no doubt due in part to theelowperating temperature. It should also be
noted that the relative magnitudes qf &d R obtained in the presence of the ©QQ,
mixture differed from that observed in the presence of humidifiecridl dry CH. The
electrode polarization Rwas smaller than Rn the case of dry CHand humidified H,
whereas the opposite trend was obtained in theCOp mixture. This difference suggests
that the electrochemical oxidation of CO in theS\DC cell proceeded with more difficulty
than that of dy CH,. Similar to that observed in humidified; ldnd dry CH, Rs remained
virtually constant over most of the experimental run with the @D, except for a small
increase during the final hour. On the other hanglirkreased by 25% over theh8
operaton, suggesting a continuous deterioration of the cell performance, perhaps due to the
accumulation of carbon deposited at the anode.
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Figure 5-7 Variation of R and R over 6 hrs of SOFC operation at 860vith 40%CG60%CQ at
a current density of 0.1 A ¢f

After the stability tests, the N6DC cells were examined using SEM equipped with EDX.
The micrographs of different sections of the anode (electralytele interface, middle of the
anode and near tHael entry location) obtained after operation with dryGid 40%CO
60%CQ are presented ifrigure 5-8d-f and Figure 5-8g-i, respectively.The anods were
compared withone from fesh NtSDC (igure 5-8a-c). The grey regions of the anode are
ascribed to the SDC phase while the darker spots correspond lio $fient anodesdark
regions are observed in the section near to the fuel entry point (Fig8fesé 58i), but not
at the electrolyt@node interface and the middle part of the anode. These dark features are
suggestedo be carbon deposits which have accumulatedughoutthe stability tests.
Essentially no deposit was observed at the electreiniede inerface andn the middle of

the anode ibothcases.

Carbon formed after exposure to the -CO, mixture appears to form as a carbon layer
covering the whole network between Ni and S[Figure 5-8i). Meanwhile, the carbon
generated in the anode that had operated with diyapplears to have deposited only on the
Ni particles of the anode and separated the particles from the exist8®@inetwork

within the anodd-igure 5-8f). This carbon deposition effect can be clearly distinguished
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when the two anodes were compared to the fresBDN (Figure 5-8c). The electrolyte
anode interface and the middle of the anode sections after both gan@KCO(Figures 5

8d-e andFigures5-8g-h) howewer were not affected by carbon deposition and retained their
original structures.
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Figure 5-8 SEM micrographs of anode from aneslgported cells of (a, b, ¢) fresh-SDC and
after operation with (d, e, f) dry GHnd (g, h, i) 40%C@&0%CQ feed streams. Left:
electrolyteanode interface. Centre: middle section. Right: near to fuel entry side
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EDX analysis was performed on selected areas of tHeXl anodes after stability tests
with dry CH, and COCO,. The SEM micrographs afrosssections from the two anodes
after operation with dry CHand COCO, and elemental analysis of different regions from
these crossections are presented Figure 5-10 and Figure 5-11, respectively.The
elemental analysis was carriedt nearthe electolyte-anode interface (Area 1), the middle
of the anode (Area 2) and near to the fuel entry side (Areko8)comparison, the same
characterization was also conducted for the fresBDC Figure5-9). Carbon was detected
in the EDX spectra othe two anodes after dry Gland COCO, operations but mostly in
the anode section close to the fuel entry side (Area 3). The carbon weight peraetit@ge
middle sections and the anedkectrolyte interface was found to ber%, but 15% on the
fuel entry side after operation with dry ¢lEnd 34% on the fuel entry side after operation
with CO. Small carbon contamination peak always appear on spectra of each saimgse.
carbon detected for the fresh-8SDC was around-8%, the amount detected tae middle
section and the anoddectrolyte interfacdor the cells with dry Chiand CO (67%) was
considered to be insignificant. Thus, it is suggested that relatively very low amaanboh
has depositedear tothe electrolyteanode interface (Area Bnd in the middle of the anode
(Area 2). Carbon from the exposure to dryGitd CO was mostly gesited at the anode
section close to the fuel entry side. In addition, carbon formation is believed to be responsible
for the degradation of the upper surface of both anddegertheless, the carbon deposition
occurred in this work has less impact on Ibldk of the anode structure and thus allowed the

cell to operate under carbaontaining fuels without a catastrophic failure
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Figure 5-9 SEM micrograph and EDX mapping in the labelled regions of esesons taken from fresh {&DC
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Figure 5-10 SEM micrograph and EDX mapping in the labelled regions of esestons taken from the cell afte
operation with dry Ch
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Figure 5-11 SEM micrograph and EDX mapping in the labelled regions of egesons taken from the

cell after operation with 40%GGO,
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