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Abstract

Linear and Nodinear electrochemical characterization techniques and equivalent circuit
modelling were carried out on miniature and-sommercial Solid Oxide Fuel Cell (SOFC) stacks
as ann-situ diagnostic approach to evaluate and analyze thefionpesince under the presence of
simulated alternative fuel conditioriBhe main focus of the study was to track the change in cell
behavior and response live, as the cell was generating power. Electrochenpedlance

Spectroscopy (EIS) was the most impottlinear AC technique used for the study.

The distinct effects of inorganic componeunssially presernin hydrocarbon fueteformates on
SOFC behavior have been determirabwing identification opossible'fingerprint” impedance
behavior corresponding to specifituel conditions and reaction mechanism<Critical
electrochemical processes and degradation mechanismsmilictaffect cell performanceere
identified and quantified. Sulfur and siloxane cause the most promineraddégn and the
associated electrochemical cell parameters such as Gerisher and Warburg elements are applied

respectively for better understanding of the degradation processes.

Electrochemical Figuency Modulation (EFM) waappliedfor kinetic studis in SOFCs for
the very first timgfor estimathg the exchange current denségd transfer coefficientEFMis a
nortlinear in-situ electrochemical technique conceptually different from EIS andisisd
extensively in corrosion work, buarely usedon fuel cellstill now. EFM is based on exploring
information obtained from nelinear higher harmonic contributions from potential perturbations
of electrochemical systems, otherwise not obtained by H#8.baselinefuel usedwas 3 %
humidified hydrogen wit a 5cell SOFCsubcommercialplanar stacko perform theanalysis

Traditional methods such B$S and Tafel analysigerecarried out at similar operating conditions



to verify and correlatavith the EFM data and ensure the validity of the obtainednméition. The
obtainedvalues closely range from aroubhtimA cm? - 16 mA cm?with reasonable repeatability
and excellent accuracyhe potential advantages of EFM compared to traditional methods were
realized and our primary aim demonstrating this teaique on a SOFC system are presented

which canact as a starting point for future research efforts in this area.

Finally, an approach based om-situ State of Health testby EIS was formulated and
investigated to understand the most efficient fuel conditions for suitable long term operation of a
solid oxide fuel cell stack under power generation conditions. The procedure helped to reflect the
individual effects othree most impaant fuel characteristicSO/H, volumetric ratio, S/C ratio
and fuel utilization under the presence of a simulated alternative fuel at 0.Z.A/aration tests
helped toidentify corresponding electrochemical/chemical processaspw down themost
optimum operating regimesonsidering practical behavior of simulated refor8&FC system
arrangements. At the end different combinations of the optimized parameters were tested long

term with the stack, and the most efficient blend was determined.
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Chapter 1

|l ntroduction & Overview

1.1 Fuel Cellsi A General Description

Fuel cells are electrochemical energy conversion devices which directly transform the chemical
energy of fuels into useful electrical energy whaam be used to powsystems and devices. A
single unit of a fuel cell undergoes an oxidation reactidhefuel, commonly hydrogen and the
reduction reaction, commonly oxygen from the air. The oxidation takes place at the anode (fuel
electrode) and the reduction takes place at the cathode (air electrode). The representative equation
which describes the ipnary fuel cell reaction which produces electrical energy, heat and

byproduct as water is shown in the equation bgb®],
Hydrogen + Oxygen Y Water + Electrical

A physical description of a typical fuel cell system is required toa@xphe electrochemistry
occurring in the overall proceas shown in Fig. 1. An electrolyte which is fabricated as a non
porous material is sandwiched directly between two porous electrodes namely anode and cathode.
The two electrodes are in contact lwihe electrolyte either electronically imnic or bothand
constitute a closed circuit. The anode is exposed to the fuel and the cathode is exposed to the air
in most common cases. Continuous energy will be produced from the system as long there is a
constant supply of fuel and oxidant at the respective eldesr In this respect they are different
and desirable alternatives to battery technologies because of its ability to constantly generate useful
power in presence of fuel and air. For the above reason fuel cells can be termed as

thermodynamically open systs.



electricity

—
depleted fuel depleted oxidant
and product ] Il — and product
gases out gases out

electrolyte

fuel in ; t - o xidant in
anode cathode

Fig. 1.1 A general simplified schematic of a typical fuel cell setup

Fuel cells also ha a high conversion and thermodynamic efficiency during its electrochemical
energy conversion process. When compared to internal combustion engines and other energy
producing sources, mechaniealergylossesand heat evolution losses are not a concesua
systems. In some cases the heat evolved from a fuel cell system can be used to contribute in
combined heat and power systems and also to maintain the fuel cell temperature. Also production
of conventional air pollutants such as N&hd SQ are negligble [4] and lesser as compared to
other systems. Another important merit is the fact that the size of a fuel cell system does not have
any impact of its efficiency which makes it easily accessible to be used in various and specific uses
depending on thebdity of a type of a fuel cell system to cater to the requirements of that particular
application. It hardly generates any noise by itself and thus is also a quiet energy source. The final
and most importaraspect of a fuel cell in general is their aliind flexibility to work on different

types of fuels (especially high temperature systems) which makes it a commercially viable,
2



feasible and efficient power generation system based on a variety of different application areas in

the markef2,4].
1.2 Types of Fuel Cells

Fuel cells can be categorized into five primary types. The main differentiating factor is the
nature and type of electrolytéhich separates the two electrode chambers. Also, differences which
are pertinent are the operatimgriperature and also the phase of the fuel used (gaseous or liquid).
The main types include Solid Oxide Fuel Cells (SOFCs), Polymer Electrolyte Membrane
(PEMFC), Molten Carbonate (MCFC), Phosphoric Acid (PAFC) and Alkaline (AFC). With an
increase in operatg temperature, the fuel flexibiligspect becomes more relaxed. The taHle
[1] below summarizes the different kinds of fuel cells with their inherent properties and material

compositions
1.3 Solid Oxide Fuel Cell(SOFC)1 Overview

SOFCs areigh temperature fuel cells which is mainly composed of solid ceramic electrodes
and electrolytes and fuel/oxidant in the gaseous phase. They commonly coagiense yttria
stabilized zirconia (YSZ) electrolyte (8 % w/we@s in ZrOy). At high temperatws of 600 Q
900 C, the electrolyte becomes conductive only to ions which initiates the overall electrochemical
reaction.The commonly used anode and cathode materials are Ni/YSZ cermets and Lanthanum
Strontium Manganate LSM/YSZ composite ceramics. Asvshio Fig. 12 in a simplified way,
the fuel molecules are catalyzed and oxidized at the anode which combines with the electrolyte
transported oxygen anions{Pproduced from the reduction reaction of the oxygen molecules at
the cathode. In the above pess two electrons are produced at the anode which are transported

across the external circuit towards the cathaaféer performing useful workThe oxygen



molecules use these two electrons to continue the reduction at the cdttusdeompleting the

circuit and the entire process continues as long as there is also a constant fuel supplyoatethe

Table 11 Properties, compositions and conditions for the five types of fuel &glls [

Solid Oxide | Molten Phosphoric | Alkaline Polymer
Fuel Cell Carbonate Acid Fuel Fuel Cell Electrolyte
(SOFC) Fuel Cell Cell (PAFC) | (AFC) Fuel Cell
(MCFC) (PEFC)
Typical Solid YSZ Molten H3PO4 KOH PFS* acid
Electrolyte (Y,05- Li,CO;3- solution membrane
stabilized K,CO;
ZTO'})
Electrolyte None LiAlO» SiC Asbestos None
Support
Cathode LSM (Sr- Li-doped PTFE*%*- Pt-Au PTFE-
doped NiO bonded Pt bonded Pt
LaMnOs) on C onC
Anode Ni/YSZ Ni PTFE- Pt-Pd PTFE-
bonded Pt bonded Pt
on C on C
Interconnect | Doped Stainless Glassy Ni Graphite
LaCrO; Steel with carbon
Ni
Operating 1000°C 650°C 200°C 100°C 80°C
Temperature
Operating 1 atm 1-3 atm 1-8 atm 1-10 atm 1-5 atm
Pressure
Fuel (most H,, CO H,, CO H> H> H>
common)
Oxidant (0]} O, and COz | Oz 0> 07
Contaminant | < 10-100 < ppm <1-2% CO | No CO,, CO | <50 ppm
Tolerance ppm S range S <50ppmS [NoS CcO
No S

*PES = Perfluorosulfonic

*#*PTFE = Polytetrafluoroethylene

The overall electrochemical reaction considering the basiaiieb can be written as following

wherea denotes the species at the anodecasehotes the species at the cathode.

H2a+]/2QCZ f@a

The above full cell reaction can be broken down into anodic and cathodic reactions separately (

represents the species at the electrolyte)

YoQc+2€z ®e (Cathodic) Hoa+ O cZz ¥Da+ 2€ (Anodic)



Solid Oxide Fuel Cell

Fuel H,0 + CO
Hz + CO 2 E
2 > CO+H,0 - H2+CO2 Heat
Permeable ( l( (( lt (
Anode Hy 2Hz + 20= — de- + 2H,0 | Hio | »®
Impermeable | o= o= o= o=
Electrolyte 0= o° o= o= - Bt
Permeable Oz + 4e°— 20= ]
Cathode HHH
Alr Depleted O;
—_— Oxidant Heat

Fig. 1.2 A schematic of a working SOFC system showing the flow of oxygen anions and the
electronsacross the external circuit.

1.4 SOFCs Concept of the ThreePhase Boundary

Nickel is themost generienetal of choice t@onstitutethe bulk of themetal component of the
cermet anode due to its higlectrochemical activityhigher economiefficiency, and chemical
stability. However, it doebave disadvantages, &ican diffuse awayn certain conditionsThe
high metal composition ensures electronicdrartion occurs easily, and thelectrons produced
near the anodelectrolytedouble phaeinterfaceduring fuel oxidation reach theurrent collector.

The incorporation ofon conductingYSZ into the andeas seen in Fig..2 and 14, to create a
cermet materiahas manypurposes primary being the increase in the number of three phase
boundary (TBP) catalytic sites and in the procasecrease the overall efficiency of the fuel
oxidation reactionThe electrochemical reaction itself takes place in mregptly named the triple
phaseboundary or thre@hase boundary (TPB). It is leghat the three key componemigeet to

effectuate electrochemical oxidation, in the cafsihe anode.



Gas Pores Catalytic Electrode
Particles

Electrolyte

Fig. 1.3 Microscopic view of the electrolytelectrode Fig. 14 Three Phase Boundary
interface

Oxygen anionsproduced at the cathod®mjgrate through the neporouselectrolyte layer via
an ionicconductionmechanism. Gaseous fuel which has diffused through the pores of the anode
reaches the solid surface. Electrons produced éléctrochemical oxidation acenducted to
the current collector via the reduced aletomponent. It is where thedeee phasegamely the
reduced metal (alloy), YSZ aride gaseous fuel) contact thiaé electrochemical reduction at the
TPB occursThe TBP is greatly exteded beyond simply the interfabetween the porous anode
and nonporous electrolyteThis has also been detd asd d el ocal i zi ngbé t he el
active regiorf4,5]. Oxygen anions can diffuse from th@nporous electrolyte layer further into
the porous mode layethrough the additional YSZeramic phasevhich increases theumberof
triple phase bouraty sites.Nickel, in its pure form, tends to aggregab form larger particles
whenexposed to high temperatures, known as sintering.nQuwrarly SOFC development, this
process occurred in the extreme, which greatly reduced the number of activiesitgsration
of YSZ into the Ni to form a cermet greatigduces the observed degree of aggregatibere is
alsoa considerable mimatch between thildermal expansion coefficient$ Ni and YSZ. Contact

between the anode and5¥ upon sintering or heatj tooperational temperatures can cause the



anode to shear drloose physical and electricadntact with the electrolyte layer. This will have
detrimental effects on the performancgthe cell. Incorporating YSZ into the anode cermeivedl
for a morefavorablematchof thermal expansion coefficients, thus reducing the pdisgibi loss

of contact betweethe anode and electrolyte layers.

1.5Polarization in SOFCs

Polarization can be defined as a voltage loss or overpotential, which is a furfctiorment
density. The total cell polarization can be calculatedhe sum of the activation polarizations of
the anode and cathode kinetichg,and d., respectively, the ohmic polarizatioiR, and the

concentration polarizatiottpas shown beloyl-5],

drot=Cat+ dc +IR + dep

The polarization is related to the current density drawn traarfull cell, as shown in thalot
belowin Fig. 15. The general trend is that, as more currentasvd from the cell, the voltage
decreases below ththeoretical maximum voltage. This lagonship shows three regions:
activation polarization causes an initial drop in cell poé at low current densitieehmic losses
create a serinear region at moderate curtefensities, and mass transplogsesshow a sharp
decrease at high current derestEven though the above behavior is the general trend in most fuel
cell polarization tests, but the nature of the curves can change from system to system based on
various operating condition3.hese three regns will be described in detail in the following
paragraphslhe overpotentials of both the anode and cathode ireesasurrent density increases,
which relates to the capacity to draw power from the oalinely, at high overpotentialless
power will be available. It is, therefore, desirabdemaintain polarizations of thelectrodes at a

minimum.
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Fig 1.5 Sources of Polarization as a function of current density

1.5.1 Activation Polarization

Activation polarization refers to the overpotentiaeded to change the activatemergy of an
electrochemical process occurring at aecebde. In order to accomplighis, an additioal
potential, an overpotential, is appied to lower the free energy aétivation,ss:° [ This potential
provides a dwing force sich that when applied, the radé the electrode reaction exceeds the
spontaneous ratehis modified electrode reactioate relates to the exchange current denisity,
as will be derived below. Here, the freaergy of activationgs® "'is lowered from its reversibl
value bybdF, by applying amoverpotential,d. The effect of this applied overpotentia that

electrons become moabundant at the cathode and less abundant at the @neaaode becomes

anelectrod si nk 6) .

a6y = a5° - bF



Here, b is a chargdransfer parameter which dependn the symmetry of the energgarrier
associated with activation in the reaction process and is assumed to be Odnéxlectron

process. The rate constant at equilibrium for standard potdzttiad,given below,
ko= A expa® '/ RT) exp(bEF/RT)
For a reaction differing from the standard potential, the expression is represented as below,
ke= A explass® |/ RT) exptbEF/RT)
The above equation can also be represented as shown below,
ke= A explass® |/ RT) exptbEF/RT)exptbdF/RT) whereE = E° + d

Therefore the above equation can be simplified as below which represents the rate constant of the

electrochemical charge transfer process,
ke = ko exp(bdF/RT)

In electrochemical reactions kinetics, the rates of the reaction are measured as currents and thus
the activatiorpolarization can finally be expressedthg following equation, wherigy is the net

current desity for the forward reactiong is the exbange current density, [S] is tle®ncentration

of the reacting species,is the number of ektronsd. is the cathodic onegative overpotential

andbc (0< be <1) is the symnatry factor associated with tleathodic (forward) branch of the

reaction. Thanodic (everse) branch of the reactican be deriveth a similar way,

ifor = lo @XpEbcdcF/RT)whereio = nFko[S]



1.5.2 Ohmic Polarization

The ohmic polarizationR, of the cellmainly includes the electrolyte resistance, the contact
resistancedetween cell components atite electrical resistances of electrodesl the current
collector materials attached with the electrd@sThese combirgresistances produce the ohmic
polarization, also called thR drop, which increasesgportionally and linearly witlturrent.The
linear effect of ohmic polarizatiomombines with thectivation polarizatiorregion (a natural
logarithmic increaseandthe combined relationship beconretatively linear in the Tafel region

(to be describetater), ascan be seen in Figa..

1.5.3 Concentration Polarization

The concentration polarizatiods, of the cell is directly related to theniting current,i. by

the following expressiof4],

dep= (RTNF) In (L1 ifiL)

The limiting currentakes effect and dominates the overall cell polarization in high current density
conditions. The primary reason behind concentration polarization are the mass transport and
diffusion effects which limit the current produced in the cell. The above phenomesmased by
concentration gradients near the active catalytic region of the eleggasdphase interface,
producing local potential differences between the bulk gas phase and the electrode surface. It can
also be said that auch conditions, the reaats for electrochemical reacticaare used up or
depletedaway at a faster rat¢han they can be supplied to the electrode surface by gaseous
diffusion. This diffusion gradient effect is observed and pertinent in porous electrodes as in the

case of SOFCs.
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1.6 Equilibrium Thermodynamics of SOFCi The Nernst Equation

At equilibrium conditions, the thermodynamics can help to throw light on the electrochemistry
of the process by weélistablished relations. It is understood and a-Wmdwn fact that for a
particular chemical or electrochemical reaction, the product concentration can be related to the
concentration of the reactants by the Gibbs free energy of the process under consideration. Thus if
aGP denotes the Gibbs free energy of the reaction at sthrmaaditions, the Gibbs free energy

( & of the reaction in equilibrium state can be represented as,

&G = &G0 + RTIN (@products/ areactant) wherea = activity of reacting or product species

If there is an electrochemical reaction (oxidatiomestuction) occurring at the electrode interface
and there is an involvement pfelectrons being transferred during the reactibe, Gibbs free
energy of that halfeaction M*+nez M) can be deduced and rel at

potential as follows,

&G = -nFE°

Adjusting both the equations and rearranging the famous Nernst equation is déeRiced

E=E% (RT/I’]F) I afbactaﬁt” ap}oducb

The above equation was first deyged in 1904. Herd; is the Faradays constant which has a
constant accepted value of 96485 C/nfdls the universal gas constant ahds the operating
temperature in absolute kelvin. As explained befaidegnotes the electrochemical potential under

the specified conditions an&° denotes the electrochemical potential under standard state
conditions. The above relationship is expected to remain unchanged with time because the
thermodynamics of a system only depends on thialiaihd final state, thusroving to be a very

important relation in modern fuel cell electrochemical studies.
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1.7 Research Motivation & Overall Structure of the Dissertation

Solid Oxide Fuel Cells have slowly and surely started to wbemselveshrough welt
established labatory settings to full scale commercial environment. Companies across the world
are devising and identifying neapplication areas in which thaitility can be maximized also
considering proper longevity and feasibility both is terms of technical antbeuto aspects
Stationary power general applications have been identified as the most potent area of interest. It is
also important to look at other alternative fuels as possible choices in place of hydrogen to
overcome some of the techroonomic issueand problems associated with thedatHence
sophisticated techniques, protocols and procedures baseesibn monitoring, State of Health
(SOH) analysis and quantitative estimation are required to work in taratecorhplementing
each other. Thee efforts can help in carryingut the best possiblsystem characterization for
providing more accurate information on cell behavior which can definitely lead to better
performing commercial devices. At this point it should be mentioned, with the use oa@ern
fuels and | ow temperature SOFCOs -lmeliveceles a
performance monitoring or optimization of fuel conditions for best possible perforrmaokiag
Extensive efforts have been carried out by microscopicestumit those are usually after the test
is completed or a system is dead. Therefore, the motivation of the work arises from the need of the

hour for better, new and live data testimmgthods and approach especially in SGl&tems.

This dissertatiorexplores the performance wiiniaturebutton cels andsubcommercial scale
SOFC stackunder various operating fuel conditions and characteri®imth the systems have
the same material composition thus making this research driven more towards pexorman
characterization, degradation analysis and long tkagnosticsin a nutshell ite workis an effort
to contributetowards worldwide efforts in analysis of the effects of changing fuel conditions on

SOFC behavior through-situDC and AC electrochemical techniques. Both linear andinear

12



techniquesare applied to understand the response of the fuel cell system with respect to the
presence of inorganic impurities, determination of elekimnetic parameters and other important

fuel characteristics and parametdrs.this work, we have also worked and demonstrated the
applicaton ofanoh i near el ectrochemical technique for
effectively determine and monitor critical kinetic parameters of @gyat a much faster rate with

lesser complexities. We truly believe that this noveltcbuation towardsfuel cell scienceand
electrochemistrycan help to enhance the proper assessment and monitoring of SOFC operation
and performancdetterknowledge othe above mentioned aspects regarding fuel cell research is

important to move forward in the road to commercialization of this exciting technological device.

The text, images and tables of chapters 3, 4 andrBoriginally prepared for peegeviewed
journal publications encompassing the entire work. A summasyroéntliterature relevant to the

research and davwaill be presenteih each of those chapters
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Chapter 2

l nstrument al &Expensment al De

2.1Button Fuel Cell Setup & Stack Assembly

The fuel cell testing setup was constructed with great care. A SOFC system is a high
temperature systernomposed of primarilgeramic materials thus making it an easy candidate for
mechanical damag&hus additional attention has been given towards this aspect of cell assembly.

A picture of the button cell and theagrammatic schemataf the setups shown in Fig 2 & Fig.

2.2 respectivelyA custom made stainless steel ulioar fitting was useda seal the alumina tubes

used for the fuel gas supply and also used as a support for the button cell assembly inside the
furnace. The button cell was fixed at one end of the alumina tube by a glass seal to keep the fuel
and the oxidant chambers separates @iameter of the button cell used was 1 inch (25.4 mm). An
alumina cap was used along with the glass ring seal on one end of the alumina tube to improve the
mechanical stability of the button cellumina tube arrangement by preventing any handling
damags to the fragile button cell electrode assembly. Electrical leads composed of Pt (0.2 mm
diameter, Alfa Aesar®and Ag (0.25 mm diameter, Alfa Aesar©) were used to carry the electrical
currents across the fuel cell electrodes and also for electrochemical measurements. Pt was used as
leads directly attached to the electrode surfaces (anode and cathode) and Agevaraesed to

connect the Pt wires to electrochemical instruments for data acquisition. Pt due to its higher
stability, heat resistance and inert nature was used on the electrode surface. But as Pt is expensive,
it was not used to form the entire lengthtloé current carrying leads. Thus Ag being cheaper
having similar electrical characteristics was used in conjunction witilReads were electricht

insulated from each other a®ll as from the Faraday cage and furnace compsné&atcheck that

all leads werésolated, a handheld voltmeter was used to verify that the resistance between each



ofthel eads was ¢ Alhnieasarénterdsl weré catriéd gut between 650 C and 850 C.

A K-Type thermocouple was strategically placed near the workinggedecio monitor the actual
temperature during testing. It was also used to detect leaks readily in the button cell assembly
because if there was a leak the temperature detected in the thermocoupléiekauld lot and

would be unstable. The furnace dseas a vertical tubular furnace (Barnstead Thermolyne) where
the temperature was ramped from room temperature to 900 C at a rate of 1, Rapirthere for

an hour and then reduced at a higher rate of 2 C!nunthe operating temperature under
consideation. This was done to melt the glass rings, vitrify them to make the seal more robust and

as efficient as possible.

Fig. 2.1 (Left) Anode surface, (Right) Cathode surface in black with an interlayer white electrolyte

The SOFC stack setup wdgferent from the button cell setup. While the button cell was a
miniature circular cell of diameter 2.5 énthe SOFC stackomposed of a 5 cell planiategrated
systemwith 105 cnt surface area. The short stack system was an integrated robust sytém w
had dedicated fuel/oxidant linesd electrical leads. Thus it was only important in this case to use
a box furnace (Sentrotech Inc.) with proper size considerations and provisions for fuel and oxidant
lines for coming in and out of the system. Beesll® scale of the stack system was larger, proper
hoses were used for supplying the necessary gases and also thicker copper wires with higher power
rating were usedto carry the current generated across the system and for electrochemical

measurements. Addnally, due to the extremely high gas flows (and their explosive nature) used

16



in stack tests, proper exhaust lines were also built around the system to make sure that the working
environment was safe enough. A schematic and pstiithe stackestingsetup is shown in Fig.

2.3 and 2 respectively.
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Fig 2.2 A detailedschematic of the SOFRutton celltest arrangement
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Fig 2.3 A simplified schematic of the SOFC stack testing setup

Fig. 24 (Top left) Delphi Gen 3.2 &-cell stack (Top Right)Box furnace with stack installed
(Bottom left) Stack and manifold inside the furng@»ottom Right)Electrical & gas connections

from furnace top
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2.2 Button Cell Membrane Electrode Assembly (MEA)

The button cell MEA is very important for getting high quality, consistent and repeatable data.
In our work, the button cell was provided by Delphi Automotive Systdins.cell architecture
consisted of a 30 pm Lanthanum Strontium Cobalt Ferrite (DS¢ahode, 10 pum Yittria
Stabilized Zirconia (YSZ) membrane (electrolyte) and a 500 pum Ni/YSZ ariodgiled
information regarding cell fabrication, composition and properties have not been provided in lieu
of the intellectual property right3he electrial circuit as explained before was completed using
Pt wires of similar diameter$he ability to collect current reliably ucialto accurate fuel cell
operationand data collection. Electrode behavior cannot be tglgdiermined if this component
of the fuel cell is not optimized. Ideal characterist€she proper current collectare important
Chemical stability in a ragting and oxidizing environmephsures that the material chosen does
not itself undego chemical reactions before during eletrochemical measurements, thus
ensuring tha differences in numerical datautput are due only to thelectrodeprocesses
themselvesFurthermoregcurrent constriction is a parameter of concern: threeoti produced by
the electrodeshould be collected iits entirety, and should not be subject to any congtric
restrictions. Proper contact between the electrode madedahe current collector will ensure this
is not a problemTwo prevalent types of current collector can benfbin the literature: gste and
mesh. Although paste can both be easily painted amtelectrode and ensure relialderrent
collectorelectrode contact, it has been showioge proper contact during long term operation
Therefore, a mesturrent collector waalsochosen tavoid this degradatiorContact resistance
was alsominimized by employing this method of electrode manufactu@ansidering all the
above factors, a combined mesh and paste current collection system was used in our work. Ni
mesh with Ni paste (Fuel CéHlaterials Inc.) was used in the anode and Ag mesh with Ag/Pd paste
(Alfa Aesar®©) as current collector materials. The entire MEA was then carefully fixed on the

alumina tube arrangement as described eatrlier.
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2.3Fuel & Oxidant Arrangements

All the gaseous components of the fuels,(Ne, CO, CQ, CHs) were purchased from Praxair
at the industrial grade purity. The gaseous
experiment, the fuel lines were purged for 15 minutes to ensure that theipuhe line was
acceptableFor mixing purposes, a hommade gas manifold was constructed which allowed all
the gases to reach the chamber before being dispersed to the inlet of the fuel cell system. Water
was supplied to the system by a hemade vapazer unit which was simultaneously joined with
the gas manifold system. The input lines from the manifold till the fuel cell inlet was wrapped with
heating coils and kept at 20C to avoid any condensation into the inner walls of the tubing. For
poisonirg tests, the corresponding inorganic impurities were added to the fuel stream and their
concentrations levels were adjusted. Gaseous impurity was added directly to the mixing chamber
and liquid impurities were added by bubbling inestgds through them. Due to the presence of a
lot of toxic and explosive substances, alarms were kept at key locations around the experimental
setup to detect any undesirable situations because of leaks or other unwarrante®fsctorgs
availability ar was used as the most standard oxidant in the electrochemicabteststests were
carried out with pure oxygen for analysis purposes. Finally, due to the fact that relative
performances were emphasized over absolute performance values, the amalatizztipn
associated with the cathode has lower importance. Therefore, only changes associated with anode

characteristics are of importance in this work.

2.4DC Electrochemical Characterization

DC testing of solid oxide fuel cells mainly includes éam Sweep Voltammetry (LSV) and
Polarization curves. In general De&lectrochemical techniques have been conventional methods
for preliminary fuel cell performance analysis. They give a nice indication about the fuel cell

polarization behavior and the ind@pendencies between potential & currda¥. (Current
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potential)and P-1 (PowerCurrent)curves gives information on the initial performance of a fuel
cell under standard conditions which help in directing future test plans in fuel cell research. LSV
is also a welestablished techniquevhich is good for estimating and comparing the
thermodynanics, kinetics, and mechanisms of varidusl cellreactionsIn LSV the potential of

a fuel cellis scanned at a definite rate normally in the order of mr@em the Open Circuit
Potential (zero current potential) to a certain overpotential valukisinvbrk, DC measurements
have been carried out with a Solarffd®70 E potentiostat and also a HP 6060B electronic load.
Due to a current limit of 4 A on the potentiostat, the electronic load was used when high current

load requirement was necessaryshiort, DC techniques are standard tests for fuel cell evaluation.

2.5Electrochemical Impedance SpectroscopfElS)

EIS is a powerfullinear electrochemical perturbatioAC technique which is used for
investigating reactiopathways failure modesind degradation mechanisms in complex fuel cell
processefl-3]. It also helps to explore the properties of electrode materials in certain cases. The
primary purpose whicht iserves is that it is used to separate and distinguisbugaprocesses
occurringin different time-scales. This characterization technique has been used in fuel cell
research [] for identifying the contributions from ohmic, activation and concentration polarization
in a definite frequency range. But simple qualitative analysis migikendata interpretation
difficult at times. For this reason, EIS should be complemented with Equivalent Circuit Modeling
(ECM) to give an idea regarding the quantitative side of the overall information.iE@dined
as the arrangement of electrical citsiand elements in plausible combinatigmstwork of series
and parallel elementsjo model the actual behavior observed in EIS data applied on
electrochemical systems. The methodnsiss of physically relevant circuit elements with
Complex NonLinear Sjuares (CNLS) data fitting2] combined with an assessment of the

stochastic error structure, to make it a consistent and siatalationprocedure.
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EIS primarily involves a smalamplitudeAC potential perturbatioon theelectrochemical
system under consideration. The snpaltentialsignal can be in the form @é&in(¥t) whereA is
the amplitude and is the frequency. As a result of the potential input, there is a sinusoidal current
response with a phase shify with a different amplitude. Therefore the current response and the
potential input can be used to determinedtpleximpedancgZ) arising from the system from
Oh mo s (resistawceterm replaced with impedance in the relatioA} this point it is also
important to mention that n r e al worl d applications, t he
impedance because of the inherent-hie@ar nature of practical electrochemical systems. Thus to
apply the concept snfallerGimplittide is Ic@nsiderednwhidb Im&8ke the
perturbation and the response pselidear. It can also be understood well from the Ri§. A
complete EIS plot consists of a frequency sweep in a definite range and the variescatiEne
dependent impedaes such as ohmic, chargansfer (activation) and diffusion (concentration)
are displayed in the graph. A faster process such as ohmic losses occurs at high frequency and
mass transfer effects which are slower processes occur in low frequencies. Aticovd=1S

plot is called a Nyquist plot or a Ceteole plot.

Therefore three most important factors to be considered while considering E[3-dpsae,

1. Causal The current response is only caused by the potential perturbation.
2. Lineari The amplitude of the input should be small to give a linear output.

3. Stableé’ There should be no or minimum drift or background noise in the current response

After the acquisition of an impedance plot and before applying circuit modeling, it is also
important to check for the validity of the obtained data for the above three conditions to be fulfilled.
The data then can be termed consistent and valid. Kramers Krof{g (tansform[1,2] are

established relations [] which serve as an internal chetkeovalidity and quality of the data. The
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K-K relations state that the real part of the impedance data can be obtained by an integration of the
imaginary part and vice versa. If the above three conditions are maintained for any EIS data, it can
be safelysaid that the KK transform relations will hold well. If in any case, the real and imaginary

part of the data do not conform well toKK transformations, it can be inferred that the data
obtained is not valid and cannot be considered for further ECMreatanent. Thus K analysis

of the impedance data is always important and serves as a useful check before understanding of

physically relevant models to EIS plots.
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Fig. 25 (Left) Small amplitude of input potential perturbation producing a pséodar current
response (RighMathematical treatment for the inpigsponse impedance data showing the phase

shiftt . Complex impedance is written and can be plotted in the form of real and imaginary part.

2.6 Equivalent Circuit Modeling (ECM)

As mentioned before, ECM gives both a qualitative and quantitative perspective of the
impedance data which helps to understand the electrochemical processes and their behavior in a
much better wayj2]. It is important in the sense that after propdidegion of the EIS data, ECM
can be used to associate physically meaningful parameters to the impedance of the system. These
parameters can be simpméectrochemicaparameters or complex parameters derived from first

23



principles and established chemicaaction modelsTherefore it gives adequate information on
the process parameters such as diffusion coefficient and reaction rate constant etc. In short, it adds

an analyticalnterpretatiorto the overall process investigatitathniqueby EIS.

The circuit models are constructed using three prineleynents: ideal resistors (R),
Capacitors (C) and inductors (L). Since real world systems rarely behave ideally, specialized
circuit elements are also used as well namely the constant phase elemgnW&iPkrg element

(W), Gerischer element (Ge) etc. The main parameters are described below.

Resistors

For an ideal resistor element (R), it is represented by the symbol shown ir6Flgne2impedance

of a resistor is independent of frequency and haswaginary component. The current through a

resistor stays in phase with the voltage across the registod).| t can be t hus rel a
law as below.

Z=E/Nl=R VVVV

R

Fig. 2.6 Representation of an ideal resistor

Capacitors

For an ideal capacitofC), it is representk by the symbol shown in Fig. 2.A capacitor's
impedance decreases as the frequency is raised. Capacitors also have only an imaginary impedance
componentThe chargey stored in the plates of the capacitor relates to the potent@@sathe

plate.
C

g=CE

Fig. 2.7 Representation of an ideal capacitor
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The relation which describe the impedance of a capacitor is represented as below,

E=-j (1kC)I

Here the termj (1/¥ C) is equivalent tdR and is alsdrequency and capacitance dependent.

Series RC circuit

When the above two phase elements are placed in series, an equivalent circuit model for an ideally
polarizable electrodis obtained as shown in Fig. 2Bhe total potential drop in this circuit iset
sum of the resistive and capacitive elemenisis from the previous relations, a complex notation

can be obtained which can be expressed in the form of a sum of real and imaginary component.

Fig. 2.8Representation of a series@Rcircuit

The abovempedance can be graphically interpreted and plotted which is named the Nyquist Plot
as shown in Fig. 2.9n such a plot, the real component of the impedance is graphed as a function
of the imaginary component. In this relation, the real component idepandent of frequency

and the imaginary component tends to zero with an incredseguency.

Z

1M

irﬁal

Fig. 2.9Representative Nyquist plot for a ideally polarizable electrode
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Parallel R-C circuit

For a real world systems, which involves both capacitive and faradic currents, the patllel R
circuit can berepresented as shown in Fig. 2.8uch Nyquist plots are most regularly seen in

actual electrochemical systems.
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Fig. 210 (Left) Representation of a parallet®circuit (Right) Representative Nyquist plot for a

real world polarizable electrode

Based on the impedances of the individual impedances of the elements, the total impedance can
be similarly calculatedjuantitativelyby using conventional circuit laws for series and parallel
formations In real world applications there is also an associated ohmic resistance with
electrochemical systems. In such a case the circuit models comprises of another simple resistor
element inseries with one shown in Fig 2.30d the Nyquist plot gets shifted in the positive x

axis direction by the value of the ohmic resistaceepresentation is shown in FigPL. HereRy
represents the ohmic resistanBethe charge transfer resistancesig from activation related

processes andq is the double layer capacitance in the electrode interface.
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Fig. 211 (Left) Representation of a parallel® circuit with a series ohmic resistance (Right)

Representative Nyquist plot for a real world polarizable electrode

Constant Phase Element (CPE)

This element is analogous to capacitors and is mostly encountered in solid state electrochemical
systemsA CPE element mainly is represented in the form of a depressediselmiarc (different

from a conventional capacitor which is a regular seintie) which has its center below the real
impedance axis. The center is located at an araflél-n) 90 as measured from the origin, where

n is the depression parametdihe n=1 case corresponds to an ideal capacitive element. A

representative Nyquistqifor a CPE is shown in Fig. 2.12

Fig. 2.12Representative Nyquist plot for a CPE element in the form of a depressedirstgni
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The CPE element mainly indicates surface roughoés$ise system which also may arise from

high distributed reaction ratesrying thickness or composition of the electrode anduroform

current distribution. The anode of a solid oxide fuel cell is generally porous and due to its
fabrication nature, it is expected that there will be regions on the catalyst which havendiffer
energy of activation. Thus electrochemical oxidation reactions occur differently at different rates
across the anode surface which gives rise to a CPE behavior. Also due to various current collector
materials (mesh and paste) usedina SOFCinafhneand e envi ronment, vari ol
also creep in which increases the variation in current across the entire surface. Under such an
effect, the current at the center of the active area may be lesser than the edge which increases the
overall surface raghness factor of the system under test. Because of the above reasons, a
commercially built robust fuel cell stack setup shows mostly capacitive behavior aneraatee

nortuniform cells indicateonstant phase element behavior.

Warburg Element

Bulk diffusion in electrochemical systenis alsoanother important component of the global
impedance in real world systems. TWarburg impedancéZy) is a specialized element which
dominates in low frequencies because then, the reactants have to diffuseluttls absent in

high frequency regiong/hen the reactants do not diffudee toshorter timescaleg[2,4]. On a

Nyquist plotas shown in Fig..23, it appearsdeally as a line with a slope of Od atan angle of

45 with respect to the-axis. The Weburg or Diffusion impedands quantified and derived from

the Fickés first | aw of diffusion and it give

diffusion coefficient and diffusion layer thickness.
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Fig 2.13 (Left) Representation of a Warburg element with a parall€l Rircuit (Right)

Representative Nyquist plot for a Warburg element showing mass diffusion behavior

Circuit Obscurity & Fitting Algorithms

Even though EIS is a powerful technique in conjunction with ECM, it has an important drawback.
At certain circumstances, the circuit models could be possibleimigme and multiple models

could fit a single particular Nyquist plot. Thus it becomes everenmoportant as a researcher to
initially understand the physical nature of the system, its possible reaction schemes and then try to
relate a definite model to an impedance dAtainitio, after understanding the fundamentals of

the system, it is a gogatactice to choose simplified circuits to initiate system modelling. Complex
and specialized circuits can then be introduced into existing models to simulate the behavior in a

much better way both in terms of fitting and alsdid conceptual reasoning.

ZView is the software used for the fitting of the impedance data to equivalent circuit models.
The software uses the conventionaimplex nonlinealeast squares (CNLS) methd?] wvhich is
one of the most popular techniques to fit experimental @atemprove the efficiency of the CNLS
fitting the chi squaredg( R algorithm was usedA smaller value of thes Andicates a better
statistical fit to the considered circuit modéhe CNLS methoaonsiders and assumes the fact
thatthe experimentampedarmedataconsist of only Gaussian errofmy different kinds of errors
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could result in a reduction of the goodness of theTtie CNLS procedurases a convergence
technique wherdite al gori t hm may stop at a Al dmesach mi ni 1
circumstances, the initial guessed value of the various parameters in the model should be tinkered

around and also selective parameters should be changed from free to fixedversace

EIS Instrumentation

The EIS data and Nyquist ptoare obtaied by a Solartréh1252 A Frequency Response Analyzer

in conjunction with a Solartr6h1470E potentiostat. The fuel cell system is swept in a definite
frequency range and the software connected to the Solartron systems acquire and plot the data
duringacquisition. A frequency response analyzer uses Fourier Transforrfilat8prio convert

the frequency domain measurements to time domain. A detailed schematic is shown.i¥Fig. 2

Frequency Generator Multiplier Integrator
Zim
t .
cos(¥t) X 0
/ ioli Output
Multiplier Integrator utpu
O B
X U
Zre
sin(¥t)
1(t)
()
Potentiostat
CE RE WE

Fig 2.14 Diagram illustrating the working principle of the FRA for arsEheasurement. CGE

Counter Electrode, REReference, WE Working,Zim & Zre1 Imaginary & Real impedance
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2.7 Electrochemical Frequency Modulation(EFM) i A new technique used in
SOFC

This is a new introductory AC techniql@] used for the first time in fuel cell applications.
EFM has been used extensively in corrosion systems and is a very usefirieaonnon
destructive electrochemical technique which can be used for estimation of intrinsic kinetic data.
EFM consists of pential perturbation of the system by two sinusoidal waves of different
frequencies which results in a nbnear current response of the electrochemical system. A
graphical representation of the basic operational consepiown in Fig2.15 It can sere as an
effective complementary technique to conventional electrochemical characterization methods. The
reason for the above statement being the fact that it is a ifasiéun technique and the necessary
electrochemical kinetic parameter values can teety obtained from the observed data by proper
preliminary model considerationfThe background concepts, theory and advantagethe

techniqueare explained in a separate chapter later imligsertation

=== Potential Perturbation signald== Potential Perturbation Signal 2
Current Response
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o
2
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Time (t)

Fig 2.15 A simplified representation of the EFM concept
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Chap3er

Impedance Spectra Effects in Solid Oxide Fuel Cells Operating on Alternative

Fuel Reformate Streams poisoned by Inorganic Impurities

This text for this chapter was originally prepared for Sloernal of Electrochemical Society
Transactionsa sSulitractionimpedance Spectra Effects in Solid Oxide Fuel Cells Operating on
Alternative Fuel Ref or mat e St ;bDebanjas Dag Sergeeo n e d

N. Lvov. The paper was accepted for publication in ECS Meeting, San Diego (June 2016)

Preface to Chapter 3

Poisoning effects bthreeinorganic impurities on the performance of a solid oxide fuel cell are
tested, analyzed and compared by applying electrochemical impedance spectroscopy (EIS) and
equivalent circuit modeling (ECMA series impedance subtraction method was applied on the
tested cells to account for only the degradation occurring in the cell anode due to impurities. Due
to the fact that the respective SOFC electrodes and electrolyte are connected in series in an
electrochemical circuit, cell performance change can be atdko the anode in this approach.
Degradation of the cell performance caused by inorganic impurities is characterized by measuring
EIS spectra at a constant current density of 0.3 & twn a diesel fuel reformate blend. The
concentrations of impuritiegre selected in accordance with the levels expected after commercial
biogas or diesel fuel cleaning processes. Critical electrochemical processes and degradation
mechanisms which affect cell performance are identified and quantified. The impuritiestested
sulfur, chlorine andsiloxane at various ppb/ppm levels over a time period08300 h. Sulfur

and siloxane cause the most prominent degradation and the asdoestitcelectrochemical cell



parameters, Gerischand Warburg elementare appliedespectively for better understanding of

the degradation processes.

3.1lIntroduction

The interest in the determination of the effects of impurities and contaminasubd oxide
fuel cells (SOFCshas received much attention in recent years among researchers due to the
plausibility of utilizing reformed natural gas as a direct fuel in SOFC arjadE2]. Important and
notable work has been carried out to study the microstructural degradation basesliad
microscopy techniques and-ray data interpretions [3, 1012, 20], and to understand
gualitatively the impact of anode degradation on the impedance evolution under the présence o
various contaminants€lS is a powerful technique to understamdigntify and distinguish the
different chemical/electrochemical processes occurring in the fuel cell under the presence of
various undesirable substances. Concerted efforts have been made to study the various arcs
obtained in a typical EIS spectra. The lfsequency behavior is attributed to the diffusion or mass
transfer controlled processes and the high frequency arc pertains to thetdnastpr proces
7, 16, 2226]. However, EIS alone is only useful to a certain extent. To extend the utility and
effectiveness of EISjt should be combined and compiented with the equivalent circuit
modelling to analyze the processes in a qualitative and quantitative way. Therefore, there is a need
to apply suitable and specifadectrochemical models based on aled EIS spectra with various
inorganic impurities to optimize the fuel cell system operation in practical and commercial systems
to achieve stable operati@and maximum fuel efficiency [26

In biogas or digester gas there are also other inorganpuarities such asulfur, halogens,

siloxaneand phosphorugresentwhich may havénarmful effecs on the performance of SOFC
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Biogas may contain higher part per million (ppm) levels of chlorine and siloxane, which may
negatively influencehe fuel cellperformanceSulfur has been studied the most in detail which
also focused on poisoning effects of sulfur on shift reactio®$. [/ ork on siloxane and chlorine,

two prime impurities in biogas have been rather limite@,[22] even though the authors kav
discussed possible mechanisms mainly from microscopy approach. Even though studies with
relation to poisoning phenomena is a topic of intense research, there is a need for identifying
applicable electrochemical models and using it in Equivalent Circatldihg (ECM) in
conjunction with EIS on poisoned SOFC systems.

In this work, the impedance spectrum subtraction method is applied to identify and analyze the
exclusiveeffectsof the individual impurities on the SOFC [25]. It is understood that it is very
difficult to separate electrode contributions in a SOFC, thus if there are changes occurring in one
particular electrode in the cell, a subtraction spectrum provides arasikerway to identify the
effect caused by the corresponding change in fuel conditions provided other conditions remain
same. The above concept arises from the fact that the anode, electrolyte and the cathode of a SOFC
are connected in series, if the oJesectrochemical circuit is considered. Therefore a series
subtraction of the cell parameters in ECM at two different-seedes can be used to quantify the
causal effect of the parameter changed during the test. In this case, the changing parameter are
various concentration levels of the three impurities tested (sulfur, siloxane and chlorine). The
effects of impurities are only manifested in the anode thus it is a useful way to relate anodic
degradation phenomena to impurity effects. A systematiati@ of the impurity levels coupled
with well-reasoned subtracted EIS spectra and EFM models help-poipinthe corresponding
nature of the poisoning effects. To our knowledge, this approach has not been extensively applied
for impurity studies on SECs and this is an effort to do the same. This paper therefore aims to
contribute to the overall degradation studies of SOFC technology by complementing the

microstructural and optical investigations in the past and present. No optical microscopy
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investigaions were performed on the cells as this work mainly concentrated to increase the
effectiveness of electrochemical impedance measurements and relate them to poisoning studies

through microstructural characterization done by other researchers in the past.

3.2Experimental

3.2.1 Anode Supported SOFC Button Cell

In this study, the solid oxide fuel cells were miniature button cells provided by Delphi
Automotive, LLC, Michigan 27,28. The button cells used in the work were provided as a part of
a projet to test the possibility of working with full commercial SOFC stacks with different
alternative reformates fuels and inorganic impurities. Thieacehitecture consisted of a Bin
Lanthanum Strontium Cobalt Ferrite (LSCF) cathode, 10Mima-Stabilized Zirconia 8YSZ)
membrane (electrolyte) and a 51 Ni/YSZ anodeThe entire anode layer consisted of three sub
layers tapecasted which comprised of an active anode in contact with the electrolyienf1an
anode support functional layer (5én) anda contact layer (5im) on the top. The electrolyte
layer was also fabricated using the tajsting. The cathode also consisted of aldyer
comprising of an active scregminted cathode (3m) along with an outside cap layery1).The
cells were opated at temperatures of 780 and a Zlectrode 4ead system was used to perform
the electrochemical measurements on the cells. Two electrode leads were attached on each
electrode surfaces, therefore resulting in current being carried by one sethetotber set was
used for measuring potential. This arrangement helped in obtaining consistent EIS data by
preventing the passage of current in voltage leads such that the correct potential could be measured
against the reference potential lead. For praperent collection, Ni paste was used along with a
Ni-mesh and fixed onto the anode. Ag/Pd paste was used with a Ag screen mesh fixed onto the

cathode side. Four platinum electrode leads were pasted on the electrode gwéaoeseach
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electrode)which served as voltage and current leads for electrochemical measurements. .

calculations were performecbnsideringthe geometric active cell area of 2.5%which was

measured by a Vernier caliper. A schematic of the experimental setup is showrBidd:ig.
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