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Summary

Conventional energy technologies and fossil fuels are causing irreversible
damage to the environment. A transition from conventional to sustain-
able technologies is inevitable to address the environmental concerns.
Solid oxide fuel cells (SOFCs) can play a key role in this transition be-
cause of their high efficiency and fuel flexibility — SOFCs can operate with
fossil fuels as well as with renewable fuels. However, several challenges
concerning cost reduction, operability, and long-term durability remain
in SOFC development. A good physio-chemical and electrochemical un-
derstanding of the fuel-electrode is crucial to overcome the operability
and durability limiting factors, as well as to design the new, improved,
and low-cost electrodes.

Electrochemical reactions in SOFC anodes take place either at the
triple-phase boundary (TPB) between the gas phase, oxide-ion conductor,
and electron conductor — as in case of nickel/yttrium-stabilized zirconia
(Ni/YSZ) electrodes — or at the two-phase boundary (2PB) between the
gas phase and mixed ionic and electronic conducting (MIEC) material
— as in case of ceria-based electrodes. Fuel electrodes of commercial
cells are usually composites of metal and ceramic materials with three-
dimensional porous structure. Such electrode designs exhibits high elec-
trochemical performance, however, make the electrochemical reactions
difficult to localize and investigate independently. Alternatively, pattern
electrodes can be made with simplified, non-porous, and two-dimensional
geometry having well-defined TPB or 2PB length, well suited for study-
ing the electrochemistry. This thesis is aimed at investigating nickel and
ceria anode electrochemistry in multi-fuel environments. For this pur-
pose, both experimental (electrochemical impedance spectroscopy (EIS)
and current-voltage measurements) as well as theoretical (elementary
kinetic model, the Nernst-Planck-Poisson model, and electrochemical
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Summary

model) approaches have been applied. Several results have been achieved
and presented in this thesis:

EIS measurements show a lower polarization resistance and activa-
tion energy with ceria than nickel, in all gas environments we tested
in this work. The polarization resistance for Hs oxidation is less than
that for CO oxidation for both nickel and ceria, indicating an ease of Hy
oxidation as compared to CO oxidation. The polarization resistance for
syngas oxidation is closer to that for Hy than CO, pointing towards a
preferential oxidation of Hg in a syngas environment. Adding a small
amount of steam to CO gas causes a significantly larger drop in the
polarization resistance compared to the drop caused by adding steam
to He gas stream. This observation is attributed to the combined effect
of WGS conversion and preferential oxidation of hydrogen produced via
WGS reaction. The elementary kinetic modeling shows that CO may
also electrochemically oxidize, in addition to Hg, depending upon its con-
centration in syngas. Further, the contribution of direct CO oxidation is
higher in case of ceria compared to nickel.

The Nernst-Planck-Poisson model reveals that the bulk diffusion of
oxide-ions vacancies and electrons in a thin-film ceria anode is faster
than the kinetics of hydrogen electrochemical oxidation. The charge-
transfer between hydroxyl-ions and cerium-ions is the slowest and the
rate-determining step. The computed exchange-current density, based
on the rate-determining elementary step, fairly matches with the exper-
imental results over a wide range of temperature and hydrogen partial
pressure.

The TPB-based kinetics using nickel pattern electrode cell is also
derived in this thesis and implemented in Ni/YSZ cermet electrode
cell model. The TPB specific exchange-current for hydrogen oxidation
(97% Hy and 3% Hy0) at 800 [°C] is found to be 3.06x107% [A/cm of
the effective TPB length]. Further, the simulation of Ni/YSZ cermet
electrode cell shows that the effective TPB length (= 1.78x107 [m/m?3])
is several orders of magnitude lower than the reported physical TPB
densities of cermet electrode (= 10'2 to 102 [m/m?]). This indicates that
only a minor fraction of the total TPB is actually required or available
to produce the total current at given cell voltage.
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The effect of HC] contaminant on the electrode performance is also
investigated. It is found that adding HCl (60 and 150 [ppm(v)]) in
Hy/H2O fuel gas lowers the polarization resistance for both nickel and
ceria pattern electrode cells. This is the first time that lower polarization
resistance is observed on exposing nickel and ceria pattern electrode
cells to HCI contaminant. Apparently, HCI leaves permanent footprint
on both of the electrodes as the polarization resistance after removing
HCI is lower on nickel and higher on ceria compared to the resistance
observed before adding HC1. Contrary to the pattern electrode cells, it
is observed that the polarization resistance remains unchanged when
Ni/gadolinium-doped ceria (GDC) cermet electrode cells are exposed to
60 [ppm(v)] HCI gas and increases for higher concentration levels (150
and 300 [ppm(v)]).
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Samenvatting

Conventionele energietechnologieén en fossiele brandstoffen veroorzaken
onomkeerbare schade aan het milieu. Een transitie van conventionele
naar duurzame technologieén is onvermijdelijk om de milieuproble-
men aan te pakken. Vaste-oxidebrandstofcellen (solid oxide fuel cells
(SOFCs)) kunnen een sleutelrol spelen in deze transitie omdat zij een
hoge efficiéntie hebben en meerdere brandstoffen kunnen gebruiken
— SOFCs kunnen zowel met fossiele als duurzame brandstoffen oper-
eren. Er zijn echter uitdagingen in de ontwikkeling van SOFCs met
betrekking tot kostenreductie, betrouwbaarheid en levensduur. Een goed
fysicochemisch en elektrochemisch begrip van de brandstofelektrode
is onmisbaar om de operationele- en levensduurlimieten te verruimen,
alsmede om nieuwe, verbeterde en goedkope elektroden te ontwerpen.
De elektrochemische reacties in SOFC anoden vinden of plaats in de
zogenaamde driefasen-grens (triple-phase boundary (TPB)) tussen de
gasfase, zuurstofgeleider en elektronengeleider — zoals in het geval van
Nickel/Yttrium-gestabiliseerd-Zirkonium (Ni/YSZ) — of in de tweefasen-
grens (two-phase boundary (2PB)) tussen de gasfase en een materiaal
met zowel ionen als elektronen-geleidende eigenschappen (mixed ionic
and electronic conductor (MIEC)) — zoals het geval is voor elektroden
gebaseerd op Cerium. In de praktijk zijn electroden meestal een samen-
stelling van een metaal en een keramisch materiaal (cermet) met een
driedimensionale poreuze structuur. Een dergelijk elektrodeontwerp
resulteert in goede elektrochemische eigenschappen, maar maakt het
moeilijk om vast te stellen waar de elektrochemische reactie plaatsvindt
en onafhankelijk te bestuderen. Daarom worden patroon-elektroden
vervaardigt met een vereenvoudigd, niet poreuze en tweedimensionale
geometrie, waardoor de lengte van de TPB of 2PB goed gedefinieerd is en
de elektrochemie in detail bestudeerd kan worden. In deze dissertatie
wordt de elektrochemie in Nickel- en Cerium-anoden onderzocht wan-

Vii



Summary

neer deze worden blootgesteld aan verschillende brandstoffen. Daarvoor
zijn zowel experimentele (electrochemical impedance spectroscopy (EIS)
en stroom-voltage metingen) als theoretische (een elementair kinetisch
model, het Nernst-Planck-Poisson model en een electrochemisch model)
benaderingen gebruikt. Daarmee zijn verscheidene resultaten bereikt,
die beschreven zijn in deze dissertatie: EIS metingen laten een lagere
polarisatieweerstand en activatie-energie zien voor Cerium dan voor
Nickel, voor alle in dit werk geteste gascomposities. De polarisatieweer-
stand is lager voor Hy dan die voor CO oxidatie met zowel Nickel als
Cerium, wat erop duidt dat He eenvoudiger te oxideren is dan CO. De
polarisatieweerstand voor synthetisch gas ligt dichter bij die van Hsy
dan van CO, wat op een voorkeur voor de oxidatie van Hy wijst wan-
neer de elektrode aan een synthetisch gas wordt blootgesteld. Wanneer
een kleine hoeveelheid stoom wordt toegevoegd aan CO wordt de po-
larisatieweerstand aanzienlijk meer verlaagd dan wanneer stoom aan
Hy wordt toegevoegd. Deze observatie kan verklaard worden door een
combinatie van het effect van de water-gas-shift (WGS) conversie en de
voorkeur voor de oxidatie van de waterstof die middels de WGS reactie
gevormd wordt. Elementaire kinetische modellering toont aan dat CO
ook elektrochemisch geoxideerd kan worden, naast Hg, athankelijk van
de CO-concentratie in het synthetisch gas. De bijdrage van CO-oxidatie
is groter voor Cerium dan voor Nickel. Het Nernst-Planck-Poisson model
toont aan dat de bulk-diffusie van zuurstofionen en elektronen in een
dunne-film-Cerium-anode veel sneller is dan de kinetica van de elek-
trochemische waterstofoxidatie. De ladingsoverdracht tussen hydroxyl-
ionen en Cerium-ionen is de langzaamste en snelheidsbepalende stap.
De berekende uitwisselingsstroom-dichtheid, gebaseerd op de snelheids-
bepalende stap, is overeenkomstig met de experimentele resultaten in
een ruim bereik van temperaturen en partiele drukken. Met een Nickel
patroon-elektrode is de TPB-gebaseerde kinetica afgeleid in deze dis-
sertatie, en geimplementeerd in een Ni-YSZ cermet-cel model. De TPB-
specifieke uitwisselingstroom-dichtheid voor waterstofoxidatie (97% Hp
en 3% Hy0) bij 800 [°C] was 3.06x107% [A/cm effectieve TPB-lengte].
Simulatie van een anode-ondersteunde cermet-cel toont aan dat de effec-
tieve TPB-lengte (= 1.78x10” [m/m?]) enkele ordergrootten kleiner is dan
gerapporteerde fysieke TPB-dichtheiden van cermet anoden (= 10'2 to
103 [m/m?3]). Dit duidt erop dat slechts een klein deel van de totale TPB
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daadwerkelijk nodig of beschikbaar is om de totale stroom te produceren
bijeen gegeven cel-voltage. Het effect van HCI vergiftiging op de prestatie
van de elektrode is ook onderzocht. Het toevoegen van HCI (60 en 150
[ppm(v)]) in een Ho/H2O gasmengsel verlaagt de polarisatieweerstand
voor zowel Nickel als Cerium patroon-elektroden. Dit is de eerste keer
dan een lagere polarisatieweerstand is waargenomen wanneer Nickel en
Cerium blootgesteld worden aan HCl vergiftiging. Het lijkt erop dat HCl
beide patroon-elektroden blijvend verandert, aangezien de polarisatie-
weertand nadat HCI verwijdert is uit het gasmengsel lager is voor Nickel
en hoger is voor Cerium ten opzichte van de weerstand die gemeten is
voordat HCI toegevoegd werd. In tegenstelling tot de patroon-elektroden
verandert de polarisatieweerstand niet wanneer een Nickel/Gadolinium-
gedoopt-Cerium (GDC) cermet anode blootgesteld wordt aan 60 [ppm(v)]
HCI, en neemt de polarisatieweerstand toe voor hogere concentraties
(150 en 300 [ppm(v)].
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Introduction

1.1 Background

As the world population grows, so does the energy demand. This ever-
increasing demand combined with the concerns of global temperature
rise, caused by the greenhouse gas emissions, impose immense pressure
on the energy sources and technologies. Beginning in the early 2000s,
growing concerns of the climate changes heightened the interest in the
development of renewable energy sources. While renewable fuels are
the world’s fastest-growing sources of energy, fossil fuels are expected
to supply more than three fourth of the world total energy consumption
till mid of the 215t century [1]. Therefore, the fossil fuels, in particular
natural gas and oil, will be seen as playing a dominant role in the global
energy systems for many decades.

While the role of fossil fuels in the 215t-century energy sector can-
not be overlooked, improvements in the energy efficiency are inevitable.
Electrical energy is a form of energy, currently generated mainly by ther-
momechanical conversion of fuel: heat is produced via fuel combustion,
which is subsequently converted to mechanical energy and ultimately to
electrical energy. The efficiency of this process is limited by the Carnot’s
theorem, and cannot exceed a certain limit. Alternatively, chemical
energy contained in a fuel can directly and efficiently be converted to
electrical energy via electrochemical conversion. A fuel cell is a device
that works on the principle of electrochemical conversion, and so provides
a good way to increase the energy efficiency.
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Figure 1.1 Schematic of a solid oxide fuel cell

There are five major types of fuel cells: the phosphoric acid fuel
cell (PAFC), the polymer electrolyte membrane fuel cell (PEMFC), the
alkaline fuel cell (AFC), the molten carbonate fuel cell MCFC), and
the solid-oxide fuel cell (SOFC). All are currently subjects of academic
and industrial research. The SOFCs are of particular interest because
they operate at high temperature and offer an alternative for efficiently
utilizing a wide range of fuels including conventional fossil fuels such as
natural gas and liquefied petroleum gas (LPG) as well as sustainable
biomass-derived fuels such as biogas and synthesis gas (or syngas). High
fuel-flexibility is attributed to the fact that O~ ions are the species trans-
ported through the electrolyte (as shown in fig 1.1); allowing SOFCs to
operate, in principle, on any combustible fuel [2]. For use with such fuels,
requires anode materials with low cost as well as high electrochemical
activity, electronic conductivity, thermal compatibility with electrolyte
material, chemical stability in a redox environment, tolerance to carbon
deposition, and resistance to sulphur and chlorine poisoning.

Currently, Ni/YSZ — a cermet (metal and ceramic) of nickel and
yttrium-stabilized zirconia — is the state-of-the-art anode material be-
cause it fulfils most of the electrode requirements mentioned above. In
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addition, Ni/YSZ also facilitates internal reforming!; thus, converting
some, if not all, of the hydrocarbons to a mixture of Ho and CO prior to
electrochemical oxidation. However, Ni/YSZ have some inherent disad-
vantages such as performance degradation over a prolonged operation,
low tolerance to sulphur and chlorine impurities present in hydrocarbon
fuels, and propensity to form carbon deposits. Long-chain “sooty” carbon
deposits are formed on the nickel surface unless a large amount of steam
is provided along with hydrocarbon fuel. Alternatively, ceria cermets
such as Ni/GDC and Cu/GDC (GDC: gadolinium-doped ceria) exhibit
promising performance in the same environment without any appre-
ciable carbon deposition; usually related to the mixed ionic electronic
conductivity that ceria exhibits under reducing conditions [2]. Ceria cer-
mets are, therefore, considered as potential alternatives to conventional
Ni/YSZ cermets for hydrocarbon-based SOFC systems.

The selection of appropriate anode material for specific fuel type
requires a deep understanding of the interaction chemistry between
anode material and fuel components. For instance, syngas and reforming
products (reformat) mainly contain Hy and CO as principle oxidizable
components. The effectiveness of anode, in such an environment, will
depend primarily on the ability of anode material to oxidize Hyo/CO
mixture, particularly oxidize CO — either via direct electrochemical
oxidation (CO(g) + 0% (el) — COs(g) + 2€') or via water-gas-shift (WGS)
conversion (CO(g)+ HyO(g) = CO2(g) + Ha(g)). While, the kinetics of
Hy electrochemical oxidation is generally faster than that of CO [3],
the relative importance of Hy and CO oxidation kinetics during the
oxidation of Ho/CO mixtures is not clear. More importantly, the role of
WGS reaction in the overall oxidation process is not clearly understood.
Therefore, a comprehensive work, both experimental and theoretical, is
required to characterize the SOFC anode performance for a wide range
of syngas mixtures.

While, the kinetics of Hg and CO electrochemical oxidation on Ni/YSZ
cermet anode is better known [4], same is not true in case of ceria cermet
anode. Even the kinetics of Hg electrochemical oxidation on ceria is not

IReforming is a method of producing Hy and CO from hydrocarbons such
as methane (steam reforming: CH4+HoO— CO+3Hg or dry reforming:
CH4 +COg — 2CO + 2Hy).



4 Introduction

fully understood. Understanding and formulating the oxidation kinetics
on supported/unsupported ceria is a key in the development of ceria-
based cermets as the fuel oxidation primarily takes place at the ceria
surface exposed to the fuel gas. The knowledge available on this subject
is insufficient and requires further explanations.

Besides Hy and CO, syngas also contains varying levels of sulphur
and chlorine contaminants such as HoS and HCI, that are likely to
degrade the cell performance. Therefore, understanding the interaction
chemistry between these contaminants and the anode materials, is also
of critical importance for future advances of SOFC technology running
on practical fuels.

1.2 Anode structure and Pattern-anode

A practical cermet anode consists of a complex network of pores, and
ion conducting and electron conducting phases. The point at which three
phases are in simultaneous contact, is commonly known as the triple-
phase-boundary (TPB). The triple-phase boundaries are believed to be
the electrochemically active sites of fuel cell electrodes because only at
these locations electrochemical reactions can occur. Therefore, knowing
the TPB length is essential in studying the kinetics of electrochemical
fuel oxidation; also, because the polarization resistance, related to these
kinetics, generally decreases with increasing the TPB length [5]. How-
ever, quantifying the TPB length of a cermet electrode is difficult because
of the complex 3D microporous structure of the cermet. This, combined
with the interference of gas-phase transport, makes cermet electrode
cells non-ideal for kinetics study.

SOFC pattern electrodes, first introduced by Mizusaki et al. [6],
are increasingly used in the literature for experimental and theoretical
investigations of the electrode electrochemistry. A schematic of pattern
anode is shown in fig.1.2. Dense patterns are usually fabricated by photo-
lithography or directly sputtering the target material onto the electrolyte
substrate through a stainless-steel mask. The simplified 2D geometry
of the patterns allows accurate measurement of the TPB length; that is
equal to the perimeter of pattern (length of interface between the elec-
trode and the electrolyte). For instance, area specific TPB length of the
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Figure 1.2 Schematic of a pattern electrode

pattern shown in fig.1.2 is 0.2027 m/cm?. Since TPB length is accurately
quantified and the influence of gas-phase transport is eliminated, it is
possible to develop the TPB-based kinetics of the oxidation process and
implement in a macroscale model for design optimizations.

1.3 Objectives and thesis outline

While several studies have addressed the electrochemical oxidation
of Hy, CO, and Hy/CO mixtures, there is little consensus on the mechan-
istic details, especially for ceria electrode. Formulating the elementary
reactions and evaluating the kinetics of each step involved will help in
identifying the rate-limiting steps and establishing the kinetic paramet-
ers. This knowledge will help in understanding the relative importance
of underlying electrochemical and physiochemical processes.

The overall objective of this research is to improve our understanding
regarding the electrochemistry of nickel and ceria anodes in multifuel
environments. In order to design the scope of this research, we selected
syngas as a target fuel as it contains both oxidizable components (Hy
and CO) as well as contaminants of sulphur and chlorine such as HoS
and HCl. We explored the electrochemistry of both nickel, a conven-
tional anode material, and ceria, a potential alternative, in the similar
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environments. Furthermore, we considered chlorine contaminant only
as it is less explored and very little is known about its poisoning mech-
anisms. The effect of HyS contaminant on the nickel and ceria anode
electrochemistry has been explored previously in the group [7]. Finally,
we formulated following questions which, we think, require immediate
attention in the SOFC development.

1. How does syngas composition affect the reaction kinetics of Hy and
CO electrochemical oxidation on nickel and ceria anodes?

2. How does reaction kinetics and defect transport contribute to elec-
trochemical oxidation on ceria?

3. How does the TPB-based kinetics help in understanding the per-
formance of cermet electrode cells?

4. How can pattern electrode help in understanding the effect of HCI1
on anode electrochemistry?

This thesis is an attempt to address the above-mentioned questions sep-
arately. Introduction of the topic and scope of this thesis are presented in
the current chapter whereas outline of following chapters is as follows:

In Chapter 2, the kinetics of Hy and CO electrochemical oxidation is
discussed with a specific focus on the kinetics of co-oxidation using both
experimental and theoretical approaches. Pattern electrode cells are
employed for experimental and elementary kinetic model is developed for
theoretical investigations. Electrochemical oxidation of Ho/CO mixtures
is studied, in both dry and wet conditions, and relative kinetics of Ho
and CO oxidation in Hs/CO mixtures is evaluated, for both nickel and
ceria. Furthermore, a direct comparison of the performance is made
between these two electrode materials.

In Chapter 3, a detailed understanding of the electrochemical ox-
idation of Hy on ceria is presented. Using the Nernst-Planck-Poisson
(NPP) model and detailed oxidation mechanism, relative importance of
the reaction kinetics, and ionic transport and electronic transport in the
bulk of ceria is evaluated. A rate-limiting step is identified and exchange
current density based on that step is calculated and validated with the
experimental results.
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In Chapter 4, the TPB specific kinetics is derived first using exper-
imental results obtained with nickel pattern electrode cells and then
implemented in the Ni/YSZ cermet electrode cell model. The effective
TPB density of Ni/YSZ cermet electrode is calculated using the TPB-
based kinetics and compared with the physical TPB density of the cermet
electrode. Also, the effect of various operating conditions on the activa-
tion overpotential is discussed.

While several researchers have investigated the effect of HCI1 on the
performance of cermet electrode cells, we employed nickel and ceria
pattern electrode cells to better understand the influence of HCI on
the electrochemistry of fuel oxidation on the anode. The results of this
investigation are presented in Chapter 5.

In Chapter 6 key findings of this thesis are summarized and a future
outlook is provided as well.
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Electrochemical oxidation of
syngas on nickel and ceria
electrodes

In the previous chapter, a global overview of SOFC technology is presen-
ted and challenges regarding SOFC anode development are highlighted.
Poor understanding of anode electrochemistry, particularly in syngas (H2/CO
mixture) environment, is one of these challenges. While cell performance
with syngas has been investigated in several studies, relative kinetics of
Hy and CO electrochemical oxidation and role of water-gas shift conver-
sion are still unclear. The most common assumption that H is the only
electroactive species in syngas is also questioned in recent studies, but
with a little knowledge of kinetics. Kinetic modeling of elementary reac-
tions occurring at pattern electrodes is helpful in studying the electrode
electrochemistry and develop the reaction kinetics. In this chapter, elec-
trochemical oxidation of syngas in both dry and wet gas environments is
explored and presented. A specific focus has been on developing the rel-
ative kinetics of Hy and CO electrochemical oxidation and comparing the
electrochemical performance of nickel and ceria pattern electrode cells.

This chapter has been published as: A.N. Tabish, H.C. Patel, and P.V. Aravind.
Electrochemical Oxidation of Syngas on Nickel and Ceria Anodes. Electrochimica
Acta. 228 (2017) 575-585
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2.1 Introduction

SOFCs are considered as promising candidates for next generation
stationary power production because they are efficient and fuel flexible.
Besides hydrogen, various hydrocarbon-based fuels such as biomass and
coal derived synthetic gas (syngas), natural gas, and biogas are suggested
as potential fuels for SOFCs as they can be fed directly to the anode after
necessary cleaning [8—-11]. Syngas is mainly a mixture of hydrogen, CO,
and varying concentrations of CH4, HoO, CO9, N9, and other impurities.
Natural gas and biogas can also be reformed to produce a mixture of
hydrogen and CO. Thus, in all these fuels, a mixture of hydrogen and CO
is ultimately expected to undergo an electrochemical oxidation. When a
CO/Hs mixture is fed to an SOFC anode, the overall (electro-)chemical
reactions can be described as (the Kroger-Vink notation):

Hy +OF, — H0 +V, +2¢’ (2.1)
CO +0¥ — COg +V, +2¢/ (2.2)
CO+H20ﬁCOz+H2 2.3)

here O is a regular oxide-ion in the electrolyte and VS is an oxide-ion
vacancy created during an electrochemical reaction.

The total faradaic current is a result of two charge-transfer reactions
(reaction 2.1 and 2.2). Relative contribution of these individual reactions
is not very clear so far. Several experimental [12-16] and modeling
[17-22] studies investigated the effect of syngas composition on the cell
performance. For example, at low CO concentrations, even up to equimo-
lar CO/Hy mixture, the cell performance is almost same as obtained by
a slightly moist hydrogen [13]. Sasaki [15] reported only 4 % drop in cell
voltage for CO/Hy = 7:3 (at 1000 [°C] and 0.32 [A/cm?] indicating only
an insignificant effect on cell performance. Sukeshini [16] observed a
monotonous decrease in the maximum power density with an increase
in CO/Hg ratio, and degradation was not more than 25 % for CO/Hg =
3:1. For very high CO fractions, CO/Hg = 9:1, a significant drop in cell
performance at 950 [°C] is reported [14]. The experimental studies were
conducted for a short-term operation and proved a good performance for
a wide range of CO/Hg ratios.
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Several studies have shown that the rate of CO electrochemical oxida-
tion is 2-3 times slower than that of hydrogen [12]. Therefore, hydrogen
is expected to oxidize preferentially in a syngas mixture [3]. It is worth-
while remembering that steam is a product of hydrogen oxidation which
may in turn promote CO conversion via water-gas shift (WGS) reaction
(reaction 2.3), therefore, producing more hydrogen. Whether CO elec-
trochemically oxidizes at all, is very uncertain. In the modeling studies,
two approaches are generally considered to address this concern. Firstly,
it is assumed that only hydrogen participates in the electrochemical
reaction, while CO is converted to hydrogen via WGS reaction. So, the
total current density is solely attributed to electrochemical oxidation of
hydrogen. Secondly, some authors [17, 19] have taken care of the current
fraction from hydrogen and CO on the basis of their electrochemical oxi-
dation rates in CO/COg and Hy/H20 environments, respectively. Both
of these approaches have limitations because of non-electrochemical
oxidation of CO in the first and a linear coupling between hydrogen and
CO electrochemistry in the latter. Recently, Bao et al.[18, 23] proposed
a non-linear coupling of hydrogen and CO electrochemistry in order
to correlate the total current output with syngas composition. They
developed a model based on macroscopic electrochemistry and species
transport in a complex microporous structure. They conclude that, as
CO/Hy, ratio increases, the hydrogen current fraction decreases which
they associated to the contribution of electrochemical oxidation of CO.
However, as their model was based on the global oxidation kinetics, an
elementary kinetic approach can provide a further insight into possible
contribution of direct CO electrochemical oxidation.

Using syngas as an SOFC fuel requires electrochemically stable an-
ode materials besides their high electrocatalytic activity. An effective
and viable anode material is expected to maximize the (electro-)chemical
oxidation (reactions 2.1-2.3) and suppress the coke formation and the
influence of syngas contaminants like HoS and HCI. The state-of-the-art
Ni/YSZ cermet fulfills most of the requirements related to catalysis. How-
ever, inherited poor redox stability and carbon cracking activity of nickel
[24, 25] make these cermets less suitable for use in a syngas. Recently,
ceria-based materials have gained a considerable attention as possible
alternative for hydrocarbon feeds [26, 27]. For non-electrochemical ap-
plications, ceria has been extensively investigated as a support material
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for various reactions like hydrocarbon oxidation, WGS conversion, and
CO preferential oxidation (CO-PROX) [28]. As an anode material, it has
shown even a better catalytic activity for hydrogen and CO oxidation
compared to nickel [3, 29]. The superior activity of ceria is a result of
extended reaction sites on ceria surface that are limited to TPB in case of
nickel electrode. Conversely, electronic conductivity and WGS catalytic
activity of pure ceria is too low to be used as an anode material for com-
mercial applications [30, 31]. The electronic conductivity of ceria in a
reduced environment is of the order of 0.2-2.0 [S/cm] that is 3-4 orders of
magnitude lower than that of nickel (2.14x10% [S/cm]) at 1000 [°C] [32].
Thus, added advantages of both of these materials have been combined
in the form of nickel and ceria composite and cells are tested for syngas
applications with promising results compared to Ni/YSZ cermet [33, 34].
Besides nickel/ceria cermet, copper/ceria cermet has also been tested in
a syngas with superior performance than Ni/YSZ cermet [35]. In cop-
per/ceria cermet, copper primarily provides an electronic conductivity to
the anode and is otherwise catalytically inert [36]. While major focus
of these studies was development of a better performing anode, very
little attention has been paid on understanding the electrochemistry of
fuel oxidation on ceria. Available knowledge of possible reaction mech-
anism(s), rate-limiting processes, and WGS catalytic activity of ceria
at SOFC operating conditions is very limited [3, 32, 37-39]. Therefore,
it is essential to investigate the reaction kinetics on nickel and ceria
separately in order to realize commercialization of nickel/ceria cermet
electrode cells.

Studying reaction kinetics with porous and cermet electrodes has
some inherent disadvantages. For example, gas diffusion impedance of
cermet electrode cells can dominate over reaction kinetics [40]. Since
the objective of this work is to study the kinetics, all such effects arising
out of geometrical parameters need to be avoided. Hence, we use pattern
electrode cells where the electrode geometry is well defined and the reac-
tions can be localized. Since current drawn is very small, gas diffusion
impedance is not expected to play any significant part in determining the
response [29]. Impedance spectra obtained are also expected to be easier
to analyze. In this work, we comprehensively explore the electrochemical
oxidation of syngas on nickel (section 2.3) and ceria anodes (section 2.4)
separately in both dry and wet gas environments. Experimental and
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Figure 2.1 A schematic of the pattern electrode

theoretical approaches are explained in the following section.

2.2 Experimental and modeling methodology

2.2.1 Cell preparation

Electrolyte supported nickel and ceria pattern electrode cells are used
in this study. Symmetrical cell configuration was chosen to study the an-
ode processes. 8 % YSZ substrates (25 [mm] diameter and 250 [um] thick)
were obtained from Fuel cell materials (www.fuelcellmaterials.com).
Nickel and ceria were deposited on YSZ substrate through a stainless-
steel mask using DC magnetron sputtering (AJA International, ATC
2600 UHV). Thickness of nickel and ceria patterns was 1.780 [um] and
500 [nm], respectively. Details of sputtering process are reported else-
where [3, 41]. Figure 2.1 shows schematic of the pattern electrode. Area
specific triple-phase boundary (TPB) length of nickel patterns is 0.2027
[m/cm?].

2.2.2 Cell test station

A schematic representation of quartz reactor tube containing ce-
ramic cell holder is shown in figure 2.2. Cell was placed between two
macro-porous ceramic supports; acting as gas distributors as well. Gold
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Figure 2.2 Symmetrical cell test station

mesh was applied on both sides of the cell for current collection. A small
weight was placed on the top distributor to ensure a good contact between
gold mesh and the cell. Quartz tube was placed inside a temperature
controlled furnace for testing at a desired temperature. For humidi-
fied experiments, the gas mixtures were saturated in a temperature
controlled humidifier.

Before electrochemical characterization, cells were heated to 850 [°C]
at a ramping rate of 30 [°C/hr]. After achieving the target temperature,
gas stream was slowly switched from nitrogen to hydrogen fuel. After
a delay of 25 [hrs] — for stabilization, structural reconfiguration, and
reduction in case of ceria — electrochemical impedance spectroscopy (EIS)
was carried out using Gamry Potentiostat (R600). EIS measurements
were conducted with AC perturbation of 10mV, between 700 to 850 [°C],
and in a frequency range of 100 to 0.01 [Hz]. The consecutive spectra
were recorded with a time delay of at least 1 [hr]. Gas compositions
tested in this study are given in table 2.1.
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Gas Syngas composition (vol %)
environment Fuel no. H, CO H,0 CO,
Dry F1 50 O 0 50
F2 40 10 0 50
F3 30 20 0 50
F4 20 30 0 50
F5 0 50 0 50
Wet F6 9% O 4 0
F7 72 24 4 0
F8 48 48 4 0
F9 28 68 4 0
F10 0 96 4 0

Table 2.1 Dry and wet syngas compositions tested in this study

2.2.3 Equivalent circuit model (ECM)

Impedance modeling was done by defining an appropriate equivalent
circuit model [3] as shown in figure 2.3. Two R-CPE elements connected
in series with electrolyte resistance (Re) are associated to two dominant
polarization processes i.e., a high-frequency process (R1-CPE1) and
a low-frequency process (R2-CPE2). CPE is a constant-phase element
indicating a distributed capacitance. Impedance of this equivalent circuit
(Zgc) is given as;

Rl + R2
1+R1Q1Gw)" 1+ RoQ2(iw)™2

ZEC =Re+ (2.4)

here, R; [Q)] represents resistance, and @; [F's” '] and n; are frequency-
independent CPE parameters. The relaxation frequency (fs) and equiv-
alent capacitance (C.,) of a process described by an R-CPE circuit can
be written as;

(2.5)
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Figure 2.3 Equivalent circuit model (ECM)

VRiQi
Cog = R—LQ (2.6)

2.2.4 Elementary kinetic model

Relevant equations for elementary kinetic modeling are given in
table 2.2. Elementary reactions for hydrogen and CO electrochemical
oxidation on nickel and ceria anodes along with their kinetic parameters
are given in tables 2.3 and 2.4. Reaction mechanisms for hydrogen and
CO oxidation on nickel are taken from [42] and [43, 44], respectively.
Thermodynamic and kinetic parameters are also adopted from the same.
The reaction mechanisms of hydrogen and CO oxidation on ceria are
adopted from [37].

Since the whole ceria surface is catalytically active, lateral diffusion
of ceria surface species is considered unimportant. So, the relevant
mass transfer (reaction-diffusion) equations for ceria reduce to ordinary
differential equations. Further, for the sake of convenience, transport
of electrons and ions in ceria bulk is considered very fast. A detailed
treatment of bulk transport is presented in chapter 3. For nickel and
YSZ surface species, coverage of each surface species was calculated
by solving coupled partial differential equations using Chebfun [45]
function in Matlab software.

During simulation, rate coefficients for charge-transfer reactions of
individual hydrogen and CO oxidation were manually varied to obtain
the best fit of experimental impedance spectra. Other parameters like
capacitance values and CPE exponents were kept the same as obtained
by ECM fitting. Thus, fixing the parameters obtained by ECM fitting
reduced the number of free fit parameters in kinetic modeling and focus
could be asserted on the charge-transfer process. For simulation of
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Physico-chemical process Relevant equation
Conservation of surface a 5:0i = U‘ sl + axJ surf
species

surf _ surf 4 n.
JrT = _psert 2,

Diffusion flux ; = ;

Specie production rate $i =Y mVim (kf,m I1 c‘l”r —kpm Il cli];)
act
Forward reaction rate kfm= k(;y TPmexp ( En )
constant
Backward reaction rate kom=Fkfrmexp (A}g—q’?)
constant
Eact
Diffusion coefficient D.:urf = D?ex P (_RL_T)
Faradaic current iF=2Flipp Y cTRx (kf,ct I1 cll”r —kp e[ c'ijj;)
act
Forward charge-transfer kfct= k?c’ctexp ( }sz ) exp (Zg‘l_,,F 17)

rate constant

Backward krct=Fkfcrexp ( )exp ( e 77)
charge-transfer rate

constant

Voltage perturbation for n=Vosin(2nft)
EIS study

Charge-transfer Rus =~ ;_"

resistance

Table 2.2 A summary of relevant equations of anode half-cell model [42]. i
refers to bulk/surface species, m runs over all reactions involving surface/gas,
surface/bulk and charge-transfer reactions (r for reactant species, p for product
species and ct for charge-transfer).
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Elementary Reaction k9 (or s%) Eact

Ni surface reactions

H3Ogas + Oni = H2On; 1.4x101° cm3/mol.s 0
Hogas + 20ni = 2Hni 9.8x10'7 cm®/mol%2.s 0
Hy; + On;i = OHy; + Oni 5.0x10%2 cm?/mol.s 97
H,On; + Oni = 20Hxy; 5.4x10%3 cm?/mol.s  20.9
OHy; + Hyi = HoOni + Oni 3.0x10%° cm?/mol.s 43
COgas + Oni = COni %, =05 0
COgas + Oni = CO2 gas + Oni 1.0x10%® cm3/mol.s  181.8
COn;j + Oni = COg ni + Oni 2.0x10'% em?/mol.s  123.6
COg.Ni = COg,gas + Oni 7x10M 1/s 41.0
YSZ surface reactions

H5Ogas + Oysz = HaOvsyz 6.6x10! cm3/mol.s 0
0%, +HoOysz = 20H, 1.6x10%2 cm*mol.s 9.6
025, +Vy = OF + Oysz 1.6x10%2 cm®/mol.s  90.9
COgas + Oysz = COysz s9 =0.04
Charge-transfer reactions

Hy; + O35, = OHyg, + Oysz +ey; fit 134
Hp; + OH;{SZ = HyOvysz + 0OnN; + eni fit 134
OF +Oysz = Oygy, + Vo +ex; fit 173
COn;i + Oygy+ = COg gas + ONi + Olysz + ey fit 173

Table 2.3 Elementary reactions for hydrogen and CO electrochemical oxidation
on nickel [42, 43]. Oy; is a free adsorption site at nickel surface, Oysy a free
adsorption site at YSZ surface, OF lattice oxygen in YSZ, VB oxide ion vacancy
with an effective charge +2, Osz(éz oxide ion at YSZ surface, ey, electron in the
nickel, and all other species indicate adsorbed species at nickel surface with Ni
subscript and YSZ surface species with YSZ subscript. E%¢ is in kJ/mol.
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Elementary Reaction kY Eact
Ho gas + 20ce = 2H 45 8x10'° cm®/mol?2.s 131.0
Hags+ 02 =OH_; +0ce+e€~ fit 133.0
Hags + OH, = H2Ogas +2 Oce +€~ fit 133.0
COgys +20% = CO} 3x10'? em®/mol®.s  212.0
CO% = COg,gas + OF, + V; + 2¢’ fit 117.0

Table 2.4 Elementary reactions for hydrogen and CO oxidation on ceria pattern
anode [37]. O is a free adsorption site at ceria surface, O, oxide ion at ceria
surface, O, lattice oxygen, and Vg is oxide ion vacancy. E%‘! is in kJ/mol.

syngas mixtures, all other parameters were kept unchanged except the
gas-phase activities.

2.3 Oxidation on nickel pattern electrode

Figure 2.4 shows the impedance spectra obtained with nickel pattern
electrode cells at 800 [°C] and the activation energies for both high-
frequency and low-frequency processes for different syngas compositions
in dry and wet gas environments.

2.3.1 Oxidation in dry environment

Figure 2.4a shows that the polarization resistance for CO oxidation
(F5) is almost 2.5 times higher than that of hydrogen (F1). Higher
polarization resistance and lower cell performance with CO compared
to hydrogen are reported for nickel pattern electrode cells [3, 12, 16,
35, 46, 47]. With the addition of small amounts of hydrogen to CO gas
stream, the polarization resistance drops drastically. Sudden drop in
the polarization resistance is attributed to the hydrogen preferential
oxidation, here termed as “Ho-PROX”. Further increase in the hydrogen
fraction causes only a gradual decrease in the polarization resistance.
Effect of hydrogen oxidation kinetics is so significant that the impedance
spectra for all CO/Hg mixtures (F2-F4) is much closer to that of hydrogen
(F1) than CO (F5).
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Figure 2.4 EIS and ECM fitting results for syngas oxidation on nickel:
impedance spectra at 800 °C (a and b), Arrhenius plot for high-frequency
process (¢ and d), and Arrhenius plot for low-frequency process (e and f). Fig-
ures on the left are for dry environment and figures on the right are for wet

environment.



2.3 Oxidation on nickel pattern electrode 21

Gas atmosphere

Parameter
Hy/H,0 CO/CO; CO/Hp0
Q1 6.2x1073 2.0x10™* 5.6x1074
Q> 6.4x107* 2.1x107* 3.7x107*
ni 0.67 0.7 0.77
ne 0.60 0.66 0.70

Table 2.5 ECM fitting parameters for fuel oxidation on nickel

Impedance spectra are also fitted to the equivalent circuit, shown in
figure 2.3. The fitting parameters for three gas environments are pro-
vided in table 2.5. Figure 2.4c and 2.4e shows temperature dependence
of high-frequency and low-frequency processes, respectively. The activa-
tion energies of both processes are almost the same for hydrogen and
CO/Hg mixtures, that supports the argument of Ho-PROX. In CO/COq
environment, the high-frequency process is found to be highly thermally
activated (Ea = 1.80 eV) and attributed to the electrochemical/ charge-
transfer process. Low-frequency activation energy is also relatively high
(Ea = 1.66 eV), that makes difficult to identify a rate-limiting process.
Possible rate-limiting processes are discussed elsewhere [3, 4].

2.3.2 Oxidation in wet environment

Figure 2.4 show the impedance spectra (2.4b) and Arrhenius plot
(2.4d and 2.4f ) for hydrogen, CO, and CO/Hg mixtures oxidation in
a wet environment (4 % moisture). It is noticed that the polarization
resistance for wet hydrogen oxidation (F6) is only one fourth of the
resistance observed in case of dry hydrogen oxidation (F1). Similarly, the
polarization resistance for wet CO oxidation (F'10) is less than one sixth
of the resistance observed in case of dry CO oxidation (F'5). Relaxation
frequencies for both low and high-frequency processes also increased by
more than an order of magnitude. This indicates that adding water to
hydrogen or CO gas stream strongly stimulates the oxidation process.
The accelerating effect of water addition on hydrogen oxidation process
is documented [5, 48, 49]. While the effect on CO oxidation is possibly
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related to the heterogeneous WGS conversion and a subsequent hydrogen
preferential oxidation. Unlike dry gas environment, adding hydrogen to
wet CO does not lead to a drastic decrease in the polarization resistance.
Rather, the polarization resistance gradually decreases from wet CO
(F'10) to wet hydrogen (F6).

Activation energies of high-frequency and low-frequency processes
for hydrogen oxidation are 1.61 and 1.43 €V, respectively. It is clear
that the high-frequency process is highly thermally activated which
usually points towards an electrochemical charge-transfer like process.
High-frequency activation energies for CO/Hg mixtures lie between the
values obtained for wet hydrogen and wet CO gas environments. The
effect of increasing steam partial pressure in CO gas stream on the
polarization resistance and relaxation frequency is shown in figure 2.5.
Increasing steam partial pressure decreases the polarization resistance
decreases and increases the relaxation frequency for both high-frequency
and low-frequency process.
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6,12 F2.4
S 578 188
e g
£ 5,44 r1.25
5,10 0.6
4,76 T d T T T T T T T -0.0
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Figure 2.5 Dependence of polarization resistance and relaxation frequency on
PH,0 for nickel pattern electrode cells at 800 [°C]. hf and If refer to the high-
frequency and low-frequency processes, respectively.

2.3.3 Simulation results

Figure 2.6 shows experimental and simulated impedance spectra
for Ho/HoO, CO/CO2, and wet CO environments. Charge-transfer rate-
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coefficients for Ho/HoO and CO/COg systems were the only free fit pa-
rameters in this simulation. The resolved coefficients were then used
for simulating wet CO and CO/Hg mixtures. This approach resembles
to the one adopted in [21], where hydrogen and CO co-oxidation was
simulated by merging the kinetics of both hydrogen and oxygen spillover
mechanisms. The simulated impedance spectra in figure 2.6 correspond
to the Eq. 2.4 and equivalent circuit shown in figure 2.3. The capacitance
and exponent values for high-frequency and low-frequency processes are
shown in table 2.5.

The results indicate a reasonably good qualitative agreement be-
tween experimental and simulated spectra for Hy/HoO and CO/COq
environments, however, slightly over-predicts the polarization resistance
for wet CO. The misalignment between experimental and simulated
peaks for wet CO is apparent on Bode plots (figure 2.6b) as well: the
simulations predict that the peak occurs at lower frequencies than the
observed ones. Further optimization of the model for co-oxidation may
address this discrepancy. The simulated rate of charge-transfer reac-
tions for hydrogen and CO oxidation in wet CO environment (F'10) are
found to be 6.9x107!! and 1.2x10~! [mol/cm?.s], respectively. Clearly
the rate of charge-transfer reaction for hydrogen oxidation is higher than
CO despite of very low hydrogen equivalent concentration.

Figure 2.7 compares the impedance spectra resulting from all three
current calculation scenarios: a) from hydrogen oxidation only (if =ip,),
b) from CO oxidation only (ir = i¢cp), and c) if both hydrogen and CO
contribute to the total faradaic current (ir =ig, +ico). It can be seen
that the impedance spectrum simulated by considering only hydrogen
oxidation is closer to the experimental spectrum than considering CO
oxidation alone. This indicates that during oxidation of wet CO, a larger
fraction of current is produced from hydrogen oxidation. This is also in
line with the argument of hydrogen preferential oxidation. Considering
co-oxidation, a slightly better match with the experimental spectrum
is found which created an interest to quantify the current fractions
produced from both hydrogen and CO oxidation.

Hydrogen current fraction is defined as the ratio of current produced
by hydrogen oxidation to the total current produced by hydrogen and
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CO co-oxidation. Hydrogen current fraction as a function of hydrogen
fraction in syngas is shown in figure 2.8. It is found that at a very low
hydrogen concentration (5 %), almost 85 % current is solely produced by
hydrogen oxidation. While remaining 15 % current is obtained from CO
oxidation. That is why, best match to the experimental data in figure
2.7 is obtained from co-oxidation. With increase in hydrogen fraction,
hydrogen current fraction also increases. For example, at equimolar
hydrogen and CO concentration, hydrogen current fraction is almost
0.97 which indicates that direct CO oxidation is negligible.
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Figure 2.6 Elementary kinetic model fitting and experimental data for nickel
pattern electrode cells for Ho/HoO, CO/CO9, and wet CO systems. a) Nyquist
plots b) Bode plots. exp indicates the experimental and sim indicates the
simulated data.

2.4 Oxidation on ceria pattern electrodes

The impedance spectra and activation energies for syngas oxidation
on ceria pattern anodes are shown in figure 2.9.

The impedance spectra show two clearly distinct arcs; a relatively
small and depressed arc at high-frequency end (figure 2.9a and 2.9b
insets) and the main impedance arc at low-frequency end. The polariza-
tion resistance of high-frequency process is significantly lower than that
of low-frequency, therefore, not considered to be the rate-limiting. Main
characteristics of high-frequency process at 800 [°C] are shown in table
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Figure 2.7 The simulated impedance spectra with nickel if faradaic current is
a result of hydrogen (if,), CO (ico), or Ho+CO (i, + ico) oxidation. Experi-
mental data is also shown for comparison.
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Figure 2.9 EIS and ECM fitting results for syngas oxidation on ceria: impedance
spectra at 800 [°C] (a and b), Arrhenius plot for high-frequency process (¢ and
d), and Arrhenius plot for low-frequency process (e and f). Figures on the left
are for dry environment and figures on the right are for wet environment.
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Parameter dry Ho dry CO wet Ho wet CO
E, [eV] 0.80 0.89 0.75 0.85
fs [kHz] 6.92 5.48 20.52 7.86
Ceq [WF.em™] 530  1.31 114 911

Table 2.6 Typical characteristics of high-frequency arc observed with ceria
pattern electrode cells. fs and C,4 are given at 800 [°C]

2.6. It is found that the gas environment does not considerably influ-
ence the polarization resistance and activation energy of high-frequency
process. Further, the equivalent capacitance values are mainly inde-
pendent of temperature. Both of these observations suggest that the
high-frequency process cannot be related to a charge-transfer process.
Similar arcs at high-frequency end were also observed in other studies
and attributed to a grain boundary effect [50, 51] and poor contact be-
tween electrode and current collector [52]. The equivalent capacitance
implied for the low-frequency arc is of the order of 0.1-1.0 mF/cm?, that
is a characteristic of gas/solid interface [53]. Therefore, the resistance
associated with the low-frequency arc is attributed to electrochemical
reaction at gas/ceria interface and discussed here in detail.

2.4.1 Oxidation in dry environment

Impedance spectroscopy reveals that the polarization resistance of
fuel oxidation on ceria is much lower than on nickel for all gas environ-
ments tested here. Previously, this observation was related to a larger
electrochemically active region on ceria compared to nickel [29]. Figure
2.9a shows that the polarization resistance for CO oxidation (F5) is al-
most five times higher than for hydrogen oxidation (F1). Whereas, this
difference was only 2.5 times in case of nickel (figure 2.4a, F5 vs F1).
Surface characterization techniques like XPS and IR have shown the for-
mation of intermediate carbonate species on ceria surface when exposed
to CO [39, 54]. Decomposition of these intermediates to produce gas
phase COgq is highly energy demanding. Therefore, very high polariza-
tion resistance for CO relative to hydrogen may be attributed to a high
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surface coverage of carbonate species with decomposition/desorption
step as the rate-determining [37, 55].

Adding a small amount of hydrogen to CO (F4), drops the polar-
ization resistance drastically indicating Ho-PROX. Further increase in
hydrogen fraction does not lead to a substantial drop in the polarization
resistance. Effect of hydrogen oxidation kinetics is so significant that the
size of impedance spectra for all syngas mixtures (F2-F4) is much closer
to hydrogen (F1) than to CO (F5). Low-frequency activation energies
for syngas oxidation (figure 2.9¢) are also similar to that of hydrogen
oxidation. It is, therefore, speculated that hydrogen preferentially oxi-
dizes in syngas, while CO mainly forms surface carbonates and inhibits
hydrogen adsorption and subsequent oxidation. Possible reaction mech-
anisms and the rate-limiting processes for electrochemical oxidation of
hydrogen and CO are detailed elsewhere [3, 37].

2.4.2 Oxidation in wet environment

Impedance spectra of hydrogen, CO, and syngas oxidation in wet
environment are shown in figure 2.9b. When compared with dry environ-
ment (figure 2.9a), it is noticed that the polarization resistance for wet
hydrogen oxidation (F'6) is only one fifth of the resistance observed in case
of dry hydrogen oxidation (F'1). Similarly, the polarization resistance for
wet CO oxidation (F10) is less than one tenth of the resistance observed
for dry CO oxidation (F5). Interestingly, the polarization resistance for
CO (F10) is still almost twice of hydrogen (F6). Whereas, polarization
resistance for hydrogen oxidation on nickel was only 40 percent higher
than that of CO oxidation. Relatively higher resistance for CO oxidation
on ceria may be related to the formation of surface carbonates. The
low-frequency energies for wet environment are shown in figure 2.9f. It
is found that the low-frequency activation energy for CO oxidation is the
same in both dry and wet gas environment. This suggests that adding
water to CO does not affect the rate limitations. Conversely, adding
water to hydrogen (F'6) and syngas mixtures (F7-F9) drops the activa-
tion barrier significantly. While surface chemistry and charge-transfer
processes are lumped together in the main arc, it is difficult to separate
them and quantify the effect of steam addition on individual process.
The effect of varying steam partial pressure on wet CO electrochemistry
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Figure 2.10 Dependence of polarization resistance on py,0 observed using ceria
pattern electrode cells at 780 [°C]

is shown in figure 2.10. It can be seen that the polarization resistance
decreases when amount of water in the fuel gas is increased. This is in
line with the observation made in case of nickel (figure 2.5). However,
the slope of In[pH2O] vs In[Rp] curve for ceria is found to be -0.10, that
is slightly higher (= -0.15) in case of nickel . This observation suggests
that the addition of water has more accelerating effect on the overall CO
oxidation process on nickel compared to ceria.

2.4.3 Simulation results

Elementary reactions for hydrogen and CO oxidation on ceria are
given in table 2.4. Model fitting and experimental data for all three gas
environments (Hy /HyO, CO/COg9, and wet CO) are shown in fig 2.11. The
rate of charge-transfer reactions for hydrogen and CO oxidation in wet
CO environment are found to be 10.0x10™!! and 5.5x107 1! [mol/cm?.s],
respectively. Interestingly, the rate of hydrogen oxidation in wet CO envi-
ronment is only twice of the rate of CO oxidation. The impedance spectra
resulting from all three current calculation scenarios as explained in
section 2.3.3 are compared in fig 2.12. It can be seen that neither cur-
rent obtained from CO oxidation (i = i¢p) nor from hydrogen oxidation
(ir = ig,) matches the experimental spectrum. Rather a co-oxidation
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of hydrogen and CO (ir =ig, +ico) gives best qualitative representa-
tion of the experimental spectrum. Similar to nickel pattern electrode
cells, a misalignment between experimental and simulated peaks is
also apparent for wet CO (figure 2.11b). The relative contribution of
hydrogen and CO oxidation in a syngas is simulated and shown in figure
2.8. It is found that, though hydrogen current fraction is higher than
that of CO, yet it is much lower than the fraction found in case of nickel
pattern electrode cells. For 5 % hydrogen in syngas, only 68 % current is
produced from hydrogen oxidation. At equimolar concentrations, almost
93 % current is obtained from hydrogen oxidation and remaining 7 %
from CO. This indicates that while studying syngas oxidation on ceria,
electrochemical oxidation of CO cannot be ignored.
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Figure 2.11 Elementary kinetic model fitting and experimental data on ceria
pattern electrodes for Hy/HoO, CO/COq, and wet CO (4 % HO systems: a)
Nyquist plots b) Bode plots.

2.5 Comparison between nickel and ceria pattern
electrodes

Based on results discussed in the previous sections, nickel and ceria
are compared with respect to: 1) the cell performance in hydrogen and
CO, 2) the hydrogen preferential oxidation in syngas, and 3) the effect of
hydrogen concentration on hydrogen current fraction.

Polarization resistance for the oxidation of hydrogen (F1), CO (F5),



2.5 Comparison between nickel and ceria pattern electrodes 31

800

T T
o Exp CO+4%H,O
700 - | =——Simifi_ =i
=== Simifi_ =i,

600 f | == Simific =i, +i.g

0 100 200 300 400 500 600 700 800 900
Zreal ()
Figure 2.12 The simulated impedance spectra with ceria pattern electrode cells

if faradaic current is a result of hydrogen (ig,), CO (ico) and Ha+CO (ig, +
ico) oxidation. Experimental data is also shown for comparison.

and CO/Hg mixture (F4) in dry environment are compared in table
2.7. Better cell performance with hydrogen than with CO on nickel
is in line with the literature [3, 12, 16, 35, 46, 47]. However, the cell
performance with hydrogen and CO on ceria is contradictory to the
reported trend [35, 56]. In [35], it is observed that the cell performance
with Cu/CeO9/YSZ anode is identical when using either hydrogen or CO,
whereas we found very high polarization resistance for CO in comparison
to hydrogen. It is worthwhile remembering that, oxidation on both pure
ceria and Cu/CeQOg is expected to take place only on ceria phase [36].
Similarly, Graves et al. [56] reported higher electrocatalytic activity of
gadolinium-doped ceria (GDC) in CO/CO9 environment than in Ho/H5O.
Due to apparently inconsistent trends between these studies, further
investigations are suggested.

In case of CO/Hy mixture, the polarization resistance is closer to that
of hydrogen compared to CO. This clearly indicates that the oxidation
process of mixtures resembles to the hydrogen oxidation instead of CO,
which we regard as the hydrogen preferential oxidation. This effect is
observed with both nickel and ceria pattern electrode cells. Using nickel
pattern electrode cells, better cell performance with CO/Hy mixtures
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Polarization resistance (ohm)

Fuel gas ID
nickel pattern ceria pattern
electrode cells electrode cells
F1 (Hy) 2890 480
F4 (CO/Hy) 3860 670
F5 (CO) 8600 2750

Table 2.7 Polarization resistance for hydrogen (F1), CO (F5) and CO/Hg mixture
(F4) oxidation on nickel and ceria pattern electrode cells

than CO is reported as discussed in section 2.1. However, using ceria
pattern electrode cells, such studies are not known to our knowledge
besides preliminary results presented by our group previously [3].

Electrochemical co-oxidation of hydrogen and CO is studied by el-
ementary kinetic modeling. In a wet CO (F6) environment, the rate
of charge-transfer reactions for CO is almost one sixth of hydrogen on
nickel and only half of hydrogen on ceria. These reaction rates corre-
spond to the hydrogen current fraction of 0.85 and 0.65 for nickel and
ceria, respectively. Then hydrogen current fraction is further evaluated
for a wide range of hydrogen fractions in syngas (figure 2.8). It is found
that, increasing hydrogen fraction in a syngas, increases the hydrogen
current fraction for both nickel and ceria. For an equimolar syngas
mixture, the hydrogen current fraction is found to be 0.97 for nickel and
0.93 for ceria.

2.6 Conclusions:

In this study, electrochemical oxidation of hydrogen, CO, and syngas
was investigated in both dry and wet gas environments using EIS. Fur-
ther, elementary kinetic model was developed to understand hydrogen
and CO co-oxidation. The main results are summarized as:

* The polarization resistance for hydrogen oxidation was less than
CO oxidation for both nickel and ceria pattern electrode cells. The
polarization resistance for syngas oxidation was closer to that of
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hydrogen oxidation than CO. The activation energies for syngas
were similar to that of hydrogen oxidation. These observations led
to a conclusion that the oxidation of syngas dominantly resembles
hydrogen oxidation and hydrogen is preferentially oxidized.

* Addition of water to CO lead to a significantly larger drop in the
polarization resistance compared to the drop caused by addition
of water to hydrogen. However, the polarization resistance for
CO/Hg mixture was still higher than Hy/H2O mixture. Larger
drop in the polarization resistance in former case was attributed
to the combined effect of water-gas shift conversion and preferential
oxidation of hydrogen produced via CO conversion. Preferential
oxidation of hydrogen produced via water-gas-shift conversion was
also captured by the kinetic model.

* Majority of the membrane-electrode assembly (MEA) models ne-
glect CO electrochemistry in CO/Hg mixtures assuming that hydro-
gen is the only electrochemically active species while CO undergoes
WGS transformation. In this study, simulation has shown that
CO may also electrochemically oxidize depending upon its con-
centration in syngas. The hydrogen current fraction was found
higher on ceria compared to nickel for all simulated gas mixtures.
For confirming and better understanding of the relatively larger
contribution of CO electrochemistry in case of ceria, further inves-
tigations are required.
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A detailed look into hydrogen
electrochemical oxidation on ceria

In Chapter 2, we discovered that the mechanistic details of fuel oxida-
tion on ceria anodes are far less investigated, than those on nickel an-
odes. Even the mechanism of hydrogen oxidation, charge transfer pro-
cess, and rate-determining step are not clear. One of the reasons is the
complex mixed ionic and electronic conducting (MIEC) nature of ceria. In
the present work, we study hydrogen electrochemical oxidation on a ceria
using the Nernst-Planck-Poisson model and a detailed reaction mechan-
ism. The resistance caused by surface kinetics, and bulk transport of
oxide-ions vacancies and electrons are computed individually to identify
the dominant resistive process. The effect of operating conditions like
temperature and gas-phase composition on the polarization resistance is
evaluated and compared with the experimental data obtained by the elec-
trochemical impedance spectroscopy (EIS).

This chapter has been published as: A.N. Tabish, H.C. Patel, J. Schoonman, and P.V.
Aravind. A detailed look into hydrogen electrochemical oxidation on ceria anodes.
Electrochimica Acta 283 (2018) 789-797
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3.1 Introduction

Ceria is one of the extensively studied mixed ionic and electronic
conducting (MIEC) material and inherits outstanding redox properties
[67]. It is widely used as a three-way catalyst in automotive industry as
well as a promoter for water-gas shift conversion, thermochemical water
splitting, and various other catalytic reactions [58]. In the recent years,
ceria has gained a considerable attention as an SOFC anode material
due to its ability of oxidizing carbon containing fuels [2, 59] and extended
electrochemically active area. Doping ceria with trivalent elements like
gadolinium and samarium enhances the oxygen vacancy concentration
and hence its ionic conductivity [60]. The electronic conductivity of pure
ceria in reducing environment is low, almost 3-4 orders of magnitude
lower than nickel at 1000 °C [32]. Therefore, metal/ceria composites are
preferred over pure ceria for anode applications.

While nickel/ceria cermets exhibit an excellent electrochemical perfor-
mance [61, 62], their fundamental electrochemistry is poorly understood.
The lack of understanding is mainly due to complexity of MIEC nature
of ceria and uncertainty in relative significance of the two-phase bound-
ary (2PB) between ceria surface and gas-phase, and the triple-phase
boundary (TPB) between nickel, ceria, and gas-phase. This is unlike
conventional nickel/YSZ cermets where electrochemical reactions are
only restricted to the TPB between nickel, YSZ, and gas-phase. Recently,
Shishkin et al. [63, 64] studied the electrochemical properties of nick-
el/ceria cermets using density functional theory (DFT) and found that
the electrochemical fuel oxidation occurs predominantly at ceria surface
than at the TPB. This conclusion was based on the observation that the
formation of oxide-ion vacancies is more favorable at the ceria surface
than at the TPB. While comparing the performance of nickel/GDC and
Au/GDC in a Ho/H20 environment, Lei et al. [65] also argued that the
electrochemical reactions mainly occur at the GDC surface and contri-
bution of the TPB is of secondary importance. Therefore, studying the
electrochemistry of ceria cermets primarily requires understanding of
ceria electrochemistry itself.

Ceria electrochemistry essentially assimilates the kinetics of elec-
trochemical reactions at the 2PB and the bulk transport of oxide-ions
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vacancies and electrons. The overall cell impedance is mainly the cu-
mulative response of these processes. Generally, ceria-film thickness is
kept of the orders of nano-meters so that the resistance of ionic trans-
port is small enough to be neglected. The impedance of thin-film ceria
pattern anode, corresponding to what we measure experimentally, can
then be categorized into: 1) drift-diffusion resistance associated with
the transport of electrons between current collector and reaction sites
at the 2PB (commonly termed as current collector spacing), and 2) sur-
face reaction resistance associated with the charge transfer process at
the 2PB. Chen et al. [66] and Ciucci et al. [67] studied these two pro-
cesses in reducing environment (Hy — HoO — Ar) at 550-650 °C using
the Nernst-Planck-Poisson (NPP) model. The authors reported that the
drift-diffusion resistance is negligibly small if the spacing is less than
10 pm, indicating sole-role of the reaction resistance. However, with
increase in spacing from 10 to 1000 um, the drift-diffusion resistance
increases exponentially such that at spacing > 1000 um the diffusion re-
sistance becomes the dominant. These results emphasize the need of an
efficient current collection mechanism for reaction kinetics studies with
MIEC electrodes. Since these studies implied global reaction kinetics,
no conclusion can be made on reaction mechanism and charge-transfer
process.

Other researchers [3, 32, 38, 68, 69] also studied ceria electrochem-
istry in Hy — HoO environment and proposed reaction mechanisms, charge-
transfer processes, and rate-determining step(s). However, these studies
do not lead to consensus on charge-transfer mechanism and on rate-
determining elementary step. For example, Zhang et al. [38] and Patel
et al. [37] considered a two-step charge-transfer process similar to that
of hydrogen oxidation on nickel/YSZ, while Feng et al. [69] proposed
a single-step electron transfer from the surface hydroxyl ions to the
cerium ions, and DeCaluwe et al. [32] considered charge-transfer at
ceria/YSZ interface. Similarly, El Fallah et al. [68] proposed hydrogen
adsorption, while others [32, 37, 38, 69] suggested charge-transfer as
rate-determining elementary step. Knowledge of rate-determining step
is a key to further improve the electrode performance. It also helps de-
riving right expression for exchange-current density — a key parameter
to represent the electrochemistry in fuel cell model. Such lack of clarity
in charge-transfer process and rate-determining step was the motivation
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for this work.

The elementary kinetic modeling approach has been applied for
studying reaction mechanisms and identifying rate-determining step(s)
[42, 43, 70] on nickel pattern anodes. Previously [37], we conducted a
preliminary study, using this approach, to identify rate-determining step
for hydrogen electrochemical oxidation on thin-film ceria pattern anodes.
For convenience, both anionic and cationic sites were considered equiva-
lent for adsorption/desorption and charge-transfer reactions, whereas,
DFT studies have shown that anionic sites are thermodynamically favor-
able for hydrogen dissociative adsorption than cationic sites [71]. In this
work, we revisited the model developed in [37] with a better prediction
of thermo-kinetic parameters and differentiating between surface sites.
Additionally, bulk transport of oxide-ions vacancies and electrons is also
computed using the NPP model to quantify relative significance of the
resistance caused by electrochemical reactions and defect transport. The
proposed reaction scheme is evaluated over a wide range of temperatures
and gas-phase partial pressures. For model validation, results from the
electrochemical impedance spectroscopy of hydrogen oxidation over ceria
pattern electrode cells are used. A sensitivity analysis is carried out
to identify the rate-determining step, based on which a model for the
exchange-current density is also developed.

3.2 Theoretical modeling

Figure 3.1 depicts physical domain of the NPP model. I'5 refers to
the 2PB between ceria and gas-phase where electrochemical reactions
occur. Electrons and oxide-ion vacancies produced at I's during the elec-
trochemical oxidation diffuse into bulk of ceria. The dominant pathways
for electron and vacancy transport are from I's to I'4 and from I's to I'y,
respectively. I'y and I's are the symmetric boundaries. Development of
detailed reaction mechanism and the NPP model are discussed in the
following sections.

3.2.1 Reaction mechanism

Overall reaction for hydrogen electrochemical oxidation on ceria can
be written as (Kroger-Vink notation) [72]:
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Ha(g) + OX +2CeX, = HaO(g) + Vi + 2Ce,, (3.1)

where Og is an oxide anion residing on an oxide site, Ceg, is a cerium

cation (Ce*") residing on a cation site, Ce,, is a localized electron at
cerium (Ce3*), and Vs is an oxide-ion vacancy with an effective charge
of 2+. Reaction (3.1) is as overall oxidation reaction that involves several
heterogeneous and surface elementary steps, such as: 1) the adsorption
and dissociation of hydrogen on a favorable O or Ceg, site, 2) the for-
mation of intermediates such as hydroxyl species, 3) the charge-transfer
and transport reactions, and 4) the formation and subsequent desorption
of water.

At SOFC operating conditions, the dissociative adsorption of hydro-
gen on the O sites is thermodynamically favorable (AH = -165.1 kJ/mol)
compared to that on Cey, sites [73]. Therefore, it is expected that hydro-
gen oxidation follows the formation of hydroxyl-ions, whereas hydrogen
associative adsorption (AH = -3.34 kdJ/mol) or the formation of cerium
hydroxide (AH = 38.8 kJ/mol) are either unlikely or unstable. This leads
to the following reaction scheme:

Hy(g) +20% +2Ce’, = 20H, +2Ce,, (3.2)
20H,, = Hy0, + O}, (3.3)

Hy0,, = H20(g) + V,, (3.4)
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Briefly: gaseous hydrogen dissociatively adsorbs on Og sites and forms
two hydroxyl ions (OH;)) as shown in reaction 3.2. This reaction also
describes the charge-transfer process where two electrons are transferred
from OH;) to two Ce’ce. It is also possible that hydrogen molecule first
dissociates near oxide-ions forming two neutral hydroxyl groups followed
by the transfer of two electrons to cerium as suggested in the literature
[69]. However, due to unavailability of the kinetics of each elementary
step, the dissociative adsorption and the charge-transfer are considered
as a single elementary step. Such an approach has been reported [74]. In
the second step, one of O-H bonds weakens and releases a proton which
then combines with the neighboring OH;) group to form a water molecule
(reaction 3.3). Water molecules then desorb from oxide sites creating
oxide-ion vacancies (reaction 3.4). Upon formation, these vacancies
and electrons diffuse towards their respective boundaries: I'1 and I'y,
respectively. The transport processes between two nearest neighbor
lattice sites, x1 and x9, can be written as:

Vo (x1) + 03 (x2) = OF(x1) + Vi (x2) (3.5)
Ce,,(x1) + CeX,(xg) = CeX, (x1) + Ce,, (x2) (3.6)

3.2.2 Surface chemistry

Governing equations for the concentration of surface species are
written as:

0
—cp =8 3.7
otk 3D
Sp = kai k; H Czki —k; H Czki (3.8)
reactant product

where £k € O’é,OH'O,HgOS,VB,Ce’C‘e, and Ce;e, ¢y, is the molar con-
centration of surface specie £ (mol/m?), and §;, is the net rate of gen-

eration (mol/m?.s). The concentration of specie % can be expressed as:



3.2 Theoretical modeling 41

cr =I'[X}], where I' represents the available site density at ceria sur-
face [32] (=1.6x107° mol/m?) and [X},] is the fractional coverage. vy; is

the stoichiometric coefficient of reactant £ in the ith reaction, £; and k;
are the forward and backward rate coefficients, respectively. To ensure

thermodynamic consistency, lz and k; are related as:

PO ( AL - TAS?) (3.9)
= —==exp|-—————— .
' k; RT

Eq. 3.7 and Eq. 3.8 are solved simultaneously by applying the
conservation of both oxide-ion sites ([0¥] + [OH, ] + [H2Oy | + [V, ] =2)

as well as cerium-ion sites ([CeX, | + [Ce;e] =1).

3.2.3 Bulk transport

Transport in the bulk of ceria is modeled by explicit consideration of
oxide-ion vacancies (VS) and electrons (Ce,,) . Under the assumption
that there is no internal source or sink, species conservation in the bulk
implies that:

0
a—tCk+V.Jk =0 (3.10)

where & refers to the bulk defects: electrons and oxide-ions vacancies,

C}, is the molar concentration (mol/m3). o}, is the species flux (mol/m?.s)
and is related to the gradient of the electrochemical potential (fiz):

fir
J,=—-CrD,V— 3.11
k ROrV ( )

where fi;, is given by:

fr = u? +RTIn(ay)+zpF¢ (3.12)
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where aj, (=Ck/C2) is the activity of specie k. In dilute limits where
species are non-interacting, the charged species flux can be expressed
by the Nernst-Planck equation:

zpF
J,=-DVCp, ———D;CpV 3.13
k RVOr =7 Drlr ¢ ( )

where zj, is the charge (+2 for oxide-ions vacancy and -1 for electron),
F is the Faraday constant, ¢ is the electric potential (V), and Dy, is the
diffusion coefficient (m?/s).Under strict neutrality conditions (¥ zzJ;, =0
and ) z,Cj =0), the flux of two coupled charged species can alternatively
be represented in terms of the ambipolar diffusion coefficient (2)[75].

Jp = —-DVC,y, (3.14)

where 9 = 3DV"DCe'ce/(2DV3 +DCe'ce)' Eq. 3.14 is only applicable for

transport of two defects which is the case of transport in pure ceria under
reducing conditions. Charge neutrality further leads to simplification of
the Poisson equation.

V. (GV([)) = —FZZka =0 (3.15)

where € is the permitivity of ceria (F/m). Eqgs. 3.10, 3.13 and 3.15
represent a system of coupled partial differential equations, also known
as the NPP model.

Solution of the NPP model requires appropriate definition of the
boundary conditions. The simplest boundary condition is at I'y and I's
which follows that there is no change in the electrochemical potentials,
therefore no change in the defect concentrations and the electric poten-
tial. At MIEC/YSZ interface (I'1) electrons are blocked and oxide-ions
vacancies can migrate through. Similarly, at metal/MIEC interface (I'y)
vacancies are blocked and electrons can migrate through. Therefore,

0 ~ _ 0 ~ _ .

@”Ceée)rl =0 and ay v ‘R; =0 holds at I'; and Ty, respectively [67].
The boundary condition at gas/ceria interface (I'5) is relatively complex
because of the complicated interactions between oxide-ion vacancies,
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electrons, and gas-phase reactants and products. We assume that fluxes
of vacancies and electrons at I'5 are given by the rate of reaction 3.4 and
reaction 3.2, respectively. This follows that JV;)- =r4 and Jce’ =2F9.

3.3 Numerical solution and model validation

We used Matlab®) version R2015b and COMSOL®) version 5.1 to
solve surface concentration and electrochemical potential distribution
within ceria bulk, respectively. Table 3.1 summarizes the simulation
parameters and Table 3.2, the thermodynamic properties of gas-phase
and surface species. To understand the relative importance of the defect
transport and the surface kinetics, three resistance terms, i.e. the cross-

plane bulk ionic resistance (Rgf ), the in-plane drift-diffusion resistance
(6]

(RIP ), and the surface reaction resistance (R zen) are introduced and
ece
defined as [67]:

o - i (3.16)

Ro. < Cece>r}z;<ﬂce’w>r5 (317)
Cece

Rehem = ), ;S Pos (3.18)
I

here < ,avg > and <'aCeLe> are the average electrochemical potentials of

oxide-ions vacancies and electrons at the respective boundaries. I S.If is
(0}
the cross-plane ionic current and I'?, is the in-plane electronic current
Cce
CP = — IP = o oo = oo oo
such that 105 = ~1" 2y F ([ Ty dx)r5 2y F ([ Jyzda)

€ce 1
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Parameter Value
Current collector width (W1, [um]) 25
Ceria exposed width (W2, [um]) 125
Temperature [°C] 750-850
Hj sticking coefficient 4.1x1073
H5O sticking coefficient 1
Pre-exponent of Reaction (3.3) rate constant [1/s] [32] 5x10°
Activation energy of Reaction (3.3) [kdJ/mol] [73] 131
E,.; of Hy adsorption [kd/mol] 106.2

E . of HoO adsorption [kd/mol] 0

VS diffusion coefficient [m?/s] 1.96x10710
Ce,ce diffusion coefficient [m?/s] 6.46x107°
Ceria surface site density [mol/cm?] 1.61x107°

Table 3.1 A summary of the simulation parameters

Species Enthalpy (kJ/mol) Entropy (J/mol.K)

Hy 32.37 175.2
O 27.03 247.6
H,0 -210.48 247.02
(053 -259.8 68.14
OH, -328.5 69.2
Hy0, -272 130.5
Vo 0 0

Table 3.2 Thermodynamic properties for gas-phase and surface species at 830
°C
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For model validation, we conducted electrochemical impedance spec-
troscopy (EIS) experiments with ceria pattern electrode cells. 1 ym
thick ceria patterns (surface area = 0.7414 cm?) were deposited on a
YSZ substrate (25 mm diameter and 250 ym thick) using DC magnetron
sputtering (AJA International, ATC 2600 UHV). Details of the sputter-
ing process are reported previously [41]. Figure 3.2 illustrates schematic
of the pattern anode and the test assembly. For current collection, a
square gold mesh (1024 mesh/cm?) was used. EIS measurements were
conducted using the Gamry Potentiostat (R600).

Gas outlet.

1mm

Weight

Gold mesh

—>

1mm
T Pattern cell
Ni (or ceria)

D ——
Pattern

Gas distributor/
cell support

15.627 mm

Cell holder

YSZ disc Quartz
(¢ 25mm) reactor tube

-

15.627 mm Gas inlet

(a) Schematic of ceria pattern elec- (b) Test assembly
trode

Figure 3.2 Experimental setup

3.4 Results and Discussions

Fig. 3.3 and Fig. 3.4 show migration pathways of electrons and
vacancies, respectively. Thick blue lines represent the electrochemical
potential and thin black lines represent the charge flux. Electrons
produced at gas/ceria interface are collected by metal collector and none
of them passes through ceria/YSZ interface because of electron blocking
nature of YSZ electrolyte. Similarly, vacancies produced at gas/ceria
interface converge at ceria/YSZ interface and none of them pass through
metal/ceria interface because of ion blocking nature of metal collector.

The resistances associated with the reaction kinetics and the trans-
port of vacancies and electrons in ceria are computed from the cor-
responding electrochemical potential and current, as given by Egs.
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Figure 3.3 Electronic equi-potential lines (thick blue) and current flux lines
(thin black) as computed at 830 [°C].

3.16-3.18. The individual contribution of each resistive step to the
total electrode resistance is given in Table 3.3. In line with the previous
studies [67, 66], the resistance caused by ionic and electronic transport
is significantly smaller than the resistance caused by the electrochemical
reactions. This implies that the defect transport is fast enough to be
unlikely to control the cell response at these conditions. Therefore, the
rate-determining step is largely related to the reaction kinetics.

To further analyze, the EIS experiments were conducted in a wide

Parameter Resistance (Qcm?)
Surface reaction resistance (R,,,) 72.8
In-plane drift-diffusion resistance (RIF) 4.8
Cross-plane bulk ionic resistance (R€?) 1.3

on
Table 3.3 Resistance of individual resistive steps computed from the NPP model
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Figure 3.4 Ionic equi-potential lines (thick blue) and current flux lines (thin
black) as computed at 830 [°C]

range of temperature and gas-phase composition. A representative
impedance spectrum at 830°C, xHy = 0.96, and xH30 = 0.04 is shown
in Fig. 3.5. To quantify various resistive and capacitive contributions
in the overall cell response, the impedance spectra were deconvoluted
using an equivalent circuit as shown in the inset of Fig. 3.5. This circuit
is adopted from Baumann et al. [76] that was originally developed for
the thin-film LSCF cathodes. Here, an Ry — Qs element is added in
series to the original circuit to model the observed high-frequency arc
and Lj..q to account for the lead inductance. Decaluwe et al. [77] have
also used a similar circuit to model the impedance response of thin-
film ceria pattern anodes. The Nyquist and Bode representations — the
experimental spectrum with symbols and final circuit fits with red lines
— are shown in Fig. 3.5a and Fig. 3.5b, respectively. The circuit fitting
fairly overlaps the experimental spectrum except at very low frequencies
where some distorted points were observed. The resistances R pem, Rint,
Ryr, and Re are found to be 76.7, 2.2, 1.3, and 2.1 (Qcm?), respectively.
R pem is related to the electrochemical reaction at the gas/ceria interface.
Hereafter, the polarization resistance term is used to refer to R pem.
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Figure 3.5 The impedance spectrum and the equivalent circuit model fit at
830 [°C]. The equivalent circuit model itself is shown in (a) inset. Symbols
represent the experimental data points and red lines show the corresponding
fitting.

The capacitance (Ccpem, Cint, and Cpr ) corresponding to three R — @

elements, as calculated by C; = (Ril'”Qi)l/n, are 4.6x1073, 4.1x1074, and
5.2x107% (F/cm?), respectively.

Fig. 3.6 shows the experimental and simulated effect of tempera-
ture on the polarization resistance (R.;). Similarly, Fig. 3.7 shows the
effect of the hydrogen fraction. The experimental value of hydrogen
reaction order is found to be 0.15. It can be seen that the proposed
reaction scheme predicts the polarization resistance sufficiently over a

wide range of temperature and gas-phase composition. The simulated

activation energy is found to be 107.7 kJ/mol that matches well with the
experimental value (101.7 kJ/mol).

Simulated fractional coverage of the oxide site species (O}, OH'O and
V'C;) as a function of temperature are shown in Fig. 3.8. The surface
coverage of HQOS was very low (of the order of 107%), therefore, not
shown here. Very low coverage is attributed to the relatively fast HoO
desorption kinetics. As shown in Fig. 3.8, the coverage of OH;) decreases
with increase in temperature, whereas the coverage of Of increase
with increase in temperature. It was well expected because, 1) the
hydrogen adsorption so the hydroxyl formation decreases with increase
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Figure 3.6 Experimental and simulated Arrhenius plot for Ho/HoO gas mixture.
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Figure 3.7 Experimental and simulated resistance as a function of hydrogen
mole fraction at 4% HyO and 760 [°C].
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Figure 3.8 Computed fractional coverage of oxide site species as a function of
temperature for Hy-4%H2O gas mixture

in temperature, and 2) high temperature favors the O-H bond scission
that liberates the lattice oxide sites covered by the hydroxyl groups. A
similar trend is also reported elsewhere [74]. The surface coverage of O
and OH;) at 700 °C is found to be 0.70 and 0.19, respectively (Fig. 3.8).
When compared with the literature, Zhang et al. [38] found a coverage
of O and OH'O as 0.75 and 0.25, respectively, with XPS at the same
temperature, which are in reasonable agreement with the values found
in this work.

3.4.1 Rate-determining step

Since the resistance caused by the bulk transport is insignificant
compared to the resistance caused by the reaction kinetics, rate limita-
tions are globally attributed to the surface kinetics that is in line with
the previous studies [66, 67, 78]. The kinetics of elementary steps in
the proposed reaction scheme allow us to identify the rate-determining
elementary step, which is performed by a sensitivity analysis. The for-
ward rate coefficients of elementary reactions are varied 10% and the
resultant polarization resistance is compared with the previous value.
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The relative sensitivity is defined as:

ARchem/Rchem
JAN 2y -2

(3.19)

The relative sensitivity of elementary steps is shown in Fig. 3.9. It
can be clearly seen that the oxidation process is only sensitive to the
charge-transfer reaction (reaction 3.2). This implies that the rate of
overall oxidation reaction is determined by the kinetics of reaction 3.2.
Whereas, the formation and desorption of water can then be considered
as the equilibrium reactions, proceeding at the same rate as the charge-
transfer reaction. In the current reaction scheme, a charge-transfer
from surface hydroxyl ions to the neighboring cerium cations is assumed
which leads to a net positive charge on the hydroxyl ions (OH;)) and a net

negative charge on the cerium (Ce,,). The existence of OH'O has also been
witnessed by Feng et al. [69] through an X-ray photoelectron spectroscopy
(XPS) measurements. Feng observed that the oxide-vacancy-free (fully
oxidized) ceria surface in Ho/HsO atmosphere remains mostly in the
reduced state, especially under cathodic polarization, leading to the
conclusion that the surface hydroxyl groups are effectively positively
charged species as they transfer electrons to neighboring cerium ions.

Table 3.4 summarizes the charge-transfer process and the rate-
determining steps reported in the literature. Although majority of these
studies also reported the charge-transfer as the rate-determining, dif-
ference in the understanding of the charge-transfer process is apparent.
In our previous study [37], despite of the fact that the two-step charge-
transfer mechanism was assumed, the rate-determining step was found
to be the transfer of electron from hydroxyl to the cerium atoms. A
similar conclusion is made in [74]. In addition to the same conclusion
on the rate-determining step, Zhenlong et al. [74] also opted for a single
elementary step for hydrogen adsorption and the charge-transfer pro-
cess which is in line with this study. Zhenlong further found that the
relative difference of the defect concentration between ceria surface and
bulk (up to 100 nm depth) is less than 0.001 % at 1000 °C. Similarly,
Feng et al. [69] also reported a negligible bulk diffusional polarization.
Both of these studies also suggest that the bulk diffusion is unlikely
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Figure 3.9 Sensitivity analysis of charge-transfer resistance for elementary
reaction at 830 [°C]

Rate-determining elementary step Reference
Ha(g) = Hads + Hads [68]
Hags + OF, = OH, +¢’' [37]
Hags + OHy = Hp0(g) + V +€' [38]
OHY = OH +¢' [69]
Hy(g) + 205 +2Ce¥, = 20H,, +2Ce,, [74]

0%(YSZ) + Ce03(b) = Vi, (YSZ) + CesOu(b) + 26 [32]

Table 3.4 Rate-determining elementary steps reported in the literature

to be the rate-determining at SOFC operating conditions. Since, the
charge-transfer is found to be the slowest elementary step, lowering the
barrier of charge-transfer between OH;) and Ce,, should improve the
electrocatalytic activity of ceria.

3.4.2 Exchange-current density (i,)

Since the charge-transfer reaction (reaction 3.2) is found to be the
rate-determining step, a theoretical relationship for the exchange-current
density can be derived assuming that all other elementary reactions are
in equilibrium. For convenience, the charge-transfer reaction is written
as:

Hy(g) + 20% = 20H, + 2¢’ (3.2)
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Net current density is proportional to the charge-transfer reaction
rate and can be written as:

=[E]-7]
2F:3aEan

— — 2
=28 |Biexp (22 | [05)°| ~2F [frexn -

Here, hydrogen concentration is explicitly included in k_i for dimen-
sional consistency: both k_;[ and (k_l have the dimensions of [mol/cm?.s].
The potential term (E,,) can be separated into the equilibrium potential
(E°?) and the overvoltage (1)), so that we finally get a Buttler-Volmer
relation of the form:

oF oF
i=1li,] exp( R'[j;n)—exp(—#)] (3.20)
By definition |i,| = z_(: = Z , Where:
— —  (2FB.E
iy| = 2F |k1exp (g%) [0%]? (3.21)
and
— — oF B E* .12
io| = 2F |Erexp (—R—“T) [OHO] ] (3.22)

The equilibrium coverage of O and OH'O can either be obtained by
directly solving the rate equation (Eq. 3.7) or can be extracted from Fig.
3.8. Alternatively, a potential independent expression can be derived as
[79]:

. - ﬁc « ﬁa
liol =110 |0 (3.23)




54 A detailed look into hydrogen electrochemical oxidation on ceria

On simplification we get:

io=2F (k1 [0’5]2)ﬁ“ . (ie_l [OH;)]Q)ﬁa (3.24)

For a typical value of §, = B, = 0.5, Eq. (3.24) further simplifies as:

i :2F(\/1?1/?1 (0] [OH'O]) (3.25)

The potential terms in the expression (3.24) disappears because:

exp (2BafFEURT)exp (-2, f.FEURT)=1  (3.26)

A further treatment of [OF] and [OH,)] as a function of py, and
PH,0 Will reveal the theoretical reaction orders of Hy and HoO. The
experimental exchange-current density can be related to the polarization
resistance [80]:

RT

= (3.27)
2FAu R chem

Lo

where A, indicates the anode active area. R ., can be obtained by
electrochemical impedance spectroscopy. Figure 3.10 and 3.11 show the
experimental and simulated exchange-current densities as a function
of temperature and hydrogen mole fraction, respectively. It can be seen

that the simulated exchange-current density reasonably matches the
experimental one.

These results can be of a significant importance, as the exchange-
current density is the key parameter in fuel cells modeling. While, it is
common to use semi-empirical relations in SOFC modeling to address the
electrochemistry, model derived here (Eq. 3.25) can provide a reliable
approximation over a wide range of operating conditions. It is also
computationally inexpensive to incorporate this model in a CFD code to
obtain the activation overpotential.
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3.5 Conclusions

This study presented detailed mechanistic investigation of hydro-
gen electrochemical oxidation on ceria anode. A reaction scheme was
proposed and the NPP model was developed to simulate the resistance as-
sociated with the electrochemical reactions and defect transport. Kinetic
parameters of forward and backward reactions were coupled considering
thermodynamic consistency and microscopic reversibility of the elemen-
tary reactions. The effect of operating conditions such as temperature
and hydrogen mole fraction were studied in detail.

The simulation has shown that the bulk transport of oxide-ions
vacancies and electrons is faster compared to the surface chemistry. Fur-
ther, a sensitivity analysis has shown that the charge-transfer reaction
is the slowest and rate-determining elementary step. Based on this
rate-determining step, a quantitative relationship for calculating the
exchange-current density is developed and validated with the experimen-
tal data. This model can be used to obtain the activation overpotential
incorporating the local operating conditions such as temperature and
species concentration. Further, this model can easily be implemented in
a CFD code where local conditions are well defined thus avoiding the
need of empirically estimating the exchange-current density.



An SOFC anode model using
TPB-based kinetics

There are three approaches used in SOFC modeling studies to incorporate
the kinetics of electrochemical oxidation process: (1) Butler-Volmer equa-
tion using global oxidation kinetics, (2) mass-action kinetic approach with
a detailed oxidation mechanism, and (2) Butler-Volmer formalism based
on the kinetics of a predefined rate-limiting step of a multistep mechanism.
The first approach is easy to implement in cell and system level models,
however, does not incorporate mechanistic details of the oxidation pro-
cess. In the mass-action kinetics approach, coupled rate equations are
solved for concentration of reaction species and total current is calculated
from the kinetics of charge-transfer reaction(s). Such an approach is com-
prehensive and does not require a priori assumptions about the rate-limit-
ing step. However, the computational time is higher than required for solv-
ing Butler-Volmer equation because of the involvement of coupled differen-
tial equations. This approach is applied in chapter 2 for kinetic modeling of
syngas oxidation. Butler-Volmer formalism is analytically developed con-
sidering a predefined rate-limiting step in the mechanisms. Elementary
steps other than the rate-limiting are considered as pseudo-equilibrium
reactions. In the present work, Butler-Volmer formalism is used to derive
the TPB-based kinetics from experimental data of nickel pattern electrode
cells and then the kinetics is used in Ni/YSZ cermet electrode cell model
for the estimation of effective TPB density and activation overpotential.

57
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4.1 Introduction

A cermet of nickel and yttrium-stabilized zirconia (YSZ) is currently
the state-of-the-art anode material in the solid oxide fuel cells (SOFCs).
It is commonly accepted that the electrochemical reactions in a Ni/YSZ
cermet electrode occur in the vicinity of nickel/YSZ/gas triple-phase
boundary (TPB). Generally, the higher the TPB length, the better is the
electrode performance [5, 81]. Therefore, a quantitative knowledge of
the TPB length is required to study the electrochemical reactions and
their kinetics. Though the cermet electrodes ensure a high volumetric
TPB length, the quantification of TPB is difficult because of the complex
3D porous structure of the cermet. Moreover, what fraction of the total
volumetric TPB length actually participates in the reactions is also not
clear. This makes the cermet electrodes non-ideal for such kinetics
studies. Pattern electrodes, on the other hand, are best suited for this
purpose because of their simplified geometry and easily quantifiable
TPB length. In addition, the 2D design of the patterns also eliminates
the structural and even the gas-phase effects, which exist in the cermet
electrodes especially in the anode supported cells.

Mizusaki et al. [6, 48] first introduced the concept of SOFC pattern
electrodes, followed by others [3, 5, 81-84], to study the hydrogen elec-
trochemical oxidation mechanisms at the TPB. Table 4.1 gives a brief
overview of these studies including the operating conditions and the
parametric dependence of the polarization resistance. As can be seen,
the reported dependence on py,, pH,0, T, and /;,, varies between these
studies, largely because of the TPB inactivation due to impurities and
the morphological changes during the course of experiments [42, 85]. In
general, these studies report a highly thermally activated rate-limiting
process, a weak dependence on the hydrogen partial pressure, and a
strong dependence on the water partial pressure.

In several studies [42, 89-92], elementary kinetic approach is used to
model the pattern electrodes in order to understand the charge-transfer
mechanisms and to identify the rate-limiting processes. The charge-
transfer is among the least understood aspect of the SOFC electrode elec-
trochemistry. Three mechanisms are commonly reported for hydrogen
electrochemical oxidation which include: 1) surface hydrogen spillover at
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the TPB [82, 93], 2) surface oxygen spillover at the TPB [48, 91], and 3)
bulk transfer of interstitial hydrogen species at the electrode/electrolyte
two-phase boundary [94, 95]. Hanna et al. [4] have comprehensively
reviewed these mechanisms. The hydrogen spillover from nickel to YSZ
surface is considered as the dominant mechanism, as it yields a better
qualitative agreement with the experimental results compared to other
mechanisms [42, 89]. Besides charge-transfer reactions, the electrochem-
ical oxidation also involves the adsorption/desorption of the gas-phase
species and incorporation of the oxide ions between the surface and the
bulk of electrolyte. Assuming hydrogen spillover as the dominant mech-
anism, Zhu et al. [96] proposed following five step simplified hydrogen
electrochemical oxidation pathway (reaction 4.1-4.5).

Hogas + 20N = 2Hn; 4.1)

Hy;i + O%g, = OHyg, + Oni + ey (4.2)
Hy; + OHygy = HyOysz + Oni + ey (4.3)
H2Ovsz = HOgas + Oysz (4.4)

OF + Oysz = O34, +V, (4.5)

The overall oxidation process is predominantly controlled by one
of these elementary reactions. Though there are different proposals
on the rate-limiting step, the charge-transfer process bears a general
consensus [42, 89, 90]. Anode models that incorporate the detailed oxi-
dation mechanism, applies a mass action kinetic approach without any
a priori assumption about the rate-limiting step [42, 89]. This approach
is advantageous when multiple elementary reactions or charge-transfer
mechanisms limit the oxidation process. This approach, however, is
not common in the cell and stack level models where the Butler-Volmer
relationship or its approximations are generally applied in combination
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with empirically obtained exchange-current density. Zhu et al. [96], on
the other hand, started with a detailed reaction mechanism and derived
a more practical Butler-Volmer formalism (Eq. 4.6).

. .()( ((1+ﬁ3a)F77act,an) ( ﬁSanact,an))
lan =1 exp —exp|——————

4.
RT RT (4.6)

where N4t an = Eqn — E g is the anodic activation overpotential. E,,
is the difference between the electronic potential (¢.; 4,) and the ionic
potential (¢ion,qn) in the anode. E.q, is the corresponding potential
at equilibrium. 1+ 3, and B3, are the apparent symmetry factors
(transfer coefficients)for forward and backward rates of the reaction (4.3),
respectively. The derivation of Eq. 4.6 assumes that the mass transport
effects are negligible and the rate limitations are solely attributed to
the charge transfer reaction (4.3). This assumption is widely accepted
in the SOFC community, though hydrogen adsorption at high currents
is also found as rate limiting in a recent study [97].

The exchange-current density (i°) in the above expression (Eq. 4.6)
is defined as:

:630/2 1_1330/2
K

1+ (K1pm,)"?

where ii*_IQ is an electrochemical parameter [A/m2.atm!~#3/2] given
by:

K5

K4

1-P3c/2
) 4.8)

iilil2 =2lrppFks, (K2K3)ﬁ30/2 (

Eq. 4.7 and Eq. 4.8 provide an explicit relationship between i
and all four variable parameters: pn,, pH,0, /tpp, and temperature
dependent reaction rate coefficient. The degree of the dependence on
each of these variables can be obtained from the pattern electrode cell
experiments. The reaction orders of py, and py,0 obtained by the
pattern electrode cell experiments are summarized in the Table 4.1.
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The explicit dependence of i® on ! ¢pb is of particular interest, because
it enables developing the TPB-based kinetics and implementing it in a
computational fluid dynamic (CFD) model for optimizing the electrode
performance. Moreover, it can also help predicting the cell performance
degradation related to the morphological changes or contamination.

Known studies employing Eq. 4.7 to calculate the exchange-current
density, usually treat ifb as a fitting parameter — largely because of the
lack of a quantitative knowledge of the rate constant and the TPB length.
In a pattern electrode cell experiment, since the TPB length is known,
magnitude of the rate constant can be determined with confidence and
can be applied in the cermet electrode cell models leaving behind the
active TPB length as a fitting parameter. This approach will provide a
better understanding of the active TPB length of the cermet electrode
and help optimizing the electrode structure. In this work, TPB-based
kinetics is first developed from pattern electrode cell experimental data
reported in the literature, the same kinetics is then validated with a
different set of pattern electrode cell experiments performed in our group,
and finally the kinetics is extended to Ni/YSZ cermet electrode cell for
the estimation of effective TPB density.

4.2 Model formulation

When a finite current is drawn from the fuel cell, the open-circuit
voltage (OCV) is reduced by various losses including: the ohmic type
losses associated with the ionic and electronic transport, the activation
overpotentials associated with the limited kinetics of the electrocataly-
sis, and the concentration overpotential associated with the gas-phase
transport. The operating cell voltage can therefore be represented in
terms of these potential losses:

E cei1 = ENernst — Nohm — Nact,an — |77act,ca| —MNconc,an —Tconc,ca (4.9)
where 7,4, is the ohmic overpotential, n4ctan and ngctcq are the

activation overpotentials at the anode and the cathode, and 1.on¢,qn and
TNconc,ca are the corresponding concentration overpotentials. 74t and
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Nact,ca are defined as:

Nact,an = (;bel,an - ¢ion,an _Eeq (4.10)

Nact,ca = (pel,ca - (pion,ca _Eeq (4.11)

¢e1,i and ¢;on,; are the potentials of electronic and ionic phases, re-
spectively. The relationship between 1,.; and the current density is
described by Butler-Volmer equation.

. .0 aal Nact acl 7]act))
— | - _ 4.12
1=1 (exp ( ) exp ( RT ( )

a, and a. are the transfer coefficients in the anodic and the cathodic
directions of the electrochemical reaction. In the anode, a, and a. are
given in Eq. 4.6. The definition of i° in the anode and in the cathode are
adopted from [96]. The concentration overpotential is described as:

tpb
RTZ Py,oPH: | RT, [ po,
n

Neconc,an T Neonc,ca = 7 + n
’ ’ pb tpb
2F szOsz 4F pOZ

(4.13)

The electric potential of electron conducting phase within the an-
ode (¢g4n), the electric potential of electron conducting phase within
the cathode (¢.4), and the electric potential of electrolyte phase (¢;,,)
is governed by the charge-conservation equation. At steady-state the
charge-conservation equations are described as: [98]
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Qan.er Wwithin anode
V(0¢,,Vion) =30 within electrolyte (4.14)
Qcaer  Wwithin cathode
V(0¢,Vdan) = —Qaner within anode
V(0% Veea) = ~Qeaer  Within cathode

here o? is the effective conductivity [S/m] of phase i and @;; is
the charge carrier source [A/m®]. A positive value of the source term
indicates the transfer of charge-carrier (here electrons) into the corre-
sponding phase which tends to decrease the electric potential of that
phase. The charge-conservation equation 4.14 is solved along with the
mass conservation equation 4.15.

Py kR =Sk ( )

where ¢y, is the concentration of gas-phase specie k& [mol/m?®], J, is
the molar flux [mol/m?.s], and s}, is the net rate of production due to
electrochemical reactions [mol/m3.s]. The gas-phase transport in the
cermet electrode is described here by the modified Stefan-Maxwell model
to account for both binary and Knudsen diffusion [70].

This model is developed and solved with a finite element software
COMSOL Multiphysics V5.1.

4.3 Deriving TPB-based kinetics from pattern
anode studies

ks, in Eq. 4.8 is the thermal rate coefficient of reaction (4.3) in the
backward direction [96]. It can be written in the form of Arrhenius
parameters of the forward rate coefficient and equilibrium constant
as:
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act

E
k3 = kexp (— ct )/K3 (4.16)

RT

here kg, E‘fot , and K3 are the pre-exponent factor, activation energy,
and equilibrium constant of the charge-transfer reaction, respectively.
The activation energies obtained from various pattern electrode cell
experimental studies are summarized in Table 4.1. kg can then be cal-
culated by comparing ign from Eq. 4.7 with the experimental results
of pattern electrode of known /;,; and at given temperature and gas-
phase activities. In pattern electrode, /;,; is generally not the same
as calculated based on the geometric definition of the patterns. Wavy
edges of the patterns formed due to imperfect cell fabrication and cell
degradation due to thermal and electrochemical processing can extend
the length of TPB sites. Assuming that whole TPB length is electrochem-
ically active, the cell performance may be better than expected based on
the geometrical TPB length. Therefore, it is important to consider the
effective (active) TPB length to derive the reaction kinetics. An imaging
analysis can provide the information about the deviation of TPB length
from the geometric value. The effective TPB fraction () is defined
as:

effective TPB length

= 4.17
geometric TPB length ( )

Yipb

Using an imaging technique, Utz et al. [81] reported 1.3 times higher
post-test /5, than the pre-test value (= 6.7 [m/cm?]). Due to good sta-
bility of the patterns and known value of v, the same experimental
results are used here to calculate the pre-exponent factor (kg). Figure
4.1 shows the experimental Tafel plots (symbols) and the corresponding
anodic and cathodic branches we simulated using Eq. 4.18 and Eq. 4.19,
respectively. The slope and y-intercept of the simulated Tafel plots re-
sult in the best fit values of 8. = 0.7 and ign =1.9x1073, 9.2x1074, and
5.3x107% [A/cm?] at 800, 750, and 700 [°C], respectively. On comparing
with Eq. 4.7, kg = 15 [mol/cm.s] is obtained at T = 800 [°C], pn, = 8.3
[kPa], pu,0 = 6.6 [kPa]. Considering that the reaction pathway and
the rate-determining step remain the same, kg is independent of the
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Figure 4.1 DC polarization data from Utz et al. [81] (symbols) together with
anodic and cathodic Butler-Volmer fits (solid lines) at py,= 8.3 [kPal, pn,0=
6.6 [kPa], and balance Nbo).

gas-phase composition, therefore, can be used for any Ho/H2O mixture.
The effect of py, and py,o on the reaction kinetics is explicitly given by
Eq. 4.7.

= .0 (1+ ﬁa)Fn)
= —_— 4.18
i Lanexp( RT (4.18)
< _ .0 BeFn
= —— 4.19
I =1i,,exp ( RT ) (4.19)

4.4 Experimental

Two types of experimental studies are conducted in this work; (1)
electrochemical impedance spectroscopy (EIS) using symmetrical nickel
pattern electrode cells, and (2) polarization measurement using button
cells with nickel pattern anode and platinum cermet cathode. Design of
symmetrical cells and experimental setup for EIS measurements and
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Figure 4.2 Nickel pattern anode, platinum porous cathode, and test assembly

corresponding results are reported previously [99]. The experimental
setup for polarization measurements is shown in Figure 4.2. Geometric
details of the anode, cathode, and electrolyte are given in Table 4.2.
Preparation of the nickel pattern anode is also described previously [41].
Whereas, cermet cathode was prepared by brush painting platinum
paste (www.fuelcellmaterials.com) on the YSZ electrolyte to obtain a
high cathodic TPB length. The polarization curves were obtained us-
ing a Gamry Potentiostat (R600) on feeding 4% humidified hydrogen
environment (100 ml/min) to the anode and ambient air to the cathode.

The model described in section 4.2 is solved for polarization study
using COMSOL Multiphysics V5.1. The simulation flow diagram is
shown in Figure 4.3 and summary of the simulation parameters is given
in Table 4.2.

4.5 Polarization behavior of nickel pattern
electrode cells
Before polarization study, the anodic exchange-current density is

first calculated from the charge-transfer resistance (R.;) obtained using
EIS results reported previously [99]. R.; at 800 [°C], pn, = 97 [kPal,
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Parameter Value

Anode

Pattern surface area 0.741 [cm?]

Pattern thickness 1.7 [um]

Exchange-current density (i%,) 1.83x107* [A/cm?]

Inlet flow rate 100 [ml/min]

Symmetry factors (B4, Bc) 0.3,0.7
Cathode

Thickness 100 [um]

Diameter 16 [mm]

Exchange-current density (i%,) 5.0x1072 [A/cm?]
Electrolyte

Thickness 0.5 [mm]

Diameter 25 [mm]

Conductivity 0.42 [S/m]
General parameters

Operating temperature 800 [°C]

Operating pressure 1 [atm]

Table 4.2 A summary of simulation parameters for nickel pattern electrode cell
model

and py,0 = 4 [kPa] was found to be 252 [Qcm?] that corresponds to the
exchange-current density (ign =RT/2FR,;) of 1.83x107% [A/em?]. Using
Eq. 4.7 and Eq. 4.8, this i¥, along with kg and E%, as derived in the
previous section, results in the effective TPB length of 2.57 [m/cm?]
that is 12.7 times larger than the geometrically-defined TPB length (
= 0.2027 [m/cm?]). This can be anticipated as post-test SEM images of
the patterns revealed several pits in the dense nickel layer, as shown
in Figure 4.4a, exposing additional TPB length. The exposed TPBs, as
shown in figure 4.4b, are analyzed using an open source image processing
software, Imaged [100]. The software counted 219 pits with average
perimeter size of 21.25 [m] on the pattern of total surface area 1.168x10°
[um?]. This causes an additional TPB length of 3.44 [m cm™2]. In
addition, imperfect pattern fabrication and heat treatment may also
cause waviness of the edges. Assuming 26% increase in the TPB length
due to wavy edges, as reported in [101], the effective TPB length of
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15.0kV X300 WD 9.1mm 10pm

Figure 4.4 Post-test morphology of the pattern electrode: (a) raw SEM image
(b) exposed TPBs due to formation of pits in the dense nickel layer

the pattern is 3.69 [m/cm?] that is of the same order of magnitude as
obtained by fitting the TPB Kkinetics to the experimental data.

Figure 4.5 shows the experimental and simulated polarization curves
along with simulated the activation and ohmic losses. It can be seen
that the simulated polarization curve is in a good agreement with the
experimental data. The activation loss is found to be higher than that
of ohmic loss at all current densities studied in this experiment. While
ohmic loss follows Ohm’s law and increases linearly with the current
density, activation loss follows Butler-Volmer expression and increases
rapidly in the low current density region and linearly at higher current
densities. Since, exchange current density positively depends on the
lipy, temperature, py,, and pu,o (equation 4.7 and 4.8), increasing any
of these parameters lowers the activation loss as shown in Figure 4.6.
Figure 4.6 also shows that as /;,; increases, the initial rapid increase in
the activation loss tends to be linear. Initial linear behavior is profound
in cermet electrode as /;,p, is orders of the magnitude higher than that of
pattern electrode. Increasing temperature favors the reaction kinetics as
well as ionic transport in the electrolyte thus decreases both activation
and ohmic losses. The effect of py,0 is significantly higher than that of
PH, because of its higher reaction order.
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Figure 4.5 Experimental (diamond) and simulated (solid line) polarization
curves for nickel pattern electrode cell. Anodic, cathodic and ohmic overpoten-

tials are also given.
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4.6 The Butler-Volmer equation and its
approximations

The hydrogen spillover charge-transfer mechanism (reaction 4.1-4.5)
is a multi-step, multi-electron transfer process. The generalized Butler-
Volmer equation for such a transfer process is given by [102]:

-

F
(l +r—rﬁ) n(wt] —exp
v

—_—

—(Y +rp

v

FTIact
RT

i=1i° {exp ] } (4.20)

—

here (% +r— r,B) = a, is the transfer coefficient in the anodic direction

(Hyj + OH{{SZ — HoOvsy + ON; + exy) and (% + rﬁ) = a. is the transfer
coefficient in the cathodic direction (HsOvysz + 0N + eni — Hy; + OH{{SZ).
Y, 7, and r are the number of electrons transferred before, after, and
in the rate-limiting step, respectively. v is the stoichiometry of the
rate-limiting step. Assuming that the rate-limiting step (here reaction
4.3) occurs only once in the overall reaction, by definition a, > a. and
ag + a. =2. This is contrary to the common assumption of taking equal
transfer coefficients based on the global oxidation kinetics. The pattern
electrode cell experiments of Mizusaki [48] led to a value of a, +a. = 2.8,
which can also not be explained by considering a unit stoichiometric
number of the rate-limiting step. While modeling these experiments,
Goodwin [89] proposed that the rate-limiting step may appear twice with
different rate parameters so that a, + a. = 2.8. Goodwin further argued
that such a behavior may occur because of the existence of different types
of active sites that results different reaction kinetics. Besides Mizusaki,
deBoer [82] also observed that a, + a. > 2.0. Whereas, in other pattern
electrode cell experiments [16, 92], a, + a. < 2.0 is also observed.

Since Eq. 4.20 must be solved implicitly, there are three explicit
approximations generally applied in the literature to calculate n,.; as a
function of i, and this includes: 1) Tafel equation (ngc: = (RT/aF)In (i/i%)),
2) linear current-voltage equation (14.; = (RT/F)(i/i°)), and 3) sine hy-
perbolic approximation (1. = (RT/a,F)sinh™ (i/i®)) [103]. Figure 4.7
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shows the computed 7,.; as a function of i/i° using the implicit Butler-
Volmer equation and three explicit approximations. Clearly, neither
linear nor sine hyperbolic approximation matches the implicit computa-
tion because of their inherent limitations. The former approximation is
only valid for i/i° < 1 which is not practical in the fuel cell operation. The
latter approximation also overestimates the 1,.; because it is only valid
for a, = a., which again does not satisfy the multi-step charge-transfer
process with single rate-limiting step. The Tafel equation, on the other
hand, fairly represents the expected loss at medium to high current
density regions though it underestimates 1,; at i/i® <4 .
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Figure 4.7 Activation overpotential as a function of dimensionless current
obtained by different computational approaches. a, = 1.4 and a, = 0.6 for

Butler-Volmer equation,a, = 1.4 for Tafel and a, = a. = 1 for hyperbolic sine
approximation.

4.7 Implementing TPB-based kinetics in a cermet
electrode cell model
So far, we have derived the TPB-based kinetics using pattern elec-

trode cell experimental results. Recall that the exchange-current density
obtained from pattern electrode (section 4.5) at T' = 800 [°C], pu,= 97
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[kPal, and pn,0 = 4 [kPa] is 1.83x107* [A/cm?]. This corresponds to
the TPB specific exchange-current (i(l)t b) of 3.06x107% [A/cm]. When
D

compared with the literature, Shearing et al. [104] reported 0.94x10~6
[A/cm] for Ni/YSZ cermet anode using microstructure reconstruction
and electrochemical characterization. Considering two widely differ-
ent approaches to obtain i?t ) this is of the same order of magnitude.
Therefore, the kinetics we oll;tained can, in principle, be applied to the
Ni/YSZ cermet anodes for a wide range of operating conditions. Since
electrochemically active region in cermet electrodes extends beyond
the electrode/electrolyte interface that requires the quantitative knowl-
edge of volumetric TPB density (l;’p ») than the area-specific TPB length
(l?pb) to calculate the current source term. l‘t’pb is related to l;’pb as
l‘t’p b= Asl?p b where A;is the catalyst specific surface area. When TPB
specific kinetics is implemented in the cermet anodes, /7 , can be treated
as a free-fit parameter to match the experimental data. Thus, the fitted
value may suggest the fraction of total TPB density actively participating

in the electrochemical process.

To implement the TPB-based kinetics in a cermet electrode cell model
we use experimental data by Jiang and Virkar [13]. Table 4.3 lists
the experimental and simulation parameters. Unlike pattern anodes,
the concentration overpotential is also included here while simulating
the polarization behavior of cermet electrode cell. Cathodic exchange-
current density is obtained by the expression proposed in [96]. Also, the
experimental OCV is used here rather than calculating from the Nernst
equation. The coupled gas transport and electrochemical model is solved
in COMSOL Multiphysics V5.1.

Figure 4.8 shows the experimental and simulated polarization curves
for four different Ho/HyO gas mixtures at 800 [°C]. It can be seen that
the model captures the qualitative changes in the current-voltage rela-
tionship and when l;’p p 18 assigned 1.78x107 [m/m?] a reasonably good fit
is observed between the results from simulation and experiments. Fig-
ure 4.9 further compares the anodic activation overpotential we obtained
with the simulated results of Lee et al. [106] for the same experimental
data set that also shows that the assigned value of l:p , Provides a rea-
sonably good fit. The physical TPB density reported in the literature,
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Parameter Value

Anode

Thickness [13] 1220 [um]

Porosity/tortuosity 0.1

Catalyst specific surface area (A;) [96] 1.08x10° [m?/m?]

Symmetry factors (84, Bc) 0.3,0.7
Cathode

Thickness [13] 30 [um]

Catalyst specific surface area (A;) [96] 1.08x10° [m?/m?3]

Porosity/tortuosity 0.1

Symmetry factors (B4, Bc) 0.5,0.5

ig, [96] 2.80 [A/em?®.atm/?]
Electrolyte

Thickness [13] 10 [um]

Tonic conductivity [105] 3.34x10%e 103007 [S/m)]
General parameters

Cell temperature [13] 800 [°C]

Operating pressure [13] 1 [atm]

Table 4.3 A summary of simulation parameters for Ni/YSZ cermet electrode
cell model

obtained by microstructural reconstruction of Ni/YSZ cermet electrodes,
is typically of the order of 10'2 to 10'® [m/m?] [107, 108] that is several
orders of magnitude higher than the value obtained in this work. This
possibly suggests that only a small fraction of the total TPB length is
actually active for electrochemical process.

The TPBs closer to the anode/electrolyte interface are expected to
be the preferred reaction sites to those at the gas/anode interface. For
thick anodes, only a fraction of the total thickness, commonly known
as the active layer, is sufficient to carry out the charge-transfer reac-
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tions. The thickness of this active layer is reported in literature with
significant variations. For example, Chen et al. [109] and Nagasawa
and Hanamura [110] reported the thickness to be less than 5 [um], Cai
et al. [111] reported 5-15 [um], Primdhal and Mogensen [112, 113],
Moon et al. [114], and Li et. al [115] reported the thickness of up to
20 [um]. Thickness higher than 40 [um] is reported as well [116, 23].
Variations in the reported values are mainly due to difference in the an-
ode composition, microstructure, and operating conditions. While active
thickness is an important information in designing better electrodes, it
does not explicitly help in comparing the performance of various elec-
trode designs operating at different conditions. Further, merely the
active thickness is not very helpful in simulating the cell degradation
related to variation in the TPBs over the course of time while operat-
ing under stringent conditions. For example, sulfur present in the fuel
causes irreversible degradation of the cell performance because sulfur
diffuses into the nickel bulk and leads to the detachment of nickel par-
ticles from their original position and an associated reduction in the
TPB length [117, 118]. Simulating the behavior of such system requires
quantitative knowledge of the TPBs. The use of model electrode designs
made possible to determine the TPB-based reaction kinetics that may
be used to estimate the effective TPB density of electrodes of commer-
cial cells. To the best of our knowledge, no such study is available so
far that directly makes use of the TPB-based kinetics to estimates the
effective TPB density of cermet anodes. Therefore, the comparison of
effective TPB density as obtained here is not possible. Work is also
ongoing to further refine the model and validate using experimental
results obtained by anodes of different thickness. The present set of
results provides quantitative knowledge of the effective TPB density of
a thick cermet anode as well as supports the validity of the assumption
of small active layer thickness. When these studies are extended, it will
help to understand the SOFC anodes better and this is necessary in
designing power plants based on SOFCs and realistic fuel choices.
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Figure 4.8 Experimental and simulated polarization curves for Ho/HoO system
at 800 [°C]

0.20
B 50% H, + 50% H,O (Lee)
® 34%H, +66% H,0 (Lee)
1 A 20%H,+ 80% H,0 (hee) ]
——50% H, + 50% H,0 (Sim) o
0.15 —— 349 H, + 66% H,0 (Sim) u
——20% H,+ 80% H,0 (8im)
> A
§0.10
3 A
g
A
A
0.05

0.00

T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Current density [A/cm?]

Figure 4.9 Simulated anodic activation overpotential of the cermet electrode
cell
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4.8 Conclusions

The TPB-based kinetics lead to a better prediction of the cell perfor-
mance and give information about the effective TPB length. Expression
of the anodic exchange-current density, previously derived considering a
detailed reaction scheme and the charge-transfer reaction as the rate-
limiting step, is used in this work to derive the TPB-based kinetics. The
explicit dependence of the expression on TPB length, temperature, and
gas-phase activities enabled estimating the exchange-current density
over a wide range of operating conditions. Using nickel pattern electrode
cell, the TPB specific exchange-current for hydrogen oxidation (97% Hso
and 3% Hs0) at 800 [°C] is found to be 3.06x107% [A/ecm] which is of
the same order of magnitude of the reported value (= 0.94x1076 [A/cm])
for Ni/YSZ cermet electrode cell obtained by 3D reconstruction at sim-
ilar conditions. This kinetics is first validated using button cells with
nickel pattern anode and platinum porous cathode and then extended
for cermet anodes. While implementing this kinetics in Ni/YSZ cermet
electrode cell model, we obtained an effective TPB density of 1.78x10"
[m/m?3] which is several orders of magnitude lower than the reported
physical TPB densities of cermet anodes. Very low TPB density pos-
sibly suggests that only a minor fraction of the total TPB is actually
required to produce the total cell current at given cell voltage. The
present set of results also support the validity of the assumption that
the electrochemically active region only extends to a few microns from
the anode/electrolyte interface.



Effect of HCI contaminant on
pattern and cermet anodes

Besides Hs and CO, syngas also contains varying levels of HCI contam-
inant which can potentially degrade the anode performance. Therefore,

understanding the interaction chemistry between HCI and anode materi-
als is of critical importance for designing chlorine-tolerant materials. In

this work, we investigate the effect of 60 and 150 ppm(v) HCI gas on nickel

pattern, ceria pattern, and nickel/gadolinium-doped ceria (Ni/GDC) cermet

electrode cells using electrochemical impedance spectroscopy (EIS). Post—
experiment surface analysis is also carried out using Energy-dispersive

spectroscopy (EDS) and results are reported.

5.1 Introduction

Besides hydrogen, SOFCs are capable of oxidizing practical fuels
like natural gas, biogas, and synthetic gas (syngas) due to their high
operational temperature and conduction of oxide ions through the elec-
trolyte. These fuels may also contain varying levels of contaminants like
HyS and HCI depending upon their source and manufacturing process.
HCI concentration as high as 500 ppm(v) in coal syngas and 200 ppm(v)
in biosyngas is reported that is likely to affect the anode performance
[119, 120]. Effect of HCI] and other chlorine compounds such as Cls and
CH3Cl1 on the SOFC performance has been addressed in several studies
[33, 119, 121-126]. Key findings from these studies include: 1) the effect
of HCI on the cell performance is insignificant at concentrations less
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than 50 ppm(v) [33, 121, 122, 125, 126], 2) higher concentrations may
lead to both reversible [119, 123] and permanent performance losses
[124], 3) increase in temperature decreases HCI related degradations
[123], and 4) anode supported cells (ASC) tend to be more tolerant to
HCI1 as compared to the electrolyte supported cells (ESC) [124].

Major source of performance loss in above studies has been attributed
to the adsorption of Cl species on the nickel surface and the possibility
of nickel chlorination (formation of NiClsy) is ruled out in most of these
studies. To the best of our knowledge, all relevant studies reported in
the literature have been carried out using cermet electrodes, whereas
the model geometries like point and pattern electrodes have never been
tested. It should be noted that any plausible effect of HCI on the elec-
trochemistry at the catalytic sites (triple-phase boundaries (TPBs) and
two-phase boundaries (2PBs)) is difficult to quantify with the cermet
electrodes because the complex microstructure related effects like gas
diffusion may dominate over the reaction kinetics.

Besides Ni/YSZ, knowledge of the interaction chemistry between HC1
and ceria is also essential because of the growing interest of ceria applica-
tion as alternative anode material for hydrocarbon fuels. From catalysis
literature, it is known that ceria is an effective catalyst for HCI oxidation
at 350—450 °C temperature and in the presence of over-stoichiometric
supply of oxygen, the oxidation process is known as Deacon process [127].
Ceria retains its catalytic activity due to the presence of excess oxygen.
For anode applications, though HCI concentration level in hydrocarbon-
based fuels is expected only at the ppm level, catalytic activity of ceria
may degrade because of the reducing conditions of anode [128]. Since,
nickel/ceria cermet is considered as an alternative to conventional nick-
el/YSZ cermet for anode applications, it is equally important to study
the effect of HCI] on nickel and ceria separately to identify the poisoning
effect on individual and establish their kinetics. It is known that the pat-
tern electrode cells are well suited for studying the reaction mechanisms
and identifying the rate-determining step(s)[48, 5]. Such simplified 2D
geometries can, in principle, be applied to study the effect of syngas
contaminants on the anode electrochemistry and establish the kinetics
of anode poisoning and recovery.
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While previous studies mainly focused on investigating the effect of
HCI on Ni/YSZ and Ni/GDC cermet, this is first time, to the best of our
knowledge, that pattern electrode cells are tested in an HCI contami-
nated Ho/H2O environment. We prepared nickel and ceria pattern elec-
trodes on YSZ substrate and tested with 60 and 150 ppm(v) of HCI con-
tamination levels using electrochemical impedance spectroscopy (EIS).
In order to compare the results with literature, electrolyte-supported
Ni/GDC cermet electrode cells are also tested in the same gas atmo-
sphere.

5.2 Experimental

Preparation of nickel and ceria patterns is described in Chapter 2.
The electrolyte supported nickel/GDC symmetrical button cells were
received from H.C. Starck. The cells were placed between square gold
meshes (1024 mesh/cm?) acting as current collectors. A schematic of
the test assembly is shown in Figure 5.1. The electrochemical mea-
surements were carried out with Gamry potentiostat (Reference 600)
using 15 mV sinusoidal perturbation and in a frequency range of 100
kHz to 0.01 Hz (12 points/decade). All of these measurements were
conducted in a 4% humidified hydrogen atmosphere between 750 and
850 °C temperature.

Prior to testing with HCI contaminant, cells were heated from room
temperature to 850 °C at a rate of 40 °C/hr. During the heating phase,
cells were flushed with 100 ml/min of nitrogen gas. After achieving the
target temperature, inlet gas was gradually switched from dry nitrogen
to 4% humidified hydrogen. Impedance spectra were recorded at fixed
time intervals (after 2 hrs) to monitor the cell stabilization and perform
electrochemical characterization. In all three cells, it took more than 24
hours before a stable spectrum, after achieving the target temperature,
could be recorded. Once the spectra were stabilized, two HCI concen-
tration levels (60 and 150 ppm(v)) were tested by adding a HCI/Hy gas
mixture to the primary hydrogen stream while keeping total flow (100
ml/min) the same. Distilled water was injected through a syringe pump
to ensure a constant 4 % humidity level in all gas atmospheres. After
electrochemical measurements, cells were also analyzed with Scanning
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Syringe Pump Gas outlet

N2 Weight
Gold mesh

Cell

H2 Cell support

H2 + HCl %

Figure 5.1 Schematic of the test assembly

Potentiostat

Cell holder

Electron Microscopy (SEM) and Energy Dispersive spectroscopy (EDS)
(JEOL JSM-6500f).

5.3 Results

5.3.1 Electrochemical characterization

Figure 5.2a shows the impedance spectra of nickel pattern electrode
cells with Ha/H20O prior to contamination, with Ho/HoO contaminated
with 60 and 150 ppm(v) HCI, and after removing HCI from the gas stream.
Time stabilization of the polarization resistance is illustrated in Figure
5.2b. It can be seen that adding HCI lowers the polarization resistance.
The polarization resistance at 150 ppm(v) HCI is less than half of the
resistance initially observed before HCI addition. The resistance after
removing HCI from the gas stream is found to be higher than with
HCI contaminated gas, however almost 15 % lower than the resistance
recorded before HCI addition.

The impedance spectra and time stabilization of the polarization
resistance with ceria pattern electrode cells are illustrated in Figure
5.3a and 5.3b, respectively. Similar to nickel cells, exposing ceria cells to
HCI contaminated gas also lowers the polarization resistance. However,
unlike nickel, the polarization resistance after removing HCl is found to
be slightly higher than the resistance recorded prior to contamination.
Figure 5.3b shows that ceria is also highly sensitive to HCI] gas similar



5.3 Results 83

600 -
500 -
400 -
?1300-
r\ll ™ ... " n
200 e Tee T
L . *, * 00’. 0. [ ]
1 ...:::‘AAA‘A‘ '0.. *
100 gi” e %,
/i :
O T T T T T T T T T 1
0 200 400 600 800 1000
Z'(Q)

(a) Impedance spectra for four different gas atmospheres

1000 - Initially
After removal
S NP
g 800 °
c
[}
G 60 ppm HCI
% pp -
g 8007 .o 150 ppm HCI
N A N A A A
&
S 400 A A
0 5 10 15 20 25 30 35 40
Time (hrs)

(b) Time stabilization of the polarization resistance with change in gas
atmosphere

Figure 5.2 EIS measurements with nickel pattern electrode cells at 800
[°C]. Ho/H90 gas before HCI addition in (m), Ho/Hy0/60 ppm(v) HCI in (e),
Hy/H50/150 ppm(v) HCI in (a), and after HC] removal Ho/H2O gas in (e®).
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to nickel as changing HCI concentration at ppm level results in a quick
change in the polarization resistance.

We further studied the effect of HCI on Ni/GDC cermet electrode cells
and the results are shown in Fig. 5.4. Unlike pattern electrodes, the
polarization resistance remains unchanged at 60 ppm(v), only slightly
increases at 150 ppm(v). To see whether higher concentration accelerates
the degradation, impedance spectra with 300 ppm(v) are also recorded.
It is found that the polarization resistance with 300 ppm(v) HCl is almost
25 % higher than the resistance without HCI gas. A significant increase
in the polarization resistance with Ni/GDC cells at higher concentrations
is consistent with the reported trend [121, 124].

5.3.2 Post-test analysis

We also performed a post-test surface analysis of nickel and ceria
pattern electrodes using SEM/EDS. SEM images reveal that both nickel
and ceria patterns could not remain stable and intact during the experi-
ment as shown in Figure 5.5a and 5.5b, respectively. The edges of nickel
patterns became wavy and the thick pattern layer developed several
holes. In case of ceria, several patches of the pattern are washed away. It
should be noted that, the polarization resistance for hydrogen oxidation
on ceria is almost an order of magnitude higher than what we found
in Chapter 2 at similar conditions. The erosion of ceria pattern and
reduction in the active area may have resulted in this high polarization
resistance.

The results of line scan EDS are also shown in Figure 5.5¢ and
5.5d. Only traces of chlorine are observed on both nickel and ceria
surface. Traces of chlorine observed on nickel surface during post-test
surface analysis have also been reported previously [121, 124] and were
attributed to the adsorbed Cl species at nickel surface. Interestingly
silicon and carbon elements are also detected on ceria surface. The
source of silicon is expected to be the silicon paste that we applied as a
gas sealant in the inlet pipes.
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Figure 5.3 EIS measurements with a nickel pattern electrode cells at 800
°C. Hg/H20 gas before HCI addition in (m), Ho/H20/60 ppm(v) HCI in (e),

Hy/H20/150 ppm(v) HCI in (a), and after HCI removal Ho/H20 gas in (e).
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Figure 5.4 Impedance spectra for nickel/GDC cermet electrode cells at 800
[°C]. Ho/H0 gas before HCI addition in (m), Ho/H20/60 ppm(v) HCI in (e),
Hy/H20/150 ppm(v) HCI in (a), Ho/H20/300 ppm(v) HCI in (%), and after HCI
removal Ho/H0 gas in (e@).

5.4 Discussions

Electrochemical measurements with pattern electrode cells show
that the polarization resistance drops, unlike cermet electrod cells, for
both nickel and ceria pattern electrode cells. In previous studies with
Ni/YSZ and Ni/GDC cermet electrodes, where reversible performance
degradation was observed at higher HCI concentrations, degradation
was attributed to the adsorbed Cl species at the catalyst surface. This
adsorption can be analyzed in the perceptive of nickel and ceria catalysts
separately. On nickel surface, the dissociative adsorption of HCl may be
represented as:

1
HCl(g) +[OnNj < ClNi + §H2(g) (5.1)

here [yj is a free adsorption site at nickel surface and Cly; is the
corresponding adsorbed chlorine specie. Cly; occupies the free surface
sites on nickel therefore decreasing the number of available sites for
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hydrogen adsorption and subsequent electrochemical oxidation. As a
consequence, the the cell performance should degrade as also reported
in [119, 123, 124]. However, better cell performance is observed in the
presence of HCI gas in this study. Alternately, HCI can react with nickel
catalyst and form NiCl; as:

Ni(s) + 2HCl(g) — NiCla(g) + Ha(g) (5.2)

Gaseous NiCly will move out of the anode surface and lower the
nickel/YSZ ratio of the cermet that will eventually result in a permanent
degradation [129]. Whether, the formation of NiCls(g) is feasible at
the cell operating conditions, we performed an equilibrium calculation
using FactSage software [130], and results are shown in Figure 5.6. At
800 °C, the gas phase activity of NiCly(g) is of the order of 10714 that
is too small to cause any noticeable difference in the performance. In
our experiments, neither an increase in the polarization resistance is
observed upon adding HCI to Ho/H20 gas, nor any permanently higher
polarization resistance is witnessed after removing HCI from the gas
stream. Rather, a decrease in the resistance is found (Figure 5.2a) upon
adding HCI, which cannot be explained by any argument presented
before.

Electrochemical oxidation on nickel pattern electrode cells is re-
stricted to the TPB between nickel, YSZ, and gas phases. Higher the
TPB length, the better will be the cell performance. While it is known
that the thermal treatment and electrochemical measurements may
deteriorate the sharp TPB line between nickel and YSZ [81], as also ob-
served in SEM images, that will expose a higher TPB length and result
in a lower polarization resistance. Whether, HCI plays any critical role
in deteriorating the interface or washing out any segregated impurity
at the TPB is not known to our knowledge. A detailed surface analysis
may provide further insight.

Similar to nickel pattern electrode cells, ceria pattern electrode cells
have also shown lower polarization resistance upon adding HCI. While
ceria is a potential catalyst for producing Cls gas at Deacon conditions
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Figure 5.6 Gas phase activities of nickel and cerium chloride species

(350—450 °C and O9/HC1 = 1), it does forms chlorinated phase in a sub-
stoichiometric environment (O9/HCI < 0.25) and undergoes a reversible
deactivation [131]. In this study, the formation of chlorinated cerium
may be ruled out because only traces of chlorine were detected in the EDS
analysis as evident from Figure 5.5d. Further, the gas phase activity of
CeClj3 at 800 °C is too low (Figure 5.6) to cause any considerable loss of
cerium. Even, if ceria chlorination happens, the polarization resistance
should increase that is contrary to our observations. The ceria patterns
were found degraded in SEM images that is not expected to be a result
of HCI1 as the cell performance was found by and large reversible upon
adding and removing HCI. What caused the decrease in polarization
resistance, remains unknown at this point.

The observations made with Ni/GDC cermet electrode cells are in line
with the reported trend in the literature [121, 124]. The active sites in
cermet electrode are significantly higher than the pattern electrode due
to which the resistance from TPB related process may be insignificant
compared to the resistance of other physiochemical processes. This may
be a reason that unlike pattern electrode no effect of HCI on the cell
performance is observed at low concentrations. The understanding of
Ni/GDC anode electrochemistry is insufficient due to which it is difficult
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to mechanistically relate the interaction of HCI with Ni/GDC. Further
investigations with the model anode geometry are therefore suggested.

5.5 Conclusions

The effect of 60 and 150 ppm(v) HCl is investigated on nickel pattern,
ceria pattern, and Ni/GDC cermet electrode cells using the electrochem-
ical impedance spectroscopy. Lower polarization resistance is observed
when 60 and 150 ppm(v) HC] contaminants are added to the Ho/H2O gas.
This observation is made with both nickel and ceria pattern electrodes.
In case of Ni/GDC cermet electrode cells, the polarization resistance
remains unchanged for 60 ppm(v). However, higher HCI levels (150 and
300 ppm(v)) cause a recoverable performance loss.



Conclusions

Commonly SOFC anodes are made of cermets of nickel and YSZ or
nickel and doped ceria. These materials have high electrochemical
performance, however, their electrochemistry is not properly established.
Studying the kinetics with cermet electrodes is difficult due to challenges
regarding specifying the reaction sites and due to the interference of
structure related process. Pattern electrodes have a non-porous 2D
structure with well-defined TPB length (in case of metal electrodes)
or 2PB (in case of MIEC electrodes) suitable for studying the reaction
kinetics and identifying the rate-determining step(s). Due to the non-
porous structure, the microstructural and even the gas-phase effects
are negligible in pattern electrodes that may dominate over the reaction
kinetics in case of cermet electrodes.

In this thesis, the electrochemistry of nickel and ceria anodes is
investigated in multifuel environments. Further, the interaction chem-
istry between HCI contaminant and anode materials (nickel and ceria)
is studied using pattern electrode cells and results are compared with
the influence on nickel/GDC cermet anode. In addition to the exper-
imental work, mathematical models are also developed including an
elementary kinetic model using the mass-action kinetic approach to
study the co-oxidation of He and CO in syngas (chapter 2), the Nernst-
Planck-Poisson model with a detailed reaction mechanism to identify
the rate-determining step during hydrogen electrochemical oxidation
on ceria (chapter 3), and an electrochemical model using the TPB-based
kinetics to simulate the polarization behavior of hydrogen electrochemi-
cal oxidation on the Ni/YSZ cermet anodes (chapter 4). The key findings
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made in this thesis and recommendations for future work are summa-
rized below.

6.1 Key findings of this thesis

This thesis has presented an understanding of the nickel and ce-
ria anode electrochemistry in Hy, CO, and syngas environments. It
is reaffirmed that the pattern electrodes can provide means to study
the electrochemical reaction kinetics and solid-state diffusion of bulk
defects, and investigate the influence of gas contaminants on the cell
performance. Direct CO electrochemical oxidation is often ignored in
macroscale models, however such an assumption may not be valid at
high CO concentration levels especially for ceria electrodes. Ceria is not
only an oxide-ion conductor but a favorable electrochemical catalyst as
well — the activity of ceria can even be higher than nickel as found in
this thesis. Further, it is found that the defect (electron and oxide-ion
vacancies) transport is faster than the reaction kinetics due to which
the electrochemically active region can extend beyond the electrode/elec-
trolyte interface. This characteristic is of vital importance for developing
anode-supported cells. The TPB-based kinetics derived in this thesis can
directly be used in a CFD model to simulate the performance of Ni/YSZ
cermet electrode cells, estimate the effective TPB density, and optimize
the electrode design. The effective TPB density found in Ni/YSZ cermet
anode is several orders of magnitude lower than the typical physical
TPB densities reported in the literature indicating that only a minor
fraction of total TPB density is actually required to produce the cell
current. Moreover, this work gave a unique insight into the influence of
HCI on nickel and ceria which has not been revealed so far.

A detailed overview of the chapter wise findings is presented below.
Chapter 2:

Ceria pattern electrode cells showed a lower polarization resistance
and activation energy than nickel in all gas environments tested in this
work, indicating a better catalysis on ceria than nickel. The polarization
resistance of Hy oxidation was found lower than that of CO on both
electrodes, indicating an ease of Hy oxidation than CO. Further, the
polarization resistance of syngas oxidation was found closer to that of Ho
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oxidation than that of CO, pointing towards the preferential oxidation
of Hy in the syngas mixtures. Adding a small amount of steam to CO
caused a significantly larger drop in the polarization resistance com-
pared to the drop caused by adding steam to Hy that is attributed to the
combined effect of WGS conversion and a preferential oxidation of hydro-
gen produced as a result of WGS reaction. Elementary kinetic modeling
revealed that CO may also electrochemically oxidize, in addition to Hg,
depending upon its concentration in the syngas.

Chapter 3:

The Nernst-Planck-Poisson model revealed that the bulk diffusion of
ions and electrons is faster in a thin-film ceria pattern anode equipped
with an efficient current collection mechanism than the kinetics of hydro-
gen electrochemical oxidation. The charge-transfer between the hydroxyl-
ions and the cerium-ions is the slowest and the rate-determining step.
The derived expression of the exchange-current density based on the
rate-determining step (Eq. 3.21 or Eq. 3.24), reasonably predicts the
experimentally obtained exchange-current density over a wide range of
temperature and hydrogen partial pressure.

Chapter 4:

We derived the TPB-based kinetics of hydrogen electrochemical oxi-
dation on nickel using nickel pattern anode experimental results. TPB
specific exchange-current is found to be 3.06x107 [A/cm of the effective
TPB length] at T = 800 [°C], py, = 9.7 x 10* [Pa], and py,0 = 4.0 x 103
[Pa]. Using TPB-based kinetics, the effective volumetric TPB density of
Ni/YSZ cermet anode is found to be 1.78 x 107 [m/m?®] which is several
orders of magnitude lower than the reported physical TPB densities of
the cermet electrode (= 10'2 to 103 [m/m?3]). This indicates that only
a very minor fraction of the total TPB density is actually required to
produce the cell current.

Chapter 5:

We also found that feeding 60 and 150 ppm(v) HCI gas to nickel and
ceria pattern electrode cells lowers the polarization resistance. Appar-
ently, HCI leaves a permanent footprint on both of the pattern electrodes
as the polarization resistance after removing HCI was lower on nickel
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and higher on ceria compared to the resistance before adding HCI. This
is the first time that we observed a decrease in the polarization resis-
tance with HCI1 contaminant. The polarization resistance for Ni/GDC
cermet electrode cells remained unchanged for 60 ppm(v) and increased
for higher concentration levels (150 and 300 ppm(v)) that is in line with
the reported trend in the literature.

6.2 Future work recommendations

The experimental and modeling results presented in chapter 2 pro-
vided detailed kinetics of the fuel oxidation. We further compared the
kinetics of Ho and CO oxidation in syngas environment at equilibrium.
Since the experimental setup was designed for measurements with the
symmetrical pattern electrode cells in a single gas chamber, the effect of
cell potential or current density on the relative kinetics of Hy and CO
oxidation in syngas could not be established. It is important to study
the effect of potential on the reaction kinetics as the electrochemical
reactions involve charged species, the energy level of which is sensitive
to the change in voltage. By driving the cell potential away from equi-
librium, the rate of forward or reverse reactions is favored depending
upon the direction of applied activation overpotential and height of the
resultant activation barrier. Quantitatively, the symmetry factor (8)
indicates how changing electrical potential across the reaction interface
changes the height of forward vs reverse activation barriers. Therefore,
conducting experiments under anodic biasing may also help in further
exploring the kinetics of fuel oxidation and the effect of contaminants as
well. Similar work with the cathodic biasing is relevant for electrolysis
as well where in case of HoO/CO9 mixture, the relative kinetics of HoO
and COg electrolysis can be established.

The reaction mechanism used for syngas oxidation on ceria in chapter
2 (table 2.4) simply merged the mechanisms of Hy and CO oxidation and
did not consider the intermediate species such as formates (HCO;) and
hydrogen carbonates (CO2(OH) )[132]. To this point, the true signifi-
cance and relevance of these species is not clear. Therefore, a further
refinement of the model incorporating these intermediates is suggested.
Validation of the refined model over a wide range of operating conditions
(current density, temperature, and syngas composition) may present an
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important step in the development of ceria electrode cells for hydrocarbon
fuels.

While we developed the kinetics of hydrogen electrochemical oxida-
tion on dense film of undoped ceria, the cermets of gadolinium-doped
ceria (GDC) are often preferred because GDC provides an enhanced
oxide-ion vacancy concentration, therefore, the higher ionic conductivity
compared to undoped ceria. Meanwhile oxide-ion vacancies favor the
adsorption of HoO compared to Hs. Though we speculate that it will
not change the proposed reaction mechanism (chapter 3) and the rate-
determining step (reaction 3.2), it may have an influence on the overall
kinetics. Additionally, we have shown that the transport of ceria bulk
defects is fast enough, at least up to 100 um for electrons and 1 ym for
vacancies, compared to the reaction kinetics to have any significance in
a viewpoint of the overall resistance. These results provide a basis for
studying the thin-film microporous anode of ceria, a composite system
such as Cu/CeQg, and eventually a more complex ceria cermet such as
nickel/GDC.

Similarly, useful extension of this work would involve understanding
the interaction chemistry between HCI, and nickel and ceria. A similar
study with GDC pattern anode may also provide a useful insight. In-
situ spectroscopic techniques can be used as a valuable tool to prob the
interaction between HCI and anode material.






Nomenclature

List of symbols

Ck

Cr

Eact
Ecell

E*

AH

species activity

electrode active area [m?]

concentration of surface species [mol/m?]
concentration of bulk species [mol/m?]
diffusion coefficient [m?/s]

ambipolar diffusion coefficient [m?/s]
activation energy [J/mol]

cell voltage [V]

equilibrium potential [V]

Faraday constant [96485 C/mol]
enthalpy change of a reaction [kdJ/mol.K]

current density [A/m?]
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Nomenclature

[X%]

)

exchange-current density [A/m?]

electrochemical flux [mol/m?.s]

forward & backward reaction rate constants
equilibrium constant

area-specific TPB length [m/cm?]

Volumetric TPB density [m/m?]

pressure [Pa]

gas constant [J/mol. K]

surface reaction/charge-transfer resistance [ohm]
cross-plane ionic resistance [ohm]

in-plane electronic resistance [ohm]

charge transfer resistance [ohmem?]

net rate of generation of surface species [mol/m?.s]
entropy change of a reaction [J/mol.K]
temperature [K]

fractional coverage of surface specie

formal charge

Greek symbols
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Uk; stoichiometric coefficient of reactant & in the ith reaction (-)
i electrochemical potential [J/mol]

0] electric potential [V]

€ permitivity [F/m]
p symmetry parameter
a charge transfer coefficient

n overpotential [V]

o electrical conductivity [S/m]

0 coverage of surface specie
Yipb effective TPB fraction

r surface site density [mol/m?]

Abbreviations and acronyms

act activation
an anode
ca cathode

conc concentration
eq equilibrium

eon/el electronic
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Nomenclature

hf

If

ohm

AFC

GDC

MCFC

oCcv

PAFC

PEMFC

SOFC

TPB

WGS

YSZ

Pattern

Cermet

high-frequency

low-frequency

ohmic

Alkaline fuel cell

Gadolinium-doped ceria

Molten carbonate fuel cell

Open circuit voltage

Phosphoric acid fuel cell

Polymer electrolyte membrane fuel cell
Solid oxide fuel cell

Triple-phase boundary

Water-gas shift

Yttrium-stabilized zirconia

Dense patterns of functional anode material

Ceramic/metal porous composite anode
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