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Abstract

The understanding of the mechanisms and kinetics of reactions that occur on the
electrodes hold the key to further advances in solid oxide fuel cell (SOFC)
technology. The typical material widely used as anode in SOFC is Nickel/Yttria-
stabilised Zirconia (Ni/YSZ). The kinetics of the hydrogen oxidation reaction
mechanism at Ni/YSZ anode of the SOFC is investigated in this work using the
reaction route (RR) graph method, which is a relatively new graphical method for
the analysis of reaction kinetics based on the electrical analogy.

A mechanism for the hydrogen oxidation reaction consisting of the most promising
elementary steps is chosen for the analysis. The RR graph for this mechanism is
constructed using the standard procedures. The graph is reduced by exploiting its
analogy with electrical resistive circuits. Making use of this reduced graph, an
analytical expression for the overall reaction rate is derived for the first time. This
rate expression was found to approximate the overall rate obtained using the
conventional quasi steady state (QSS) methodology satisfactorily. The reaction
pathway containing the two hydrogen spill-over reactions is identified as the
dominant pathway in the mechanism. Further analysis reveals that the hydrogen
spill-over to oxide ion is the slowest reaction step with highest step resistance and
governs the rate of the over-all reaction.
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Chapter 1

Introduction and Background

1.1. Introduction

The ever increasing demand for energy will lead to rigorous problems. Green house
gases emissions due to utilization of fossil fuels are in fact responsible for the
negative impacts on the world’s climate. This obviously leads to the idea of reducing
the energy consumption. Besides this ideal solution, increasing the efficiency of
energy conversion processes can result in reducing green-house gas emissions. To
achieve this effervescent goal, fuel cell is a potential contender. At present, thermo-
mechanical processes are being employed to generate electrical energy by primarily
producing the heat by combustion or thermonuclear reactions and then converting
into mechanical and finally into electrical energy. By virtue of Carnot theorem it is
also evident that efficiency of such a process cannot exceed a certain limit [1, 2]. On
the other hand fuel cells are the most efficient devices yet invented to generate
power electrochemically directly from chemical or fuel energy are not restricted by
Carnot efficiency limit [3]. In addition to that, a fuel cell operating with hydrogen as
a fuel will generate only useful electricity and drinking water, which makes it a zero
emission power source. Therefore, development of fuel cells not only provides the
way to enhance the efficiency of energy conversion process but also can help to
minimize the environmental problems of our planet.

Fuel cells have enormous potential to generate electric power for stationery,
portable as well as for transport application. Fuel cells are commonly named based
on the type of electrolyte [4]; at present nearly five basic type of fuel cells are under
development as given in Table 1.1. Solid oxide fuel cell (SOFC) is the most
prominent among them due to its higher efficiency and choice among a range of
fuels at higher operating temperature. Although some prototypes are available, the
commercializing stage is still facing significant challenges concerning long term
stability, cost reduction and performance improvement. SOFC consists of three
main components anode, cathode and electrolyte, albeit anode is the central part
where fuel is oxidized and electrons for the electrical current are extorted but yet
its electrochemistry is not well understood [5, 6]. Moreover, even with the
availability of large body of experimental data the mechanistic details of even the
simple hydrogen oxidation at anode are ambiguous and still a part of controversial
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discussion and it is believed that understanding the mechanisms and kinetics of
reactions that occur on the anode near the three-phase boundary is likely to be key
to further advances in this area [7].

Reaction Route (RR) Graph is a promising and vigorous graph theoretic approach
proposed by Datta and his students [8-11] and is useful to explore the mechanistic
and kinetics details of catalytic as well as electrochemical systems. More over
analogy of RR graph with electrical network provides means of pruning the
mechanism in an easy fashion, which leads to the identification of the rate limiting
steps. Combining the approach with Langmuir-Hinshelwood-Hougen-Watson
(LHHW) methodology, an explicit rate expression can be obtained, which can be
used to enhance the performance of entire system. In this study we investigate a
detailed reaction mechanism taken from the work of Vogler et al. [6] for the
hydrogen oxidation reaction at nickel/yttria-stabilized zirconia (Ni/YSZ) pattern
anode by using the RR graph approach. The results of current study agree well with
other results in the literature. In the remainder of this chapter, an introduction of
the fuel cell technology along with some basics of fuel cell focusing mainly on SOFC
is provided. Towards the end, a glimpse of RR graph technique is given followed by
the thesis outline describing the constituents of this thesis.

1.2. Fuel Cell Basics

William Grove was the one who discovered the basic operating principle of fuel cells
in 1839, by reversing water electrolysis reaction to generate power from hydrogen
and oxygen. Different configuration of fuel cells can be found but the basic
operating principle discovered by him still remains unchanged [1].

A fuel cell is an electrochemical “device” that continuously converts chemical
energy into electrical energy (and some heat) for as long as fuel and oxidant are
supplied.

Thus Fuel cells hold similarities with conventional batteries and engines. For
instance, they share the electrochemical phenomena for producing power with
batteries and like engines they can operate on a continuous supply of fuel. On the
other hand, unlike batteries, a fuel cell does not need recharging. It can operate
quietly and efficiently, and with hydrogen as fuel, it generates only power and
water. Compared to thermal engines, fuel cells efficiency is not limited by Carnot
theorem. Like in typical batteries, the required chemical reactants are not enclosed
within the electrochemical device [12]. During the process, the fuel and oxidising
agents are supplied externally. In principle, any exothermic chemical reaction that
can be separated into a reduction reaction and an oxidation reaction can be
exploited in a fuel cell for the generation of electrical power. A schematic diagram
of an individual fuel cell is provided in Figure 1.1.

Chapter 1: Introduction and Background 2
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N\

Fuel Flow

Electrons

Anode

ions Electrolyte  ions
ons

Cathode

Electrons

/

Oxidizer Flow

Figure 1.1: Schematic diagram of individual fuel cell [13].

1.2.1.Types of Fuel Cells

Classification of Fuel cells primarily based on the employed kind of electrolyte. This
categorization defines the occurrence of different sorts of chemical reactions,
implication of various catalysts, the operating temperature range of the cell,
required fuel and so on. Presently, several types of fuel cells are under
development, each having its own pros and cons and potential areas of
applications. A list of best known fuel cells is provided along a schematic
representation in Figure 1.2 and their important characteristics are arranged in
Table 1.1.

e Alkaline fuel cells (AFCs)

e Polymer electrolyte membrane fuel cells (PEMFCs)
e Phosphoric acid fuel cells (PAFCs)

e Direct methanol fuel cells (DMFCs)

e Molten carbonate fuel cells (MCFCs)

e Solid oxide fuel cells (SOFCs).
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Anode Electrolyte Cathode

Figure 1.2: Representation of different types of Fuel Cell [14].
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Table 1.1: Characteristic of different types of Fuel Cells [2, 3].

Fuel Fuel
cell

Type

AFC Pure H2

Pure H2
(tolerates
C02)

PEMFC

PAFC Pure H2
(tolerates

CO2,

approx. 1%

co)

DMEC Methanol
(CH30H)

MCFC H2,CO, CH4,

other

hydrocarbons

(tolerates
C02)

SOFC  H2,CO, CH4,

other

hydrocarbons

(tolerates
C02)

KOH

Solid
polymer
(Nafion)

Phosphoric
acid

Solid
polymer
(higher
density)

Lithium and

potassium
carbonate

Solid oxide
electrolyte
(yttria,
zirconia)

Electrolyte Charge

Operating

Electric Applications

Carrier Temperature Efficiency

OH™

Cco,>

o>

Chapter 1: Introduction and Background

60-120°C

50-100°C

~220°C 40%

50-120°C 45%

~650°C >50%

~1000°C >50%

35-55% <5 kW, niche
markets
(military,

space)
Automotive,
CHP (5-250
kw),

portable

CHP (200 kW)

35-45%

Portable
electronic
systems

200 kW-MW
range, CHP
and
standalone

2 kW-MW
range, CHP
and
standalone

CHP: Combined heat and power
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1.2.2. Operating Principles

For the fuel cell operating at hydrogen the global reaction can be termed as
hydrogen oxidation reaction such as

1
H, + 502 = H,0 (1.1
In a typical configuration of fuel cell the fuel and the oxidiser are separated by a
gas-tight electrolyte therefore the global reaction can be divided into cathodic and
anodic reactions [2, 3] i.e.

%02 +2e” = 0% Cathode reaction

H, + 0>~ = H,0+ 2e” Anodic reaction

A traditional arrangement of fuel cell normally consists of fuel electrode (anode)
and oxygen electrode (cathode) and these electrodes are interconnected via ion-
conducting electrolyte. These electrodes are further coupled through a load with
the help of external metallic wires outside the cell. The electric current is
transmitted by means of electrons in the outer circuit while in the electrolyte it is
due to ions. These ions could be different based on different type of electrolyte.
Hence these ions conducting electrolyte builds up a concentration gradient that
results in electrical voltage between the electrodes. For a fuel cell operating at
hydrogen, this maximum voltage is about 1.2 V and can be calculated as (also
referred as over circuit potential) [12]
AG

E = ~F (1.2)
where z is the number of electrons transferred and F is Faraday's constant. The free
enthalpy of reaction (AG) depends on the concentrations of reactants and products
in the gas-mixture actually fed to the anode and cathode. Generally the gases
supplied to the electrodes are not pure (e.g., ambient air is used frequently as
oxidiser), and from Eq. 1.2 the Nernst equation follows [6, 15]

:_ﬁ_ﬁ n—05 (13)
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where AG is the free enthalpy of over all reaction, R the ideal gas constant, T the
temperature and a; activities of the species.

1.2.3.Efficiency

For traditionally employed thermo-mechanical processes such as steam and gas
turbine, the efficiency is limited by Carnot’s efficiency theorem[2, 6] i.e. for system
operated between a hot state T; and cold state with temperature T,, the maximum
possible efficiency is

T,_T,

1

Carnot limit = (1.4)

Unlike the above scenario, fuel cells are not subject to Carnot’s efficiency limit. In
fact, it is usually assumed that if there were no irreversibilities, then Fuel cell might
have 100% efficiency [2]. For the reaction given in Eq. 1.1 the total amount of
energy released is equal to the free enthalpy AH that could be converted into to
electrical power. However, in an ideal fuel cell, only the free reaction enthalpy AG =
AH — T AS can be converted into electrical energy. Therefore the maximum
efficiency of fuel cell can be written as

AG
Maximum efficiency = AL (1.5)

At a system temperature of 800 K and a ambient temperature of 300 K a fuel cell
running on hydrogen works with a theoretical efficiency of 80% whereas a thermo-
mechanical process is limited to 60% [2, 6].

Chapter 1: Introduction and Background 7
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1.3.  Solid Oxide Fuel Cells (SOFCs)

Indeed, Solid oxide fuel cells (SOFCs) are the most capable and efficient devices yet
invented for the production of electric energy through chemical fuels. The central
idea and material was proposed by Nernst and his colleagues [4]. These fuel cells
employ solid-ceramic oxidic electrolyte as denoted in the name and operate at high
temperatures (500-1000°C). Electrolyte of this type, allows O, ions to pass through
its crystal lattice via available vacancies. SOFCs acquire a number of dominant
features because of their high operating temperature as compared to other types of
fuel cells because of which it has been gaining attention of various research groups
all over the world during the last two decades. They could obtain an electrical
efficiency of nearly 55% and also are capable of working in hybrid systems and
when coupled with gas turbines and combined heat-and power (CHP) generation,
an efficiency of 70 to 90% can be achieved. Other advantages include a relatively
broader spectrum of fuels e.g. hydrogen, methane or natural gas and hydrocarbon.
No need of expensive catalyst to start electrochemical reaction. More over solid
nature of electrolyte provides geometrical flexibility of cell designs i.e. planer,
tubular and monolithic. Beside these positive attributes, need of high-temperature
sealing techniques and thermal stresses due to different thermal expansion
coefficient of individual materials are also prominent drawbacks. The components
of SOFC are discussed below.

A Solid Oxide Fuel Cell (SOFC) is typically composed of four main components. Two
porous electrodes, anode and cathode, interposed between an electrolyte made of
a particular solid oxide ceramic material [4] and the interconnect that connects the
anode of one cell to next cathode in a stack. These components are connected to
each other in a pertinent way. A simplified diagram of SOFC is shown in Figure 1.3.

H Reaction
Fuel Channel \\\ = \-\\ -> products

Hy + 02— Hy0 +2e”

ANODE © |
‘ o* electrolyte
CATHODE (1) |

1/20, + 2™ — O%

Excess
Oxidant Channel jj),qy jj = 4 Air

Figure 1.3: Simplified diagram showing oxygen ion and electron flow in SOFC [16].
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i) Electrolyte
Due to the high ionic conductivity of electrolyte, oxygen ions can migrate from the
cathode to anode and because of the dense structure of the electrolyte the
cathodic gas cannot return. Yttria-stabilized zirconia (YSZ) is currently the most
widely employed material for the electrolyte manufacture because of its high ionic
conductivity for oxygen [4]. Some of the desiring features of a superior electrolyte
are;

Insignificant electronic conductivity

High ionic conductivity

Chemical stability during the operation

Thermal expansion compatibility with other components of cell

YV V V V V

Thermodynamic stability over a operational range of temperature if oxygen
partial pressure

ii) Electrodes
Anode: is the electrode where hydrogen and oxygen ions react to produce water.
The electrons released in this reaction are migrated to the cathode with the help of
an external circuit as in Figure 1.3 The most widely used material for the anode is
currently a composite of Ni/8YSZ (i.e. Ni with 8% mole of YSZ) as it is highly active
for electro-chemical reactions.

Cathode: receives the electrons coming from the anode and convert oxygen to
oxygen ions which are then absorbed by electrolyte and ready to go towards the
anode. The typical cathode material for SOFC is the strontium doped LaMnO3
(LSM), and during early development, platinum and other noble metals have also
been considered.

Here are some other obligatory characteristics of electrodes (anode and cathode) as

» High electron conductivity

» Adequate porosity to allow transport of reactants or/and products to or/
and from triple phase boundary (TBP)

» Compatibility with other cell components in terms of chemical, thermal and
mechanical characteristics during fabrication and as in operation.

iii)Interconnect
Ceramics are most popular interconnect used in high temperature SOFC. There are
two main disadvantages while using ceramics as interconnect that is high cost and
relative rigidity that makes them brittle [4].
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1.4. A Glimpse of Reaction Route (RR) Graph
Approach

Reaction Route Graph is a relatively new graph theoretic approach, and is highly
suitable to explore the kinetics of complex catalytic and electrochemical systems.
The fundamental difference between RR graph approach and other graphical
techniques is that the nodes or joints in the graph do not necessarily symbolize the
individual species, rather just simply indicate the connectivity of different
elementary reactions or steps in the reaction network [11]. This characteristic of RR
graph plus its analogy with electrical circuits makes it superior for the quantitative
analysis. For example the RR graph constructed for the given mechanism can be
easily converted into the equivalent electrical resistive circuit. This enables the
implementation of well developed laws of electrical circuits e.g. Kirchhoff laws. It
eventually leads to the development of accurate and robust rate expressions, which
are required for reactor design and for the enhancement of catalyst and processes.

The RR graph application to catalytic reactions basically involves the following steps.

» Determination of surface intermediates for the considered catalyst.

» Enumeration of possible set of elementary reaction pathways involved in
the over-all reaction.

» Graphical illustration of the given reaction mechanism in form of reaction
network (RR graph) to visualize all the reaction routes (RR).

» Conversion of reaction network into an electrical resistive network by
replacing every step with equivalent resistance. This later on facilitates the
vigorous flux and kinetic analysis by making use of vast variety of electrical
tools available.

More over the reaction resistive network provides a way for the reduction of
network by performing a numerical comparison of reaction step resistances and
facilitates a rational and logical identification of dominant pathways and eventually
the rate the limiting steps (RLS). In addition to this, RR graph approach also allows
the development of explicit rate expression for the considered reaction system by
means of principles such as quasi-equilibrium (QE) hypothesis, most abundant
reactive intermediate (MARI), and LHHW formation, without considering any steps
as RLS as a priori.
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1.5. Objectives of this Work

The primary objective of this study is to investigate the reaction mechanism of
hydrogen oxidation reaction at Ni/YSZ anode of an SOFC by using RR Graph
approach. This will result in enhanced understanding of the kinetics of the reaction
by pinpointing the rate limiting steps (RLS) in the mechanism. Sometimes it is more
desirable to derive an explicit rate expression which is also a focus of this work.

To achieve these goals, firstly a detailed reaction mechanism of hydrogen oxidation
reaction at Ni/YSZ will be selected and the required entities to draw the RR graph
will be enumerated. The RR graph for the mechanism will be constructed and
pruned.

Comparison of various charge transfer pathways will be made as a function of
temperature and over potential, which will result in the determination of dominant
pathway and rate limiting steps. An explicit rate expression would be derived in
terms of the known quantities by exploiting the electrical analogy. The results will
be validated by comparing with experimental results from the literature.
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1.6.  Organization of Thesis
Chapter 1 provides background information of Fuel Cell technology and its
significance followed by a glimpse of SOFCs and RR graph approach along with the
objectives of this research work.

Chapter 2 describes the quantitative and qualitative studies performed to
reveal the mechanistic and kinetic details of hydrogen oxidation reaction at SOFC
anode (Ni/YSZ) leading towards a selection of detailed reaction mechanism for the
implementation of RR graph approach.

Chapter 3 gives the definitions of essential terminologies of RR graph. Then the
reaction routes and the nodes required to draw RR graph for the selected
mechanism are enumerated followed by an RR graph for chosen system.

Chapter 4 explains the basics as well as introduces the new form of electrical
analogy of RR graph approach. The model equations to estimate the kinetics of
surface and charge transfer reactions and consistency of hydrogen oxidation
reaction network with the constraints imposed by electrical theory laws are
explained. Furthermore, pruning of the graph based on the numerical simulation
results is also performed along with a derivation of an explicit rate expression and
towards the end a comparison between the results of this study with the published
literature is given.

Chapter 5 discusses the outcome of this investigation and provides a summary
of the key recommendations.
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Chapter 2

Literature Review

2.1. Introduction
Even today the most widely used material as anode in Solid oxide fuel cell (SOFC) is
the typical Nickel/Yttria-stabilised zirconia (Ni/YSZ). However studies on SOFC
electrodes started back in 1960s and an extensive work has been published since
then [5], nevertheless the mechanistic details of even the simple hydrogen
oxidation reaction are still ambiguous and are still a topic of controversial
discussions [5-7, 17].

Basically hydrogen oxidation reaction can be classified into two broad categories i.e.
surface reactions and charge transfer reaction. In the following section,
experimental and analytical studies performed to explore the mechanistic details of
hydrogen oxidation reaction by most eminent research groups are discussed,
bearing in mind the different possible pathways and rate determining steps (RDS).
Also, a mechanism which is complete for the purpose of kinetic studies using the
reaction route graph method is identified and the different steps involved in the
mechanism are discussed.

2.2, Types of Reaction Steps in Hydrogen Oxidation
reaction at Ni/YSZ

2.2.1. Surface Reactions

A huge amount of experimental investigations had been performed in order to
improve the performance of SOFCs by understanding the kinetics of anode surface
reactions. Initially, most of the researcher focused on the structural configuration of
anode and primarily investigated the effect of physical parameter and significance
of surface reactions. This section basically provides an overview of the previous
studies performed by using different SOFC electrode configurations such as point
[12, 18-20], pattern [21-26], and cermet [27-30] electrodes.
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Guindet et al. [18] investigated oxidation reaction of H, at 960°C on a nickel ball
pressed onto an YSZ disc and primarily focused at polarization curves and recorded
a maximum value of the current density for anode potential of -850 mV versus air.
Moreover for lower anodic polarisation between -1000 and -850 mV they suggested
that hydrogen oxidation takes place at nickel. Their plots of log(i) and n follows
the Tafel plots in [2]. Later on, they addressed the impact of partial pressure of H,
and H,0 at the performance of Nickel electrode and based on polarization curves,
they concluded that charge transfer reaction is not rate determining step [12].

Norby et al. [19] examined the relation between performance of electrode and
triple phase boundary (TPB) by using two different structural configurations of
electrodes. A nickel wire wrapped around an alumina rod and an electroplated
nickel layer with circular holes made by microlithography was used to investigate
the influence of partial pressure of H, and H,0 at reaction resistance. Finally, they
concluded that for the electrode having small TBP and large Ni and YSZ area per unit
TBP length, the rate is limited by charge transfer reaction because of restricted TBP
length. And on the other side, reaction resistance dominates for the electrodes
having large TBP length, smaller accessible area of nickel and YSZ per unit TBP
length. In addition to that, they suggested that for the second electrode, the rates
are limited because of too small or inactive surface and not due to small TBP length
[20].

On the other side, interest in simplified patterned electrodes is increasing due to
various reasons. Unlike point electrodes they can be examined after heating and
pattern structure also provides access to TBP for unambiguous ex situ detection of
morphological changes and potential impurity effect [5, 21, 22, 26]. Furthermore
due to simplified electrode, the structural influences can be reduced and this
provides a comprehensive way to study the electrochemical process [6].

Mizusaki et al. [21] investigated the reaction kinetics of H, oxidation reaction at
nickel pattern electrodes and suggested a linear relationship between the electrode
conductivity and TBP length. Previously, they had suggested that rate limiting step
occur at Ni surface, later on, they had examined the relationship between
concentration of adsorbed species and partial pressure of H,0 and H,. Based on the
results and polarization curve, they proposed the following reaction mechanism.

H, +2s, & 2H,,
H,0 +s, & Hy04y
H,044 +s, © Hyy + OH,y
OH,; +s, © Hyy + 04y

Oad A Oad,Ysz + Se
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Oad,Ysz + 2e & Oi)c
HZOgas +s. © HZOad

Where s, represents the vacant site at Ni, with the adsorbed species on the Ni
surface are O,4, OH,y, H,q and H,0,, . Furthermore they reported that the rate of
anodic reaction can be essentially determined through the reaction of H, 0y, and
the adsorbed oxygen at Ni surface. Later on Mizusaki et al. [22] performed a study
to compare reaction kinetics of H,-H,0/Ni/YSZ system and H,-H,0/Pt/YSZ system
with the help of impedance measurements at 700 to 850°C, and concluded that the
reaction proceeds through the (TPB) of H,-H,0/Ni/YSZ and the pathway of the rate-
determining reaction is different from that at the TPB of H,-H,0/Pt/YSZ. The first
one, takes place on the nickel surface close to the TPB, where as the second occur
just across the TPB.

Nakagawa et al. [23] examined an intermediate electrode between pattern anode
and cermet anode. One depressed arc was found in the impedance diagram by
analysing a 2 um thick nickel layer without a porous YSZ top layer and a second arc
was obtained when coated with YSZ. It had been suggested that associated
resistance was proportional to the thickness of the applied porous YSZ layer and it
might be because of diffusion of H,O inside the porous YSZ layer. Based on the
results it was concluded that for anodic reactions under polarisation an activation
process is important and not the diffusion process. De Boer et al. [5] studied nickel
pattern electrodes as they prepared different patterns by using lithographic
techniques and by varying the width of and the distance between adjacent nickel
stripes. Impedance and polarisation measurements were utilized for
characterisation purpose and they reached a conclusion that several mechanistic
processes can determine the electrochemical performance of nickel pattern anodes.
Nevertheless in the range of partial pressure of H, and H,O covered in the
experiments they found one of these was a dominated process.

Bieberle et al. [24] presented a new approach based on a combination of
modelling, simulation and experiments to examine the Ni pattern structure, and
proposed that two electrode processes were mainly affected with variation in
length of TBP, whereas one process remain almost constant. They also
recommended that polarization resistance is inversely proportional to the TBP
length and the electrode process might not be limited because of charge transfer
reactions. After wards in another study Bieberle et al. [25] prepared Ni pattern
electrodes with well-defined triple phase boundary (TPB) lengths with the aim of
investigating the reaction mechanisms. They utilized the techniques of
electrochemical impedance spectroscopy to explore the impact of various
important parameters like over potential, gas atmosphere, temperature, and
pattern geometry on the electrochemical behaviour and compared the results of
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their investigations to findings of the complex state-of-the-art Ni-YSZ cermet
anodes. They suggested that in a wide range of observed experimental conditions,
Ni pattern electrodes were limited by one main electrode process, which might be
credited to either the adsorption/desorption of H, or to the removal of O, from the
electrolyte or even both processes might also be combined with a charge transfer
reaction. Moreover they proposed, the kinetics of Ni pattern anodes are not limited
because of desorption of water or diffusion effects and the partial pressure of water
in the fuel gas atmosphere had a catalytic effect on the anode kinetics.

The majority of the experimental studies reported common influence of gas
composition and temperature at polarization resistance which might be summed up
as, a decreasing trend of polarisation resistance with increase in water vapour
content and temperature, whilst an almost constant polarisation resistance pattern
when hydrogen content was varied [6]. De Boer suggested that over all, it can be
concluded that comparison between the results is difficult, because of the use of
different types of electrodes with different ranges of temperature and under
different ambient conditions [5, 26, 27].

Moreover, another type of anodes is Ceramic-metal composites (“cermets”). This a
typical material used as anodes for solid oxide fuel cell (SOFC). Nickel/yttria-
stabilized zirconia (Ni/YSZ) cermets have mostly been used in experimental studies
(e.g. [27-32]) as anodes for hydrogen oxidation in SOFCs. Cermet structure is
basically used to increase the adhesion between anode and electrolyte furthermore
it also provides enhanced stability as compared to nickel and increased number of
reaction sites per nominal electrode area.

Mogensen et al. [27] analysed the factors controlling the performance of (SOFC)
electrodes, and with the help of commonly used anodes and cathodes, Ni-YSZ and
LSM-YSZ. They suggested that H, oxidation reaction might be limited by at least
three processes and of which one or two depend upon the microstructure and
concluded that the electrochemical reaction occurs on both the solid electrolyte
and the electrode materials but only in a narrow zone (few um) along the three-
phase-boundary. Primdahl et al. [28] studied the oxidation of hydrogen on Ni/YSZ
(cermet) anode with the help of impedance spectroscopy. They varied the
temperature, anodic overvoltage, electrode potential and H, and H,O partial
pressure and got three distinct arcs in impedance spectra, based on this they
suggested that there are at least three rate-limiting processes.

In another study, by means of the galvanostatic current interruption and
electrochemical impedance spectroscopy lJiang et al. [29] addressed the H,
oxidation reaction for Pt and Ni electrodes by varying the H,/H,0 ratio at 1000°C in
(SOFC) with YSZ electrolyte. Based on the results they concluded that catalytic
activities of electrode material, electronic conductivity of the YSZ surface and H,0
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content in H, gas are significant factors, controlling mechanism and kinetics of H,
oxidation reaction. They pointed out that effect of water vapours in H, gas on the
reaction kinetics is very much dependent on the electrode materials and is related
to the partial pressure of O,. Based on polarization and electrochemical impedance
spectroscopy results, they suggested two major processes are largely contributing
to the reaction kinetics of hydrogen oxidation at given conditions, which are
hydrogen adsorption/diffusion on the nickel surface and charge transfer from the
electrolyte to the nickel electrode. In another study they inspected the hydrogen
oxidation on Ni/ 3 mol% Y,03—ZrO;, (Ni /Y-TZP) cermet electrodes in moist H,
environments and proposed the same process as the rate limiting steps as
previously [30].

2.2.2. Charge transfer reactions at Ni/YSZ Anode

Because of the controversy about the actual pathway of H, oxidation, different
researchers attempted to summarise all of the proposed pathway and different
possible charge transfer reactions [6, 7, 33]. Bieberle suggested the first
quantitative elementary kinetic model for this reaction and assumed oxygen spill-
over, two electron charge reaction steps. Williford et al. also reported the similar
mechanism at Pt/YSZ anode [34]. Bessler et al. [35] reviewed the elementary
reaction steps for H, oxidation and primarily focused on the electron charge
transfer reactions. Recently, Vogler et al. [7] proposed a quantitative kinetic
modelling study to investigate the hydrogen oxidation reaction at Ni/YSZ pattern
anode. They suggested a very detailed reaction mechanism primarily focusing on
the so called spill over reactions given in Table 2.1 and compared their results with
[25] and found that hydrogen spill over pathway can best describe the experimental
results. A schematic diagram for all the available charge transfer pathways [6, 7, 35]
is given in Figure 2.1 and are explained in this section.
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Table 2.1: Reaction mechanism of H2 oxidation reaction at Ni/YSZ anode [6, 7, 17,
36-39]

Type of reaction Elementary Reactions

YSZ surfacereactions
H;0(gas) + [ Iysz © Hz0ys;
H,0ys; + 07&, © 20Hgg,
0% vsz + [lvsz © Oy + Vs'ysz
Ni surface reactions
Hy0(gasy + [ Invi © HaOp;
Hygasy + 2 [ 1 i © 2Hy;
Hpy; + Oy © OHy; + [y

Hy0pn; + Opy; © 20Hy;
OHy; + H y; © Hy0p; + [ ] w

Charge-transfer reactions
Hyi + OHyg; < HpOysz + [y + €7
Hyi + 03¢ < OHygy + [In; +e”
034 + [Ini ©Oxi +[1ysz e
Oni © Oni + ey,
Oysz + [Ivi © Oni + [lysz +2 e~

OHysz +[]ni © OHyi +[]ysz t e~
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b)

Figure 2.1: (Source: [6, 7] ) Schematic representation of charge transfer reactions at
Ni/YSZ TBP. a) Spill-over of H2 from the Nickel surface onto an oxygen ion or
hydroxyl ion on the YSZ surface. b) Showing Charge-transfer reactions with and
without spill-over of oxygen ions from the YSZ surface to the Nickel surface. c) Spill-
over hydroxyl from the YSZ surface to the Ni surface. d) Charge-transfer due to an
interstitial proton. e) Charge-transfer and reactions on YSZ surface only. In panels d)
and e) brown walls represent the possible segregated impurities.
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i) Oxygen spillover

The term spillover is often used as reference for transition of species between
different surfaces. So oxygen spillover is the transfer of oxygen ions (0%s;) from
YSZ surface to Ni surface through a nickel vacant site [35].

Ové + [1wi © O + [vsz + ex;

After that, succeeding chemical reactions of hydrogen and oxygen species takes
place, e.g. adsorption of molecular H, and desorption of H,0, takes place on metal
(Ni) surface. This path could also be found in some other studies [36, 10, 1, 3]
furthermore using Pt/YSZ electrodes this charge transfer reaction had been found at
cathode [40] and anode [34, 41]. Other than this, transition of hydroxyl ions from
the YSZ to the Ni surface could also be the case [42] .

OHysz + [Ini © OHy; + [lvsz + en;

Oxygen spill over has also been considered as the origin of electrochemical
promotion during some studies [43, 44] and experimental verifications for oxygen
spillover in Pt/YSZ electrodes through photoelectron emission microscopy and
cyclovoltammerty have also been reported [45].

ii) Hydrogen Spillover.

Spillover of hydrogen from the Ni to YSZ surface [35] is another possible pathway
which has been highlighted in different experimental and quantitative
investigations [5, 36, 39, 46]. H, atoms may hop to either an oxygen ion site in an
elementary charge-transfer reaction or to a hydroxyl site.

Hy; + OHygsz © HpOysz + [ v + en;

Hyi + 0vé;, © OHysz + [Ini + en;

During this pathway H, first adsorb at Ni surface and H,O desorbs at YSZ surface.
However any direct experimental evidence of hydrogen spill-over has not been
found [35] from the literature [37, 47] as it had been considered with the
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assumption of fast surface transport of adsorbed H, on the Ni surface and also of
protons on the YSZ surface.

iii)Interstitial Hydrogen transfer

Interstitial H, atoms and interstitial proton are known to be present in high
concentrations and have enough diffusivities in bulk of Ni and YSZ respectively, to
support the reaction at typical SOFC temperature. So charge transfer may take
place at two phase boundary of Niand YSZ as below (Kréger-Vink notation).

< . _
Hini < Hiysz +ey;

These species are produced via surface adsorption and surface/bulk exchange of H,
and H,O on Ni and YSZ respectively. This pathway was also reported by several
authors [28, 48, 49] and it might produce higher currents.

iv) Reactive electrolyte

This mechanism has been offered by Brown et al. [50] and in this scenario it might
be possible that O, ions are oxidised to form O, atoms on electrolyte surface (YSZ)
and then atomic oxygen can proceed to a chemical reactions on YSZ. As charge
transfer can take place over the complete electrolyte surface area if TBP is
restricted by segregated impurities [6].

In a recent study Vogler et al. [38] addressed the role of interstitial hydrogen
pathway in a 2D modelling study by assuming only this as active charge transfer
pathway and suggested that in case if TBP is blocked by secondary phases [51-53]
these pathways (iii & iv) might be possible but with clear TBP surface spill-over is
most probable pathway. Further estimated parameters taken from the parent work
used in this study did not incorporate any effect of these steps, therefore in order
to maintain the thermodynamic consistency and to allow a fair comparison these
steps have not been considered here. Next, no experimental validation is found for
the mechanism at YSZ surface. Vogler found a quantitative similar match from two
hydrogen spill over pathway by considering H,Oys; dissociation into the mechanism
or by assuming fast surface diffusion and excluding H,Oys; dissociation reaction,
both of the assumptions are chemically reasonable and he suggested the need for a
clarification through experimental studies. In this case study H,Oys; dissociation step
has not been considered instead assuming fast diffusion of hydroxyl group on YSZ
surface with simultaneous electro-catalytic effect of water [54].
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2.3. Analytical Investigations of H, oxidation at
Ni/YSZ Pattern Anode

To completely understand the experimental investigation of such a complex
electrochemical system as given in the previous section, proper theoretical
background is required. H, oxidation reaction has been addressed on qualitative
basis. Nevertheless, to achieve an unambiguous result, quantitative models are
required so that their results can be compared to the experimental findings to
develop appropriate understanding of the chemical and physical processes involved
in the system and to indentify the dominant reaction pathway and the rate
determining steps [6].

Bieberle et al. [17] investigated a simplified anodic (SOFC) system, Ni, H,—H,0/YSZ,
by utilizing so called state-space modelling (SSM) approach and proposed an
electrochemical model for this system. They validated this model by fitting the
simulation results to the experimental impedance spectra, observed under well-
defined operating conditions. Moreover, they performed repeated analysis by
changing the triple phase boundary (TPB) length, the partial pressure of the
components, and the over-potential (n). They suggested a reaction mechanism in
Kréger-Vink notation as given below;

ovszHllni © Oni + Viysz + 2e7
Oni + H i © OHy; + [
Oy; + H,Op; < 20Hy;
H y; + OHy; © HyOp; +[] i
Hygasy + 2 [ 1 i © 2Hy;

Hy0(gasy + [ 1nvi © Hz0y;

where [ |y; represent vacant site at nickel surface, I/," and Of represent vacancies
and oxygen ions respectively and four species are attached to Ni surface
(Oni, H yiy OHy;, Hy Oy ). They suggested that to get explicit kinetics of the system,
more detailed and extensive data is required and at this stage, it might be unsafe to
approve any specific reaction mechanism as dominating pathway. The same
mechanism can also be found in some other studies [46, 55] and was recently used
to develop a thermodynamically consistent kinetic model for H, oxidation reaction
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at anode of SOFC by Vijay et al. [55]. They also found that surface reactions may
perform greater role in determining the overall rate of reaction.

Bessler et al. [56] proposed a new computational approach that could be used for
simulating impedance spectra based on transient numerical simulation of dynamic
behaviour of electrochemical systems. They used the same six-step surface reaction
model of the hydrogen oxidation reaction at an SOFC Ni/YSZ pattern anode as given
in ref [17, 55] and then compared the result with the state—space modelling study
of Bieberle and Gauckler [17]. Good agreement was obtained between simulated
impedance and experimental data from literature. They concluded that the overall
rate is dominated by surface adsorption and desorption reactions and charge
transfer reaction is not a rate limiting step. However based on some discrepancies
in the model (as it cannot completely describe the anodic reaction especially the
surface diffusion and electrolyte surface reaction), an ultimate conclusion about the
anodic hydrogen oxidation reaction is not possible. Afterward, Bessler et al. [39]
developed a framework for electrochemical simulation of solid oxide fuel cell
system which was based on basic physical and chemical process involved in the
system. In this study they also addressed the surface reaction at YSZ surface
(considering species H,Oys;, OHyg, and 034, attached to YSZ) and reported a
hydrogen oxidation reaction mechanism at Ni/YSZ as given below.

Charge-transfer reaction
Hyi + OHyg; < HpOysz + [ v + €7
YSZ surface reactions
H;0(gas) + [ Iysz © Hz0ys;
H,0ysz + 0yd; © 20Hyg;
Svsz + [ysz © 0y + Voysz
Ni surface reactions
Oni + H i © OHy; + [
Oy; + H,Op; < 20Hy;
H y; + OHy; © HyOp; +[] i
Hygasy + 2 [ 1 i © 2Hy;

Hy0(gas) + [ 1nvi © Hz0y;
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Vogler et al. [36] presented a combined modelling and experimental study to
examine the electrochemical behaviour of Ni/YSZ anode. The model was developed
based on elementary kinetic approach to charge transfer reaction and surface
reaction which also enable them to compare different pathways presented in the
literature. They suggested that the so called hydrogen spill over reaction from Ni to
YSZ is the dominating reaction pathway and the charge transfer reaction is the rate
limiting step.

Hy; + OHyg; © HyOysz + [y + e~

Recently, Goodwin et al. [57] developed a model to deal with the electrochemical
behaviour of pattern anode. They compared different charge transfer pathway and
validate their results with the experimental findings of Muzaki at el. [21] and
concluded that hydrogen spill over mechanism can explain the experimental results.
Mukherjee et al. [58] investigated the electrochemical behaviour by using first
principle investigation combined with Density Functional theory calculation (DFT)
and statistical thermodynamics. Comparing the H, oxidation reaction at different
metals they suggested that oxygen adsorption energy can explain the electro-
catalytic activity. Rossmeisl et al. [59] calculated the thermodynamic data with the
help of Quantum mechanical calculation and compared theoretical activity of
hydrogen spill over and oxygen spill over pathway and concluded that surface-
adsorbed oxygen play a vital role H, oxidation reaction which pointed out that
oxygen spill over is the dominant reaction pathway under the given experimental
conditions. Furthermore cermet anode has also been studied by several authors,
e.g. [32, 49, 60, 61] using different theoretical approaches and the results do not
lead to a unique view of hydrogen oxidation reaction.

2.4. Shortlisted reaction steps for further investigation
using the RR graph approach

Based on previous literature a list of most promising reaction steps is selected as in
Table 2.2, to further investigate with the help of RR graph approach.
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Table 2.2: Shortlisted steps of hydrogen oxidation reactions for further study

Elementary Reaction (ERs)

YSZ Surface Reactions
Hy0gas) + [ lysz © H2Oysz
05 vsz + [ysz © 0y& + Vo'ysz
Ni Surface Reactions
Hy0(gas) + [ Ivi © HaOp;
Hygasy + 2 [ 1 v © 2Hy;
Hy;+ Oy © OHy; + [
H;0p; + Oy © 20Hy;
OHy; + H y; © HyOpng + [ i

Charge-Transfer Reactions

Hyi + OHyg; © HyO0ysz + [ ]y €

Hyi + 0v& © OHygy + [ 1w+ e~
0v& + [ v © Oni + [1ysz + e~
On; © Oy +ey;

0v& + [Ivi © Oy + [lysz +2 e

OHysz + [Ini © OHy; + []ysz + e

References

[6, 7, 37-39, 57]

[6,7,17,37-39, 55, 57]

[6,7,17, 22, 38, 39, 55, 57,
58, 621
[6,7,17, 22, 38, 39, 55, 57,
58, 621
[6,7,17, 22, 38, 39, 55, 57,
58, 621
[6,7,17, 22, 38, 39, 55, 57,
58, 621
[6,7,17, 22, 38, 39, 55, 57,
58, 621

[6, 7, 35, 36, 39, 57]
[6, 7, 35, 36, 57]
[6, 7, 35, 36, 57, 58]
[6, 7, 35, 36, 57, 58]
[6, 7, 35, 36, 57]

[6, 7, 35, 36, 57]

Chapter 2: Literature Review

25



Topological Analysis of Hydrogen Oxidation Reaction Kinetics at Ni/YSZ Anode of the Solid Oxide Fuel Cell

Chapter 3

Construction of RR Graph for the
Hydrogen Oxidation Reaction
Mechanism at Ni/YSZ Anode

3.1. Introduction

The most widely used material as anode for Solid oxide fuel cell (SOFC) is
nickel/yttria-stabilized zirconia (Ni/YSZ). Even though a large quantity of
experimental data is available yet the mechanistic details of hydrogen oxidation
reaction at Ni/YSZ surface are ambiguous [5]. Recently, Voglar et al. [7] proposed a
modelling study for the hydrogen oxidation reaction at Ni/YSZ surface; they
reported that, the hydrogen oxidation reaction can be formulated globally as in Eq.
3.1 using Kroger-Vink notation for bulk species.

HZ(gas) + O0ysz © HZO(gas) +Voysz +2e” (3.1)

Reaction Route (RR) graph is an incredibly robust and emerging tool, that can
potentially be utilized to reveal the mechanistic and kinetic details of catalytic as
well as electrochemical reaction system developed by Datta and his students [8-11]
. This chapter starts with a brief introduction of RR graph theory in order to explain
the basics of this approach. After that a detailed reaction mechanism of hydrogen
oxidation at Ni/YSZ pattern anode is demonstrated involving different charge
transfer pathways. Later on by using the concept of RR graph approach reaction
routes (RRs) and nodes required to obtain RR graph for the selected mechanism are
enumerated and eventually a RR graph for the hydrogen oxidation reaction at
Ni/YSZ anode is assembled through which all the conceivable pathways resulting in
overall reaction (OR) as given in Eq. (3.1) can be topologically traced as Walks. In
this chapter, the basic reaction route graph theory is discussed. Followed by this a
reaction mechanism for the hydrogen oxidation reaction on Ni/YSZ surface is
identified and finally the RR graph for this mechanism is obtained.
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3.2. Reaction Route Graph Theory

There are two distinctive goals of any type of kinetic analysis [8-11] namely,

1. To evaluate the rates of elementary steps (r,) for a given reaction
mechanism, by first determining the unknown concentration of
intermediate species in terms of step rate constants and terminal species
(reactant & product) activities (concentrations).

2. To develop a relationship between the rate of overall reaction (ryg) and
elementary reaction or step rates (r,)

Reaction route graph is a potential tool and robust approach through which these
goals can be achieved. The graph drawn for a given reaction mechanism can clarify
how various steps are connected to each other forming a reaction network.
Furthermore RR graph can be directly converted into an equivalent electrical
network by simply substituting the branches signifying the elementary reaction by
resistor and the OR by a battery with an EMF related to affinity, or Gibbs free
energy of the OR.

3.2.1. Basic Definitions

In order to explain the RR Graph approach important terminologies have been
defined by Datta and his students [8-11] as given below;

Reaction Route (RR): or a reaction pathway, or a reaction sequence, is a linear

P
combination of elementary reactions i.e. z ggp SO that, it can eliminate a
p=1

particular number of intermediate and/or terminal species to produce a reaction.
Whereas;

p = Total number of reactions involved in a particular combination
a4p = Stoichiometric number (normally, 0, 1 or +2) of step S, in the g™ RR

Full Route (FR): If a reaction route (RR) can eliminate all the intermediate species
such as

p
Z Tgp S, = OR
p=1

Where, OR = Over all reaction; then it is termed as a Full Route (FR).
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Empty Route (ER): In the same way, if a linear combination or reaction route can

eliminate all the species (intermediate and/or terminal) then it is referred as empty
route (ER).

p
Z Tgp S, =0
p=1

Walk: is an alternating sequence of nodes and branches, starting from one node
and proceeding to an ending node in such a way that a given node may not be
crossed more than once. A walk starting and ending at the same node is referred to
as a cycle, on the other hand, a walk starting from one terminal node and finishing
at the other terminal node, is termed as a full route [11].

For a selected mechanism thus an infinite number of combinations of elementary
steps can be generated through the linear combination of any two or more RRs but
here we are only concerned with the so called direct RRs following the concept of
directness or minimality proposed by Milner et al. This means that any direct FR and
ER cannot involve more than g + 1 and g + 2 steps, respectively. Where q is the
number of linearly independent intermediate species, I, and by utilizing this
concept we can get a finite and unique RRs. A formal stoichiometric algorithm can
be employed to enumerate complete set of (direct) FRs and ERs [63].

However, to construct the RR graph for a given mechanism, in fact we are not
required to have the whole set of RRs but only a set of linearly independent RRs
(u =p —q RRs) are needed that can include both FRs and ERs. Even though, all
the other direct RR of unique set can be topologically traced as walks on the finally
constructed RR graph. Furthermore to draw the RR graph we will also be in need of
intermediate nodes (INs) and terminal nodes (TNs) which are based on Quasi-
Steady State assumption and also satisfy network laws (e.g. Kirchhoff’s Laws) as
explained below.

Quasi-Steady-State Assumption: According to the QSS assumption, the rates of
formation and consumption of the intermediates species are approximately equal,
and can be expressed as

p
Ar; = vai r,=0
p=1

where v,; is the stoichiometric coefficient of species i in reaction p. So for a

selected mechanism the QSS condition can written for all the involved intermediate
and terminal species in the system and their linear combination may generate the
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whole list of intermediate and terminal nodes or otherwise stoichiometric algorithm
can also be used to enumerate whole set of INs and TNs. However, elementary
steps are interconnected by INs and elementary steps are connected to OR through
TNs. These nodes satisfy the concept of minimality of incidence or directness, in a
way that by eliminating a reaction step QSS conditions cannot be fulfilled and are
also consistent with Kirchhoff’s Flux (or Current) Law (KFL or KCL).

Kirchhoff’s Flux (or Current) Law: states that the sum of step rate 7, (similar to
branch current [,) of all branches going into and out of a node j is equal to zero
(from mass conservation, same as Viode = 0).

Where as m,; = 1if a branch is going into the node and m,; = —1 if a branch is

leaving the node also m,; are the elements of the so called incidence matrix of the
RR graph. In addition, RR Graphs are also thermodynamically consistent, as they

also coincides with Kirchhoff’s Potential Law (KPL)

Kirchhoff’s Potential Law (KPL): states that the branch affinity, i.e. negative of Gibbs
free energy change for a reaction step, A, = — AG, (same as branch voltage V), ) of

all branches in a cycle or closed walk, sum up to zero,

p
Z Tgp A, =0
p=1

Where the stoichiometric number g,, = 1 or -1 depending upon the direction of
branch and of walk in a concerned closed path or cycle. All the estimated (or
measured) kinetics should be consistent with this KPL condition and also by using
this analogy there is no need to calculate all the rate constant instead some can also
be predicted using the KPL relations.

Finally Datta and his students [8-11] have described two main features of a properly
drawn RR graph for a given OR and its corresponding reaction mechanism.

1) The directed (with arrows) branches representing the individual elementary steps
S, are interconnected through intermediate nodes (INs) in a way that all of the
reaction routes (RRs) can be traced on it simply as walks between terminal nodes
(TNs), with the overall reaction (OR) depicted as a branch between the TNs.
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2) The connectivity of the branches at the INs and TNs is consistent with the QSS
condition for the intermediates and terminal species respectively and which are
also equivalent to Kirchhoff’s Flux (or Current) Law (KFL or KCL) in electrical circuits.

3.3. A Reaction mechanism for Hydrogen
oxidation reaction

The reaction mechanism considered for this case study is comprised of 13
elementary reaction steps given in Table 3.1 taken from the work of Vogler et al. [6,
7]. The overall reaction at Ni/YSZ anode considered is given in equation 3.1. This
anode half cell reaction mechanism is assumed to have two gas phase species
(H(gasyand Hy O gysy), two bulk lattice YSZ species (0% ys; and V,'ys7), five species
attached to Ni surface (H y;, Oy;, OHy;, HyOp; and [ ]y;), four species attached to
YSZ surface ([ lysz, H2O0ysz, Ov% and OHyg, ) where as []y; and [ ]ys; denotes a

free surface site at Ni and YSZ surface respectively.

Basically, hydrogen oxidation reaction at Ni/YSZ can be characterized into three
categories e.g. Ni surface reactions, YSZ surface reaction and charge transfer
reactions. The work of Deutschmann et al. [62] is considered for Ni surface
reactions, which was developed using the combination of theory and available
surface science and catalysis experiments. Furthermore, it was validated through
specifically designed experiment consisting of single cermet anode (no electrolyte
or Cathode) in a flow reactor with gas analysis under various conditions of steam
reforming and dry reforming. For YSZ surface reaction mechanism (step S; and S, in
Table 3.1) Vogler et al. [6] did not find any experimentally validated literature.
Bessler was the one who first demonstrated the different charge reaction pathways
[35] which have been focused in various quantitative modelling studies [36, 38] and
are also considered in this study. However, the so called interstitial charge transfer

is not considered here as it is out of the scope of this study.
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Table 3.1: A Reaction Mechanism for Hydrogen Oxidation at Ni/YSZ Pattern Anode

(6, 7].

Symbol

YSZ Surface Reactions
sl

SZ

Ni Surface Reactions
s3

Sa

Ss

SG

Sy

Charge-Transfer Reactions
SS

s9

le

s11

le

S1':"

Elementary Reaction (ERs)

Hy0(gas) + [ lysz < HzOysz

X -2 .
Opysz + [lvsz © Oysz + Voysz

H;0gasy + [ 1Ivi © H2On;
Hygasy + 2 [ 1 ni © 2Hy;
Hy; + Oy; © OHy; + [1wi
H;0p; + Oy < 20Hy;

OHy; + H y; © HyOp; + [ ni

Hyi + OHyg; © HpOysz + [y + €7
Hyi + 0v§, © OHygy + [ + e~
Oy + [Ivi © Oy + [lysz + €~

Oni © Oni + ey;
03z + [Ini © Oni + [lysz +2€

OHygz + [ Ini © OHy; + [lysz + €~
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3.4. Enumeration of (Reaction Routes) RRs and
Nodes

The first step to draw the RR graph is to enumerate all, full routes (FRs), empty
routes (ERs), intermediate nodes (INs) and terminal node (TNs). Datta and his
students [8-11] have developed a detailed stoichiometric algorithm for the
enumeration of FRs, ERs, INs, and TNs or alternatively one may evaluate them by
doing the simple inspection of the mechanism as described earlier, that knowledge
of linearly independent RRs is enough to define the topological features of RR graph
[11]. In this case study of hydrogen oxidation electrochemical reaction system at
Ni/YSZ anode the considered mechanism includes 13 elementary reaction steps
(p=13) and 8 intermediate species (q=8). Following the concept of minimality, a
direct FR cannot involve more than g+1 elementary reaction and similarly a direct
ER cannot have more than g+2 steps. All the full routes and empty routes for this
system obtained by using the stoichiometric algorithm are given in Table 3.4;
however a FR or reaction path way can also be represented in a more usual format
as zp 10p S, = OR e.g. a FR comprised of steps S, S;, Sq, Sgand Sy is illustrated in
p=
Table 3.2.

Table 3.2: Illustration of Full Route (FR1: Si+ So+ Sa+ Sg+ Sg)

p
S1 HzOggs) + [lvysz < Hz20ysz 1
S2 Ofvysz + [lysz © 0% + Vy'vsz 1
Sa Hygasy + 2[]wi © 2Hy; 1
Ss Hni + OHygz; © HyOysy + [y +e” 1
So Hyi + 03§ © OHygy + [y +e” 1
Net Hjgas) + O ysz < HaO(gas) + Vyysz +2 €
OR

In the same way an ER involving steps Ss Sg and S; (Table 3.3) can also be
represented as

p
z g,S, =0 ie.
p=1
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Table 3.3: lllustration of Empty Route (ER;: Ss- S¢- S7)

Ss H y; + Oy; © OHy; + [y
Se 20Hy; < Hy0p; + Op;

S7 HyOpn; + [1 v © OHy; + H
Net: 0=0

Table 3.4: Lists of Enumerated FRs and ERs

List of all Full Routes:

FR 1
FR 2
FR 1
FR 2
FR 3
FR 4
FR5
FR6
FR7
FR 8
FR9
253
FR 10
FR 11
FR 12
FR 13
FR 14

Si+ Sp+ S4+ Sg+ Sq

Sy+ S4- Sa+ S7+ So+S13
S2-S3+54+2S5-Se+51,
S2-S3+54+2S5-Se+S10+511
S7-S3+S4+S5+57+S1,
S2-S3+S4+S5+S7+S10+S11
S1+S,+S4+S5+Sg+S10+S11-S13
S1+S,+S4+S5+Sg+517-S13
$7-S3+54+S6+257+S10+511
S2-S3+S4+S6+2574S1,
2S1+5,+S53+S4+56+25g+510+S11-

251+S7+S3+S4+Se+2S5g+S51,-2S13
S2-S3+54-Sg+2S9-S10-S11+2S13
S2-S3+54-Sg+2S9-S1,+2S13
S1+S5,+S4+S56+S57+Sg+510+511-S13
S1#+5,+S4+S6+57+Sg+515-S13

List of all Empty Routes:

ER 1
ER 2
ER3
ER 4
ER5
ER6
ER7
ER 8
ER9
ER 10
ER 11
ER 12
ER 13
ER 14
ER 15
ER 16

S5-S6-S7

-S1-S3+57-S+513
S10+S11-S12

S5-So+512-S13
-S1-S3+S55-S6-Sg+S513
S5-Sg+S510+511-S13
S1+53-2S5+S6+Sg+S9-S10-S11
S1+S53-2S55+S6+Sg+S9-S12
S1+S53-55-S7+Sg+S9-S10-S11
S1+53-S5-S7+58+S59-S12
S1+53-S6-2S7+Sg+S9-S10-S11
S1+S53-S6-2S7+Sg+S59-S12
-S6-57+S9-510-S11+513
-S6-S7+S9-S12+513
-51-53-S6-Sg+59-510-S11+2513
-51-53-S6-Sg+59-512+2S;
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According to Horituti-Temkin theorem, only u =p-gq=13-8=5 are the linearly
independent RRs which may include FRs and ERs and the remaining are the linear
combination of one or more RRs. Moreover only p — (q + 1) = 13-(8+10) = 4 of the
ERs are linearly independent [10]. The interconnectivity of elementary steps and OR
is based at Quasi Steady State (QSS) assumptions of intermediate and terminal
species respectively. So INs (intermediate nodes) are enumerated stoichiometrically
based on the QSS (Quasi steady state) conditions of the linearly independent
intermediate species. And by definition, a direct QSS condition at any node, cannot
involve more than p—(q—1) = 13-8+1= 6 rates. QSS condition for the
intermediate and terminal species are given in Table 3.5.

Table 3.5: QSS condition for intermediate and terminal species involved in hydrogen
oxidation at Ni/YSZ anode.

Intermediate Species

Q -r1+rg=0 H;Oysz
Q r3-re+r;=0 H, Oy
Qs r2-ro-rio-r12=0 O\?SZZ
Q4 -r5-re+ri1+ri=0 ONi
Q5 rlo—r11=0 ON]
Qs -rg+ro-r13=0 OHyg
Q; rs+2re-r7+ri3=0 Of i
Qs 2r4-r5-ry-rg-rg =0 H i
Terminal Species
r2 = ror O)é vsz
ra= ror H(gas)
ri-rs= ror H, 0(905)
F2="Tor Vovsz
rg+rg+rig+rii+2rio+riz= 2ror e~
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3.5. Construction of RR graph

From previous work [11, 63-66], it can be observed that different approaches had
been utilized to construct the RR graph. In some cases, a set of linearly independent
RRs was selected and the shortest FR was identified. All the ERs were then added on
it in such a way that the final form of RR graph was achieved. But in others,
construction of RR graph was started by making a cyclic graph first, with the help of
linearly independent ERs. Later, the remaining steps (adsorption/desorption) were
added into the cyclic graph until the final form of the graph was obtained.
Moreover, some examples can also be found in which intermediate nodes have
been used as a starting point to which the ERs were added and finally FRs were
satisfied. Therefore, different methods could be used to draw the graph, but the
obtained RR graph should follow the constraints set by the conservation principles.

Once the FRs, ERs, INs and TNs have been obtained, the RR graph can be
constructed. By analysing the enumerated lists of FRs and ERs a set of five linearly
independent RRs has been selected from Table 3.2 to start with as given below.

FR1 S1+ So+ Sg+ Sg+ Sg
ER 1 S5-Se-S7

ER 2 -51-S3+57-Sg+S13
ER3 S10+S11-S12

ER 4 S5-So+512-S13

In this case, we will start constructing the RR graph by first making a cycle graph and
with the help of linearly independent ERs (i.e. ER;, ER,, ER3, ERs) given in Figure 3.1
and then we will add the other remaining steps in the cycle graph so that all the FR
can be satisfied and traced as Walks on the final form of RR graph. From the Figure
3.1 it can be observed that some ERs have a few common steps, e.g. ER; and ER;
have S;3 as common step and so on. With the help of these common steps these
two ERs can be fused to get a bigger cycle graph. So we started from ER; and ER4 by
combining these two ERs we can get another cycle graph as shown in fig 3.2. It can
be observed that this new cycle graph and ER; has S;;, common, so by taking
advantage of this similarity we can enlarge the cycle graph. At this stage we are still
left with ER; which needs to be added into the graph so that we can complete the
whole cyclic graph. Now this is a bit of tricky step, as we can see in the Figure 3.2, Ss
and S7 are in same direction but in fact according to ER; Ss-Se-S7, these steps should
be in opposite directions. An important characteristic of non minimal graph that
needs to be mentioned here is upon examination of the enumerated list of the
direct FRs and ERs, it can be realized that there are non-unit stoichiometric numbers
in several of the FRs; especially, it can be seen that some FRs have stoichiometric
numbers of +2, suggesting that the RR graph will have each step S, twice including
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the OR, which must also be symmetrical. This can be achieved by duplicating the
cycle graph as shown in Figure 3.3 and fusing the two nodes together to shape a
symmetric cyclic graph. The characteristics associated with each of the unfused
nodes will be the same but now they are represented collectively as a fused node in
Figure 3.4. It can also be observed from Figure 3.3 that after fusing the nodes
represented in yellow colour, it is now possible to add the ER; in the graph by
adding step Se. And in fact, this will also satisfy the node requirement according to
the QSS conditions. Finally, at this stage our cyclic graph is complete as all the ERs
can be traced as walks shown in Figure 3.4 and also ready for the addition of the
adsorption/desorption steps. So we added the S, and S4 twice in the graph to get a
balanced graph. Which also helped to satisfy the linearly independent full route FR;
and also at the same time it can be seen that all the nodes (intermediate and
terminal) satisfy the QSS condition for the intermediate and terminal species. At the
end we connect the terminal node in order to add two overall reactions
(2ror=2r,=2r4). The final RR graph for the hydrogen oxidation reaction for the 13
steps reaction mechanism is given in Figure 3.5 and it should be noted that all the
enumerated FRs and ERs can be traced as paths on the resulting RR graph.

S11 510
Sl3
S12
SlZ ERa Sg
Se
Ss
S7 55

Figure 3.1: linearly independent (Empty Routes) ERs.
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S 1I:I

So
S
Ss
Sio
Si1

S1

s |4 S13 Se

S
7 Ss

So Si

S1 Ss

Ss
s,
S
Si2 3

Figure 3.2: Merging of ERs based on common steps
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S; s, nodes
Ss
Sll
Sg Sis S12
* S10
S]_ SQ

Figure 3.3: Fusing two Cyclic Graphs.
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Figure 3.4: Final Form of Cyclic Graph after fusing.
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OR S,

Figure 3.5: RR Graph for Hydrogen Oxidation Reaction at Ni/YSZ Pattern Anode.
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3.6. Conclusions

In order to draw the RR graph for the hydrogen oxidation reaction mechanism at
Ni/YSZ anode utilizing the stoichiometric algorithm, the constituents to draw the RR
graph were first enumerated. Using these, a cyclic graph is first constructed and
then remaining steps which are not part of any cycle, are added. Thus a final
structure of RR graph for the selected system was achieved. This fulfils the entire
set of requirements as explained in RR graph theory, i.e., the reaction routes can be
traced as walks on the graph and all the intermediate nodes concur with the QSS
approximations for intermediate species as well as for terminal species.
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Chapter 4

Topological Analysis and Discussion
of the Results

4.1. Introduction

At the start of this chapter the basic terminologies describing the analogy of RR
Graph with electrical networks and of the new form of electrical analogy suggested
by Datta and his students [8-11] are explained. An equivalent electrical circuit
diagram is drawn for RR Graph of 13 step hydrogen oxidation reaction mechanism
as constructed in previous chapter by substituting each branch representing a step
reaction with equivalent resistance and the one representing the overall reaction
with a voltage source. Next, the thermodynamic consistency of estimated kinetic
data is explained with the help of constraints imposed by the concurrence of RR
graph approach with Kirchhoff laws.

Moreover topological analysis of RR network has been performed by comparing the
resistance of alternative paths between any two given nodes as function of
temperature and over-potential due to the dependence of kinetics of system upon
both of the stated variables. This eventually provides the means to investigate the
contribution of various pathways in the determining the overall rate of reaction at
Ni/YSZ anode. Based on the numerical simulation analysis results we conclude that
FR1 is a dominant pathway which involves the two hydrogen spill-over reaction
(step Sg and Sg) and which also coincides with the findings of Vogler et al. [6, 7]. To
further validate the results a simulation of RR circuit is performed in Pspice [67].
Continuing the process of investigation for the predicted dominant pathway (FR;)
reveals that step the Sq is rate limiting step (RLS) and govern the rate of over all
reaction. In addition to all above, an explicit rate expression for hydrogen oxidation
reaction mechanism is developed and compared with the QSS numerical simulation
results and a good agreement is found. Finally, the results of this study are
compared with the findings of a recent modelling study by Vogler et al. [6, 7] and
also with experimental results [25] in the form of polarization curves, and good
agreement is found, which demonstrates an effective way for the characterization
of electrochemical systems.
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4.2. Basic introduction of Electrical analogy

The basic terminologies required for establishing the analogy of RR graph with
electrical networks are described in this section [8-11].

Reaction or steps affinity A,: is equal to negative of Gibbs free energy, A, = —AG,,
which is related to rate of forward ﬁ and backward E reaction through,

A, =1n(§/§), where A, is dimensionless affinity and can be written as
, A, =A,/RT.

Reaction or step resistanceR,: is defined as the mean value of the inverse of the

and T,

with in  the boundary values ie. 7, »

total step rate, 7, = 1, — 1, >

p~ Tps
mathematically can be expressed as

/%)

rp (
T — T =

And indeed we do not know the reaction resistance a priori unlike electrical circuits

as it comprises unknown intermediate species and in addition, reaction resistances
are not a constant, rather this depend on reaction conditions, i.e. as temperature

and composition that have direct impact on 7, and 7,

Ohm’s Law Form of step Kinetics: It can be perceived from the given explanations of
branch affinity and branch resistance that step rate is consistent with Ohm’s Law as

r,=—" (4.2)

Because of the consistency of RR graph with Kirchhoff laws, a quantitative relation
can be observed between RR graph and its corresponding electrical circuit. So the
overall resistance can be evaluated in terms of step resistance and the rate of over-
all reaction may be expressed as;

Aor
Tor = R— (43)

OR

Next, we will be discussing some important terminologies of so called new form of
electrical analogy proposed by Datta and his students [8-11] that basically provides
an explicit rate expression.
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4.3. New Form of Electrical Analogy

Reversibility: It is the ratio of rate of reverse to forward direction of an elementary
step i.e. z, = E/ﬁ, it is also related to step affinity as z, = exp). So for the

overall reaction can be expressed as

n

Zor = Tor /Tor = exp(Apgr) = K_ORl_[ a (4.4)
i=1

As it is a thermodynamic property and by virtue of KPL;

<r_ q+1 r('_ap q+1

OR p o

o === [](2) =[] @5)
Tor n o1

p=1

In a combination of elementary steps that results in a FR, all the intermediate
species will be cancelled so

+1
q (an O-,D

zon = | |(2 (4.6)
p=1 \"F

where w,is the so called reaction step weights w, which involves known quantities
i.e. rate constants and activities of terminal species.

Intermediate Reaction Route: is a combination of elementary steps, such that in the
resultant reaction, all the intermediate species are removed by keeping the one
intermediate of interest I, .

Quasi-Equilibrium (QE): if for a particular step z, - 1, or otherwise it affinity A, —
0, then it is termed as Quasi-Equilibrated. At real equilibrium, z, = 1and A, =0

Rate Limiting Step (RLS): it is the one in a considered sequence, whose resistance R,
contributes prominently to the Ryr. And in a sequence, it could be more than one.

Rate Determining Step (RDS):

This is the rate 77 (I;) or current of the branch S,(R,) assuming that all the other
resistors present in the circuit are short-circuited so the entire motive force Ayr
(Eor) will occur across a chosen step (resistor), which will then be the maximum
step rate (current) for the given motive force.
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4.4. Elementary Kinetics and Thermodynamic
Data

The model equations used to describe the kinetics of different types of reactions i.e.
surface reaction and charge transfer reactions can be found in electrochemical
books [15, 68]and has been widely used in published literature. The total rate of

reaction can be written as =1, —T,.
n q
_ 1 _”pl
B=k] [« o™
i=1 k=1
n q —
£ =k, oo (4.7)
p k .
i=1 k=1

Here 6, is the unknown activities of intermediate species, I, a; is the given or
known activities of terminal species. ﬁ_)pk is the stoichiometric coefficient of I;in
reaction step S, as a reactant and as a product it is Epk whereas for terminal
species it is ﬁpi and ﬁpi respectively. Moreover for the convenience of calculations,

it’s better to combine the product of known rate parameters together with the
activities of terminal species into reaction weights w, given in mass —action kinetics,

and representing the rate explicitly in terms of unknown intermediate species
concentrations and known w), as given below.

n —
w, = I_c)p 1_[ Hk_ﬁ”k
i=1
n —
_y 1_[ gPer (4.8)
- %p k '
i=1

For example for Sy; @y = ky and @1 = kypy,o-

4.4.1.Surface Reaction
The model equations to calculate the reaction kinetics for the surface reaction at Ni
and YSZ reactions are given below [6, 7, 39].

k, = k2 exp <ﬁ) (4.9)
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4.4.2.Electrochemical reactions

The model equations used to evaluate the reaction kinetics of electrochemical
reactions are given here. The corresponding thermodynamic data is provided in
Table 4.1.

S5 o zF
k, = kp,qjeq exp (aﬁnact) (4.10)

Here I_c)p represents the forward rate constant and I_c)p,qjeq is the equilibrium rate

constant and can be evaluated as given

-

act
— 7,0 —f zF A
Doy = kp exp RT exp aﬁ ¢eq

==

Similarly

act

0 Ly zF
Ko, = R exp( —r— | exp (~(1 - @) g, ) (4.11)

For the electrochemical reaction the kinetics will also be used in term of steps
weights e.g. for steps Sg, g = Wg oqe¥ and g = g, e ¥

and (U&eq = k8’¢eq and (U&eq = k8'¢eq

Where 1, = A¢—A¢eq, Y=1/2 (ZF:—;‘“) is a dimensionless factor, R is gas

constant, T is temperature, z is no of electrons and I_c)g are pre-exponential factors,
E}?“and E%t is the thermal activation energy for forward and backward reaction
respectively, a is symmetry factor and Ag¢ s electrical potential difference between
the electrode and the electrolyte. The pre-exponential factor and activation
energies are not independent of each other, but are related through
thermodynamic consistency conditions.

Eﬁ“ — E%t = AHy (4.12)
k?/k? = exp(ASz/R) (4.13)
AHp And ASy are the reaction enthalpy and entropy respectively.

AGy = AHp — TAS, (4.14)
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For a general electrochemical reaction as given below, A¢eq and current density can

be estimated as.

anl + anZ + L mlPl + mlPl + e+ Z - (415)
AG RT . n; m;
A¢eq = ﬁ +ﬁlnifﬂi H[f}eq] / /H[Rleq] / (416)
j i

ip = 2F Lygp | ks 1_[ -k, HP] ™) (4.17)

Table 4.1: Thermodynamic Data for gas-phase, surface, and bulk species given as
molar entropies S; in J/kmol and molar enthalpies h; in kJ/mol at 973 K [6, 7, 39].

Species h;(ki/mol) Si(J/K mol)
Gas
H30 445 -217 222 a
OZ(gas) 22 233

Nickel Surface

H y; -32 41 b
Oy -222 39 b
OHy; -193 106 b
H,0y; -273 130 b
[ Ini 0 0 C

Bulk Species
V,ysz 0 0 C
03 vsz -236 0 b

YSZ Surface

OHyg, -283 67 b
0yZ, -236 0 b
H,O0ysz -273 98 b
[lysz 0 0 c

® Temperature dependent.
® Data obtained from fit to experimental data and not temperature dependent.

¢ Parameters set to zero, taken a reference.
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Table 4.2: Estimated Rate constants for the elementary reactions [6, 7].

Elementary [k k

Reaction

S1 7526412 2544.94

S2 2.85E+08 2.85E+08

S3 53.98357 159651.2

Sq 23.05098 5.230753

Ss 1.89E+09 1.56E+11

Se 19830.75 80500156.27
Sy 8.91E+09 181258708
Sg 0.077512 48484.5

Sq 0.009183 0.066076

S10 0.00426 0.23057

S11 0.014637 15.29335
S12 0.001416 3797.167

Si3 0.058629 1803446.791

Table 4.3: Specified Parameters [6, 7].

Parameters Values
PHy(gas) 2.5E4 Pa
PH,0 gqs) 50 Pa
Temperature (T) 973K
Nact 0-400mV
Length of TBP l;pp 3.7 m/cm’
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4.5. Reaction Route network & Consistency with
Kirchhoff’'s Laws

Since a RR graph can be directly converted into an equivalent electrical circuit, the
RR graph constructed with the help of enumerated FRs, ERs, INs and TNs in the
previous chapter is represented as electrical network in Figure 4.1 by replacing each

step or branch with a resistor and the branch representing the OR with a voltage
source.

@ -

. Ro Rs
e et e
@ ™ ra Rs

R, .,‘:-_‘\\ N Z + Rs3
: ? ? —-IG ~ ., Ru
R5 ‘ ,‘
Ri3 < R12
R 1\ = R 10 (.
| 8 9 vl
— AOR R4

Figure 4.1: Electrical Network diagram for Hydrogen Oxidation Reaction.

Chapter 4: Topological Analysis and Discussion of the Results 49



Topological Analysis of Hydrogen Oxidation Reaction Kinetics at Ni/YSZ Anode of the Solid Oxide Fuel Cell

Moreover RR graph or RR electrical network concurs with the Kirchhoff laws via its
electrical analogy explained in the following section.

4.5.1.Kirchhoff’s Potential Law

As described before, in a RR network, every cycle or ER should follow the KPL (Kirchhoff’s
Potential Law). For example KPL for the ER; can be written as Ss- S¢-S;= 0. In the same way
the corresponding linear combination of affinities should be equal to zero. As-Ag-A,= 0.

VAV
@@@‘ (419

And it is evident that the species activities will nullify in an empty route, so for all

Correspondingly,

the estimated rate constants a thermodynamic consistency check has been made,
i.e.

AV AV AN
@M%»l (419)

Similarly, there are three more constraints to other linearly independent ERs, so the
predicted rate constants are required to follow these constraints of thermodynamic
consistency. Alternatively it is not required to calculate all the rate constants some
of them might be found through KPL equations. Moreover, in a RR graph, the
affinities of the elementary reactions forming FR are related to the affinity of the OR
via KPL relation, e.g. for FRy (S1+ So+ Sy4+ Sg+ Sg), the affinities are related as

Al +A2 +A4+A8+A9 :AOR

Similarly;
K1 + KZ + K4 + K8 + Kg = KOR (420)

where Kpp and K, are the equilibrium rate constant of overall reaction and
elementary step respectively.

4.5.2.Kirchhoff’s Flux Law (KFL)
In the same way every node follows the KFL. As, KPL confirms thermodynamic
consistency and KFL is analogous to QSS analysis for intermediate species and can
potentially be used to evaluate the network kinetics [11, 63]. Applying the KFL to
linearly independent nodes, the following equations can be generated.

rn—1=0 —1g+19—113 =0

ro—111 =0 rn-—rn—-r=>0

rn—1r3=0 s+ 2rg —17;,+13 =0
r3—1s+1r,=0 r3+rs+1r,—rp—1r2 =0 (4.21)
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For each of these nodes, the equation corresponding mass action kinetics can be written as
below.

(Ewé’oy—gz Oni — (Eweo,;i e;sz) - (EMG% — k1160,,) =0

(Ezgo%‘z Oysz — (12290—2 o

ysz  Vysz

) - (E4PH291(:/21' - (E49121Ni) =0
(’I—éleHzoysz - Elszoe;SZ) - (ESGHNL' 60_1‘11)/52 - ]}—861‘120)/52 6;/[) =0

(K3pi,0 Oni — k301,04, ) — (K6B1,04, 00, — k6631, ) + (K700, 011, — %76u,0,, i)
=0

(kSGHNi GONL' - kSGOHNi 6;/[) + 2(k66H20Ni GONL‘ - k665HN1)

- (1—5790HM Ony, — E79H20Ni Oni) + (E13 Oottys, Oni — k13 B0, Oysz) =0

(klgHzoysz - k1PH20 e;sz) - (kzgog’s‘z e;sz — kp0,-2 GV;;Z) - (k3PH20 91(:11' - k39H20Ni)

YSz
=0

_(kSGHNi Go_ﬁm — kgOh, o, 91(:11') + (k99HNi eo_yzsz - k990_}11y52 91(:11')

— (ka3 Botiysy Oni — 13 Oomy; Oysz) = 0

(E3PH20 Oni — ESGHZOM-) + (ESQHM Boy — ESHOHM- Oni) +
(E790HM- GHM - E79H20Ni 91(:11') - (Ew 90;522 91(:11' - Ew 90151- 9;52) - (Eu 90;522 91(:11' -
(E12 90151- g;sz):o

The site balance equation can be written as;
GHNi + GOHNi + GHZONL' + GONi + 60161' + GNi =1

eo‘f}m + Ou,0,5, T eo‘fsz + Oyg; =1 (4.22)

The above 8 non-linear algebraic KFL equation along with two site balance
equations can be solved simultaneously for the input condition of the reactants and
the unknown concentrations of the intermediate species can be evaluated. Once we
have the site fractions, the rates and reaction resistances of each elementary
reaction step can be calculated. Furthermore, with the help of TNs the rate of over
all reaction (OR) can also be estimated. The estimated rate constants for the
elementary reactions are given in Table 4.2 which follows the thermodynamic
constraints as discussed previously.
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4.6. Network Analysis and Pruning

The simplification and reduction of RR graph can be performed by comparing the
resistance along parallel paths over a broad range of temperature and over-
potential between any two given nodes having the same affinity drop based on the
analogy with KPL. i.e., by considering each ER having different parallel paths and
making a comparison of the total resistance associated to each path. So if one path
is having higher resistance than others then it would be safe to conclude that this
particular path contributes very little to the total flux and may be eliminated.

By simultaneously solving the eight linearly independent KFL equations along two
site balance equations (Eq. 4.22) for the surfaces of YSZ and Ni, the concentrations
of intermediate species namely
(H yi>»Opni, OHyi, HyOpi, [ 1vis [ 1ysz, H2Oysz, 0v% and OHyg;, ), are calculated. Using
these, the rates, dimensionless affinities and resistance of each elementary step can
be calculated from Eqgs. 4.1 to 4.3. A solved electrical circuit diagram for the 13 step
hydrogen oxidation mechanism is given in Figure 4.2.

4.6.1.Comparison of Alternative Pathways and Reduced
Graph
Pruning of the RR graph might be started from ER; which basically provides two
pathways for the formation of OHjy; species, one is through Sg: H,Op; + Op; ©
20Hy; the direct reaction between adsorbed water and oxygen at Ni surface and
the other is a combination Ssand S; given below;

Table 4.4: Example of cycle for description of alternative pathways.

p
Ss Hpyi+ Oy © OHy; + [y 1
Sz HyOp; + [ ] ni © OHy; + H -1

Net: HZON,- + ONi g ZOHNi

The equivalent resistances for the 1% and 2™ pathways are Rg and Rs+R;
respectively. Numerical simulation results of comparison for both of the pathways
resistances is given in Figures 4.3a and 4.3b as a function of temperature and over-
potential, respectively. As we know that reaction will proceed through a pathway
having minimum resistance so it might be safe to remove S¢ from the mechanism.
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Figure 4.2: Solved network diagram for Hydrogen oxidation reaction at Ni/YSZ.
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Continuing the process of pruning we now consider ERs, S10+S11-S12 which facilitate
two alternative pathways for the formation of Oy;. The first one is simply S1; while
the second is via Sip and S11 and the corresponding resistances to these pathways
are Ry; and Ryo+ Ri; situated between nodes N, and Ng (Refer to Fig 4.1). A
comparison of resistance for both paths is shown in Figure 4.4a as a function of
temperature which depicts that there is not much difference between the values of
the two. Numerical results for the comparison as a function of over potential are
given in Figure 4.4b which also point out more or less a similar trend so at this stage
it might not be safe to drop any of these pathways. After removing Se the graph can
be reduced to a minimal form as showed in Figure 4.5 and can now facilitate a
robust analysis of possible pathways which differs in selection charge transfer
reactions but results in the same overall reaction.

S5-56-57

1.0E+15
1.0E+13
1.0E+11
1.0E+09
1.0E+07

—o—R5+R7

1.0E+05 ——R6

Resistance (s)

1.0E+03

1.0E+01

1.0E-01 600 700 800 900 1000 200 1300 1400

1.0E-03
Temperature (K)

Figure 4.3a: Comparison of alternative pathways along a range of temperature for
ER;
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Figure 4.3b: Comparison of alternative pathways along a range of over potential for

ER;
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Figure 4.4a: Comparison of alternative pathway along a range of temperature for
ER3
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Figure 4.4b: Comparison of alternative pathway along a range of over potential for
ER;
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r Aor

Figure 4.5: Minimal electrical circuit diagram
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4.6.2.Comparison of Different Charge Transfer
Mechanisms

As at this stage the RR circuit of hydrogen oxidation reaction mechanism is pruned
enough to visualize the various pathways comprised of different charge transfer
steps as given in Table 4.5. To identify which is the dominant pathway, a
comparison of the resistance of alternative paths between nodes over a range of
applied over potential 1, can be made. In a similar fashion a comparison of
resistance can also be made over a range of temperature of the operating system as
done by Datta and his students [11, 63, 65]. Furthermore, the comparison over the
temperature and over-potential are equally important as the reaction rates and
resistances are functions of both.

In order to investigate the significance of FR; and FR;, we examined the alternative
pathways between the nodes N3 and TN, i.e., S1+Sg and S3+S;+S13. Which is basically
the reason of the occurrence of different charge transfer reactions in these full
routes, as in FR; two hydrogen spill over reactions are involved but in FR, one
hydrogen spill over is accompanied by hydroxyl spill-over reaction (Figure 4.5). The
corresponding resistances of these alternative pathways R;+Rg and R3+R;+Rj3 are
plotted as a function of time and over potential in Figure 4.6a and 4.6b respectively.
It clearly shows that S;+Sg has lower resistance which means most of the current
(flux) will pass through this pathway and hence it would be safe to eliminate the
other path. In Figures 4.7a and 4.7b simulation results of alternative paths between
nodes N, and TN2 is given to investigate the importance of pathways (So+Sg+S; &
S3+Ss5+S574S13). In other words, it gives the comparison between FR1 and FRs
involving two hydrogen spill over and oxygen spill over reactions, respectively.
Based on the results it is concluded that S;+Sg+Sg is a dominant pathway between
the nodes N, and TN,. Next a comparison of resistances of alternative path located
between node N, and N3 is given in Figures 4.8a and 4.8b as function of
temperature and over-potential respectively, which also revealed that Sg has lower
resistance and should be kept in the final form of RR graph. After analysing the
alternative paths between nodes, the final reduced form of the graph is given in
Figure 4.10. To further validate the removal of Ss, Ss, S7, S10, S11, S12 and S35 from the
mechanism we simulate the electrical circuit (Figure 4.5) in Pspice for the
considered condition given in Table 4.3 by varying
Nact - TWO values of n,.; are simulated; n,., = Omv and n,.,; = 200mv shown in
Figures 4.9a and 4.9b, respectively. Simulation results of both of the scenarios
clearly show that most of the flux (current) is passing from FRy (S1+ S+ Sg+ Sg+ So)
which involves two hydrogen spill over charge transfer reactions and the steps
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which are eliminated as mentioned above contributes very little to the total current

or flux.

Table 4.5: Possible Charge Transfer Pathways.

Name Expression

FR1 S1+ Sp+ Syt Sgt+ Sq

FR; S+ Sa- Sa+ S7+ So+S13
FRs S7-S3+S4+S5+57+S1,

FRe S2-S3+S4+S5+57+S510+511

Active charge transfer steps
Double hydrogen spill over
(Sg+ Sg)

One hydrogen spill over along
with hydroxyl spill over(Sq+S13)

Single Oxygen spill over(S1>)

Combination of two oxygen spill
over reactions(S1g+511)
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Figure 4.6a: Comparison of the resistance of alternative paths between N3 and TN,
as a function of temperature.
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Figure 4.6b: Comparison of the resistance of alternative paths between N3 and TN,
as a function of over-potential.
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Figure 4.7a: Comparison of the resistance of alternative paths between N, and TN,
as a function of temperature.
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Figure 4.7b: Comparison of the resistance of alternative paths between N, and TN,
as a function of over-potential.
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Figure 4.8a: Comparison of the resistance of alternative paths between N, and N3 as
a function of temperature.
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Figure 4.8b: Comparison of the resistance of alternative paths between N, and N3 as
a function of over-potential.
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Figure 4.9a: Simulation of electrical network in Pspics with input parameters specified in text and n,.; = OV
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Figure 4.9b: Simulation of electrical network in Pspics with input parameters specified in text and n,., = 0.2V
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Figure 4.10: Final reduced form of RR graph for the Hydrogen oxidation reaction at Ni/YSZ
indentifying FR1 as a dominant pathway.
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Figure 4.11: Comparison of resistances of various pathways as functions of over-potential
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4.7. Explicit Rate Expression via Electrical
Analogy

After the simplification process, the mechanism has also been reduced enough so that we
are in a position to consider the rate of the overall reaction. By virtue of electrical circuit
analogy and the linear rate law analogous to Ohm’s law, a formal rate equation for the
kinetics of the reduced reaction network can be developed. Therefore from the reduced
graph given in Figure 4.9 the overall rate (overall current) is the ratio of the affinity of the
OR and the overall resistance of the reaction network. The overall resistance of the reduced
reaction network is

ROR :Rl +R2+R4 +R8 +R9 :FR]. (422)
As we know,
A
Top = —2 (4.23)
Ror

So, it can be written as

_ Aor
Ri + Ry+R4 + Rg + Rg

ToR (4.24)

Furthermore it can be seen from Figures 4.12, 4.13a and 4.13b that Rg is a dominant
step in the above sequence (FR;), therefore;

Aor
ron ~ &, (4.25)

Although the above equations are sufficient for the numerical analysis, usually it is
more advantageous to formulate an explicit rate expression in terms of terminal
species i.e. reactants and products.
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Figure 4.12: Representation of step resistance in FR;
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This can be achieved by using so called new form of electrical analogy recently
developed by Professor Datta and his co-workers [8-11]. It's important
terminologies were given previously. By using that approach the rate of over all
reaction can be represented as

. _Eor _ Eogr
" Ron RS

(4.26)

Also based on the comparison of step reversibilities as given in Figures 4.13a and
4.13b, it can be perceived that in FR; the flux is governed by steps Sg and all the
other steps of FR; i.e. S1,5,,54,Sg are quasi equilibrated. Thus

Eor
Tor = ? =Ty (427)
9

Rg can be achieved a priori by using the LHHW approach [11] to calculate Ry we
assume Sg as RDS and all the other step as QE. Therefore,

RS ! ! ! (4.28)
9 = :). == . . = . 0 .
) w99Hm,990§522,9 GHNL‘.‘) 90}7522,9 (6'- )(9 )
9;w,9 9;/52,9 Ni,9 ¥SzZ,9

In the above relation 9’;,;: Onip and Bygz , represent the site fraction of
intermediate species and of vacant site at Ni and YSZ surface respectively when a
particular step S, have been considered as RDS. Next the intermediate routes (IRs)
for the formation of four linearly independent intermediate species involved in
reduced reaction mechanism are given by

IRy, 0., : (=157) H;0(gas) + [ Iysz < Hz0ysz
IR,z : (+15;) 0% ys, + 0yZ, +V,
Oy, 2 ovsz T [lvsz © Oy 0YSZ
1 _ 1 _
IRyy - (51 +35+ 58) H;0(gas) + [vsz + eni < 5 Hz(gas) + OHys;
1 1
IRy, : (554) 5H2(gas) + [1wni © Hy
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(4.29)
For the QE steps it can written as
° — -1 )
H20y5z,9 _ <ﬂ>
G;SZ 9 ((Bl
-2 —
60}/529 _ <ﬂ>
9;’52,9 ((BZ
1 I R > (4.30)
90HY529 <w1> <ﬂ>2 Ws Peq o2V
0ysz,9 w1 ) \ Wy g, Doq
1
9;11\/19 _ <0_))4>2
9;V19 54 J
The site balance equations are
-1 . -2°
1 14+ GOHYSZ,‘) 9H20ysz,9 60}/52,9
9;’52,9 9;’52,9 9;’52,9 9;’52,9
1 6;‘1 i G.OH i 6;1 0 i 6.0 i 6.0_
. =1+ .N,9 - Ni,9 2. Ni,9 .N,9 .Nl,g (4.31)
6Ni,9 6Ni,9 6Ni,9 6Ni,9 6Ni,9 6Ni,9

Using equations 4.28-4.31 we have
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W1 W2 Weg gy Wog
Eop =1-20p = 5=

W1 W2 Wag gy Wog

(4.33)

By using equations 4.17, 4.27, 4.32 and 4.33, an expression for current density can
be developed as given below;

i = zlypp
1 f w4 % w1\ [@4)\2 wBr(”eq 29 4 (91 -1
)l 1+ )| +EED T89eq | &) ()

qui

(4.34)

At equilibrium as n,., — 0 so that the i — 0 and the net current i —» 0 and i,,
(exchange current density) can be written as

leg

<1 D192D4D8,4,) 9,4, >

W1W2WeWg g Wog

= zlrpp
1

©96,4 \& W
- 4 2

(4.35)

With the reaction conditions used in this study, equation 4.35 provides a value of
legg =83E—5 A/cm?, which compares well with the simulation results of Vogler
et al. and Bieberle et al. [6, 7, 25]. Moreover accuracy of both equations 4.34 and
4.35 have been demonstrated in the next section by comparing the results with the
published literature.
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4.8. Comparison of the results

Based on the analysis given in section 4.5 it is evident that FR; is a dominant
pathway it involves two hydrogen spill-over charge transfer reactions. This
conclusion also concurs with the finding of Voglar et al. [6, 7] who suggested that
hydrogen spill-over reactions (Sg and Sg) can best describe the experimental data
[39]. However, previously the steps that govern the rate of overall reaction had not
been pointed out. Based on this mechanistic analysis through RR Graph approach, it
is concluded that both of the hydrogen spill-over reaction are active in the
considered reaction condition as given in Table 4.3. But Sy contributes more
towards the overall rate of reaction at Ni/YSZ surface. To further validate the
results, we make a comparison of numerical simulation results of this study and the
result of Vogler et al. [6, 7] (for two hydrogen spill-over reactions) and experimental
results of Bieberle et al. [25] in the form of polarization curves, which is an efficient
method to characterize the performance of electrochemical systems. The curves are
shown in Figure 4.14. Based on the similarity of results, we conclude that FR;
composed of steps Si, Sy, S4, Sg and Sg is the overall rate governing sequence as
compared to other pathways. The results of this study also demonstrate efficacy of
RR graph approach and confirm that it is robust tool for the analysis of
electrochemical systems. Furthermore we also make a comparison between the
results obtained from QSS numerical simulation and that of rate expression derived
using the so called new form of electrical analogy given in Figure 4.14, which are in
very good agreement and again endorse the efficacy and usefulness of rate
expression developed using electrical analogy of RR graph.
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Figure 4.14: Comparison of the polarization curves with the experimental results

and other studies
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4.9, Conclusions

Through the use of RR graph scheme and its analogy with electrical circuit theory
for hydrogen oxidation at Ni/YSZ SOFC anode, it was observed that there is one
dominant pathway named as FR;, and hydrogen spill-over to oxide ion (So) is the
rate limiting step governing the rate of over-all reaction, the same conclusion was
also reported by Anderson et al. [69] and Vogler et al. [6, 7]. Further an explicit rate
expression was also developed in terms of terminal species via new form of
electrical analogy. A good quantitative agreement between numerical simulation
based on QSS analysis and derived rate expressions with published literature in the
form of polarization curves was also obtained, which strongly demonstrate the
capability and effectiveness of the RR graph schematics.
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Chapter 5

5.1. Conclusions

In this research work, a graph theoretic approach called the RR graph has been
employed to investigate the kinetics of the hydrogen oxidation reaction at Ni/YSZ
anode of an SOFC. An RR graph has been constructed for the hydrogen oxidation
reaction mechanism, with the most promising elementary steps collected from
across the literature. This graph reveals all the intertwined reaction pathways that
lead to the overall reaction of hydrogen oxidation at the SOFC anode. Exploiting the
electrical analogy, the step resistances were defined. Comparisons of the
resistances of the competing pathways lead to a reduced graph. This reduced graph
facilitated the derivation of an analytical expression for the overall reaction rate
using the electrical analogy. The rate expression, obtained for the first time, was
found to approximate the overall rate obtained using the conventional QSS
methodology satisfactorily. Further, the graphical representation allows us to
determine the pathway that is dominant in the mechanism. The pathway FRj,
containing the two hydrogen spill-over reactions was identified as the dominant
one. Further investigation of this particular sequence of steps revealed that
hydrogen spill-over to oxide ion (So) is the slowest reaction step with highest step
resistance and governs the rate of over all reaction.

5.2. Recommendations for further work

The recommendations for further work in this area are given as follows.

e Although, the kinetic and thermodynamic data used in this study belongs to
most consistent and holistic data set found in literature, they are based on
fitting the parameters to some experimental curves. There is a need for
experimental work to calculate rate parameters using fundamental
methods. The accuracy of the predictions will be improved by using accurate
rate parameters in the calculations.

e Only the anodic reaction of the SOFC was analysed in this work. However,
there are indications that some of the cathodic reactions may be rate
determining. Hence further studies should consider the fuel cell reaction as
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a whole including both the anodic and the cathodic reactions to perform a
more comprehensive study of their kinetics.

e Currently, there are no specific steps or methodology for the construction of
the RR graph. Each mechanism has to be treated in a unique fashion. If some
procedure could be developed for the graph construction, especially for
non-minimal mechanisms, a lot of effort could be saved.
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