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Abstract

Abstract

Materialization of the hydrogen economy can provide a long-term solution to our
ever-increasing and pressing energy needs. However, significant challenges must be
overcome before this shift in energy paradigm can occur. If hydrogen is indeed to
become the energy-vector of future, a fundamental understanding of the kinetics and
mechanisms of the catalytic reaction steps involved in the process of converting a fuel
into hydrogen rich stream suitable for a fuel cell, as well as the electro-catalytic reactions
within a fuel cell, is not only conceptually appealing, but could provide a sound basis for
the design and development of efficient fuel processor/fuel cell systems. With the
quantum chemical calculations on kinetics of elementary catalytic reaction steps
becoming rather commonplace, and with increasing information now available in terms
of electronic structures, vibration spectra, and kinetic data (activation energy and pre-

exponential factors), the stage is set for development of a comprehensive approach.

Toward this end, we have developed a framework that can utilize this basic
information to develop a comprehensive understanding of catalytic and electrocatalytic
reaction networks. The approach is based on the development of Reaction Route (RR)
Graphs, which not only represent the reaction pathways pictorially, but are quantitative
networks consistent with the Kirchhoff’s laws of flow networks, allowing a detailed
quantitative analysis by exploiting the analogy with electrical circuits. The result is an
unambiguous portrayal of the reaction scheme that lays bare the dominant pathways.
Further, the rate-limiting steps are identified rationally with ease, based on comparison of
step resistances, as are the dominant pathways via flux analysis. In fact, explicit steady-
state overall reaction (OR) rate expression can also be derived in an Ohm’s law form, i.e.
OR rate = OR motive force/OR resistance of an equivalent electric circuit, which derives

directly from the RR graph of its mechanism.

This approach is utilized for a detailed analysis of the catalytic and electro-catalytic
reaction systems involved in reformer/fuel cell systems. The catalytic reaction systems
considered include methanol decomposition, water gas shift, ammonia decomposition,
and methane steam reforming, which have been studied mechanistically and kinetically.

A detailed analysis of the electro-catalytic reactions in connection to the anode and
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cathode of fuel cells, i.e. hydrogen electrode reaction and the oxygen reduction reaction,
has also been accomplished. These reaction systems have not so far been investigated at
this level of detail. The basic underlying principles of the RR graphs and the topological

analysis for these reaction systems are discussed.
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Chapter I: Motivation and Objectives

Chapterl
Motivation and Objectives

1.1 Background and Rationale

Fuel cells have been touted as the next-generation power sources for decades. They
offer the potential of revolutionizing energy production through highly efficient and
pollution-free power generators for use in applications such as consumer electronics,
home, and transportation. Enormous technological progress has been made since the
invention of the first fuel cell ever by William Grove in 1839; however, even the most
advanced of the technologies is far from being commercialized. A summary of the
different type of fuel cells as a result of the active research for more than a century is
presented in Table 1-1 [1] and shown schematically in Figure 1-1.

The low temperature fuel cells, namely the H, — O, PEM fuel cells demand pure
hydrogen as the feed. Hydrogen, in spite of being the most abundant element in nature,
does not exist by itself, and is intended to be produced either on site or centrally via
catalytic reforming of hydrocarbon fuels. However, despite the considerable advantages
of a hydrogen economy compared to the current fossil fuel economy, like the possibility
of finding a long-term energy source with H, being produced from both fossil fuels,
renewable resources and atomic energy, there are still significant challenges that must be
overcome before this shift in energy paradigm can occur.

Hydrogen comprises of three times the energy content of petrol on weight basis;
however, on volume basis the situation is reversed. If hydrogen is indeed to replace
gasoline, in the much hyped hydrogen economy, and is to be more environmentally
benign as compared to gasoline, momentous effort needs to be devoted to the
advancement of technologies for reliable, efficient, safe, and cost-effective production,
distribution and use of the fuel, which currently is a major technological impediment for

the commercialization of PEM fuel cells.
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Table 1-1: Comparison of different types of fuel cells [1].

Combined Heat
Fuel Cell Common . System Electrical and Power s
Type Electrolyte Operating T Output Efficiency (CHP) Applications Advantages
Efficiency
Pol e Backup power
El 0 tyrmlel; Solid organic 50 - 100°C 53589 e Portable power Solid electrolyte reduces corrosion
Mifnb(;ayni polymer poly- 122 - 212°F < 1kW — (transpo rta:ion) 70-90% (low- e Small distributed & electrolyte management problems
(PEM)/ or perfluorosulfonic 80 - 150°C (for 250kW 253 S‘Vp(s tationary) grade waste heat) generation Low temperature
DMFCs acid DMFCs) ¢ Y o Transportation Quick start-up
e Specialty vehicles
Aqueous solution Cathode reaction faster in alkaline
Alkaline of potassium 90 - 100°C 10kW — 60% > 80% (low-grade | e Military electrolyte, leads to higher
(AFC) hydroxide soaked 194 - 212°F 100kW ¢ waste heat) e Space performance
in a matrix Can use a variety of catalysts
. Liquid phosphoric o S0kW — IMW Higher overall efficiency with CHP
Phosphoric acid soaked in a 150-200°C (250kW >40% >85% o Distributed generation Increased tolerance to impurities in
Acid (PAFC) . 302 - 392°F module P
matrix . hydrogen
typical)
Carbonate and/or potassium 600-700 S (250kW 45-47% > 80% * Large d}strlbuted Fuel ﬂex1b111t}/
(MCFC) carbonates. soaked 1112 - 1292°F module generation Can use a variety of catalysts
in a matrix typical) Suitable for CHP
o Auxiliary power High efficiency
o Electric utility Fuel flexibility
Solid Oxide Yttria stabilized 600 - 1000°C 35.439 < 90% e Large distributed Can use a variety of catalysts
(SOFC) zirconia 1202 - 1832°F ¢ ° generation Solid electrolyte reduces electrolyte
management problems
Suitable for CHP
Hybrid /GT cycle
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Figure 1-1: Schematics of different type of fuel cells.
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Even though liquefaction leads to a form of hydrogen that is potentially attractive for
use in larger fuel-cell systems, the energy density is low (2.70 Wh/cm®). Furthermore, if
the energy spent in the liquefaction process is considered, the energy density is lowered
even further, by as much as 40% [2]. Of course, central production and distribution of
hydrogen could be a potential solution, however, that calls for a huge capital investment,
making the use of pipelines unlikely to transition to the hydrogen economy. Currently, no
efficient, practical method of storing hydrogen for fuel cell applications exists, which is
not too heavy, bulky or costly. The alternate option is to use some sort of hydrogen
carrier. A two way carrier is a material that is transported to a distribution site in a
“hydrogenated” form, dehydrogenated to yield hydrogen, and the dehydrogenated
material returned to a processing site where it would be re-hydrogenated for reuse, e.g.
complex hydrides like LiBH4 which has high gravimetric hydrogen wt% (18.5%) and can
theoretically release about 13.9 wt% hydrogen. A great deal of research effort has been
invested in the area of onboard storage of hydrogen and it is clear from Figure 1-2 that
storing as little as 4 kg of H, (the required amount of H, for an automobile to give an
acceptable driving range of 300 miles) onboard presents a daunting prospect [3].

On the other hand, conventional fuels e.g., natural gas, gasoline or alcohols, might be
construed as one-way hydrogen carriers, i.e., they could be reformed at the point of use,
e.g., on board an automobile. Such distributed generation (i.e., at the point of
consumption) proffers the advantage of cost reduction, reduces interdependencies and
inefficiencies with the associated transmission and distribution. This, however, requires a
compact fuel processor, often with a number of issues. Any hydrocarbon used for
onboard hydrogen generation will essentially produce a reformate stream containing CO
and CO,. The susceptibility of low temperature PEM fuel cells to CO poisoning makes
the integrated onboard fuel processors rather complex, comparable to a small-scale
version of an industrial reforming unit. The amount of CO produced during the reforming
process is greatly influenced by the hydrocarbon being processed and the temperature of
reforming. Lower the H/C ratio, and higher the temperature, greater is the propensity
toward formation of CO. For example steam reforming of n-dodecane might produce CO
in the order of ~8 — 10%, while for methanol steam reforming CO might be in the range

of ~1%.
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T Ha( 200 beny

Figure 1-2: Volume of 4 kg of hydrogen compacted in different ways, with size relative

to the size of a car [3].
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Thus, the degree of fuel processing, post the reformer would change substantially so as to
produce reformate of PEM fuel cell quality, and many technical issues exists in this

proposed reformer/fuel cell scheme that remain unresolved at this time.

An alternate and potentially extremely attractive technology is the direct methanol
fuel cell (DMFC), operating at around 80 to 150 °C, which would obviate the multi-step
reforming process and its associated complexities, albeit at the expense of substantial
overpotential or electrical energy. This presents a genuine predicament as to what is
really an optimum configuration? Is it utilization of the hydrogen rich reformate stream in
a Hy — O, PEM fuel or direct internal reforming of methanol in a direct methanol fuel
cell? Indeed, the optimum solution depends upon the application, e.g., in portable power
unit, a DMFC may be better, while in a stationary unit, a reformer followed by a PEM
fuel cell may be better. There is a strong possibility, nonetheless, that the molecular
mechanism of the overall process remains largely the same regardless of the process

scheme.

Another such an example is the case of solid oxide fuel cell (SOFC). SOFC’s operate
at much higher temperatures, which provide them the opportunity to utilize readily
available liquid fuels like gasoline for direct internal reforming. However, it should be
noted that the high temperature of operation that provides leverage in terms of fuel
flexibility has the associated material stability and sealing issues, adding system
complexities. Further, the Ni anode of the SOFC is susceptible to H,S poisoning, and
thus calls for upstream desulfurization. Moreover, with direct internal reforming of liquid
fuels, proclivity for the formation of coke precursors (i.e, higher hydrocarbons > C2s) and
eventual performance degradation has been well documented. Moreover, SOFC’s also
function better with H,-rich reformate from reforming of liquid hydrocarbons, which
allows performance longevity. Some level of fuel processing is, thus, inevitable. Of
course, natural gas can be utilized directly as fuel for internal reforming in a SOFC (See
Figure 6-1). On the other hand, hydrogen can be produced from steam reforming of
natural gas, which can be utilized in a PEM fuel cell, which again presents the same

quandary: Which configuration is optimum?
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Thus, for any fuel cell, H,-rich reformate might be the best suited fuel, where hydrogen is
simply an energy vector, in turn derived from another fossil fuel or renewable fuel. This
journey of a fuel (e.g. methane or methanol) to electricity involves a number of catalytic
steps in fuel reformation into hydrogen as well as electro-catalytic steps in the conversion
of hydrogen to electricity in a fuel cell. This journey should, in fact, be viewed as a
continuum, in order to optimize the process of a temperature versus potential scale. These
various fuel cell/reforming options are summarized in Figure 1-3. Thus, the reformer
complexity is dictated by the choice of the fuel cell and the fuel, the latter determining its
temperature. For example, gasoline reforming requires a higher temperature than
methane, which reforms at a higher temperature than methanol. A high temperature
reformer is followed by high and low temperature shift, i.e., HTS or LTS, reactor, and
preferential oxidation, or PrOx, reactor, to reduce the CO to tolerable levels. However,
for the phosphoric acid fuel cell (PAFC) operating at around 200 °C, the PrOx stage is
unnecessary, while PEM fuel cell requires it. In the higher temperature fuel cells, namely
molten carbonate fuel cell (MCFC) and SOFC, the HTS and LTS are unnecessary, since

they can use CO and CHy4 directly, and also do not need precious metal catalysts.

As is evident, on the one extreme, the fuel may be utilized directly in a high
temperature fuel cell without reformation, to the other extreme involving several catalytic
steps (reforming, water-gas shift, and preferential oxidation reactions) to produce
hydrogen feeding a low temperature fuel cell. The optimum perhaps lies in the middle
somewhere, with a simpler reforming process combined with an intermediate temperature
fuel cell, which currently does not exist due to lack of electrolytes that function at those
temperatures. It is with this view that we embark on a fundamental understanding of the
catalytic reaction steps involved in the process of converting the fossil fuels into
hydrogen rich streams capable of being utilized in fuel cells and the electro-catalytic
reactions in a fuel cell that eventually produces power. A detailed mechanistic and kinetic
understanding of these molecular events should eventually enable us to develop efficient

fuel processor/fuel cell systems.

The earliest approach to developing catalytic kinetics based on a molecular
mechanism was that of Langmuir-Hinshelwood-Hougen-Watson, or LHHW [4, 5], which

is still the standard approach today. However, such an approach is limited in the sense
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that it is applicable to only single RLS systems and is also fraught with the risk of
identifying the wrong RLS, since more than one such rate expression might concur with
the experimental findings. On the other hand, quasi-steady state (QSS) and the
microkinetic approach require detailed kinetics of the mechanistic steps, which have so
far been based largely on fitting of experimental data along with the use of semiempirical

relations, e.g., the Polanyi relation [6].

Prediction of surface kinetics from fundamental principles was first attempted by
Shustorovich [7] employing a semi-empirical method, namely Unity Bond Index —
Quadratic Exponential Potential method (UBI-QEP), that provides activation energy
barriers within £4—12 kJ/mol and has been rigorously employed to probe into surface
chemistry [8-11]. With the advent of user-friendly quantum mechanics software,
theoretical study of molecular catalytic reaction mechanisms has become rather
commonplace as a very insightful tool [8-13]. For instance, until relatively recently,
surface intermediates could only be guessed or identified via elaborate surface science
experiments, whereas now, quantum chemistry calculations provides a detailed picture
[14]. For instance, the optimized molecular structures of the reaction intermediates for
methanol decomposition on Pt(111) are reported in detail in refs [15-19]. In fact, it is not
even possible to experimentally detect all of these intermediates even with a broad array
of sophisticated techniques including TPD, EELS, IRS, UPS, AES, and molecular beam
[16]. First principle calculations can provide not only structural information but also
thermochemical and energetic parameters for the surface reactions. In short, the density
functional method (DFT) is an inimitable tool for determining the reaction intermediates
and building a detailed molecular mechanism for catalytic reactions. The interest in fuel
cells has also spurred some work in first-principles modeling of electrocatalysis [20-26],
but the field is still in its infancy. The accuracy of predictions can be expected to only

improve in the future.

However, this is only the starting point for developing a complete understanding of a
catalytic system, including the most favorable reaction pathway and the key reaction
steps. What is needed is an easy to use addendum to the quantum mechanical software
that can utilize its first principles predictions to construct a comprehensive picture of the

catalytic system, including elucidation of all parallel pathways and the dominant reaction
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routes and steps. While software tools such as CHEMKIN are available for this purpose,
they are based on rather brute-force numerical methodologies. A more insightful graphic
approach is called for that might be readily utilized by the catalytic scientist, without the
necessity of being fully conversant with its theoretical underpinnings. One of the
objectives here, thus, is to develop such a consistent graph-theoretic approach and utilize

it for a host of catalytic and electro-catalytic systems in connection to fuel cells.

Graph-theoretical approaches to visualize reaction networks are, of course, not new
[14, 27, 28]. Such mathematical depiction of network topology while useful is, however,
not enough. Quantitative reaction networks involving flux of material must also conform
to certain laws dealing with interdependence of flows in the interconnected networks,
namely, mass balance at junctures, and consistency with thermodynamics. These, in fact,
take the form of Kirchhoff’s laws of current (charge balance) and potential
(thermodynamic driving force) in electrical circuits [29], for instance. Thus, rules for
graph-theoretic depiction of reaction networks need to be clearly enunciated and followed
so that the resulting graphs are consistent with these basic requirements. Otherwise, the

result is a little more than a pretty picture.

Unfortunately, practically all the existing reaction graph and theoretical approaches
are inconsistent with these requirements, as is readily discerned, for instance, if one
studies Figure 1-4 of Broadbelt and Pfaendtner [14], which is inconsistent except for the
case of linear mechanisms. Most catalytic mechanisms are non-linear although enzyme
reactions are often linear. This is due to the unfortunate, but universal, practice of
identifying nodes, or vertices with individual species, while branches, or edges, represent
the reaction steps in conventional graph-theoretic representation. This practice no doubt
derives from the mechanisms depicted in chemistry texts, where species, often including

structural details, are drawn at hubs interconnected by arrows depicting reactions.

Our graph-theoretic approach [30-32] is developed further here that avoids this pitfall,
overcoming the limitations of current methodologies and providing a self-consistent

topological and mechanistic and kinetic analysis tool, based on the reaction route theory.
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Figure 1-4: Conventional graph-theoretic representation with nodes representing

individual species [14].
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The basic difference from the conventional approach is that the nodes, or hubs, do not
necessarily represent an individual species, but rather simply represent the connectivity
among elementary reaction steps in the network at a juncture. As a result, the RR Graphs
become quantitative that follow network laws. For instance, they can be directly
converted into an equivalent electrical circuit, thus, allowing the well-developed and
familiar methods of electric circuit theory, including Kirchhoff’s laws, to be utilized in a
direct and transparent fashion for network analysis. Thus, our new graph-theoretic
approach, in conjunction with DFT calculations, forms a powerful combination for
visualizing the myriad pathways, developing detailed network kinetics, and performing
flux analysis and network pruning. The proposed algorithm provides a framework by
which the improved experimental and theoretical knowledge could be used to better
probe and discern reaction mechanisms and kinetics. An adequate understanding of the
reaction mechanism thus developed not only allows one to develop robust rate
expressions required for reactor design but also allows rational improvement of catalysts
and processes to make them more selective and, consequently, more energy and resource

efficient.

Our approach toward robust mechanistic and kinetic analysis is schematically shown
in Figure 1-5. Further, such analysis could be of immense practical utility in the a priori
catalyst screening and design by performing such analysis for different catalysts to
predict reaction kinetics and selectivity, thus reducing the experimental screening work
and expense. Our overall approach (Figure 1-5) involves the following steps: 1)
determination of surface intermediates on a given catalyst; 2) generation of a set of
plausible surface elementary reaction steps involved in the overall reaction (OR); 3)
graph-theoretic generation of a reaction network that depicts the overall mechanism as
well as the multitude of reaction routes (RRs); 4) prediction of pre-exponential factors
and activation energies, from which energy diagrams are drawn; 5) conversion of the
reaction network into an equivalent electrical network that, not only pictorially represents
the “circuitry” of reaction pathways, but also allows rigorous flux and kinetic analysis by
making use of the vast array of tools available for the analysis of electrical circuits,

namely Kirchhoff’s flux and potential law.
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Furthermore, the reaction circuitry allows a reduction of the network by a direct and
transparent comparison of the reaction step resistances along with a logical identification
of slow or rate-limiting steps. The approach provides for development of explicit rate
expressions for the considered reaction system. Moreover, the approach also allows for
incorporation of time-honored principles of quasi-equilibrium (QE) hypothesis, most-
abundant reactive intermediate (MARI), LHHW formulation without any ad hoc

assumption of rate-limiting steps (RLS) and so on.

In chapter II the theory of Reaction Route (RR) Graphs and its analogy with electrical
circuits i1s explicated without undue mathematical details using relatively simple
examples of gas-phase hydrogen-bromine non-catalytic reaction and zeolite catalyzed
N,O decomposition reaction. The approach is then be utilized in subsequent chapters
with rigor to analyze thermo- and electro-catalytic reaction systems involving parallel

pathways in fuel cells.

Chapter III deals with methanol decomposition on Pt, which is important first step not
only in methanol steam reforming but also in a direct methanol fuel cell. Here we show
that the electrical analogy of the RR Graph approach could be combined with ab initio
prediction of step kinetics to do a detailed flux analysis that lays bare the important
pathways and steps in a reaction network allowing insightful pruning of the mechanism.
It is, thus, found that methanol decomposition proceeds exclusively via the initial C-H

dehydrogenation step rather than through O-H bond activation.

Chapter IV evaluates the case of water-gas-shit (WGS), an integral part of the fuel
processing train for low temperature fuel cells. A rigorous analysis of the comprehensive
17-step mechanism with DFT-predicted kinetics for the WGS reaction on Pt(111) is
accomplished, where we show how to assemble all the 71 reaction pathways into a RR
graph. Based on the reaction circuitry approach, the mechanism is reduced to a network
involving only a single dominant RR mediated via carboxyl species. Rate limiting steps
are next identified logically to derive a simple and accurate rate expression, without any

ad hoc assumptions.

As an alternative to a metal-hydride carrier for hydrogen storage, chemical storage of

hydrogen has been suggested, e.g., as NHs, a very effective and inexpensive hydrogen
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carrier available in large quantities. Chapter V probes the mechanism and kinetics of a 7-
step commonly accepted mechanism for NH3; decomposition on Fe. The mechanism is
whittled down to a single RLS. A rate expression subsequently derived is in complete

agreement with our experimental data.

As discussed in this chapter, natural gas can be utilized directly for internal reforming
in a SOFC on a Ni-based anode or hydrogen can be produced via steam reforming which
is eventually used in a low temperature PEM fuel cell. Fundamental understanding of this
important reaction mechanism is pivotal for the development of compact and efficient
fuel processors/fuel cell systems. A 22-step reaction mechanism based on exhaustive
literature review is analyzed using the RR graph approach in chapter VI. We
unequivocally show that a dual-pathway mechanism exists depending on the temperature
of operation. Rate expressions are next derived based on logical identification of the
RLSs. The model predictions are in concurrence with the experimental data by Xu and

Froment [33], considered as the standard reference on methane steam reforming (MSR).

In chapter VII, we consider the typical membrane-electrode-assembly (MEA)
consisting of a five layer assembly in terms of RR Graph approach to develop a lumped
fuel cell model. We also discuss the cause and the extent of the effect of the fuel and/or
oxidant crossover on the fuel cell open-circuit voltage (OCV) and provide a logical
explanation based on a priori parameters, that the hydrogen cross-over to the cathode

explains all of the observed loss of ~20% under open circuit conditions.

Chapter VIII considers the -electro-catalytic reactions in connection to low
temperature fuel cells, namely the hydrogen electrode reaction at the anode and the
oxygen reduction reaction at the cathode. An improved understanding of these
archetypical electrochemical reactions is essential for deeper fundamental understanding
of fuel cells, which would assist better catalyst design and detailed fuel cell modeling.
Based on a priori activation energies, explicit rate expressions are reported for the first
time ever, agreeing reasonably well with the experimental findings. Finally, we show for
the hydrogen oxidation reaction in acidic system that the exchange current density is two

orders of magnitude higher than what has been assumed for more than four decades. The
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approach developed here can be extended to a host of other electrochemical systems like

methanol electro-oxidation occurring at the anode of DMFCs.

In summary, the premise of this study is that a better understanding of the catalytic
and electrocatalytic processes that occur within a reformer/fuel cell system can lead to
improved catalysts, devices, operating conditions, and overall system. Toward this end,
this work represents the initial steps taken to understand this important energy generation

system of the future.
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ChapterII

Topological and Kinetic Analysis Based on Reaction Route
(RR) Graphs

The conventional kinetic analysis of an overall reaction (OR) is limited to a single
sequential pathway of molecular steps at a time, based either on the general quasi-steady
state (QSS) approach of Bodenstein, or on the much simpler but limited Langmuir-
Hinshelwood-Hougen-Watson (LHHW) approach based on assuming a single rate-
determining step (RDS), the remaining being quasi-equilibrated (QE). In this chapter the
theory of Reaction Route (RR) Graphs and its analogy with electrical circuits is
explicated, which will be utilized with rigor to subsequently analyze thermo- and electro-
catalytic reaction systems involving parallel pathways in fuel cells. Based on RR
Graphs/circuitry, QSS rate expression for a reaction system can be simply cast into an
Ohm’s law form, i.e., OR rate = OR motive force/OR resistance of an equivalent electric
circuit. Moreover, logical pruning and identification of rate-limiting steps is afforded
based on flux analysis and step resistance comparison quantitatively. The approach is
independent of how the step kinetics are derived. In order to describe the basic
framework for the approach, we utilize the relatively simple examples of: 1) the gas-
phase hydrogen-bromine non-catalytic reaction (non-linear kinetics), and 2) zeolite
catalyzed N,O decomposition reaction (linear kinetics). In subsequent chapters, the
approach is applied to practical and more complex reactions networks relevant to fuel

cells.
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2.1 Introduction

Many of the industrially significant reactions involve parallel reaction pathways. For
instance water-gas-shift (WGS) reaction of central importance in fuel reforming has
many possible reaction pathways like redox pathway, associative pathway and so on,
which could potentially occur in parallel on a given catalyst surface depending on
reaction conditions. A quandary for the reaction engineer has been how to explicitly
account for these alternate pathways in describing the overall reaction (OR) rate, rog, in
terms of the kinetics of the elementary reaction steps, i.e., in determining the so-called

OR “rate law” in terms of the known step weights, @, [1-4], which represent the step

mass-action kinetics with the exclusion of the unknown intermediates compositions. The
most general approach for this is the quasi-steady-state (QSS) approximation of
Bodenstein [1-4], based simply on the assumption of time-invariance of reaction
intermediates. However, an explicit QSS rate expression for overall rate rpg is often
unwieldy, or not possible at all when step kinetics are nonlinear in intermediates
concentrations [5], only numerical results then being possible for a given set of reaction

conditions.

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) methodology [6], on the other
hand, does generally allow the development of simple explicit expressions for rog, but it
is based on the often arbitrary assumption of a single rate-determining step (RDS), the
remaining being at quasi-equilibrium (QE). Further, the a priori identification of such a
RDS in the mechanism, if it exists at all, is not simple. Dumesic [7] has presented an
approach based on De Donder relations for identification of the RDS involving the

concept of step reversibility. Thus, the RDS is defined as the step, s,, whose step
reversibility, z, (=7,/7, =exp(—#,), the ratio of the step rate in the backward, to that in

the forward direction), 1is approximately equal to that of the OR,

Zor = Tor ! Tor = €xp(—#A,,) . Here, the dimensionless De Donder affinity, #, =—AG,/RT

for the step, and A, =—AG,, /RT for the overall reaction.

Campbell [8] has, however, pointed out that such a criterion for identifying the RDS

is limited, since reversibility of a step represents only its thermodynamic driving force,
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not containing any information, for instance, on its activation barrier, or kinetics. On the
other hand, identification of RDS simply based on activation barriers is fraught with risk
as well. In fact, the net step rate involves both kinetics and thermodynamics, i.e.,

r,=r,—r,=r (l-z,)=r,(E,), where E =1-exp(—#) represents the thermodynamic

driving force [1-4], while 1/7, represents a kinetic resistance. Campbell’s degree of

control approach, on the other hand, based on sensitivity analysis to identify the step rate
constant(s) that most influence rog, provides a more robust approach for the identification
of the RDS. However, it is based on a numerical analysis. The reaction step resistance,

R, discussed below, in fact, is the most convenient criterion for identifying the slow or

rate-limiting steps in a sequence. We assume, in fact, that there can, in general, be more
than a single rate-limiting step (RLS), the latter being distinct from the rate-determining
step (RDS).

Furthermore, given that there are now first-principles and semi-theoretical methods
[9-12] available that can predict the kinetics of the elementary reaction steps with
increasing accuracy, it is now increasingly important that more comprehensive methods
for the analysis of reaction networks be developed, which is the objective here, based on

an intuitively appealing electrical analogy of reaction networks.

The electrical analogy is, in fact, commonly invoked in a qualitative discussion of
reaction mechanism and kinetics [13, 14], wherein reaction steps are represented by
individual resistances, with the current (rate) being driven by an overall motive force
(Figure 2-1). Thus, we see from Figure 2-1, that when justified, the smaller of the two
resistances in series is dropped in pruning a mechanism, while the /arger of the two
resistances in parallel is neglected. The electrical analogy was, in fact, first proposed by
Nernst [15], who suggested that the rate of a chemical reaction might be represented in
analogy to Ohm’s law, being equal to a “chemical force” divided by a ‘“chemical
resistance.” Besides its intuitive appeal, the analogy is useful in visualizing the network,
and especially when rationalizing the assumption of a RLS, as one with the highest

“resistance” in a sequence. However, it is rarely utilized in a quantitative analysis.
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This is so, because the relationships of the step resistance and the motive force to the
conventional reaction kinetic and thermodynamic quantities have remained unclear, and
it is not known how one might draw an appropriate equivalent electric circuit for a

complex mechanism.

We have, actually, more recently developed a Reaction Route (RR) Graph approach
[16-19] that puts this analogy on a rigorous footing by: 1) providing the equivalent
electrical circuit for a given mechanism adapted directly from its RR Graph, and 2),
defining the step resistance in terms of step kinetics via the relation

R,=1In(r,/r,) / (r,—r,), and the dimensionless De Donder affinity, A,

as the driving
force, resulting in Ohm’s law form for step kinetics, r, =, /R, . The corresponding

overall rate then takes the form r,, = #,, /R,,, where R,, may be obtained in terms of
R, from the RR Graph in a manner completely equivalent to that in electrical circuits
(Fishtik et al. 2005b). However, only numerical analysis is possible in this manner, since

the step rates, Fp and Fp, and, hence, the step resistances are not known a priori,

involving the unknown intermediates concentrations.

In a recent paper [20], however, we followed an alternate algebraic methodology for
the QSS analysis of a reaction sequence, in which the final result was of a form that could
be cast into an alternate Ohm’s law form, i.e., 7,, = E ., /R;,,, where the OR driving force

is in the conventional form, E,, =1-2z,, = {l—exp(—A,,)}, and the OR resistance could

be expressed as a sum of the step resistances in series, R, :z R’ , while the step
Y2l

resistances R could be determined a priori via the LHHW methodology, thus providing
a new analytical approach based on the electrical analogy. In this Chapter, we show that
this new form can be extended readily to parallel reaction networks as well, where R/,
relates to step resistances R, in the usual manner of electrical circuits. This approach not

only provides an explicit QSS rate expression for a given mechanism in terms of step
kinetics, but also affords perceptive insights into the dominant pathways and rate-limiting

steps, thus allowing rigorous network pruning.
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We first describe how one might use the given molecular mechanism of an OR to
construct its RR Graph, which depicts reaction steps as branches interconnected at nodes
such that all possible reaction pathways for the OR are represented simply as walks on
the RR graph. Next, the RR Graph is converted into an equivalent circuit by simply
replacing the branches by resistors representing the steps, followed by Ohm’s law
representation of overall rate, with the overall resistance being obtained from the
resulting circuit. We show, for the case of linear step kinetics, that the result is exactly the
same as that obtained via linear algebra from the conventional QSS analysis. Further, we
show that, while approximate, the results are very accurate for non-linear kinetics as well.
All the necessary details along with definitions from our previous work are also

summarized so that the treatment below is self-contained.

For ease of comprehension, further, the application of our approach to parallel
pathway reaction networks is illustrated here for the relatively simple cases of: 1) gas-
phase hydrogen-bromine reaction (non-linear kinetics), and 2) zeolite catalyzed N,O
decomposition reaction (linear kinetics) mechanism, both involving only a handful of
steps. Of course, more complex mechanisms are similarly amenable to kinetic analysis,

which will be the focus in the subsequent chapters.
2.2 Theory

2.2.1 Reaction Routes: Basic Definitions

We first consider a simple generic 4-step mechanism with parallel pathways given in
Eq. (2.1), in order to explain the essentials of RR Graphs approach, while avoiding the
mathematical details [16-19].

) G Top
5, AST +1 +1
s S 1,+C +1 0 o
s, I, 5B +1 0
s, I, 5 B+C 0 +1
OR: A S B+C
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This mechanism admits two parallel pathways, or reaction routes (RRs), as indicated
above by the stoichiometric numbers in the two columns. Thus, steps si, s2, and s3, when
added, result in a cancellation of the intermediates I; and I,, resulting in the OR.

Similarly, s, +s, provides the OR, which is a second RR. More formally, thus, we define:
Reaction Route (RR): or a reaction pathway, or a reaction sequence, is a linear

P
combination of elementary steps, Zag 5, that eliminates a specified number of

p=1

intermediate and terminal species to produce a reaction, where o,, is the
stoichiometric number (usually, 0, £1 or £2) of step s, in the g™ RR. If all the
intermediate species are eliminated the reaction route is called a Full Route (FR).

Thus, for the above example, the two RRs may be written as

FR;: OR=(+D)s, +(+])s, + (+1)S3} (2.2)

FR,: OR=(+Ds, +(+])s,
On the other hand, an

Empty Route (ER): or a cycle is a linear combination of the elementary steps such
that all of the species, both intermediate and terminal, are cancelled, thus
producing the so-called “zero” OR (i.e., the stoichiometric coefficients of all the
species are zero).

In fact, since subtracting one FR from the other, e.g., FR, —FR,, would eliminate all

the species, it can provide an empty route (ER), e.g.,
ER,:  0=(+Ds, +(+1)s; +(-1)s, (2.3)
A negative stoichiometric number, as above, simply indicates that the step in the given

RR is followed in the reverse direction to that indicated in Eq. (2.1). Since all elementary

steps are reversible, in principle, although the reversibility of a step z, can vary widely,

this does not present any problem.

Of course, an infinite number of such RRs may be obtained via a linear combination

of two or more RRs. However, we are only interested in the so called direct RR,
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following Milner’s [21] concept of directness or minimality. Such a direct FR and ER
contains no more than ¢ + 1 and ¢ + 2 steps, respectively, from a given reaction

mechanism, where ¢ is the number of linearly independent intermediate species, I, . This

limitation results in a finite and unique set of RRs.

In order to construct the Reaction Route (RR) Graph, and hence the electrical circuit,
for a given mechanism, in fact, a knowledge of not even the entire set of direct RRs is
needed. Actually, only a set of independent RRs is needed for this purpose, i.e. any set of
1= p—q RRs, which can include both FRs and ERs, that among them include all of the
steps of the given mechanism. This is, in fact, related to the fundamental RR matrix of
the RR Graph [16-18]. All the other direct RRs of the unique set can be topologically
traced on the thus generated RR Graph as walks, as explained later on. A more formal
approach for enumerating the entire set of (direct) FRs and ERs based on the

stoichiometric coefficient matrix of the mechanism is described by Fishtik et al. [16-18].

We will also be concerned with reaction routes that produce a given intermediate 1,

from terminal species. Thus, an

Intermediate Reaction Route (IRR): is the RR, or pathway, in which all the
intermediate species except the one of interest I; (often along with a reference
intermediate, say the vacant surface site, S, in case of catalytic reaction system)

are eliminated.

The set of stoichiometrically distinct intermediate reactions, IRs, produced by these

IRRs may be written as

Ry 7L+ (7S (7T, =0 (2.4)

i=1
where y, is positive, since the intermediate I, is considered as a product in the IR.

For the example considered above, i.e., Eq. (2.1), in fact, no surface site is involved.

Thus,
IRR;: IR, =(+D)s, (2.5)
is an example of an IRR for the formation of the intermediate species, I;.
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2.2.2 Reaction Route (RR) Graph

The typical goals of kinetic analysis are:

1) to determine the elementary step rates r,, by first determining the unknown

intermediate concentrations in terms of the step rate constants and the

terminal species activities (concentrations), and

2) to relate the OR rate, 7,, to the step rates r,.

Both of these goals are facilitated by the availability of the Reaction Route (RR)
Graph of the mechanism, which shows graphically how the various step rates are
interconnected in a reaction network depicting the overall reaction system and its
pathways, and how these interconnections constrain the rates of the individual steps, and
that of the OR. Of course, one could accomplish this goal without the help of the RR
Graph, just as one could solve an electric circuit problem mathematically without
drawing a circuit diagram, but the process, as in the case of electric circuits, is assisted by
the graphic visualization afforded by the RR Graph. In fact, since RR Graphs follow flow
network laws, namely, Kirchhoff’s laws, they can be directly converted into an
equivalent electric circuit by simply replacing the branches representing the elementary
reactions by resistors and the OR by a battery with an EMF related to the affinity, or
Gibbs free energy, of the OR.

Thus,

Reaction Route (RR) Graph: for an OR is a graphical representation of its
mechanism that is comprised of elementary reactions, and is drawn in a manner so

that:

1) the directed (with arrows) branches representing the individual steps s, are

interconnected at intermediate nodes (INs) such that all reaction routes
(RRs) can be traced on it simply as walks between terminal nodes (TNs),

with the overall reaction (OR) drawn as a branch between the TNs; and

2) the interconnectivity of the branches at the INs is consistent with the QSS

condition for the intermediates, while the connectivity of branches at the
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TNs, including the OR, is consistent with the QSS condition of the
terminal species. These are, in fact, the equivalent of Kirchhoff’s Flux (or

Current) Law (KFL or KCL) in electrical circuits.

Thus, INs interconnect only elementary steps while the TNs interconnect elementary
steps to the OR. Both set of nodes are, further, consistent with KFL and the minimality of
incidence or directness, in the sense that eliminating a reaction step will violate the QSS

condition.

Kirchhoff’s Flux (or Current) Law: states that the step rate r, (likened to branch
current /) of all branches incident at a node j sum up to zero (from mass

conservation, along with the fact that Vy. = 0). In other words,

Ar; = Zm 41> =0, where the incidence coefficient m , =+1, if a branch leaves the

node j, and m, =-1, if a branch is coming into the node j. In fact m, are

elements of the incidence matrix of the RR Graph [16].

Of course, KFL is analogous to the QSS assumption for the intermediate and the

terminal species.

Quasi-Steady-State (QSS) Assumption: implies the time invariance of the species

concentration, i.e., the net rate of production of a species is zero,
P

Ar,:va,rp:o.
p=1

It is, thus, clear from the above that KFL and QSS approximation are equivalent.

Let us apply QSS approximation to the intermediate species in the homogeneous

decomposition reaction mechanism (Eq. 1), i.e.,

O no=(=Dr+ D+ (+ D, =0}
! ! (2.6)

0, r,=(=Dr+ (s =0

Since these two relations are the equivalent of KFL, the connectivity of the reaction steps
at intermediate nodes implied by these QSS approximation relations is shown in Figure

2-2a.
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Figure 2-2: a) KFL condition for intermediates, b) KFL condition for terminal species, c)

RR Graph
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The second of these relations indicates that s, and s, are interconnected at one
intermediate node (in red), with s, coming in and s, leaving, while the first relation
indicates an intermediate node with s, coming in and s, as well as s, leaving. These two

subgraphs are depicted in Figure 2-2a.

Let us next consider the QSS approximation for the 3 terminal species, which

participate both in the elementary reactions as well as in the OR

QA: Fa :(_1)’/1+(_1)FOR =0
Og: ty =D +(+ D7 +(+Dr,, =0 (2.7)
Oc: Ve = (D, +(+Dr, +(+Dr,, =0

Because from Eq. (2.6), r, =r;, the QSS approximation for both B and C are the
same, i.e., only one of these two equations is independent. The remaining two
independent conditions can be represented by the KFL subgraphs shown in Figure 2-2b,
where blue nodes represent the terminal nodes. The only way that all these sub-graphs
(Figure 2-2a and b) can be coalesced into a single RR graph is by overlaying the common

branches, resulting in Figure 2-2c, which is, hence the RR Graph for the mechanism in
Eq. (1).
It can be seen that this RR Graph is appropriate. Firstly, all of the RRs (FR;, FR; and

ER|) enumerated above can be traced on this as walks.
In general, a

Walk: from a starting node to an ending node is an alternating sequence of nodes
and branches such that a given node may not be crossed more than once. If a walk
begins and ends at the same node, it is called a cycle, while if a walk begins at one

terminal node and ends at the other terminal node, it is a full route.

Secondly, the nodes evidently satisfy the QSS approximation for both the
intermediate (INs) and terminal species (TNs). Thus, Figure 2-2c is an appropriate RR

Graph for the mechanism as it satisfies both of the basic criteria outlined above.

Moreover, RR Graphs are also thermodynamically consistent, given that they concur

with Kirchhoff’s Potential Law (KPL).
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Kirchhoff’s Potential Law (KPL): implies that the branch affinity, i.e., negative
Gibbs free energy change for a reaction step, 4,=-AG, (likened to branch

voltage V) of all branches in a closed walk (starting and ending at the same

p
node), or a cycle, sum up to zero, i.e., ZGgpA , =0, where the stoichiometric
p=1

number o, =+1, if a branch is directed in the direction of the walk around a

cycle, and o,, =—1, if a branch is directed in the opposite direction.

For example, if we apply KPL to the cycle (ER) in the considered mechanism, Eq.
(2.1), there results, A4, +A4,— A4, =0, or ==—=—=*=1. Thus, the predicted (or measured)

kinetics must be consistent with this KPL condition. In other words, not all rate constants

need to be predicted (measured), some can be obtained from KPL relations.
2.2.3 Electrical Analogy

Since the RR Graphs follow the flow network laws (namely, KFL and KPL), they can
be directly converted into an equivalent electric circuit by simply replacing the branches

representing the elementary reactions by resistors, R, and the OR by a battery with an
EMF, #A,,. Thus, for the above 4-step decomposition example with the RR Graph in
Figure 2-2c¢, the equivalent electrical circuit is shown in Figure 2-3.

In order to complete the analogy, we define [16-18]

Reaction or Step Affinity A,: is negative of reaction Gibbs free energy,
A4,=-AG,. Itis, in turn, related to the ratio of the rate in the forward direction Fp

to that in the reverse direction, 7,, via /7, =In(7, /), where the dimensionless

affinity, #,=A4,/RT.
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™, N,

Figure 2-3: Electrical analog of the RR Graph shown in Figure 2-2c.
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Reaction or Step Resistance R,: is the mean value of the inverse of the net step

rate, 7, =r,—7,, between its limiting values, namely, 7, and 7, ie,

7 o e
1 %1 In(7 /7))
RPEH — —drp:#.
rp—p},rp Y =1

Unfortunately, unlike in electric circuits, we don’t know the reaction resistance a

priori, since it involves the unknown intermediates concentrations.

Ohm’s Law Form of Step Kinetics: From the definitions of branch affinity and

branch resistance for a step s, as provided above, it is easy to see that step rate

follows Ohm’s law: r, = —£
R

o)

It is to be noted that this does not represent a linearization of reaction kinetics, but is
simply a definition of a reaction resistance, which unlike the resistance in electrical
circuits, is not a constant, but rather changes with reaction conditions, especially

temperature, as 7, and 7, change with composition and temperature.

Since the RR Graphs are drawn so that they are consistent with KFL and KPL and
Ohm’s law kinetics representation, there is a quantitative correspondence between RR
Graphs and their electrical circuit analogs. As a result, the overall resistance of the
network might be calculated in terms of step resistances, with the result that the overall

rate may be written as

§&

= o (2.8)

Tor R
OR

where standard electrical circuit techniques are used to evaluate R, in terms of R, e.g.,

via A—to—Y conversions, and other tools of electrical circuit analysis.

For instance, for the above equivalent circuit (Figure 2-3) involving series and

parallel resistors
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Tog =08 = (2.9)

While this rate expression is precise, it is not predictive, as the step rates 7, and 7,
and hence the step resistances R, are not known a priori. A predictive approach is

developed below.
2.2.4 New Form of the Electrical Analogy

Next, we discuss the alternate formulation of the electrical analogy that leads to an

explicit expression for the OR rate. First, however, we define (Dumesic, [7]

Reversibility: of an elementary step z, =7, /7,, i.e., it is the ratio of the rate in the

reverse to the forward direction for a step, and is related to step affinity via De

Donder relation, [22, 23] i.e., z, =exp(=#A).

Further, for the OR, it is

R 1l v+
Zor = Tor !/ Tog :exp(_ﬂOR):K_Hai’ (2.10)

OR i=l

Furthermore, since it is a thermodynamic property, from KPL we have

3 g+l [ 3 % g+1 "
ZOR:ﬂ:H £ :H(ZP) ’ (2.11)

Tor ~ p=1

Z0R :ﬁ(@J p (2.12)

i.e., the OR reversibility, z,,, is a known quantity for a given set of reaction conditions.

Here @, is the reaction step weight, which includes the observable (known) quantities,

i.e., the rate constants and activities of the terminal species (e.g. @, = k a’ ).
Further, we formally define
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Quasi-Equilibrium (QE): A step is quasi-equilibrated if its reversibility, z, —>1,
or alternately, if its affinity #/, — 0. At true equilibrium, of course, z, =1, and
A, =0.

Rate-Limiting Step (RLS): in a sequence is one, whose resistance R, contributes

significantly to R, . There may, of course, be more than one RLS in a sequence.

Interestingly, however, it may be noted that for a constant flux through a sequence of

steps, this implies that reversibility z, contributes significantly to z,,, in agreement with

(Dumesic, [7]. This may be seen by noting that R /R, = A, /#, in a sequence with

r, = I, for unit stoichiometric numbers (o, = +1).

At any rate, for the equivalent circuit shown in Figure 2-3, rearranging the OR rate,

Eq. (2.9), we have

I Ry _ R N 1 2.13)
o Aox  Aow  ox + 1
R4 R2 + R3
c%ZOR ﬁOR
so that, we may write
B U T 219
or T gty o
IO
h n
where the rate-determining step (RDS) is given by
o« A
r, = —ROR (2.15)

where the bullet in the subscript denotes the step as the rate-determining step (RDS).
Thus,

Rate-Determining Step (RDS): r; (l;) is the rate (current) of the branch (resistor)

s, (R)) if all other resistors in the circuit were short-circuited, i.e., if the entire
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motive force #,, (Eor) occurred across a chosen step (resistor) s, (R,), which,
of course, would be the maximum step rate (current) in the step (resistor) for the
given motive force.

By the same token, since the driving force (#,) drop across the remaining steps is

virtually zero, they may be considered to be at quasi-equilibrium (QE). In other words,
the RDS and quasi-equilibrium (QE) hypothesis (also called pseudo-equilibrium
hypothesis, PEH) go hand-in-hand, as inherent in the LHHW approach. It is to be noted,
however, that while in an electric circuit the resistance is constant and, thus, independent
of the driving force, this is not entirely correct in a reaction network. Eq. (2.14) is

predicated on the assumption that R, remains constant as #/, changes to #,,, which is

not true in general in kinetics, unlike in electrical circuits, hence the approximate sign.

In fact, r; may be obtained via the LHHW methodology, with s, as the RDS, all the
other steps being at QE. Since s, is the RDS and all other steps are at QE, i.e., z, =z,
for o,=+I1, then

rp° EF;(I—ZOR) (2.16)

From Egs. (2.14) and (2.16), thus, we have

Tor = =—2 (2.17)
R’ + ! i Ror
L] + L]
R, R, +R;
where
Epr =1-2zp, = {1-exp(=#p )} (2.18)
o« 1
and R =— (2.19)
Iz

Here, E,, is the thermodynamic motive force term as defined by Christiansen [1]

rather than the OR affinity, ., and R’ is the resistance of the step s, when it is
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considered as the RDS, i.e., when the entire driving force for the OR occurs across the

step, the other steps being quasi-equilibrated. As a result, this allows R; to be determined

explicitly a priori, following the LHHW algorithm. Hence, Eq. (2.17) provides an
explicit predictive rate expression for the QSS rate of the OR.

We next show how to obtain the R; employing the LHHW approach along with the

notion of IRRs. We will, thereafter, show that this rate expression in the form of alternate
Ohm’s law provides exact results for the case of linear kinetics mechanisms (similar to
the considered reaction mechanism, Eq. (2.1)). We further contend that it provides an
approximate, albeit, accurate results in other cases [20]. Furthermore, Eq. (2.17), is in a
form that is readily amenable to comprehension as well as pruning via comparison of

resistances.

2.2.5 LHHW Methodology for Reaction Resistance, R,

The resistances R; can be obtained a priori, by treating each of the steps as RDS, in

turn, and using the QE approximation for the remaining [20]. The basic idea is that for a
given RDS, the ¢ linearly independent unknown intermediate site fractions are
determined by identifying the appropriate intermediate reactions, or IRs, or pathways for
the formation of intermediates. As mentioned above, an IR (Eq.(2.4)) results from an
appropriate linear combination of steps s; that eliminates all of the intermediate species

except that of interest, I,, formed from terminal species along with some reference

intermediate, e.g., the vacant site S in case of catalytic reactions [24, 25], i.e.,

Yo, =IR, (2.20)

IR,

In analogy with KPL, the affinity of this IR

Do =y (2.21)

Using the definition of step reversibility

z,=",[F, =exp(-#,) (2.22)
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we have

zp =z = H(?j | (2.23)

IR, ®, \ T
Using in this the step kinetics in terms of step weights, and noting that, all
intermediates but I, and the reference intermediate, i.e., vacant sites S (in case of a

catalytic reaction) are eliminated by the stoichiometric numbers chosen to produce the IR

(Eq. (2.20))

ek Yk @j Ol
z, =| 2 hat (2.24)
IR, {90 j 11;[{0) J

J
Further, if we select all the steps s;in Eq. (2.20), such that it does not include the step
s, under consideration as the RDS, or in other words all the selected steps are among the

QE steps, z,, =1, we have

g, @, )"
=111 = (2.25)
90,/) l;zc[(wJ}

Note that we use the notation 6, to represent site fraction of I, when s, is the

q
RDS. Finally, the site fractions thus calculated are used in the site balance, 1= ZH,: o
k=0

written in the form

q
=Y e (226)
9 0

Thus, the reference site fraction 001 , can be determined and, from it, all the remaining
site fractions Hk', e As a result, the forward rate of the RDS, and hence the step resistance,

R, as per Eq. (2.19), can be evaluated a priori.
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We next show that the rate expression derived via Eq. (2.17), i.e. 7,, = E,p /RS, is
the same as that obtained via QSS approximation for the simple 4-step homogeneous
(non-catalytic) reaction mechanism (Eq. (2.1)).

2.2.6 Comparison of QSS Analysis of the 4-Step Homogeneous
Reaction and the Electrical Analogy Approach

The rates of the elementary steps of the 4-step homogeneous decomposition reaction

mechanism depicted in Eq. (2.1), in terms of species activities, a;

\W.—J
@,
- ~ (2.27)
K=r-i=k a, kyag = @ya, — @,
ina p
@ ay

{

where the corresponding step weights @, (i.e., products of rate constants and activities of
the terminal species) are also defined.

The QSS approximation for the intermediates in this mechanism is provided in Eq.

(2.6). Using the step rate kinetics in this and rearranging

(@, + @, + a:)4)aIl - (Uffz)al2 = (o, + @i) (2.28)
—(@)a, + (0, +d))a,, -G

This may be written in a matrix form, i.e., W, - x=b, where the various matrices are

W {@1 L, +0) -, J ;X:(ah} d b :(az WJ (229)

— 0, (@, + & a, @

The solution via Cramer’s rule (or by substitution) is
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_ 0,0, + 0,0, + D0, + D0, + DO,

a

I, — - - = ~ = — - ~ =

w,0, + 0,0, + 0,0, + 0,0, + V0, (2.30)
0,0, + 0,0, + 0,0, + 0,0, + O,0,

a
1 - - - - - = - = .
o, + 00, + 0,0, + 0,0, + 0,0,

With the unknown intermediate concentrations known in terms of @, all step rates

can now be found. Further, OR rate can be found from the relation between OR and step

rates, which can be discerned from the RR Graph as well. Thus, from Figure 2-3

Top =1
or- 1 (2.31)

Tor :l"3+l"4

Either of these relations could be used. For instance, from the first of these, i.e.,

Tor =1 = @ — @, and rearranging

0,0,0 0,0,
. YoNON S, Yol
Q0,05 1= ——> |+ (0, + ;)| 1 - ——
0,0, 0,0,
Tor = e ——— (2.32)
O,0, + 0,0, + D,0; + O,0, + O,D,

Using Eq. (2.34) below for the driving force (via KPL) for the two parallel pathways,

we can factor out Epg to provide an alternate form for the OR rate

(652 + @3)@1@4 (1 _ Kl aBaC j (233)

or 9a

St

%)
+

it

where from KPL (Figure 2-3)

Eoy :(1_%}(1_@‘1’4]{1_LMJ (2.34)
0,0, 0, w0, Kor a,
We next describe the methodology for deriving the rate expression using the RR

Graph approach utilizing Eq. (2.17). Thus, using Egs. (2.17) and (2.34)

Tor = Lo = ! [- L dadc (2.35)
; ; Kor a,
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(2.36)

In order to derive R;, let us first consider step s; as the RDS, the remaining steps

being at QE. Thus,
h
(2.37)

For step 52, similarly
L]
RZ = —e °
o W4,

where a: , denotes the activity of I; when step s is considered as the RDS and all other

steps are at QE. The activity a;,, as explained above, is obtained by identifying IRR for
the formation of I;, from reaction steps other than the RDS, s,. An appropriate IRR for I;
(2.38)

IR, = (+1)s,

that does not include s, is
IRR;:
Thus, with no catalyst site involved in this homogeneous mechanism, using Eq. (2.25),
(2.39)

ot |_81

we have
a: , =
(2.40)

Using Eq. (2.39) in Eq. (2.37) we have
1 [ —

Ry =—F—
. (o
a)l
(2.41)

1 11
(2.42)

o 1 1
R T e T T . T N
7, w,a .
44 4 a)4(031j
2
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Using Eq. (2.36) and (2.40) — (2.42) in Eq. (2.35), thus,

1 1
or = 1 (1— aBaCj (2.43)
— 4 Kox a4
@ 1 1
I — —
lao 1o 100
&, & BB @ a0,

which is just a rearranged form of Eq. (2.33). However, as seen here the RR Graph
approach is easy to follow. Furthermore, logical pruning of the rate expression is possible

via comparison of the R; as illustrated below.

The practical utility of the approach is next highlighted with a non-linear kinetics
example first, namely, the 4-step gas phase hydrogen-bromine reaction, followed by a

linear kinetics mechanism example, i.e., zeolite catalyzed N,O decomposition.

2.3 Illustration: Nonlinear Kinetics Mechanism, Hz-Br; Example
We first define

Nonlinear Kinetics Mechanism: as one that includes some mechanistic steps

involving more than one intermediate species on either or both sides, so that the
. N N . - = 2 - =

kinetics of these steps are nonlinear in a, €8, I, =0,a , and I, = 0,4, a . For

example, for the bromine decomposition step: Br, S 2Br -, the rate in the reverse

. . - = 2
direction 7, = @ay, .

It is, of course, unlikely that more than two intermediates are involved in an

elementary reaction, so that higher than quadratic terms in @, are unlikely.

Let us next illustrate the feasibility of the application of the above approach to a non-

linear kinetics mechanism with o, =+1. Thus, we consider the classical 4-step H,-Br;

reaction mechanism
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%o p
Initiation: {s,: Br, S 2Br- +1 0
, s,: Br-+H, S HBr + H- +1 +1
Propagation : (2.44)
s;: H-+Br, S HBr + Br: 0
Termination: {s,: Br-+H- S HBr +1 0

OR: Br, + H, 5 2HBr

Clearly, the mechanism is nonlinear in intermediate concentrations. The kinetic data for

the reaction mechanism is provided in the Ref. [26].

For the non-linear case, the expression

E

~ —OR

Tor ¥ e (2.45)

OR

=

provides only approximate, but accurate results, as shown below. In general, of course,
for the non-linear case, an explicit solution via the QSS approach is not possible. Rather,
only numerical solution is generally obtained. Therefore, even though approximate, an

explicit solution is very useful, for instance, in reactor design and analysis.
2.3.1 Rate Expression Based on Electrical Analogy

For the given reaction mechanism, Eq. (2.44), thus, the step kinetics are

_ 2
h=h—-H kchr2 —k, ¢y, = O, — WCy,.
—_— \-f-/
a a
L=n-n= kch2 Cpyr. — iy Cryp, Cy. = D30, — O Cy
@ 2
o B (2.46)
R=K-N k3cBr2 Cry. — K3Cyyp, Cpp. = D30y, — D305,
—_— -~
Py oA
r,=r,—h =k, g cy —kCup, = 00y Ch — @,
Z P

Further, as can be seen from Eq. (2.44), this reaction mechanism has two full routes

and one empty route, similar to the generic example, i.e., Eq. (2.1),
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FR,:  OR=(+Ds, +(+Ds, +(+]D)s,
FR,: OR=(+1)s, +(+])s, (2.47)
ER,:  O0=(Ds, +(=Ds, +(+Ds,

The equivalent circuit for the mechanism is shown in Figure 2-4, which is obtained
following a similar procedure as explained for the academic example, and is identical to

it, although with different step labels.

Thus, we have from Figure 2-4, as before

(2.48)

Let us calculate the resistances from the step kinetics. For step s; as RDS, and all

others at QE, we have

R’ = ; - L (2.49)
h o
For step s, as RDS, and all others at QE, we have
RS = i = ! (2.50)

B @,
where c;r_’z is the concentration of Br- when step s; is the RDS. An appropriate IR for
formation of Br- is
IRR;: IR, =(+1)s,: Br, 52Br-: (2.51)
which gives
Chrn = o (2.52)

2

Thus, using Eq. (2.52) in Eq. (2.50), we have

R === =— |= (2.53)
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TM‘ ;AVIS;\Z/AV—" T VVV P ™
R} =3.6716x10° ny R =1.8376x10
r, =2.5938x10"° r,=2.5938x10°°
For
+EOR
I

Figure 2-4: Equivalent electrical circuit for the 4-step HBr example along with

representative values of R’, R;, R;, R; and the corresponding flux at conditions

reported in the text.
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Similarly, we can obtain R; and R;

SR S S N - )
37 e - e T o o e B —
iR W€y O WOy 3 W O, \ O

1 1 l o, |0 |0 l o, ®

LA _ _ 2 1 1 _ 2 1
R4 T e T e . T - = — —~ T (255)

" 0)4CH',4CB1,',4 w, 0, \ O\ o w, W, @,

(2.54)

As aresult
_ EOR _ EOR
Tor = . ] 1 1o . (2.56)
R, + 1 1 e
— 4 . 602 a)l 1 n 1
By Ri+R 1o |o 1, 1&d6
D, @, \ &, n 0, O, O
where
Ep=l-z,=1-—22=1-—12+ (2.57)
2773 177274
2.3.2 QSS Kinetics

Let us compare the accuracy of the above expression to numerical QSS analysis. An
explicit expression for this case via QSS procedure, of course, is not possible. For
numerical comparison, we utilize the kinetic data (Table 2-1) provided by Cooley and
Anderson [26]. However, before we apply the QSS approximation, let us check the
thermodynamic consistence of the reported kinetic data afforded by the RR Graph

approach.
Applying KPL to the empty route, ER;, we have 4, + 4, — A, = 0. Using de Donder’s
N k| &, ) &, . .
relationship we have, | — kT lg— =1. However, the reported data [26] yields this
1 4 3

product as 0.68, rather than 1.
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Table 2-1: The kinetic data for H,-Br, reaction. Activation energies in kcal/mol; pre-

exponential factors are in units of mol/cm’ and sec [26]

s, Reaction Step Ep Ep ]\p ]\p m, m
s, Br, 52Br- 45257 0 1.05 107 57107 1 0
s, Br-+H, SHBr+H- 17.7 1.1 8.0510"  3.0810" 1 1
s, H-+Br, SHBr+Br- 1.1 417 25910" 931100 1 1
s, Br-+H- SHBr 0 85.85 910" 59510 0 1

#El changed from 45.23 and 7\1 changed from 7.18 10'%, to ensure thermodynamic consistency

via KPL.

- E
k,=AT exp(— %T)
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Furthermore, for the empty route ER;, AH, + AH, — AH, =0. The reported data [26]

yields this summation as —20 cal/mol, rather than 0, pointing to the slight thermodynamic
inconsistency of the data available in literature. Thus, the original value of E1 was

replaced from 45230 cal/mol to 45250 cal/mol and A, from 7.18x10" to 1.05x10"

cm’mol™'s™, to ensure thermodynamic consistency via KPL. Such inconsistencies in the

rate data become glaring via the RR Graph approach.

The conventional QSS result is obtained by algebraic solution of the QSS equations
for the two intermediates, into which the mass action kinetics is substituted. Alternately,
we could use the simpler KFL equations, i.e., Eq. (2.58), which are evident from Figure
2-4 at the two intermediate nodes (red)

r,—1r=0 }
(2.58)

rn+r,—r,=0
Using step kinetics in this
(@yCy1.Ch,. = @,) ~ (&) — Byc3,) =0 (2.59)
(@, — ,cp,) + (@, — 3, ) = (@DrCy, — @,¢,) =0 (2.60)

which are two simultaneous non-linear algebraic equations which may be solved for the
two unknown intermediate concentrations ¢, and c,_, and then substituted back into Eq.
(2.46), or KFL equations at the terminal nodes, in order to determine the OR rate. This is
not trivial, however, since substituting for ¢, from Eq. (2.60) into Eq. (2.59) results in a
third order equation in c. with three possible roots. This clearly demonstrates the
strength and intuitive power of the described electrical analogy approach. Therefore, we
will use the QSS analysis below simply to numerically verify the result obtained above,

using the kinetic parameters from Cooley and Anderson [26] and experimental data

provided by Levy [27].
2.3.3 QSS vs. Electrical Analogy Rates

Calculations based on the above QSS analysis were made for a temperature, 7' = 473

K, and for ¢, = 0.428 mol/cm’, Cg,, =0.594 mol/cm’ and ¢, =0.25 mol/cm’. Thus, the
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overall rate, 7, =r,=r,+7r,=2.5938x10" s was obtained from solving the QSS

equations, (2.59) and (2.60), and substituting the resulting concentrations of the
intermediate species c,; and c;. in Eq. (2.46) to calculate the corresponding step rates.
These QSS step rates are shown on the RR Graph in Figure 2-4. It can, clearly, be seen
from Figure 2-4 that KFL for the QSS step rates is followed at all the nodes. Further, the
right-hand-side of Eq. (2.56), along with Eq. (2.57), was used to also directly calculate a

rate of 7, =2.5938x10° s™' from the derived rate expression for the given set of
conditions. Clearly, Eq. (2.56) provides an accurate explicit rate expression! Further,
unlike the QSS numerical approach, the rate expression, Eq. (2.56), is in a form that is
amenable to pruning as explained below.

For this, R:, were calculated from the explicit Egs. (2.49) and (2.53) — (2.55) for the
specified conditions, as they provide an indication of the rate limiting steps, if any. These
calculated values of R, R;, R;, R; are also shown in Figure 2-4. A comparison of

activation energies or rate constants alone is not enough to identify the RLS, since the
concentrations of intermediates are also needed to determine the step rates. However, a

comparison of R; is more rigorous in identifying the RLSs, as discussed before. Of
course, these R; may also be used in the first equality in Eq. (2.56) along with Eq. (2.57),

to calculate the overall rate from the electrical analogy, which not surprisingly, also

provides 7, =2.5938x107° s,

For the mixture composition assumed above, a comparison of R’ +R;, R;, R; as a
function of temperature is provided in Figure 2-5. It can be seen that R’ + R; ~ R;, and,
hence, R’ can be easily eliminated from Eq. (2.56). It can be further concluded from

Figure 2-5, that R} << R}, i.e., I/ R} >>1/R}.

Thus, R; can also be eliminated from Eq. (2.56), resulting in a reduced expression

for the overall resistance,

Ry B+ =R+ R, 2.61)
R
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Figure 2-5: A comparison of R’ +R;, R;, R; as a function of temperature for the

conditions reported in the text.
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One could have arrived at this conclusion also from a comparison of the branch fluxes in

Figure 3. Furthermore, the reaction is essentially irreversible at these conditions, i.e.,

z,x = 0, hence E,, =1 (2.62)

When Eq. (2.61) and (2.62) are used in Eq. (2.56), a substantially simplified expression

results, i.e.,

OO @ (2.63)
a)l 1 , a)l 1+ % @,
2 603 @, @

Finally, using the reaction weights in Eq. (2.63), we obtain

= _ (2.64)

as determined from the early experiments by Bodenstein and Lind [28] in the temperature
range of 200 — 300 °C. Later experiments by Levy (1958) show that this simplified rate
law is also valid at higher temperatures. Thus, only reaction steps s, and s3 are kinetically
significant for the reaction conditions mentioned above. Of course, mechanistically, the

other steps of initiation and termination are also significant.

Next, we illustrate the utility of our approach by using it for a practical system with
linear kinetics mechanism.
2.4 Illustration: Linear Kinetics Mechanism, N20 Decomposition on

Fe-ZSM-5
First, we define

Linear Kinetics Mechanism: as one that includes mechanistic steps that involve

only one intermediate species on either or both sides, so that the kinetics of these

steps are linear in @, , e.g., 7, =@,4a; .

Here, a 7-step mechanism is adopted from Heyden et al., [10] who performed

quantum chemical calculations for N,O decomposition on dehydrated mononuclear iron
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sites in Fe-ZSM-5, using the TURBOMOLE V5.6 suite of programs following the DFT-
B3LYP approach, as an example for a linear kinetics mechanism. The step kinetics,

found to be consistent with KPL requirements, are summarized in Table 2-2 [29].
The system has two full routes and one empty route
FR,:s,+5,+s, +5+5,+5, =0R

FR, :s,+5,+5;+s,+5, =0OR (2.65)
ER,:s,—s5,+5,=0

The corresponding RR Graph/electric circuit for this system obtained from this
independent RR set, by following a procedure similar to that described above for the
generic example, is shown in Figure 2-6. From this, thus, the overall rate can be written

as

~ Lo _ Fox (2.66)

OR R+ R;+R +R +

R +R R

To obtain the step resistances in this, let us first consider step s; as the RDS, the

remaining steps being at QE. Thus,

széz al. (2.67)

h a)lgo,l

where, as explained above, the first subscript 0 in & denotes Iy, and the second subscript
1 denotes s, as the RDS. With s, as the RDS, thus, and all subsequent steps at QE, the

appropriate IRs for the formation of five linearly independent surface intermediates, I, I,

I3, L, Is, from the reference intermediate Iy, comprising of steps other than s, are

IR, :

I

—D)s; + (=D + (—Dsg+(=Ds;: 0, + 2N, - N,0+ [ 51
( 3 5 6 7 2 2 2 0 1

IR, @ (=Ds; +(=Dss+(=Dss+(=Ds,: O, + N,- N,O+I[; ST,
IR, (=D)ss+(=Dss+(=1Ds;: 0,+N,-N,O+[, 51, (2.68)
IR, @ (=Dss+(=Ds,: O,+N,+ [, 51,
IR : (-Ds,: 0, +I, 51
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Table 2-2: Elementary reaction steps and their rates in the N,O decomposition on Fe-

ZSM-5 [10]
Reaction Step 7, =7, -7, @, w, A, A, E, E,
NO+h Sl n=66,-06 kpyo k 1.0610" 167107 0.0 6.4
LSL+N  n=06-00, by, 209107 443100 307 419
LSL+N,  n=06-006, | bpy, 698107 582107 304 500
LSk n=0,0,-00, & 3 2.1510° 846107 141 225
NO+LS L r=a6-06, Fkpy, 43910°"  16710° 00 27
LSL+N:  rn=a0,-d0, F kopy,  31210%7 31910 2027 315
5Sh+0:  rn=a6,-06, F s po, 1.67 10" 1.51 10° 8.0 8.1

1)=Z [FeO]"; ,=Z [FeO] (ON,); L,=Z [OFeO]"; ,=Z [FeO,]"; I,=Z [Fe0,] (ON,); Is=Z [0,FeO]"
Activation energies in k,= Apexp(— E, / R T) are in kcal/mol; the units of the pre—exponential factors are

1 - . . . 1 .
bar ' s for adsorption/desorption reactions and s ' for surface reactions.

*modified A ., " modified E, [29]
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ro
RT Eor

Figure 2-6: Equivalent electrical circuit for the 7-step N,O decomposition reaction

mechanism on Fe-ZSM-5
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Then, using Eq. (2.25), for the QE steps, the site fraction ratios are

SR

)
Il
|
.
1 |o%1 Rl |<§1
i
7\
\1%1 |\1%1
~

8O

(2.69)

R
\1%1 |\1%l

=

SRS | & &
—
RSHIRY
~—

8O

R

Finally using these in site balance, Eq. (2.26),

o’ 65 07 0; o;
6.1 6.1 6.1 6.1 6y 6y

Thus, we have from Eq. (2.67)

1 O,0.0,0, O,0.0,0, O.00, A0, O
RS =—| 1+ 8% | DuDGD | DBy DD D 2.71)
@, W00, O,W0;000;  WsWW;  DW; Oy

We next consider step s, as the RDS, and the remaining steps at QE, to derive an

explicit expression for R;, where

R;ZéZﬁl. = 1 (2.72)
Ko 0,0, & (91,2 jeo
) o, 02

Following a similar procedure as above, there result

@, 0. OO, @
Tl+ 477577677 + 577677 + 67 +T7 (273)
, .

&3
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1 O 0,000 00,0, 0.0, O
R;: ~ S P et ot APt it At it e (2.74)
a(a)lj O 0,0;0:0, s W 0; W@, W
(03 =
2
1 OO0 D0, (0 0.0, O
R:: — 1+gl+ klk2+454647+ 4647 _1_57 (2.75)
,
=~ 1@, | (L) 5 (s Uy 507 ;
00,
1 O 00 00, 00, O
R5: — 1+Tl+._1_2+_1_3+ﬁ6ﬁ7+T7 (2.76)
= | (00 o 0w, 00, W7 Oy
Ws| ——
(L)
RG._ 414 - (1 @"‘a_)la_)z + _1 ‘_3 + ‘_l ‘_3 ‘_5 +@j (277)
= | (0, (0;(5 o 0w, (L] (305
Wg| —— =
0,0,
1 O 00, OO 0,00, 0,00,
and R;z — 1+Tl+._1_2+_1_3"‘_1._3_5"‘_1_3_5_6 (2.78)
@(1“’356j O 0o, s 1212 | (035 (0
7| = = < =
) (03 (05D

Finally, these equations, i.e., Eq. (2.71) and Egs. (2.73) — (2.78), are used in Eq.

(2.66) to provide the OR rate explicitly in terms of @, . The resulting expression is in

fact, identical to that derived via the conventional QSS approach for this linear kinetics
mechanism using linear algebra, as illustrated above for the generic example. However,
the conventional QSS approach provides a rate expression that is in a considerably more
complex looking and hard to discern form.

For typical experimental conditions [11], namely, with a feed of 15,000 ppm N,O in

He passed over Fe-ZSM-5 at T = 800 K, py,=0.0015bar; py =0.0135bar;

Po, = Py, / 2bar and using Eq. (2.71) and Eq. (2.73) — (2.78) we have
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R’ =6.2893x107s
R; =2.1871x10" s
R; =5.4224%10's
R; =3.3101x107"s (2.79)
R =1.5216x10"s
RS =49184x10"s
R; =9.2286x107" s

Using Eq. (2.79) in Eq. (2.66), thus, the overall rate of the reaction is
Fop = 6.2202x107 s (2.80)

which is identical to that obtained from solving the QSS equations numerically for the 7-

step mechanism.
2.4.1 Reduced Rate Expression

The rate expression, Eq. (2.66), is in a revealing form and allows judicious network
pruning. Let us first compare the resistance of the steps in series, namely, steps s, ss, g,
and s7. As is the case with electrical circuits, the step with maximum step resistance in

series may be taken as the slowest step or the RLS for the sequence. It can be clearly seen

from Eq. (2.79), that R; is four orders of magnitude higher than R’ + R + R’ . Thus,
R >>R’+R; + R (2.81)

Next, note that there are two parallel pathways starting at intermediate node n; and
ending at n3;. For parallel pathways, the path with the least resistance would be the
dominant pathway. The total resistance of the first pathway, namely s, + s4is R, + R;
while that for the other pathway, step s3 is simply R; . It is evident from Eq. (2.79), that

both the pathways have comparable resistances and it is imperative to retain both. Hence,

the simplified overall resistance is

RO, ~ RS+ (2.82)
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Further, in the series combination, s, + s4, R; is several orders of magnitude lower
than R; and, hence, can be eliminated without materially affecting the overall flux (rate).

Thus, we may further simplify the overall resistance

In other words, we simply have three steps s», 53, and s that are the RLSs with resistances

of similar order, so that the reduced rate expression is

(2.84)

- - = = —

where R;, R} and R;, given by Egs. (2.73), (2.74) and (2.77) are of a comparable order

and need to be retained.

R}, R} and R; can, in fact, be further simplified based on the concept of most
abundant reactive intermediate (MARI) [30], i.e., by comparing the values of 6’,:’ » / 6’(; , In
R;. For both, steps s, and s3, 6, , / N ,~0 for all intermediate species under the
conditions mentioned above, which implies 1/ N ,~1 and, hence, the simplified

expressions for R, and R; are

R ==L
0
. (2.85)
RS =L
;0
Similarly, by comparing the values of &; , / 6, in R, we have,
L 1 41 43
Rs = — | [+ == (2.86)
a_’)6 ( kl k3 k5 j 1773
1773575
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Using Eqgs. (2.85) and (2.86) in Eq. (2.84), the simplified rate expression, thus, is

1 0,0, .
— 1773757677
Tor — | -————— (2.87)
1 (1+ ,0, j+ 1 [OXONONONOX
0,00, 0,0 ! !
- 19955 1493 +
a)é[ 0.0 (D j ‘_1 ‘_1
W, 0, s 1 L
0,0, W0,

Using the expressions for @, (Table 2-2), thus, the simplified rate expression for the

aforementioned experimental conditions, in the conventional form, is

2
oy = ! . {L— ! pNgPOZJ (2.88)
kiksks py, 140 3Pn,0 N k, Kor  Px0
k1k3k5k6p§l20 kks k(ky + K, )pNZO

Finally, since we have an essentially irreversible reaction, i.e.,

2
Epp=(1-zp)= I_LM ~1 (2.89)
Kox Px,0

as z,, — 0, the above expression can be further simplified to

K, (k, +k
v = 1(ky + k) Py o (2.90)

1+ (k, + Ii3)pN2 1+ KK Py 0
K3K5k6pN20 Px,

where K, is the equilibrium constant for step s, .

In conclusion, as a result of the systematic analysis of this example, rate-limiting

steps have been identified in an intuitive manner, following the evaluation of R;. Thus,

steps 52, s3, and s¢ i.e., the decomposition of adsorbed N,O on Z_[FeO]+ and Z_[FeOz]Jr
are concluded to be the RLSs. We finally wind up with a highly simplified, but accurate,
rate expression for N;O decomposition on Fe-ZSM-5. Thus, the simplified rate

-1

expression, i.e., Eq. (2.90) provides 7,, =6.2206x107 s for the reaction conditions

mentioned above, which is close to that obtained from Eq. (2.66), or the QSS analysis,
ie., 7, =6.2202x107 s™.
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2.5 Conclusions

A simple and intuitively appealing approach is described here for the treatment of
quasi-steady state (QSS) kinetics of overall reaction (OR) mechanisms involving parallel
pathways. It is based on first determining the Reaction Route (RR) Graph for a given
molecular mechanism, in which reaction steps are represented by branches meeting at the
nodes such that all pathways can be traced as walks between terminal nodes. The RR
Graphs are consistent with Kirchhoft’s laws of flow networks, e.g., electric circuits, and
can, thus, can be directly adapted into an equivalent electrical circuit, in which the
branches are replaced by resistors representing individual mechanistic steps. The OR rate
can, hence, be expressed in Ohm’s law form, i.e., OR rate = OR motive force/OR
resistance, where the overall resistance in terms of individual step resistances is obtained

following the common tools of electrical circuit analysis.

The individual step resistance, in turn, is replaced by the virtual maximum step rate,
i.e., the rate of the step, if the entire OR affinity were available to the reaction step, with
all other steps being quasi-equilibrated (QE), i.e., their affinities being zero. This can be
ascertained following the LHHW approach involving a combination of the RDS/QE
assumptions. In this manner, the QSS rate law for a complex mechanisms can be
determined, which may be difficult or impossible to obtain by simply solving the QSS
equations algebraically. The results are exact for a reaction network with steps linear in

intermediates, while they are approximate, albeit accurate, for nonlinear step kinetics.

The algorithm is illustrated here for a case of the gas-phase H,-Br; system (non-linear
kinetics mechanism) involving 4 steps and a 7-step linear zeolite catalyzed N,O
decomposition mechanism, both with 2 parallel pathways. These simple systems were
chosen so as to render the process comprehensible, although the approach is widely
applicable. It is also shown how the thermodynamic consistence of the kinetic data can be
verified easily using the RR Graph. Further, reaction flux and resistance can be used for
insightful pruning and mechanistic reduction. The methodology described here when
utilized with intuitive predictions of step kinetics either via first principles or semi-
empirical methods, provides a comprehensive and consistent framework for mechanistic

and kinetic analysis. Subsequent chapters will illustrate with examples relevant to fuel
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cells that the RR network approach is a valuable new weapon in the arsenal of the

catalytic scientist.
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Chapter III

A Graph-Theoretic/DFT Analysis of Methanol

Decomposition Reaction Network on Pt(111)

The Reaction Route (RR) Graph approach described in chapter II as a powerful new tool
for topological, mechanistic and kinetic analysis of catalytic reaction networks, is utilized
here for in depth analysis of methanol decomposition on Pt(111). In this approach a
graph-theoretic network of molecular reaction steps is first constructed for the overall
reaction (OR), on which each mechanistic step is represented by a directed branch
interconnected at nodes, such that all conceivable reaction pathways can then be traced
on it simply as walks or paths. The thermodynamic consistence of the DFT predicted
kinetics in the literature is verified, simply from the fact that the network is consistent
with the basic laws of flow graphs and its direct analogy with electrical circuits, namely,
Kirchhoff’s laws of current (rate) and potential (affinity). Next, rigorous flux analysis of
the network is accomplished. As a result, the dominant pathways as well as the rate-
limiting steps (RLS) become transparent. This furthermore facilitates network pruning to
retain only the essential steps and pathways. The RR Graph approach when combined
with ab initio kinetics, thus, provides a rigorous new framework for analyzing the
mechanism and kinetics of catalytic reactions. It is, thus, found that methanol
decomposition proceeds exclusively via the initial C—H dehydrogenation step rather than

through O—H bond activation.
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3.1 Introduction

Catalytic decomposition of methanol is an important reaction in that it occurs in
several processes, e.g., methanol steam reforming [1-3], Fischer-Tropsch synthesis [4],
methanol partial oxidation [5-7], methanol electro-oxidation in direct methanol fuel cells
(DMFCs) [8, 9]. The reverse reaction is involved in methanol synthesis. It is therefore
useful to develop a fundamental understanding of the reaction mechanism and kinetics on
different catalysts. Decomposition of methanol on Pt is one of the main reactions
occurring at the anode of DMFCs. A deeper understanding of the reaction mechanism can
aid better catalyst design which provides additional motivation for the study to gain
qualitative insights which can be applied to more complex electrochemical environment

like the one occurring at the anode of direct methanol fuel cell.

The catalysts active in methanol decomposition are metals from group 10 of periodic
table. The decomposition of methanol have been investigated on a variety of metal
surfaces, for example, Ni(100) [10], Ni(111) [11], Cu(100) [12, 13], Cu(110) [14-16],
Cu(111) [17-20], Ag(110) [21], Ag(111) [22], Pd(110) [23], Pd(111) [24], Pt(100) [25],
Pt(110) [26], Pt(111) [27], Mo(110) [28] and so on. For most these surfaces, methoxy
species has been reported as the dominant surface intermediate at temperatures below 350
K, formed by the O-H cleavage of the adsorbed methanol. Several researchers have
studied methanol decomposition reaction using experimental techniques like IR, DEMS,
ECTDMS, EELS, TDS, AES, LEED, HREELS, UPS, SEXAFS, NEXAFS, SXPS, XPD
and other molecular beam techniques in order to probe its reaction intermediates [17, 29-
40]. The catalytic cycle may be initiated via the activation of: i) the C—H; i) O—H; or iii)
the C-O bond of the adsorbed methanol, forming the corresponding intermediates
hydroxymethyl (CH,OH-S), methoxy (CH30-S), and CH3-S/OH-S, respectively, where S

1s a surface site.

C-0O activation is much less likely [41] than the C-H or O-H activation pathways on
Pt(110). Greeley and Mavrikakis [42] have shown that C-O bond scission has an
extremely high activation energy barrier (2.19 eV) on Pt(111), and hence less likely
similar to that for Pt(110). In their review, Mavrikakis and Barteau [43] opine that O-H
bond cleavage of alcohols upon their adsorption on most transition metals appears to be a
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common phenomenon, occurring at low temperatures and leading to the formation of
stable alkoxide intermediate. Franaszczuk et al. [44] examined the decomposition of
methanol over Pt(110) under ultrahigh-vacuum conditions. Using isotope substitution,
they showed that the decomposition reaction proceeds via O-H bond scission to yield a
methoxide intermediate, which then decomposes to CO. The methoxide intermediate is
also thought to form on oxygen-precovered Pt(111) and Pt(100) surfaces [25]. On Pt(111)
covered with oxygen, EELS data shows that molecularly adsorbed methanol transforms
to methoxide at 170 K [29]. However, no direct spectroscopic observations for methoxide
species were detected on clean Pt(111). Peck et al. [31], however detected methoxide
species on clean Pt(111) by using methyl nitrite precursor. As suggested by Desai et al.
[45], the mechanism of methanol decomposition over clean Pt(111) is different from that
over oxygen-precovered Pt(111). Oxygen acts a promoter for the activation of O-H bond
according to Kizhakevarium and Stuve [25]. In the absence of coadsorbed oxygen,
however, a stable surface methoxide intermediate has only been identified on Pt(110) [41,

44].

Bagotsky et al. [46], in late 70’s, formulated the dehydrogenation scheme in which H-
atoms are successively removed, starting with those of the methyl group, i.e. the first
dehydrogenation step was assumed to proceed via C-H bond activation. DFT analysis of
the nature and thermodynamics of the reaction intermediates in methanol decomposition
was initially reported by Kua and Goddard [47] and by Ishikawa et al. [48], using a finite
cluster model to represent the catalyst. In fact, these studies have extended the
dehydrogenation scheme in which H-atoms are successively removed, starting with those
of the methyl group, originally formulated by Bagotzky et al. [46] in 1977 into a dual
path mechanism, i.e. either C-H or O-H bond activation. Kua and Goddard [47] have
shown CO to be a thermodynamic sink on Pt, much in accordance to the experimental
findings that CO poisons the catalyst surface. Both the studies show methoxy
intermediates to be thermodynamically unstable, and hence, the dehydrogenation
mechanism to proceed via C-H bond activation in preference to O-H bond activation.
Ishikawa et al. [48] predict the C-H bond activation to be about 33.8 kJ/mol lower than
O-H bond activation on Pt(111). Thus, both, Kua and Goddard [47] and Ishikawa et al.

[48] predict methanol decomposition to proceed via sequential removal of hydrogen
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atoms off the carbon end as shown in Figure 3-1. Kua and Goddard [47] favor
hydroxymethylidyne (COH) species over formyl (CHO), while Ishikawa et al. [48]
recognize that the formation of both species is feasible and likely and the preferred

species depends on the experimental conditions.

More recently, Cao et al. [49] have investigated the reaction intermediates and the
mechanism for methanol decomposition on well-defined low Miller index platinum
single crystal planes, Pt(111), Pt(110), and Pt(100), in an aqueous environment (in
connection with direct methanol fuel cell), using a combination of chronoamperometry,
fast scan cyclic voltammetry as well as an ab initio/DFT investigation using a three-layer
periodic slab model. Their results also support a dual path dehydrogenation mechanism,

proceeding via both C—H and O—H bond activation as represented in Figure 3-1.

The pathway proceeding via C-H cleavage of adsorbed methanol is, in fact, the same
as that proposed by Bagotsky et al. [46]. For CH;0H decomposition in the gas-phase
(UHV) over Pt(111), on the other hand, Greeley and Mavrikakis [42, 50] and Kandoi et
al. [51] have also theoretically investigated the intermediates resulting from homolytic C—

H or O—H cleavage.

Thus, the intermediates resulting from successive dehydrogenation of the methyl
group are in hydroxymethyl (CH,OH:S), hydroxymethylene (CHOH-S), and
hydroxymethylidyne (COH-S) or formyl (CHO-S), which finally results in adsorbed CO,
CO-S (Figure 3-1). Some of these intermediates are also assumed to undergo parallel
reactions involving O—H bond scission (Figure 3-1). While, the pathway starting with O—
H bond cleavage of adsorbed methanol leads first to the methoxy (CH30-S). Subsequent
sequential abstraction of H forms formaldehyde (CH,0-S,), formyl (CHO-S) and CO-S
species (Figure 3-1).

The optimized molecular structures of these intermediates are reported in refs. [42,
47-50]. One such example is shown in Figure 3-2, where Cao et al. [49] has provided
optimized molecular structures of the reaction intermediates over aqueous-solvated
Pt(111), an environment similar to that at the anode of DMFCs. Thus, the overall reaction

scheme is largely similar, be it thermal of electrochemical reaction system.
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Figure 3-1: Reaction mechanism and activation energies (eV). The values in the
parenthesis correspond to the calculations by Ishikawa et al. [48] and the lower numbers

to the prediction by Wisconsin group [51, 52]
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Figure 3-2: DFT predictions of optimized structures of surface intermediates in methanol

decomposition over aqueous-solvated Pt(111) [49].
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Such theoretical insights are of tremendous utility in building a robust molecular
reaction network. Thus, the DFT method is an inimitable starting point for predicting the
intermediates and building a molecular mechanism. However, a systematic analysis of
the reaction pathways has not been accomplished. The most favorable decomposition
mechanism is difficult to be deduced from DFT studies alone, since the relative rates

depend upon the reaction conditions [52].

One of the earlier attempts to predict the reaction energetics of methanol
decomposition on Pt was by Ishikawa et al. [48], where a hybrid approach of combination
of DFT and unity-bond index quadratic exponential potential (UBI-QEP) was utilized.
Ishikawa et al. [48] calculated the adsorption energies of various intermediates involved
in methanol oxidation on Pt and mixed metals Pt-M (M=Ru, Sn) using quantum chemical
calculations using the Amsterdam density functional (ADF) package. All intermediates,
except atomic hydrogen was found to prefer the on-top site. Moreover, the DFT results
indicated that the coordination via carbon is more favorable than via oxygen for all
intermediates except, adsorbed CH;OH, CH;0 and CH,O. The predictions by Greeley et
al. [42, 50] using the total energy calculation code, DACAPO are consistent with these
results, except that for CH,O, as they predict the binding configuration to be via both
oxygen and carbon. Ishikawa et al. [48] predicted the formations of adsorbed CH3;0O and
CH,O species to be less favorable than adsorbed CH,OH and CHOH, implying the
dehydrogenation of adsorbed methanol on Pt to be energetically favorable with hydrogen
atom first stripped off the carbon end, i.e., the C-H bond scission. Predictions by Greeley
et al. [42, 50] are much in agreement with the findings of Ishikawa et al. [48].

In addition to thermodynamics, the Wisconsin group [42, 50-52] has, also utilized the
DFT method based on the extended-surface periodic-slab model, to determine the
activation energy barriers for a 13-step mechanism comprising of both, the O—H and C-H
bond scission pathways of methanol decomposition on Pt(111). They initially provided
activation energy barriers (not corrected for zero-point energy, ZPE) for elementary
reaction steps in methanol decomposition on Pt(111) [42], which were refined in the
subsequent publication to provide ZPE corrected energetics [52]. These were then

utilized in a microkinetic analysis of the reaction network, the results of which were
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found to be in agreement with experimental results. It should be noted that the early
predictions by Ishikawa et al. [48] are largely in agreement with those of the Wisconsin

group [42, 50-52], with an average deviation of +2 kcal/mol, as seen from Figure 3-1.

In this chapter, the 13-step Wisconsin mechanism for methanol decomposition is
adopted, since it is the most comprehensive mechanism available providing many
necessary details for our analysis to judge the efficacy of the competitive parallel
pathways. More specifically, the Wisconsin mechanism for methanol decomposition on
Pt(111) comprising 13 elementary steps is assembled into a graph-theoretic reaction route
(RR) network [53-55]. The RR network is next converted into an equivalent reaction
electrical circuit which is further analyzed, simplified and pruned using the tools of
electric circuit analysis. The result is the emergence of an unambiguous picture of
methanol decomposition on Pt(111), with a clear portrayal of all possible pathways, and
irrefutable identification of the dominant pathways and rate limiting steps. This example,
thus, clearly illustrates the utility of our approach in conjunction with DFT for unraveling

catalytic reaction mechanism and kinetics.
3.2 Reaction Mechanism and Kinetics

The p = 13 elementary reaction steps comprising the mechanism of methanol
decomposition on Pt(111) developed by, Greeley and Mavrikakis [42] and Gokhale et al.
[52], is adopted here, and is summarized in Table 3-1. The mechanism consists of two
initial dehydrogenation pathways, one proceeding via O—H bond scission (step s,) and the
other proceeding via C—H bond scission (step s¢). Steps s1, s12 and s;3 are the adsorption-
desorption steps for methanol, carbon monoxide and hydrogen respectively, while the
rest are all surface reaction steps. All reactions are considered to be reversible. The extent

of reversibility of a step, of course, varies and is indicated by its affinity, 4.

Gokhale et al. [52] have also provided the thermodynamic properties of the surface
intermediate species, I;-S, based on the DFT prediction of the total electronic energy (TE)

of the system and the vibrational spectra of the species.

Thus, the standard enthalpy of formation of a surface species was calculated by them
via
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Table 3-1: The microkinetic model for methanol decomposition on Pt(111). The letter ‘S’ denotes a surface site. Activation energies

and enthalpy changes in kJ/mol; the units of the pre—exponential factors are atm™' s~ for adsorption/desorption reactions and s for

surface reactions.

—

—

E, A, Elementary Reactions E, A, AH
st 0 1.00 x10°  CH;OH + S S CH3;0H-S 31.845  8.64 x 10" —31.845
52! 60.795 1.04 x 10 CH;0H-S + S 5 CH;0-S + H-S 18.335  1.12 x 10" 42.46
s3: 10.615 4.61 x 10" CH;0-S +2S S CH,0-S, + H-S 56.935  1.16 x 10" —46.32
Sy 4.825 1.00 x 10 CH,0-S; 5 CHO-S + H-S 80.095  2.36 x 10" ~75.27
S5t 11.58 1.16 x 10" CHO-S+S & CO-S +H-S 106.15  1.32 x 10" —94.57
S6! 49.215 4.06 x 10  CH;0H-S + S S CH,OH:S + H-S 76.235  1.12 x 10" —27.02
57! 41.495 2.99 x 10" CH,OH-S +S & CHOH-S+H-S 59.83 1.37 x 10" ~18.335
sg: 56.935 6.10 x 10>  CHOH-S + S & COH:-S + H-S 116.765  2.72 x 10" ~59.83
So: 77.2 7.87 x 10> COH:S+S & CO-S +H-S 145.715  1.02 x 10" —68.515
S10° 23.16 1.76 x 10" CHOH-S +2S & CO-S + 2H-S 151.505  1.01 x 10" —128.345
SI1 51.145 1.95 x 10”  CH,OH-S +2S & CH,0-S,+H-S  27.985  1.92 x 10" 23.16
S12: 133.888 1.00 x 10"  CO-SSCO+S 0 1.41 x 10° 133.888
S13: 88.2824 1.00 x 10  H-S+H-S S H,+2S 13 6.33 x 10° 75.3
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H} =H; , +BE, ¢ +A(ZPE, ) (3.1)

where H| . is the standard enthalpy of formation in the gas phase, BE, ¢ is the binding
energy, and A(ZPE, ) is the zero point energy correction to binding energy of the

intermediate species I;, all of which are provided by Gokhale et al. [52]. The
thermodynamic properties of the surface reaction steps were then calculated by them

based on the species thermodynamic properties. Thus, for the surface reaction s,

defined as
Zl:apklk-SJan:ﬂp[Ti =0, (3.2)
k=1 i=1
The enthalpy change and the entropy change are
AH® = ;apk (H? o)+ iﬁﬂ. (H:p);and AS® = ;apk (50 9)+ iﬂﬁ (52,) (33)

where, o o is the stoichiometric coefficient of surface intermediate I;-S (k =1, 2, ..., ])

and S, of the terminal species T; (i = 1, 2, ..., n), in the reaction step s, .

The standard entropy of formation of a surface species, I;-S is based on the

assumption that adsorption causes a total loss of translational entropy [56], i.e.,

Spe =80, S (3.4)

L () - trans,lk(g)

[}

where, S’

is the standard entropy of formation and S : is the translational entropy

trans, I,

of the species I in the gas phase

(2mm, k,T)"*v
Strans,lk(g) = R[% + ln{ Lo Ik(g) (35)

h3

where Oy, is the molar volume of gas-phase I;. The entropy values for species in the gas

phase, S}, were taken from standard handbooks [57-59]. The entropies of formation of

CHOH and COH in the gas phase were, however, determined by us using Gaussian 03

[60] at the BSLYP/LANL2DZ level of theory with harmonic oscillator approximation, at
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reference temperature of 298 K and 1 bar, due to lack of reported values in the literature.
The vibrational frequencies, thus, predicted were similar to those reported by Gokhale et

al. [52].

The forward and reverse rate constants in are written in the Arrhenius form

k,=A exp “RT ; k,=A exp “RT and £, —E =AH (3.6)

where A are the pre-exponential factors. The activation energies for steps s> through s1;

were taken from ref. [52] and are based on DFT calculations, while those for the
adsorption and desorption steps (si, S12, $13), not provided in ref. [52] were calculated by
us using the UBI-QEP method [61], which is based solely on the heats of chemisorption

and bond dissociation energies of the species involved, already available.

The pre-exponential factors in the exothermic direction were taken from ref. [52],
while the ones in the opposite direction were calculated by us from the standard reaction
entropies as estimated above and the following relation shown below [56], to ensure

thermodynamic consistency with the known thermodynamics of the overall reaction.
A=A, -exp(-AS] / R) (3.7)

The pre-exponential factors listed in Table 3-1 were not subsequently varied from
these initial estimates. It must be noted, that there are some differences between the
Wisconsin model and ours, especially, the methodology for calculation of the pre-
exponential factors in the reverse direction. Moreover, for the sake of simplicity, we

haven’t utilized binding energy of CO as a function of surface coverage.

3.3 Reaction Route (RR) Graph

3.3.1 Enumeration of RRs and Nodes

The first step in our RR Graph approach is the enumeration of atleast some of the
reaction routes, or pathways [62]. Then, the RR Graph is drawn on which all the RRs can
be traced as walks or paths. According to the stoichiometric RR formalism, the species

comprising the mechanism are divided into terminal, i.e., reactants (CH;OH) and
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products (CO and H,), and, surface intermediates (S, CH;0OH-S, CH,OH-S, CHOH-S,
COH-S, CH;0-S, CH;0-S,, CHO-S, CO-S and H-S) where S stands for a free active site
on the catalyst surface. Due to the site conservation, however, only ¢ = 9 out of / = 10

intermediates are linearly independent.

However, one does not need to enumerate all possible direct pathways for the
analysis, and only the knowledge of so called independent set is essential. According to
Horiuti-Temkin theorem, only 4 = p — ¢ = 13 — 9 = 4 RRs are linearly independent from
the complete set of enumerated FRs and ERs for this system. Any appropriate set may be
chosen. Moreover, the number of linearly independent ERs is given by p — (¢ + 1) =13 —
9 — 1 = 3 for the reaction mechanism considered. Thus, a set of 4 linearly independent
RRs may be readily determined by finding 3 independent ERs and one FR for the
mechanism. These, in fact, can be determined simply from an inspection of the
mechanism, thus avoiding the step of systematic stoichiometric enumeration as described
in our earlier publications [53-55]. In fact, as shown here, all these FRs and ERs can be

determined topologically as walks, once the RR Graph is constructed.

A direct FR for this system, as defined earlier, involves no more thang+1 =9+ 1 =
10 elementary steps. Many may include fewer steps. A simple inspection of the reaction
mechanism (Table 3-1) shows that s; + s, + s3 + s4 + 55 + 512 + 2513 = OR, is an
appropriate full route, labeled here as FR;. A direct ER for this system, involves no more
than g + 2 =9 + 2 = 11 elementary steps, most involving far fewer. Thus, from Table 3-1,
we can identify the following three ERs or cycles via inspection labeled here as, ER;: s, +
53 —86— 511 = 0; ERy: 54 + 55 — 57— 510 T 511 = 0 and ER3: s3 + 59 — 5190 = 0. It can be seen
that this set of 4 RRs (1 FR and 3 ERs) comprises all reaction steps and is, thus, an

adequate independent set.

Next, the direct INs may be stoichiometrically enumerated based on the QSS of the
linearly independent intermediate species (Table 3-2) [53-55]. By definition, a direct QSS
condition at a node involves no more than p — (¢ — 1) = 13 — 9 +1 = 5 rates and can be
obtained by linearly combining Qs listed in Table 3-2. In other words, the degree of INs

is < 5. Clearly Q¢ does not satisfy this criterion.
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Table 3-2: QSS conditions for surface intermediates and terminal species involved in

methanol decomposition

Intermediate Species:

CH3OH'SI (Q1) r-r-re= 0

CH;0°S: (02) r-r3=0

CH,0O-S,: (O5) r3-rstr;=0

CHO'S: (Q4) ra-rs=0

CO'S: (Qs) rs+rot+rig-ri2=0

H-S: (Q) rtrtratrstrstritrstrot2rigtri—2rz=0
CH,OH'S: (©O7) re-r7-r1 =0

CHOH'S: (Qs) r7-rg-rip=0

COH'S: (Qv) rg-rg=0

Terminal Species:

CH;O0H: 71 =ToR
CO: r'12 = Tror
HQI ryz = 27”0}3
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Table 3-3: List of Intermediate and Terminal Nodes for the 13-step methanol

decomposition reaction mechanism.

Intermediate Nodes

IN1 =851 - 82 - 8¢
IN2:S2 - 853

IN3 =53 - 54 + 511
IN4:S4 - S5

INs =255 + 259+ 2510 - $13
INg = 56 - 57— 511

IN7 =57 - 88— 5S10
INgZSg-Sg

INg = 2512 - 513

IN1o = 57 - 59 - 510

INy| = 56 - 59 - 510 - 811
IN2 = 56 - 58 - $10 - 811
IN3 =255+ 255 + 2510 - $13
IN14 = 255 + 287 - 513

INs =255+ 256 - 2811 - S13

IN16 = 2854 + 259 + 2510 - 513

IN7 =254 + 255 + 2510 - $13

INig = 254 + 287 - 513

INjg =254 + 256 - 2811 - S13

INog = 2853 + 259 + 2510 + 2511 - S13
IN| = 2853 + 255 + 2510 + 2511 - S13
INy, = 253 + 257 + 2811 - 513

INo3 = 253 + 256 - 513

INoy =83 -85+ 511

INys = 255 + 259 + 2510 + 2511 - S13
INog = 255 + 253 + 28510 + 2511 - S13
INy7 = 2855 + 287 + 2811 - $13

INog = 2857 + 256 - 513

IN2g =57 - 55 + 511
IN3g=s2- 54+ 511

IN3; =251 - 513

IN3» =1 - 512

Terminal Nodes

TN1 =0R - S1
TN3 =0R - S12

TNz =20R - S13
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An appropriate set of INs may be obtained by linearly combining Oy listed in Table 3-2.
This is useful, since it is not known a priori which nodes will be needed for construction

of the RR Graph.

A complete set of INs by linear combination of those in Table 3-2 is listed in Table 3-
3. The TNs, similarly are enumerated based on the QSS of the terminal species [53-55].
The complete list of hence enumerated INs and TNs is presented above in Table 3-3. The

alternate stoichiometric algorithm is described by us [53-55].
3.3.2 RR Graph Construction

Now that, the list of the linearly independent RRs (1 FR and 3 ERs) and nodes (INs
and TNs) for the system is determined as described above or via stoichiometric
algorithms, the next step in our procedure is to construct the graph-theoretic RR Graph,

on which each reaction step s, is drawn as a directed branch, showing assumed

direction, while the nodes represent reaction connectivity, such that all the remaining FRs
and ERs can be visualized on the graph as walks or paths. One starts with the
construction of the RR Graph based on the 4 linearly independent RRs, i.e., ER;, ER,,
ER; and FR;. The ERs are first assembled into what is called a cycle graph (Figure 3-
3A). For instance, ER; and ER;, have step s;; in common, and, may thus be combined
(Figure 3-3A). ER; and ERj have step sjo in common and may thus be fused resulting in
the cycle graph. Next, the adsorption/desorption steps, i.e., si, s;2 and s;3 which are not
involved in any of the ER, are added to the cycle graph such that FR; may be traced as a

walk on the network.

While seemingly straightforward, the last step is actually rather tricky due to the fact
that non-unit stoichiometric numbers are present in the FR [55]. This is, in fact,
characteristic of most catalytic reactions. Thus s;3 must occur twice on the RR Graph.
Further, the addition of these steps to the cycle graph must be done such that all nodes are
among the INs. It is, further, seen from Table 3-3 that the INs for 5,3 all involve doubled
other steps, e.g., ns: 2ss + 2s9 + 2519 — 513 = 0. Moreover, since the step s;3 is involved
twice in FR,, the two steps s;3 should appear in the network in series. This is so because

the mass balance conditions of the terminal species, CH;OH, CO and H,, require the rates
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of the desorption/adsorption steps to satisfy the condition 27| = 2r, = r13 = 2rog (Table 3-
2). Because of these constraints, all of the steps (including the OR) must be doubled, i.e.,
two identical steps in parallel between two given nodes. This is readily accomplished by
fusing together two cycle graphs shown in Figure 3-3A and adding the remaining steps as
depicted in Figure 3-3. It can be checked that all the nodes are among the enumerated INs

and TNs. Thus, the final RR Graph for methanol decomposition is shown in Figure 3-3B.

It may be noted that all reaction steps are present twice in the RR Graph. This is, in
fact, a general property of balanced RR Graphs, i.e., the mass balance conditions require
every step in a RR network, including the ORs, to be present in the network an equal
number of times, in this case 2, because of the particular stoichiometry. The final RR
network thus assembled is shown in Figure 3-3B. Upon inspection of this graph, it is seen
that all nodes are balanced in that they satisfy the quasi-state conditions of surface
intermediates. The topological enumeration of all reaction pathways or RRs can now be
easily accomplished by tracing walks on the RR Graph topology. A total of 6 direct FRs
can be easily traced as walks between the terminal nodes, and 6 direct ERs can be traced
as cycles. Of course, only p — g = 13 — 9 = 4 FRs are linearly independent, i.e., the others
can be resulted by their linear combination. The complete list of thus generated FRs and
ERs is listed in Table 3-4. It must be noted that exactly the same set of direct RRs (FRs
and ERs) can be generated based on our stoichiometric algorithm [53-55]. Thus,
topological enumeration of FRs and ERs is an effective alternate to stoichiometric

enumeration [62].

Amongst the enumerated FRs, three FRs are initiated via O—H cleavage (Paths 1, 4
and 5), whilst the rest start via C—H cleavage of adsorbed methanol (Paths 2, 3 and 6).
From among these, Paths 1, 3 and 6 have been identified by Greeley and Mavrikakis [42]
and Gokhale et al. [52]. On the other hand, Paths 1, 2 and 6 have been identified by
Neurock and coworkers [49, 63]. Further, Paths 2 and 6 were proposed by Bagotzky et al.
[64]. Kua and Goddard [47] and Ishikawa et al. [48] have recognized Path 2.

However, Paths 4 and 5 for methanol decomposition have apparently not so far been
identified in the literature. Clearly, rigorous stoichiometric enumeration of FRs as done

here is essential.

107

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter Ill: A Graph-Theoretic/DFT Analysis of Methanol Decomposition Reaction Network on Pt(111)

n7

A ER,
) Cycle Graph @s
9

T ﬁHr"‘( ‘% %# i
L% LJ_H& ‘——»&——»‘

B)

Q Peripheral Node
/g . Intermediate Node
ER; s
C—' ’ . Terminal Node
ng ng Y
S1 S 12
™, TN, 4

S2 8 E S11 S ERZ S5 Ss

S3 84

ny §3 n; S4 ny

OR

Figure 3-3: Systematic construction of RR Graph for the considered methanol

decomposition reaction mechanism.
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Table 3-4: Stoichiometrically distinct direct FRs and ERs for methanol decomposition

reaction.

Reaction Route

Expression

FR; (Path 1):

Full RRs
S1 T8+ 853+ 854+55+51,+2513=0R
CH;0H->CH;0>CH,O>CHO->CO

FR, (Path 2):

S1 T8¢ T 87+ 853+ 59+ 512+ 2513 =0R
CH;0H~>CH,OH->CHOH->COH->CO

FR; (Path 3):

S1 T8¢ T 87+ 85101512+ 2513 =OR
CH;0H->CH,OH->CHOH->CO

S1+ sy +83—511 +57 53+ 59+ 512+ 2513 =O0R

FR4 (Path 4):
CH;0H->CH;0->CH,0->CH,OH->CHOH->COH->CO
s1+8y 53 —511 57+ 8510 512+ 28513 = OR

FR;s (Path 5):

CH;0H->CH;0->CH,0O>CH,OH->CHOH->CO
S1 T8¢ T 811 T84+ 55+ 512+ 2513=0R
FR¢ (Path 6):
CH;0H->CH,OH~>CH,0->CHO—->CO

Empty RRs

ER]I S2+S3—S6—S11=0

ER5: S4t+855—857—510+511=0

ER3I S8+S9—S10=0

ERy: Syt S3tssts5—856—857—853—59=0

ER5I S4+S5—S7—S3—S9+S11=0

ERg: Syt syt sstss5—856—857—510=0
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Of course, not all FRs may contribute significantly towards the total flux of the OR. The

dominant FRs can be identified readily using the RR circuit approach as described next.

The RR Graph can also be used to directly generate appropriate energy diagrams, as
shown in Figure 3-4. As mentioned above, each node is characterized by a potential

energy or enthalpy on the diagram.

Thus, each plateau corresponds to the respective node on the RR graph. In addition to
reaction enthalpy or the difference between its nodes, the energy diagram also depicts
both the forward and reverse activation energies for each elementary step (Table 3-1).

The FRs and ERs are evident on the energy diagram as well.
3.4 Reaction Network, Thermodynamics, and Kinetics

Each cycle or ER in the RR Graph is subject to KPL. As an example of KPL,
consider ER;, i.e., s + 53 — 5¢ — 511 = 0. The corresponding linear combination of

affinities is, of course, equal to zero

Ay + Ay — Ag— A1, =0, ie., (?j{%)(i—é](@jzl (3.8)
A\ )\ Ts )\ i

Since in a cycle, the species activities cancel out, we have a thermodynamic consistency

check on the predicted rate constants of steps in a cycle, i.e.,

1| 1

1 =1=K2K3K6-1K11-1 (39)

11

N>-1|N !
3-1|w |
C:\>~~1|c\ t
=

The calculated rate constants must be consistent with these constraints. There are two
other such constraints for the remaining two independent ERs. Alternatively, not all rate

constants need to be predicted, some may be found from KPL relations.

Furthermore, the affinities, 4, of the elementary reactions (4, =—AG, ), in a FR are

interrelated with the affinity of the OR, Apg, via similar KPL relation. For instance, for

FRy: 51+ 57+ 53+ 854+ 85+ 512+ 2513, we have

Ayt Ay + A3+ Ay + As + A1p + 2413 = Aor, i.e., K1K2K3K4K5K12K132 = Kor (310)
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Figure 3-4: Energy diagram corresponding to the RR Graph for methanol decomposition

reaction on Pt(111).
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where, K, and Ko is the equilibrium constant of the elementary reaction step s, and

OR respectively. The data in Table 3-1 are consistent with this.

Each node on the RR graph follows Kirchhoff’s Flux Law (KFL). Thus, KPL ensures
thermodynamic consistency while KFL is used to rigorously determine the network
kinetics. For the case of methanol decomposition, the following equations result as per

the application of KFL at the 9 linearly independent nodes, i.e., (Figure 3-3)

n:r-r-r,=0;

n,:r,-r=>0;

ny:r-r,+rn, =0;

n,:r, -1, =0;

ng: 2rg + 2r, + 21, -1, =0; (3.11)
ng v -r, -1, =0;

n, v, -rg -1, = 0;

ng: 1y -1, = 0;

Ng: hs-2r,=0

which provide the network constraints on the rates of elementary steps. Using mass

action kinetics, these KFL equations reduce to the following set
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(klpCH3OH 00 - kl QCH3OH~S )_ (k20CH30H~500 - k20CH30-59H~s )_ (ké QCH3OH-S00 - k60CHZOH-S0H~S ): 0
(Ig.zecmon-sgo - lgz‘gcmos‘gﬁ-s )_ (];3 0(:}130-3002 - 123‘90120-32 QH»S ): 0
(];3 0(:}130-3002 - 123‘90120-32 HH-S )_ (];7’46’(}120»52 - 1240(}10-301{3 )+ (];1 IQCHZOH»SHg - 1211‘90120»32 HH-S ): 0

(1240(1H20~s2 - 124 QCHO-SGHS )_ (];5 GCHOSQO - 125 GCO-SQHS ): 0

—

2(];59CH0-S00 - lgsecoseH-s )+ 2(];99(101{500 - 1290CO-80H~S )+ 2(kloGCH0H-SQ§ - lgloaco-sa}zls )
- (k1391i-s - k13pH29§ ): 0

(];6 QCH3OH»S90 - k_69CHZOH»S0H»S )_ (15.7 HCHZOH-SQO - i‘;7 HCHOH-SQH»S )_ (Igl 16’(}1201{-36)02 - I€11‘9CH20-SZ HH-S ): 0
(];7 HCHZOH»SHO - ]€7 QCHOH-SQH»S )_ (Igs QCHOH»SHO - Igs QCOH»SHH-S )_ (%IOQCHOH-SQg - IEIOQCO-SQI%I»S ): 0
(kSGCHOHSQO - kSGCOHSGH-S )_ (k9‘9COH-Sao - k9‘9c0~59H-s ): 0

(klsekzl-s _kl3pH2002 )_ 2(klzlgco-s —ky, Py ): 0
(3.12)
The above set of 9 non-linear algebraic KFL equations, along with the site balance

equation,
HCH3OH-S + HCHZOH»S + 0(:H3o-s + HCHZO-SZ + HCHOH-S + HCHO»S + QCOH»S + gco-s + HH-S + ‘90 =1 (3.13)

may be numerically solved simultaneously, for given input conditions (temperature and
partial pressures of reactants) and conversion, to obtain the unknown site fractions of
intermediate species, 6,. Thereupon, one may readily calculate the rate, affinity and
resistance of each elementary reaction step. Finally, the rate of the overall reaction may
be obtained from the TN, e.g., 7, =1, =7, =1,/2 (Figure 3-3). Moreover, if combined
with mass-balance conditions for a given reactor, one can predict the reactor

performance. This procedure is distinct from conventional microkinetics analysis [52],
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wherein differential equations for a given reactor are solved numerically to obtain

conversion, from which rate of a reaction is inferred indirectly.

Finally, once the step resistances are calculated, the elimination of parallel routes with
higher “resistance” and identification of steps with highest resistance in a sequence as
rate limiting steps (RLS) can be accomplished rigorously and transparently, as described

next.
3.5 Network Analysis and Pruning

As a first approximation, as is commonly done, the most favorable reaction routes
may be identified based on the energetic considerations by simply comparing the energy
diagrams of the various pathways (Figure 3-4). For instance, one may expect pathways
involving step s, to be less favorable than those involving se. In other words, the initial
dehydrogenation step is indicated to proceed via the C—H cleavage of adsorbed methanol
to yield hydroxymethyl (CH,OH-S) in preference to the O-H cleavage producing
methoxide (CH;0-S) on Pt(111), owing to the higher activation energy barrier for step s.
However, such qualitative arguments can lead to erroneous conclusions because the rate
of a step depends not only upon the energy barrier but also on concentration of the

reactants. Further, flux along a pathway may not be determined by a single RLS.

A more accurate and robust simplification and reduction may be accomplished based
on a comparison of the flux (current) along different pathways in the reaction circuit or
via a comparison of pathway resistance (Figure 3-5). As mentioned above, being
consistent, RR Graphs can be directly converted into an equivalent electric circuit, or
wiring diagram allowing use of the gamut of techniques available for electric circuit
analysis. For the methanol decomposition example, the equivalent electrical circuit can
be obtained simply by replacing the branches in Figure 3-3B by the step resistances.
Figure 3-5, thus, provides the electrical analog or the reaction circuit of the methanol
decomposition. The branch currents in Figure 3-5, simulated using Multisim software, a
schematic simulation and programmable logic tool produced by Electronics Workbench
[65], as an alternate to the above mentioned KFL approach, represent the turnover
frequencies (TOFs, s™) for the corresponding elementary steps on Pt(111) simulated in a

packed bed reactor (PBR) with W/F = 100 s at 553 K, 1 atm and 1% methanol in feed.
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First of all note that KFL is followed at all nodes. Figure 3-5 is a very revealing diagram,
from which many important conclusions regarding the network may be drawn via an
inspection of branch currents, current splitting at nodes, and a comparison of resistances.
The total current is 4.4 A (2ror = 4.4 s™) under these conditions, split equally between
two parallel s;. At ny, it is seen that the current (flux) flows almost entirely through the
upper branch (s¢), even though Rg is only an order of magnitude lower than R,. This is
because of a very large Rj; in series with R,. Thus, the O-H cleavage pathway contributes
virtually nothing to the overall methanol decomposition pathway under these conditions.
The upper branch (C-H cleavage pathway) splits again at node ng. Again, due to the large
difference in R; and Ry, the flux through the upper branch dominates. A further split
occurs at n7. Here, while almost 90% of the flux is through lower branch (R)o), the upper
branch (Rg + Ry) contribution (about 10%) cannot be neglected. It can be readily seen that
steps ss and s9 are an order of magnitude lower than step s;¢, a conclusion similar to that
of Gokhale et al. [52] and Kandoi et al. [51] based on their microkinetic analysis. It can
further be seen from Figure 3-5 that Path 3, i.e. s; + 56 + 57 + 510 + 512 + 2513, (CH3;0H >
CH,OH - CHOH - CO) is the dominant reaction pathway for these typical reaction
conditions, since majority of the current (flux) flows through this pathway. However, the

parallel pathway, FR, comprising of steps sg and s9, also contributes non-negligibly.

To further, confirm these findings, detailed comparison of the resistances is called for
under a variety of conditions along parallel paths so that irrefutable conclusions can be
made about the mechanism and kinetics of methanol decomposition. This is most readily
accomplished by a comparison of resistances of the two parallel pathways between two
given nodes, which have the same affinity drop by virtue of KPL, i.e., by considering
each ER as two parallel paths and comparing the total resistance of each path for the sub-
mechanism between two nodes. If the resistance along one path is much larger than the
other, it would be safe to assume that the path contributes little to the flux and may be

neglected.
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Figure 3-5: Reaction Circuitry/Electrical analog of the RR network for methanol decomposition reaction. The branch currents

represent the TOFs (s ™) for the corresponding elementary steps on Pt(111) at 553 K, 1 atm and 1% methanol in feed, PBR W/F=100 s
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As an example, consider ERj, i.e., let us compare the resistances along parallel
pathways between nodes n7; and ns, namely, the two parallel paths that produce CO-S
species. In the first path, i.e. 519, CHOH-S directly decomposes into CO-S, where as in the
second path, i.e., sg + 59, COH-S is first formed, which then decomposes into CO-S. The
first path consists of a single resistance, R;p while the second path consists of two
resistances in series, Rg and Ro, the overall resistance being Rg + R9. To compare these
two parallel paths for this sub-mechanism under a broad range of conditions, these
resistances as a function of temperature are shown in Figure 3-6. Rg + Ry is found to have
a higher resistance than R} in the entire temperature range, except around 400 K — 425
K, for the considered reaction conditions. Although, as can be seen from Figure 3-5, flux
through sg and s9 is only about 10% of the total flux, it is clear that deletion of sg and s9 is
not justifiable. To further investigate this, the effect of composition of terminal species on

path resistance is investigated.

Figure 3-7, thus, compares the resistance of these two parallel paths to produce CO-S
species in ERj at a temperature of 503 K as a function of methanol conversion. It can be
seen that for conversion < 10%, direct decomposition of CHOH:-S to CO-S is the
dominant reaction pathway, while at higher conversion, CHOH-S first decomposes to
COH:S and then to CO-S. A similar analysis at 7= 553 K, shows FR; to be a dominant
reaction pathway for conversions < 75% while at higher conversions, FR; is the dominant
reaction pathway. Thus, both FR, and FRj3 are significant depending upon the reaction
conditions, and the parallel pathways via s;9 and, sg and s9, are hence retained in the

pruned mechanism.

Similar comparisons for ERy, i.e., s4 + 55 - 57 - 510 + 511 = 0, and ERy, i.e., 55 + 53 - 56 -
s11 = 0, are shown in Figure 3-8 and Figure 3-9, respectively. Thus, pathways involving
steps s2, 53, S4, 55 and 11 are unlikely, although from Figure 3-9 it seems that, the pathway
proceeding via steps s, and s3, i.e. initial O—H cleavage of adsorbed methanol begins to
contribute more at temperatures above 525 K. However, the subsequent steps for the
pathway via initial O—H cleavage of adsorbed methanol, say (s4 + s5) have much higher
resistance than steps involved in the pathway via initial C-H cleavage of adsorbed

methanol, say (s7 + s19). Thus, 52, 53, 54, 55 and s;; may be dropped from the mechanism.
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Figure 3-6: R|o vs Rg + Ry, as a function of temperature for methanol decomposition

reaction on Pt(111). [1% methanol in feed, 1 atm, PBR with W/F = 100 s]
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Figure 3-7: Ryp vs Rg + Ry, as a function of conversion at 7= 503 K for methanol

decomposition reaction on Pt(111). [1% methanol in feed, 1 atm]
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Figure 3-8: R4 + Rs + R;; vs R7 + Ry as a function of temperature for methanol

decomposition reaction on Pt(111). [1% methanol in feed, 1 atm, PBR with W/F =100 s]
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Figure 3-9: R, + R3vs R¢ + Ry, as a function of temperature for methanol decomposition

reaction on Pt(111). [1% methanol in feed, 1 atm, PBR with W/F = 100 s]
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A third way of network pruning is to evaluate the overall resistance of the network. Then,
the FRs or steps whose resistance has no effect on the overall resistance of the network
could be disregarded. The overall network resistance of the reaction circuit shown in
Figure 3-5 was evaluated from individual elementary reaction step resistances, using
conventional electrical circuit theory [66]. Mesh analysis was utilized to evaluate the
resistance of the sub-network between nodes n; and ns, the rest of the steps being in
series as shown in Figure 3-10. Because of the complexity of the network, an explicit
expression for the overall network resistance is cumbersome and is not provided here.
The individual pathway resistance comprises of sequential branches between nodes 7; and
n;, the total resistance being given by Eq. (3.14) [53],

R, .., =200k, (3.14)

nin;

A comparison among the individual path resistances and the overall resistance of the
entire network is shown in Figure 3-11. It is seen that the resistance along Path 3, i.e. FR;
compares well with the overall resistance of the network, while the resistance of all other
paths, with the exception of Path 2, is significantly higher, suggesting FR3; and FR; as
dominant parallel reaction pathways for methanol decomposition reaction on Pt(111)
under the conditions considered in this study. Even if all of the FRs, excepting FR3 and
FR,, are eliminated, the overall resistance of the network still remains largely unaffected,

as is the rate of the overall reaction.

It must be noted that reaction steps s», 53, 54, §5 and s1; are not involved in FR; and FR,
(Table 3-4) and, consequently this analysis also justifies their elimination from the
reaction mechanism, resulting into a 8 step simplified reaction network for methanol

decomposition on Pt(111), as shown in Figure 3-12.
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Figure 3-10: Overall network resistance calculation using Mesh Analysis.
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Figure 3-11: Comparison of the path resistance with the overall network resistance.

[1% methanol in feed, 1 atm, PBR with W/F =100 s]
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Finally, to further validate the elimination of steps s», 53, 54, S5, and s1;, we checked
the effect of neglecting these steps on the overall kinetics by comparing the simulated
overall rate of the 13-step mechanism (Table 3-1) to the mechanism less s, 53, 54, 55, and
s11. As seen in Figure 3-13, the elimination of steps s, 53, 54, 55 and s1; (simplified 8 step

mechanism) does not materially affect the overall kinetics.

Moreover, as can be seen from Figure 3-13, FR; does contribute to the net rate non-
negligibly, and must be retained in the reduced network. It is noteworthy that all of the
eliminated steps are based on the initial O—H bond scission pathway. It is, thus, clear that

this is not a significant pathway in methanol decomposition on Pt(111).

This pruned network shows that the initial dehydrogenation step for methanol is via
step se, 1.€., via initial C—H cleavage of adsorbed methanol. The O—H cleavage pathway
plays little or no role in the overall methanol decomposition on Pt(111), which agrees
with the experimental and theoretical findings of several researchers. To the authors’
knowledge, no direct spectroscopic evidence for methoxide species on clean Pt(111) has
been reported in the literature except for Peck et al. [67], who detected methoxide species
on clean Pt(111) by using a methyl nitrite precursor. Quantum chemical calculations
performed over platinum clusters also suggest that methanol prefers to dehydrogenate by
the activation of its C—H rather than O—H bond [47, 48]. Franaszczuk et al. [68] have
experimentally concluded the first step to be the C—H scission of methanol on platinum
clusters in electrochemical environment. Recently, Desai et al. [63], based on nonlocal
gradient corrected periodic DFT calculations, have also reported the methanol
decomposition pathway involving an initial activation of C-H bond to be
thermodynamically more favorable than O—-H bond activation on Pt(111). The model
predictions by Greeley and Mavrikakis [42] based on DFT analysis suggest that the
adsorbed hydroxymethyl, product of the C—H bond activation is ~0.8 eV more stable than
the adsorbed methoxy, product of the O—H bond activation on Pt(111).
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Figure 3-12: Simplified reaction network and schematic of the dominant reaction

pathways for methanol decomposition reaction on Pt(111).
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Figure 3-13: Comparison of overall mechanism kinetics with and without s,, 53, 54, 55 and

s11. [ 1% methanol in feed, 1 atm, PBR with W/F = 100 s]
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Figure 3-14: Determination of RLS by comparing the series resistances in the reduced

RR network. [1% methanol in feed, 1 atm, PBR with W/F = 100 s]
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It must be noted that reaction steps sz, 53, 54, §5 and s1; are not involved in FR; and FR,
(Table 3-4) and, consequently this analysis also justifies their elimination from the
reaction mechanism, resulting into a 8 step simplified reaction network for methanol

decomposition on Pt(111), as shown in Figure 3-12.

Furthermore, Gokhale et al. [52] also show that the net rate of step s¢ is higher than
that of step s,, with a similar conclusion. The experimental findings by Kandoi et al. [51]
coupled with microkinetic modeling using DFT, suggest FR; to be a dominant reaction
pathway for methanol decomposition on Pt(111) which is in accord with our findings
based on our graph-theoretic approach, although we find that in addition FR; must be

retained.

Finally, RLS(s) may be identified by comparing the series step resistances, wherein
the step with the highest resistance would govern the reaction kinetics and is the RLS.
Figure 3-5 indicates that sg, s9 and s;9 are the RLSs under the reaction conditions of
Figure 3-5. To further investigate this, Figure 3-14 evaluates the resistance of the reaction
steps at other temperatures. It is seen that, in the temperature range of 300 — 400 K, step
s12 is the RLS. In the temperature range, 400 — 500 K, steps ss, s9 and sy, are the slowest.
While at temperature above 500 K, step sg is the RLS. Thus, it is clear that it is not

possible to further reduce this mechanism down to a single RLS under all conditions.
3.6 Conclusions

The RR graph analysis has been applied for detailed study of catalytic decomposition
of methanol on Pt(111). The analysis shows two dominant reaction pathways, FR; and
FR; depending upon the reaction conditions, both with an initial C—H bond activation of
methanol over Pt(111). Thus, the reaction proceeds exclusively via an initial

dehydrogenation of the C—H bond rather than through the O—H bond of methanol.

Methanol decomposition is an important reaction taking place at the anode of DMFC.
The analysis can be easily extended to methanol electro-oxidation by assuming that the
mechanism largely remains same. In fact, Janik et al. [69] have shown that a similar dual-
path mechanism exists for methanol decomposition in an electrochemical environment

using ab initio quantum chemical methods. The authors [69] provide an approach to

129

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter Ill: A Graph-Theoretic/DFT Analysis of Methanol Decomposition Reaction Network on Pt(111)

theoretically calculate potential dependent activation energies. However, one could well
assume, the activation energies and pre-exponential factors to be similar for both catalytic
and electrocatalytic systems. The only difference being for electrochemical counterparts
of the catalytic reactions, the reaction rate would be affected by the electrode potential
described by the Butler-Volmer equation. The said approach coupled with RR graph
analysis can possibly provide a detailed portrayal of the electrochemical reaction system

at the DMFC anode.
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Chapter 1V

A Reaction Route Network Analysis of Water Gas Shift
Catalysis on Pt(111)

After more than a century of intensive research, the mechanism of the water gas shift
(WGS) reaction continues to be a focus of ab initio and microkinetic modeling.
Moreover, new catalysts are sought for the WGS reaction in connection with distributed
hydrogen generation. This quest would be aided by improved fundamental understanding
of WGS catalysis. We utilize here, the systematic theoretical approach of Reaction Route
(RR) Graph, for developing a comprehensive understanding of the WGS reaction based
on a detailed molecular mechanism with a priori kinetics. Furthermore, the problem of
thermodynamic consistency of the reaction kinetics may also naturally be treated in terms

of RR graphs in a simple intuitive manner.

We consider literature reported WGS mechanism along with predicted kinetics of the
elementary steps in this chapter. These are next used for a graph-theoretic generation of a
reaction network that depicts the overall mechanism as well as the multitude of reaction
routes (RRs). The flux analysis afforded by the RR graph allows the dominant reaction
pathways and the rate-limiting steps to be identified in a transparent and perceptive
manner. A highly simplified rate expression is next derived based on the alternate

electrical circuitry.
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4.1 Introduction

Recent advances in ab initio chemistry have made it possible to develop a more
complete theoretical understanding of the elementary molecular steps in heterogeneous
catalysis, along with reasonably accurate prediction of reaction energetics. One such
example is provided in Figure 4-1, where the authors investigate the role of step sites in
water-gas-shift (WGS) reaction by using a stepped surface Cu(321) and periodic DFT
within a supercell approach [1]. The next logical step is to utilize these calculations to
develop a comprehensive picture of the reaction mechanism and to elucidate the myriad
parallel pathways and dominant reaction routes and steps. This step is crucial in
translating our improved understanding into improved catalysts. The Reaction Route
graph approach described in detail in chapter II is such a network tool that can translate
the information obtained from quantum chemical software into useful information, based

on which many important details can be extracted in a logical manner.

The performance of the low temperature proton-exchange membrane (PEM) fuel cells
is limited by CO poisoning of the Pt-based anode catalyst. Thus, there is a need for
developing an efficient and compact reforming process for distributed generation of
hydrogen that is devoid of CO. The WGS reaction is an essential part of this. Although a
well established industrial process, alternate catalysts are sought for distributed hydrogen
generation because of different operating conditions, design constraints, and safety
concerns [2]. It is, thus, useful to develop a deeper fundamental understanding of the
molecular steps involved in the WGS reaction, so that a more systematic and theory-

guided approach may be used to select new catalysts.

Because of the industrial significance of the WGS reaction, numerous investigations
have been made into its reaction mechanism and kinetics over common industrial
catalysts (i.e., copper, and iron) [3-9]. These investigations suggest that the WGS reaction
mainly occurs via four mechanisms: 1) the so-called formate mechanism [3-7], 2) the
redox mechanism [4, 5, 8-13], 3) the associative mechanism [14-16], and, 4) the
carbonate mechanism [12, 13, 17-19]. These parallel mechanisms are pictorially depicted

in Figure 4-2.
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WGS Reaction Profile on Cu(321)
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Figure 4-1: Reaction profile for WGS mechanism on Cu(321) with DFT predicted

energetics [1].
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Campbell and Daube [4] explored the water-gas-shift reaction in terms of a formate
mechanism. Investigating the WGS reaction on a single crystal copper catalyst, their
surface analysis by AES indicated low levels of carbon. The dissociation of H,O into a
surface hydroxyl was identified as the rate-limiting step, the surface hydroxyl then
combining with surface CO to form surface formate. It was noted that the presence of
adsorbed oxygen could significantly enhance the WGS reaction via: H,O-S + O-S S
OH:-S + OH-S, where S is a surface site.

Nakamura, et al. [8] suggested the occurrence of the OH disproportionation reaction,
20H'S S O-S + H,0:S, the surface oxygen then reacting with CO(g) to produce CO»(g).
This conclusion was based on studies where the group was unable to produce measurable
amounts of surface formate, but the OH disproportionation reaction to adsorbed water
and adsorbed atomic oxygen occurred rapidly, thus resulting in the redox mechanism.
Based on the work of Nakamura, et al. [8] and Campbell and Daube [4], Ovesen, et al. [5,
9] considered an 8-step mechanism, but excluded the formate species. The authors
concluded that H,O dissociation and the oxidation of CO were both plausible rate-
limiting steps. The carbonate species [18, 19] was also neglected by these authors,
because attempted synthesis of carbonate via exposure of an oxygen-covered Cu surface
did not produce any carbonate [5]. Millar, et al. [17] considered a carbonate mechanism
based on experimental IR spectroscopy results which showed a band corresponding to
“symmetrical” carbonate ions on the catalyst surface. Lund et al. [18, 19] have also

investigated the WGS reaction via the carbonate mechanism.

Tserpe and Waugh [12] and Waugh [13] examined the redox microkinetic mechanism
vis-a-vis experimental data for the reverse WGS reaction. They utilized theoretical
activation energies and pre-exponential factors. Waugh [13], thus, suggested that the
forward WGS reaction proceeds by water adsorbing on the copper catalyst and then
decomposing to give gas phase H, and adsorbed atomic oxygen. CO also adsorbs on to
the surface and proceeds to remove the adsorbed atomic oxygen via a Langmuir-
Hinshelwood mechanism yielding adsorbed CO, and ultimately CO,(g). In both the
forward and reverse WGS reaction mechanisms, the pre-exponential factors of the

desorption reactions were assumed to have the value of 10" s™. The microkinetic model
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showed a good agreement with the experimental data. However, the activation energy for
the adsorption of hydrogen (as atoms) on Cu was assumed to be zero. Subsequent work
by Waugh has shown that the chemisorption of hydrogen on Cu is, infact, activated [13].
As a consequence, the modeling results were found to overpredict the hydrogen surface

coverage.

The 9-step redox mechanism of Nakamura et al. [8] was also considered by
Schumacher et al. [10], who predicted trends in low-temperature WGS activity via
microkinetics on transition metals based on DFT energetics. The experimental trend
found by Grenoble et al. [20] at 300°C on an aluminum oxide support is Cu > Re > Co >
Ru > Ni > Pt > Os > Au > Fe > Pd > Rh > Ir. Based on chemisorption energy calculations
on step sites by Nerskov and co-workers [21], Schumacher et al. [10] suggested the WGS
activity trend as Cu > Co > Ru > Fe > Ni > Rh > Au > Ir > Pd > Pt. On the other hand,
utilizing the chemisorption energies on terraces, the WGS activity trend was predicted as
Cu > Ni>Pt>Rh > Ru > Au > Ir > Pd. Thus, in the former case the rates for Fe and Rh
are overestimated, and the rate over Pt is underestimated, while in the latter, the rate over
Rh is overestimated and that over Ru is underestimated. Although the order of activity of
the metals is predicted well, the model fails to quantitatively agree with experimental
data. Zeigarnik et al. [22] have also predicted the WGS activity in the order Cu > Ni > Fe
> Pt, Pd > Ag > Au, where the rate for Pt seems to be underestimated, when compared
with the experimentally observed trend. The experimental findings by Wheeler et al. [23]

indicate the effectiveness of the metal catalysts follows the order Ni > Ru > Rh > Pt > Pd.

A complexity on many of these catalysts is that methanation is unavoidable under
WGS conditions. The order in which metals promote methanation [23] was shown to be
Ru > Rh > Ni > Pt > Pd. Thus, both experimental and theoretical trends must account for
this. Further, many supports such as CeO, [23-27] have a substantial effect on WGS
activity. Pt was shown to have pronounced effect of ceria addition by Wheeler et al. [23]
and ceria supported catalyst showed the following trend, Ni ~ Ru > Pt > Rh > Pd. It is
worth nothing that Pt/ceria was found to more effective than Rh/ceria, whereas Rh was

more effective than Pt metal.
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Mhadeshwar and Vlachos [28] considered the kinetics of the WGS reaction on a Pt
catalyst as a part of a multiple overall reaction. A 23-step mechanism was proposed to
describe simultanecous CO oxidation, H, oxidation, WGS reaction, as well as the
preferential oxidation (PrOx) of CO. This was based on their previous work [29], in
which the CO-H, coupling was considered and implied that the reactions may proceed
through a carboxyl (COOH-S) intermediate. Earlier studies of the WGS reaction by our
group [16] suggested a 13-step mechanism for the WGS reaction. The analysis was
performed for a Cu(l11) catalyst and indicated that three different mechanisms
dominated the kinetics of the WGS reaction. This mechanism was further expanded with
the addition of two more steps [14]. The analysis revealed an alternative to the
conventional redox reaction mechanism, namely, the modified redox mechanism, which
was shown to dominate the kinetics at higher temperatures in place of the conventional
redox mechanism. Recently, we [30] considered a comprehensive set of 19 plausible
elementary reaction steps proposed in the literature on Cu(111) along with detailed
kinetics based on pre-exponential factors and energetic parameters calculated via the
UBI-QEP method. A subsequent systematic pruning of the network identified three
dominant routes, along with rate-limiting and quasi-equilibrated elementary reaction
steps, eventually yielding a 11-step simplified mechanism from which a predictive rate
expression was derived. This was found to be in good agreement not only with the
complete microkinetic mechanism, but also with our own experimental data. The analysis
on Cu(111) surface revealed that associative route and formate route are dominant at
temperatures < 550 K, while the modified redox mechanism dominants at higher
temperatures. The rate limiting step for the associative mechanism was identified as the
formation of adsorbed CO,, while that for formate route was the formation of adsorbed
HCOO species from adsorbed CO and OH species. The rate-limiting step for the
modified redox pathway was formation of adsorbed CO, from adsorbed CO and O
species. Fajin et al. [1] recently studied the WGS mechanism on stepped Cu surface and
showed that the presence of step sites decreases the activation energy of the rate-limiting

steps, compared to a perfect Cu(111) surface.

Very recently, Gokhale et al. [31] and Grabow et al. [32] suggested an associative

mechanism through a carboxyl intermediate based on periodic, self-consistent density
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functional theory (DFT-GGA) calculations on Cu(111) and Pt(111), respectively. The
associative mechanism via formate intermediate was shown to very minimally contribute
to the overall reaction rate. Direct decomposition of carboxyl species was predicted as the
rate-limiting step. Liu et al. [33] on the other hand, based on their DFT calculations using
DMOL code, suggested that the redox and the associative route via carboxyl intermediate
could co-exist and the dominant reaction pathway depends on the system under
consideration, typically the nature of the catalytic surface. However, the authors predicted
water dissociation as the rate-limiting step, which remains the same for all the systems
investigated. The experimental study by Meunier et al. [34-36] based on DRIFTS and
isotopic labeling suggested the IR-observable formate species to be only a minor reaction
intermediates on Pt and Au based catalysts, supporting the claim the formate route could
only be a minor contributor to the overall reaction rate. Further, the authors also
suggested that these formate species should not be labeled as “spectator” species since
they do lead to some reaction product, although at relatively lower rate as compared to

the dominant route.

In this chapter, we consider the 17-step mechanism and the DFT-GGA energetics
provided by Grabow et al. [32] on Pt(111) for a detailed network analysis by utilizing the
RR graph approach and its electrical analogy.

4.2 Reaction Mechanism and Kinetics

The p = 17 step mechanism, comprising of the redox and carboxyl-mediated
associative pathways, considered here is summarized in Table 4-1. Grabow et al. [32]
performed periodic, self-consistent density functional theory (DFT-GGA) using
DACAPO total energy calculation code, based on which a microkinetic model was
formulated. The authors assumed a pre-exponential factor of 10" sec™ for spontaneous
reactions (s12, $13, S14, S15 and s17) where no transition state could be identified. Finally,
the authors [32] also employed an additional fitting parameter to describe the fraction of
rotational and vibrational entropy of the gas-phase molecules that is retained by the
adsorbed species. Lastly, the activation energies utilized in the microkinetic model were
obtained from activation energy barrier and energy change derived from DFT via a fitting

parameter that reflects the chemical property of the transition state [32].
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Table 4-1: The microkinetic model for WGS on Pt(111). The letter ‘S’ denotes a surface site. Activation energies and enthalpy

changes in kJ/mol; the units of the pre—exponential factors are atm ' s~ for adsorption/desorption reactions and s for surface

reactions. The pre-exponential factor in bold taken from Ref. [32].

—

E, A, Elementary Reactions E, A, AH,
syt 0 1.00 x10° H,O+S S H,0-S 18.335  3.6453 x10"”  -18.335
8o 0 1.00 x10°  CO+S 5 CO-S 10422 7.0722 x10"  —104.22
s3: 4.825 1.00 x10"”  2H-S S H, +2S 0 6.3276 x10° 4.825
s¢: 10615 1.00 x10”  CO»S S CO,+S 0 4.9955 x10°  10.615
sst 46.32 1.04 x10®  H,0-S+S S OH:S + H-S 26.055  8.5904 x10"  20.265
se: 26634  1.60 x10®  OH-S+S 5 0O-S+HS 0 1.0828 x 10" 266.34
s7. 246.075  9.24 x10"*  OH-S + OH-S 5 H,0-S +O-S 0 7.5704 x 10" 246.075
sgt 94.57 1.12 x10®  CO-S+0-S5 CO»S+S 312.66  2.6840 x10”  —218.09
sot  44.39 9.89 x10">  CO-S+OH-S S COOH-S +S 3474  3.2259 x10" 9.65
si:  66.585 1.99 x10"> COOH-S+S S CO,-S +H-S 27.985  9.8943 x 10" 38.6
s 0 3.74 x10"*  COOH:-S + O-S 5 CO,-S + OH-S 22774 27477 x10®  —227.74
s 27.985 1.00 x10"®  COOH-S + OH'S 5 CO,-S + H,0-S 9.65 6.0194 x10™  18.335
siz: 147.645  1.00 x10"  COOH:-S + CO-S & CO,-S + HCO-S 772 42003 x10"  70.445
s 157295 1.00 x10®  HCOO-S+S 5 CO,»-S + H-S 105.185  5.5962 x10™  52.11
sist 257.655  8.2692 x10"”  CO,-S + OH-S 5 HCOO-S + O-S 43.425 1.00 x 10" 214.23
sie. 144.75%  1.1179 x10"”  CO,-S + H,0-S 5 HCOO-S + OH-S  176.595  1.65 x10"  —31.845
si2 41.495 1.00 x10"®  HCO-S+S 5 CO-S +H-S 7334 1.1837 x10"  -31.845

# Modified from 143.785, owing to KPL as explained in the text
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The pre-exponential factors (shown as bold in Table 4-1) are taken from Ref. [32],
while those in the opposite direction are calculated by us using Lund’s approach [37]
from the standard reaction entropies estimated following a procedure explained in chapter

I1I.

Thus, the entropy values for species in the gas phase, S}, were taken from standard

handbooks [38]. The entropies of formation of COOH and HCOO in the gas phase were,
however, determined by us using Gaussian 03 [39] at the B3LYP/LANL2DZ level of
theory with harmonic oscillator approximation, at reference temperature of 298 K and 1

bar, due to lack of reported values in the literature.

Finally, following Dumesic et al. [40], the forward pre-exponential factors for steps s;
through s4 were assumed by us as shown in Table 4-1. The pre-exponential factors and
activation energies listed in Table 4-1 were not subsequently varied from these initial

estimates.

4.3 Reaction Route Graph

4.3.1 Enumeration of RRs and Nodes

RR Graph for a mechanism as explained earlier depicts all possible reaction routes or
reaction paths as walks between the terminal nodes (TNs). Thus, the first step in our RR
Graph approach is the enumeration of the reaction routes (RRs), or reaction pathways
[41]. In chapters II and III, we followed the graphical enumeration approach for the
reaction routes. In this chapter, let us follow our stoichiometric algorithm (Appendix A)
[42-44] that provides all “direct” RRs, i.e., those that are the shortest for a given
mechanism, the “nondirect” RRs resulting from their linear combination. It should,
however, be noted that stoichiometric reaction route enumeration is certainly not
necessary, since the knowledge of the independent set is more than sufficient to define
the topological characteristics of a RR graph including the FRs, and ERs, which in turn
strongly affects the flux and affinity (Gibbs free energy) of steps.

For the WGS mechanism, our starting point for the stoichiometric analysis is a list of
species (reactants, intermediates, and products), which for this system includes the so-

called terminal species H,O and CO as reactants, and CO, and H; as products (i.e., n = 4),
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and H,O:S, CO-S, H-S, CO,-S, OH-S, O-S, COOH:S, HCOO:S, and HCO:-S (¢ =9) as the

independent surface intermediates, in addition to vacant surface site, S. The intermediates

stoichiometric matrix [42-44], thus,

H,0-S

+1

COS

- o O O

H-S

+1

+1

+1

co,$

0

0

0

-1

OH-S

(0]

S
0
0
0
0
0

COOH-S HCOO-S

o

S O O O O O O o o o o o

HCO-S

o

S O O O O O O o o o <o

(4.1)

where, the columns correspond to the 9 linearly independent intermediate species and the

rows to the elementary steps of the mechanism listed in Table 4-1. The FRs are

enumerated based on this intermediates stoichiometric matrix a [42-44]. A direct FR for

this system, as mentioned earlier, involves no more than g + | =rank a+1 =9+ 1= 10

elementary steps, and is obtained from a submatrix of a. For example, the linearly

independent set of 10 elementary reactions sy, s7, $3, S4, S5, S6, S8, 59, S13, and s14 provides

the following FR;

FR: (s1, 82, 83, S4, S5, S6, 58, 59, S13, S14)
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H,0-S COS H-S CO,-S OH-S (O3] COOH-S HCOO-S HCO-S

+1 0 0 0 0 0 0 0 0 s,
0 +1 0 0 0 0 0 0 0 s,
0 0 -2 0 0 0 0 0 0 S5
0 0 0 -1 0 0 0 0 0 Sy
-1 0 +1 0 +1 0 0 0 0 Ss
0 0 +1 0 -1 +1 0 0 0 Se
0 -1 0 +1 0 -1 0 0 0 Sg
0 -1 0 0o -1 0 +1 0 0 S,
0 -1 0 +1 0 0 -1 0 +1 S
0 0 +1 +1 0 0 0 -1 0 iy

=51 t85 +53+54+ 55+ 56+ 5g

which, is FR; in the Table 4-2.

In the usual format, this FR, or reaction pathway, may be presented as OR = Z 0,8,,l1e.,
P

%
si: H,O+S S H,O-S +1
s2: CO+S S COS +1
s3: 2H-S S H, +28 +1
ss: COrSSCO,+S +1
ss: HO-S+S S OH-S+H-S +1
s¢: OH:S+S S O-S+H-S +1
s COS+0-SSCOrS+S +1

Net: H20 +CO S C02 + H2

On the other hand, the RR or reaction path involving the elementary reactions sy, s7, 53,

S4, S5, 56, 87, S9, 513, and S14 1S an ER, i.e.,
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ER(s1, 52, 83, S4, S5, S6, $7, $9, S13, S14)

H,08 COS HS CO,§ OHS OS COOHS HCOOS HCOS
+1 0 0 0 0 0 0 0 0 s,
+1 0 0 0 0 0 0 0 S,
0 -2 0 0 0 0 0 0 S5
0 0 -1 0 0 0 0 0 S,
-1 0 +1 0 +1 0 0 0 0 S5
0 0 +1 0 -1 +1 0 0 0 S
+1 0 0 0 -2 +1 0 0 0 S5
-1 0 0 -1 0 +l 0 0 S,
-1 0 +1 0 0 -1 0 +1 S5
0 +1 +1 0 0 0 -1 0 Siy
=55 — S¢ + 87
or
%
ss: H,O-S+S S OH-S+H-S +1
s¢: OH-S+S S O-S+H-S -1
s7. OH-S +OH-S & H,0-S +0O-S +1

Net: 0=0

The total number of direct RRs does not exceed the number of ways 10 elementary
reactions may be selected from the 17 elementary steps of the mechanism, i.e., 17!/10!/7!
= 19448. In reality, the number is considerably smaller by virtue of the fact that not all of
the possible sets of 10 elementary reactions involved in a RR are unique. The complete
list of thus generated FRs and ERs is provided in Table 4-2 and Table 4-3, respectively.
Thus, a total of 71 FRs and 49 ERs were found to be distinct. Of course, not all FRs may
contribute significantly toward the total flux of the OR. Moreover, according to Horiuti-
Temkin theorem, only 4 = p — g = 17 — 9 = 8 RRs are linearly independent, which may
include both, FRs and ERs. Additionally, only p — (¢ + 1) =17 -9 — 1 =7 of the ERs are

linearly independent.
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Table 4-2: The complete list of stoichiometrically enumerated direct FRs for the 17-step

WGS reaction mechanism

FRIZ
FR2:
FR_*,:
FRy:
FR5:
FR6Z
FR7:
FRgZ
FRg:

FRI():
FRH:
FR12:
FR13:
FR14:
FR15I
FR16:
FR17I
FngI
FR19:
FRZ():
FR21:
FR22:
FR23:
FR24:
FR25:
FR26:
FR27I
FRng
FRZQ:
FR3()I
FR31:
FR32:
FR33:
FR34:
FR35:
FR36:
FR37:
FR3gI
FR39:
FR4()I
FR41:
FR42I
FR43I
FR44:
FR45:
FR46:

S1 T8, +853+ 854+ 855+ 56+ Sg

Syt syt 53+t 85+ 859+ 510

Syt syt 83F 54+ 85+ 856+ 859+ 51;

Syt sy 83t syt 285+ 59+ 85p5

S1 T8y T 83+ 854+ 855+ 59+ 513+ 8517

S|+ 8, 53+ 84+ 255 +57+ 53

Syt 8yt 83+ 84+ 285+ 57+ 59+ sy

S1 T8y T 83+ 854+ 855+ 55+ 8514+ 855

S+ 5y + 83+ 84+ 2855+ 55+ 515 — S16

S1+ 85+ 853+ 54+ 55+ 855+ 8510511

Sy 8yt 853+ 84+ 285+ 55— 8511+ 512

St syt 53t st ss sy -8 TSzt sy
Sy tsy syt syt 85+ 859+ sS4t Ss
§1+ 83+ 83+ 854+ 2855+ 59+ 811+ S15— Si6
S1 8y T 853+ 54+ 256 — 857+ 83

St syt 53t syt s6—857+ 59+ 510

Syt 8yt 83t s+ 25657+ 89t 5
S1+52+S3+S4+256—2S7+S9+S12

Spt 8y T 83+ 54+ 86— 85759+ 513+ 8517
S1+ 85, 53+ 84+ 256 + 2855 — 59 — S0

Syt s t83+ 5854+ 856+ 55+ 8514+ 816

S+ 8y + 853+ 84+ 2856+ 55— 8515+ S16

S+ 85+ 853+ 54+ 856+ 55+ 8510512

S1 8y + 853+ 84+ 2856+ 55+ 511 — 510

St syt 83t s+ sgtsg— ST szt sy
S1 83+ 83+ 84+ 89+ 28510 — 512

Syt syt 53t 84+ 89+ 510+ 514+ 816

Syt syt 53t syt 86+ 59+ s10—515+ 506
Sl+52+S3+S4+2S6+S9+2S11—S12

S tsyts3t syt st sot st s
Sp+ 8y T 53+ 54+ 256+ 859+ 81— 515+ 86
Sl+S2+S3+S4+S&)+S12+2S14+2316
Sl+S2+S3+S4+S9*S12+2S13+2317

S1 83+ 83+ 54+ 256+ 59+ 510 — 28515 + 2856
syt syt 53t syt 59t s;3tsst st sy
S1+ 83+ 853+ 54+ 856+ 859 + 8513 — 815+ 516 T 517
Sl+S2+S3+S4*S7*Sg+2S9+2S10

S) 83+ 83+ 54— 857+ 55+ 2514+ 2815

Sp 83+ 83+ 54+ 57+ 55+ 2514+ 2856
51+S2+S3+S4—S7—S8+2S9+2S13+2S17
§) 85+ 83+ 54— 857+ 53+ 2510 — 2813

§p 8y + 83+ 54+ 57+ 55+ 28510 — 2812

Sy 8y + 83+ 54— 57+ 55— 281 + 2513+ 2817
Syt syt 853+t 84+ 87+ 55— 2851, + 2813 + 2517
S1F sy + 83+ 84— 857+ 59+ 28510 511

Si+ syt s3tss—57+859+ 810+ 514+t 855

FR47:
FR4g:
FR49:
FRS()I
FR51:
FR52:
FR53I
FR54I
FR55:
FR56:
FR57:
Fng:
FRs&):
FRG():
FR61:
FR62:
FR63I
FR64I
FR65I
FR66:
FR67:
FRGg:
FRG&):
FR70:
FR71:

S+ 8+ 83+ 54— 87+ 59+ 511+ 28514+ 285

S+ 8+ 53+ 54+ 57+ 859+ 8511+ 2514+ 2856

S|+ 83+ 83+ 54— 87+ 59— 511+ 2813+ 2517

S+ 8, ts3t 84— 257+ 59+ 8512+ 2514+ 255

Syt 8yt 83t 54— 85759+ S13Fs14+ 8515+ S

S1 T8y T 83+ 54— 83+ 259+ 2810— 815+ St
S1+52+S3+S4+2S8—S9—S12+2514+2515

S1t 8yt 83+ 854+ 855+ 28514+ 815+ 516

S1 83+ 53+ 54— 855+ 259 + 2513 — 815+ S16 T 2517
S1 83+ 83+ 84+ 55+ 2810 — 811 — 512

Syt Syt 53t sgtsgtS10—8511 1 S14+ 516

51+ 853+ 83+ 84+ 53+ 28510 — 2511 — 515+ S16

Syt Syt s3tsgtsgtsio—SptSutss
51853+ 83+ 54+ 53+ 28510~ 2812 + 815 — S16

Syt 8yt s3t syt sg sy =81+ 2814+ 2855

Syt syt 83t syt sg— s TSt 2814+ 2856

Syt 8yt 83+ 54+ 55— 81— 8512+ 2813+ 2819
SptSsyts3tsgtsg—811 TS5+ S14+ 86T 517
Sp+ 83+ 83+ 54+ 55— 281+ 2813 - 815+ 8516 T 287
Sptsyts3tsgtsg—Spt st suts;stsy
S; 8+ 83+ 54+ 55— 281+ 28513+ 815 — 516 T 2817
S1 83+ 53+ 84+ 59+ 2810 — 8511 — 815+ 816

S+ 8+ 83+ 54+ 59+ 2511 — S0+ 2814 + 2545

S1 85y 83+ 84+ 59+ 511+ 2814+ 515+ 816

S+ 8+ 53+ 54+ 59— 8511+ 28513 =815+ 816 T 2517
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Table 4-3:

ER1 .
ERzI
ER3 .

ERs:
ER
ER;:
ERg .
ER&):

ERl():
ER1 1-
ER12:
ER13:
ER14Z
ERlSZ
ER16Z
ER17Z
EngZ
ER19:
ERZ():
ERZIZ
ER22:
ER23:
ER24:
ER252

The complete list of stoichiometrically enumerated direct ERs for the 17-step

WGS reaction mechanism

S5 — S + 87
S¢ T 53— 89— 810
§§ =S89 — 811

(85— 86— Sg T 89 T 512

S¢ — S14 — 815

© 85— 814 —S16

S¢ T 53— 89— 813 — 817

85— 8¢ T S15— S16

S¢ —S10 T S11

S5 —S10 T S12

S10 — 813 — 817

85— 86— S11 T S12

S T S11— 813 — 517

S5+ S12— 813 = S17

85+ 87 T 55— 89— S19

S7 T 83— 89— S12

85+ 87— 814815

85+ 87+ 55— 89— S13— 517
S7— 5815 T S16

S5 +.87—S10 T 511

S7 + 81— 812

S5 + .87+ 811 — 813 — 817

S8 — 89— S10 T S14 T 815

S5 T 53— 89— S10 T 515 — S16
S5 —8g T 89 + 512 —S14— 515

ERZGZ
ER27Z
ERng
ERng
ER3()Z
ER3 1.
ER32:
ER3 3.
ER34:
ER3 5.
ER36:
ER37:
ER3g:
ER39:
ER4()Z
ER41 .
ER42:
ER43 .
ER44Z
ER45 .
ER46:
ER47:
ER48:
ER49:

S8 — 89— S12 T 815 — S16
Sg— 89— 813 T 814 T 515 — 517

S5+ 83— 89— 813 + 515 — 816 — 517

§10 =811 — 814 — S15

S5 — 810 T 811 T S15—S16

S5 =811 T S12—S14— 15
S11—S12 1 815 — 816

S11— 813+ S14 T 815 — 817
S5+ 811 =813 T 515 — 816 — S17
S6— 87— 814 — S16

S6— 87— S10 T S12

Se— 87+ S12— 813 — 817

S T S8 — 89— S12—S14 — S16
8§10 =812 = 814 — S16

S¢—S10 T S12— 815 + S16

S T 811 —S12—S14— S16

S12— 813 T 814 516 — 517

S¢ T S12— 813 =815 + S16— S17
S7 T 83— S9—S10 514+ S16

S7 + 83— 89— 513 T 514 t 516 — 517

S7—5810 T S11 T S14 T S16
S7 F 810 = S12 = S14 = S15
S7 T 811 — 813 T S14 T S16— 517
S7— 812 T S13—S14— 815 T 517
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Next, the connectivity of reaction steps at direct INs in the RR Graph is
stoichiometrically enumerated based on the QSS (Qx) of the linearly independent
intermediate species (Table 4-4) [42-44]. By definition, a direct IN has a degree of no
more than p — (¢ — 1) = 17 — 9 +1 = 11 rates and can be obtained by linearly combining
Os listed in Table 4-4, i.e., INs represent linear combination of QSS conditions for the ¢
intermediates. Only ¢ of the INs are independent from the complete list presented in
Table 4-5. The TNs, similarly are enumerated based on the QSS of the terminal species
[42-44].

4.3.2 RR Graph Construction

We begin by drawing the cycle graph by assembling the ERs together. For this, let us
consider a set of 7 linearly independent ERs comprising of minimum number of steps,
say ERg, ERs, ER 9, ERg, ER,;, ER;}, and ER3. We first draw ERg4 as shown in Figure 4-
3a. ER¢ and ERs have step s14 in common and can then be combined together as show in
Figure 4-3a. Next, ER 9 has steps s;¢ and 515 in common with ER¢ and ERs, respectively
and can be fused together. ER¢ has step s common with ERs and can be added
appropriately. ER,; has steps s7 and s1; common with ER;9 and ERg and can be aptly
added. Next, ER;; has step s;9p common with ERg and can be subsequently merged.
Finally, ER; has step ss common with ERg can be added together to yield the cycle graph.
It should be noted that any other set of 7 linearly independent ERs would also lead to a
similar cycle graph and that choice of the linearly independent ERs is arbitrary. However,
it is easier to work with the ERs with minimum number of steps, typically three, as done

here. Moreover, all the other ERs can also be traced on the cycle graph.

Upon examination of the compilation of the direct FRs given in Table 4-2, it is next
noted that there are non-unit stoichiometric numbers in several of the FRs; specifically, it
is seen that some FRs have stoichiometric numbers of +2, suggesting that the RR graph
will have each step s, as well as the OR twice, which must furthermore be symmetrical.
This is achieved by duplicating the cycle graph as shown in Figure 4-3b and fusing the
two together to form a symmetric cycle graph. The characteristics associated with each of

the unfused nodes are not lost; instead, they are represented collectively by the fused

node.
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Table 4-4: Steady-state mass balance conditions for surface intermediates and terminal

species involved in WGS reaction

Intermediate Species:

H,0'S:(Q)
CO'S: (0,)
H'S: (0,)

CO, 'S: (Q,)
OH'S: (0,)
0'8: (Q,)
COOH'S: (0,)
HCOO'S: (Q,)
HCO-S: (0,)

Terminal Species:

CO:
HZO:
C02:

H2:

—r trtr_—r =
7’1 7"5 7’7 7’12 r16 0

— — — =+ =
r2 rS 7"9 rl3 7"17 0
D tr tr br ot A=

—rr tr tr +r tr —r —r =
r8 7"4 rlO I"“ 7"12 7"13 7"14 7"15 r16 0

—y — —r + _ _ 4 —
s =7 2}/'7 Po T~ T~ "is s 0

‘r —r —r +r =
r6r7r8r1r0

1 15

r9—r10—r11—r12—r13—0

—r4+r5+r16=0

1 1

13 17

—r,=r
vy =

.=
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Table 4-5: The complete list of stoichiometrically enumerated direct INs for the 17-step

WGS reaction mechanism

IN]Z
INzi
IN3I
IN4Z
IN5:
INé:
IN7Z
INgI
INgI
INyo

IN]]I

IN]Z

IN]}I
IN142

IN]S

IN152
IN172

IN18

IN192
INZ()I
INZli
IN222
IN232
IN24Z
IN252
IN252
IN27Z
IN282
IN292
IN30:
IN312
IN322
IN33Z
IN342
IN352
IN3(,Z
IN372
IN382
IN3()Z
IN4()I
IN412
IN42:
IN432
IN442
IN45Z
IN452
IN472
IN4gZ
IN492
IN5()I
IN51:
IN522
IN532
IN54Z
IN55:
IN552
IN57Z
IN582
IN592
INéoZ
IN(,]I
IN(,QI
IN63Z

INeg4

§14 — 815 — S16

S13 — 817

SS9 — 810 —S11 —S12 — 817

S9 =810 =811 —S12— 513

S¢ T 87— 83— 811+ 815

Se+ 87— 83— 8111+ S14— S16

S¢ 87— 88— 89 T 510+ 512+ 8515 + 517

S+ 857—8Sg— SS9+ S10+ S12+ S14—S16+ S17
S+ 87—8Sg— SS9+ S0+ S12+ 8513+ 815

186t S7—Sg—Sot S10t S12t S13+ S14— 816

§5— 87— 83— S10— 8§11 — 2812+ S16— S17

LS5 — 87— 83— S10— 811 — 2S12 + S14— 815 — 817
§5— 87— Sg— S10— 8§11 — 2812 — 513 + S16

S5 — 87— Sg— 10— S11 — 2812 — S13 T S14— 815

1 85— 87— 83— 89— S12 T S16

S5 — 87— 83— 89— S12 T S14— S5

85— 87— 83— 289+ S10 T 511 + 516+ S17

185 — 87— 83— 289+ 810+ 811 T S14— 515+ 817
§5— 87— 83— 289+ S10 T 511+ 513 + S16

S5 — 87— Sg— 289+ S10+ 811 + 813 T S14— 815
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The only steps missing in the so-assembled fused cycle graph are the
adsorption/desorption steps, namely steps s;, $2, s3 and s4. These are next added to as
depicted in Figure 4-3c. Steps sy, 52, 53 and s4 are added twice across the nodes in order to
satisfy the KFL at the respective node. For example, node n, (Figure 4-3¢) corresponds to
IN21: 287 — 85 — 86 — S10 — S14 — 517 (Table 4-5), which implies step s, needs to be added
twice at the node. Similarly, it can be checked that all the other nodes are among the
enumerated INs and TNs, i.e., they concur with the mass balance conditions for the
intermediate/terminal species. The final step in the construction of the RR graph is the
addition of two ORs (2ror = 2r) = 2r4), completing the connectivity of TNs. Thus, the
final RR Graph for the 17-step WGS on Pt(111) is shown in Figure 4-3c. It may be
verified that the entire list of FRs and ERs can be traced on the resulting RR graph as

walks or paths.
4.4 Network Consistence with Kirchhoff’s Laws

As shown in chapter II, RR graphs concur with KFL and KPL. Thus, each ER in the
RR graph is subject to thermodynamic constraints imposed by KPL. Let us take the
example of ERg: s5 — 514 — s16. The corresponding linear combination of thermodynamic

properties must be equal to zero

A—-A,—A, =0, 1e(§j(ﬁ—4j (@j =1 (4.2)
s J\ Na ) \ s

Since all the species (both terminal and intermediate) cancel in an ER, thus producing a

zero overall reaction, all the potentials should sum up to zero in the light of KPL, i.e.,

AH,~AH, ~AH, = 0, | D5 || Dus | Aue | (4.3)
AS A14 A16

The pre-exponential factors reported in Table 4-1 calculated based on Lund’s approach
. . AN AL\ A . .
[37], indeed yields | == || == || == |=1, however the energetics reported in [32]
5 A14 A16
yields AH,—AH,,—AH,,= 20.265-52.11-(-32.81) =0.965 kJ/mol, which is well

within the error range of DFT predictions.
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Cycle Graph

Figure 4-3a: Systematic construction of the 19-step WGS reaction mechanism RR

Graph.
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O Peripheral Nodes

‘ Balanced Intermediate Nodes

Fused Cycle Graph

Figure 4-3b: Systematic construction of the 19-step WGS reaction mechanism RR
Graph.
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. Intermediate Nodes

‘ Terminal Nodes

OR

S1 $2
g W
S1 n S2 n,

ny ny ns

Figure 4-3c: Systematic construction of the 19-step WGS reaction mechanism RR

Graph.
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However, to be entirely consistent with thermodynamics E, from Ref. [32] was

modified to 144.75 from 143.785 kJ/mol, as given in Table 4-1. With the hence modified

E. . all the KPL relations are satisfied for all the rest of the ERs.

16 °

Furthermore, the affinities, 4, of the elementary reactions (4, =—AG, ), in a FR are

interrelated with the affinity of the OR, Apg, via similar KPL relation. For instance, for

FRy: 51+ 5, + 53+ 54+ 55+ 5¢ + 53, we have
Ayt Ay + A3 + Ay + As + Ag + Ag = Ao, i.e., KK KsK4KsKeKg = Kog (44)
where, K and Kor is the equilibrium constant of the elementary reaction step s, and

OR respectively. The data in Table 4-1 are consistent with this. Thus, KPL ensures
thermodynamic consistency while KFL followed at each node is used to rigorously

determine the network kinetics.
4.5 Network Analysis and Pruning

For the 17-step water gas shift reaction, the equivalent electrical circuit can be
obtained simply by replacing the branches in the final RR Graph in Figure 4-3c by the
step resistances. Figure 4-4, thus, provides the electrical analog or the reaction circuit of
the WGS reaction. An accurate and robust simplification and reduction may be
accomplished based on a comparison of the flux (current) along different pathways in the
reaction circuit. The fractional surface coverage of the ¢ = 9 linear independent
intermediate species, namely, H,O-S, CO-S, H-S, CO,'S, OH-S, O-S, COOH:-S, HCOO-S,
and HCO-S, along with the free sites are obtained by solving KFL equations (and using
mass action kinetics for the elementary steps) at 9 linearly independent INs along with
site conservation equation. This set of QSS equations for the linearly independent
intermediate species can be obtained directly from the step connectivity shown on the RR

graph Figure 4-4,
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n 21 —2r,=0;

ny12r =15 =1 =y —hy—h; =0;
Nyl =1~ =k =1, T 1 =0;

Ny Ty —ho—h —h, —h; =05

M5 20 =15 =T =1y =Ty =17 = 0; (4.5)
ng :2r, —2r,=0;

ny =1, =0;

g il —hs—hs=0;

Ny Ty +1; = =1 +155=0
ie.,
n 2(E1pH2090 - IEIQHZOS) - 2(];2]%090 - ]gzeco.s) =0;

ny: 2(];217(;090 - ]gzgco.s) - (£59H204S90 - ]ESQOHSQHS) - (lgagoH-sgo - lgago-ng.s) - (IAC.IOQCOOHSQO - IEIOQCOZ-SQH-S)
- (];140HC00»S90 - ]€140c02»s‘91+s) - (]€170HCO»590 - ];179CO<SHH<S) =0;

ns - (ic.saHzoSQO - ]gs QOHSQHS) - (E790H4590HS - ]€79H204S90-S) - (lgsgcolsaols - lgsgco,sao) - (EOQCO-SQOHS - ]€99COOH4590)

- (EIZHCOOH»SGOHS - klZHCOZ»SGHZO»S) + (];160C02»59H20»S - ic—légl{COO»SgOH»s) =0;

ny: (E99c0»sgon»s - ]€90C00H<SHO) - (EIOHCOOH»SGO - IEIOHCOZ»SGH»S) - (El IHCOOHSHO»S - lgl 10002»5901{»5)
- (EIZHCOOH»SGOHS - IEIZHCOZ»SGHZO»S) - (Esecoonsecos - Emecoz»sgﬁcos) =0;

ns . 2(];301—218 - k_3pH2 002) - (];5 gnzosgo - lzs GOH»SGH»S) - (Eﬁeowsgo - k_égo»sgﬂs) - (IEIOHCOOH»SGO - IEIOHCOZ»SGH»S)
- (l;mchoo-sgo - l€149C02-SgH-S) - (l€17gHCO-SQO - lgngco‘saH‘s) =0;

Rg - 2(1239115 - E3PH2 6))~ 2(E40c02»s - k_4pcoz 6,)=0;

1y 2 (k30coonsOeos — Elsecoz»sgucos) - (]_C.weucoseo - ]€179c0»s‘91+s) =0;

g (k140HCOO<S00 - EMHCOZ»SGH»S) - (Elsgcofseon»s - k_lseﬂcoosgo.s) - (lgmecozsgﬂzos - 1€160HC00»S90H»S) =0;

ny (IEGQOH-SQO - lgsgo-ng-s) + (];7 QOH-SQOHS - ]€7 9H20-SQO-S) - (l;sacolsao-s - lgsecoz-sgo)
- (EIIGCOOH»SGOS - k_ugco,semls) + (IEISGCO[SHOHS - k_lsgﬂcoosgos) =0
(4.6)
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OR -

-~ -1
Kate: sec

r3 0.1884

[
2, = 0.9999, 7, = 0.9999, 7, = 0.9996, z, = 0.9996, z5 = 0.4480, z, = 0.9993, z;, = 0.0063, z;, ~ 0

R, =1.33E-1, R, = 1.33E-4, R; = 2.25E-3, R, = 2.39E-3, Rs = 3.76, Ry = 3.46E-3,
Ry =31.06, Ry, =2817.56

Figure 4-4: The electrical/reaction circuit analog of the reaction network for the WGS
reaction along with the rates, resistances and reversibilities of elementary reaction steps

for conditions quoted in text.
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The above set of 9 non-linear algebraic KFL equations, along with the site balance

equation,
QHZO-S + 9CO~S + 0H~S + 0C02~S + QOH-S + GO-S + QCOOH-S + QHCOO-S + QHCO-S + 00 = 1 (47)

may be numerically solved simultaneously, for given input conditions (temperature and
partial pressures of reactants) and conversion, to obtain the unknown site fractions of

intermediate species, 6, . Thereupon, one may readily calculate the rate, affinity, and

resistance of each elementary reaction step. Finally, the rate of the OR can be obtained

from TNs, e.g. 7,, =1 =r, (Figure 4-4). Moreover, if combined with the mass-balance

equation for a given reactor, one can predict the reactor performance, or conversion, X.

For Pt catalyst in a well-mixed reactor, 7 = 548 °C; feed composition of H,O(10%),
CO(10%) and Nj(balance), the calculated rate (flux) along with reversibility and
resistance for the elementary reaction steps is mentioned in Figure 4-4. Note, that only
flux through dominant steps is mentioned on Figure 4-4. For all other steps, the flux is
negligible (close to zero). Thus, for the said conditions, the adsorption/desorption steps
s1, 2, 83, S4, dissociation of water, i.e. step ss, formation of carboxyl species, i.e., step o,
and subsequent direct decomposition of adsorbed carboxyl, i.e. step si;9 and the
decomposition of adsorbed carboxyl via adsorbed hydroxyl species, i.e. step s are the

only kinetically significant elementary reaction steps.

Further, flux (current) comparison in the various branches (reaction steps) for the
above reaction conditions reveal that there are only two dominant pathways, namely FR;:
§1+ 8y + 853+ 84+ 55+ 59+ s10and FRy: 51 + 57 + 53 + 54 + 255 + 59 + 515 comprising of the
steps mentioned above. Furthermore, it is evident from Figure 4-4, that direct
decomposition of adsorbed carboxyl, i.e. s;0: COOH-S + S 5§ CO,-S + H:S contributes
significantly to the overall flux rather than decomposition of adsorbed carboxyl via
adsorbed hydroxyl species, i.e. s;2: COOH-S + OH-S & CO,-S + H,O-S. Thus, FR;
provides for ~87% of the overall flux, while the remaining 13% is contributed by FRu. It
should be noted that a higher steam-to-carbon ratio could lead to an increase in the
concentration of adsorbed hydroxyl species and could potentially increase the flux

contribution via step s1,.
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Figure 4-5: Surface coverage of the dominant reaction species as a function of

temperature for WGS for the reaction conditions mentioned in Figure 4-4.
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On the other hand, higher affinity of CO toward Pt (Figure 4-5), i.e. higher surface
coverage of CO-S could render step s to be limited by the small OH-S surface coverage.
Finally, the step reversibilites and resistances (Figure 4-4) reveal that amongst the key
elementary steps, only steps ss, 5190 and s, are slow or non-QE steps, while rest of the
steps are all quasi-equilibrated for the said reaction conditions. However, these

conclusions may or may not be valid at other conditions.

Validation of this reduction and simplification of the RR network over a broad range
of temperatures can be accomplished by comparing the resistances along parallel paths
between two nodes, which have the same affinity drop by virtue of KPL, i.e., by
considering each ER as two parallel paths and comparing the total resistance of each
path. If the resistance along one path is much larger than the other, it would be safe to
assume that the path contributes little to the flux and may be neglected. Finally, the effect
of eliminating a step or pathway is validated by calculating the overall kinetics without

the elementary reaction step in question.

Let us consider ERg: s5 — 514 — 516, Which implies there are two parallel pathways for
formation of adsorbed hydrogen and hydroxyl species. One pathway is the direct
dissociation of adsorbed water via step ss, i.e. HO-S + S 5§ OH-S + H-S. The other

pathway proceeds through the formate species, via steps s14 and 516 as shown below

%
s14:. HCOO-S+S 5 CO,-S+H-S +1
sie:  CO-S + HyO-S S HCOO-S + OH-S +1

Net: H,O-S+S S OH-S + H-S

The resistance of the first pathway is simply Rs, while that for the second pathway
comprising of two steps in series is R4+ Rj¢. Figure 4-6 compares the resistance of these
two pathways as a function of temperature for the reaction conditions mentioned above. It
is evident from Figure 4-6, that R4 + Rj¢ is several orders of magnitude higher than Rs
over a broad temperature range. Since a reaction will always proceed largely via the
minimum resistance pathway, it is reasonable to conclude that it may be possible to

eliminate steps 514 and 516 from the mechanism.
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Figure 4-6: Parallel pathway resistance (R4 + Ri¢ Vs. Rs) comparison as a function of

temperature for the conditions quoted in the text.
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To validate this elimination, we check the effect of 514 and 516 on the overall kinetics by
comparing the simulated overall kinetics of the complete mechanism to the mechanism
less s14 and 516 and find that these steps do not contribute significantly to the overall

reaction flux.

We next consider the parallel pathways represented by ERs: s¢ — s14 — 515 for the
formation of O-S and H-S. Figure 4-7 reveals that Rj4 + R;s is several orders of magnitude
higher than Ry and hence can be logically deemed kinetically insignificant. Continuing
the pruning of the RR graph thus, ER,;: 5190 — 513 — 517 provides two pathways, first being
the direct decomposition of adsorbed carboxyl species into CO,-S and H-S (step s10),
while the other being a two-step decomposition via steps s;3 and s;7. The resistance of the
first pathway is simply R, while that for the other with two series resistors is R;3 + R7.
Numerical simulations of these two resistances as a function of temperature are presented
in Figure 4-8. It is seen that R3 + R, is several orders of magnitude higher than R, at all

temperatures. Hence, there is ample justification to neglect steps 5,3 and s;7.

Continuing the pruning of the RR graph in this vein, the next step is to consider the
two parallel branches via ER,;: s7 + 511 — s12. One pathway, i.e. step si, represents the
decomposition of COOH:S via OH-S, while the other is a two step pathway, comprising
of steps s7 and s;;. From numerical simulations it may be concluded (Figure 4-9) that
single step s, offers the minimum resistance pathway and, consequently, the steps s7 and
511 may be disregarded. Finally, we compare the resistances of the two parallel branches
for formation of CO,-S and H-S as represented by ER;: s¢ + 53 — 59 — 519. Both pathways
comprise of two steps (resistors) in series where the resistance is given as Rs + Rg and Ry
+ Ry, for the respective pathway. Based on numerical results (Figure 4-10), we conclude
that the resistance R¢ + Rg is much higher than Ry + Rjo and, hence, the formation of
CO,-S and H-S via carboxyl species (i.e. steps s¢ and s10) is much faster than that via steps
s¢ and ss. In other words, the steps s¢ and sg can be eliminated from the mechanism

without materially affecting the overall reaction flux.
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Figure 4-7: Parallel pathway resistance (Rj4+ R;s5Vs. Rg) comparison as a function of

temperature for the conditions quoted in the text.
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Figure 4-8: Parallel pathway resistance (R;3+ R17vs. Rjo) comparison as a function of

temperature for the conditions quoted in the text.
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Figure 4-9: Parallel pathway resistance (R7 + Ry vs. R;;) comparison as a function of

temperature for the conditions quoted in the text.
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Figure 4-10: Parallel pathway resistance (R¢+ Rg vs. R+ Rjo) comparison as a function

of temperature for the conditions quoted in the text.
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The elimination of steps, Se, 57, S8, S11, S13, S14, S15, S16 and s;7 from the mechanism based
on the above logic is validated by comparing simulated results of the complete
mechanism with results from the mechanism excluding se, 57, 3, Si1, S13, S14, S15, S16 and
s17, 1.e., the simplified 8 step model. Eliminating the above steps leave us with a reduced
network comprising of only 8 elementary reactions and 2 FRs, namely, FR; and FR,4 from

the list in Table 4-2. The overall resistances of each of these FRs is equal to

RFRZ: Ri+Ry+R3+Rs+Rs+Rg+ Ry

R R+ Ry+Ry+Ry+4Rs+ Ry + Ry

FR, *

As can be seen from Figure 4-11, FR4 has a higher resistance as compared to FR,, more
so at temperatures > 500 K, i.e. in the temperature region of interest with Pt catalyst.

Thus, the overall WGS mechanism is dominated by FR,, conventionally written as

follows:

%
si: H,O+S S H,O-S +1
520 CO+SSCO-S +1
s3: 2H-SS Hy +2S +1
ss: COrSSCO,+S +1
ss: H,O-S+S S OH-S + H-S +1
s9:  CO-S+OH-S S COOH-S + S +1
sip:  COOH-S+ S S CO,-S +H-S +1

Net: H20 +CO S C02 + H2

However, as mentioned above, a higher steam-to-carbon ratio could potentially increase
the concentration of OH-S species, thereby increasing the rate consumption of carboxyl
species via step s;2. However, in light of the high surface coverage of CO on Pt, it is
unlikely that the surface coverage of OH-S species will be increased dramatically except
at very high temperatures (Figure 4-5). The thus reduced RR graph for the WGS

mechanism on Pt(111) is shown in Figure 4-12, which is simply a catalytic sequence.
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Figure 4-11: Resistances of FR; and FR4 vs. temperature for the conditions quoted in the

text.
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Figure 4-12: Pruned RR graph for the WGS mechanism on Pt(111).
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4.6 Overall Reaction Rate via Electrical Analogy

Now that the mechanism has been dramatically pruned, we are in a position to
consider a rate expression for the overall reaction. First, we write a formal rate equation
for the kinetics of the reduced reaction network, Figure 4-12a, by employing the

electrical circuit analogy and the linear rate law analogous to Ohm’s law.

Thus, the overall rate (overall current) is the ratio of the affinity of the OR and the

c%ZOR

overall resistance of the reaction network, i.e., 7, = , where the overall resistance of

OR

the reduced reaction network (Figure 4-12a) is RFRZ tRItRy+R3+ R4+ Rs+Ro+ Ry

Thus,

’}qOR

= (4.8)
R+R +R,+R, +R. +R,+R,

Tor

where, the resistance of a step is defined in chapter II. It can be seen from Figure 4-13,
that Rs and R, are the dominant reaction steps for the above sequence. Thus,

ﬂOR

~N— 4.9
R, +R, 49)

Tor

All the other steps, si, 52, 53, S4, and s¢ are at QE (Figure 4-14). Following Temkin, now
the reduced WGS mechanism can be simply written as a 2-step lumped pathway, as

follows, which is represented in Figure 4-12b.

)

IR, : (+1)s, + (+1/2)s; + (+1)s, : H,0 +S S OH:S + 1/2H, +1

IR, : (+1)s, +(+1/2)s, + (+1)s, + (+Ds +(+1)s,, : CO+OH-S 5 CO,+1/2H,+S +1

Net: CO + Hzo s C02+ H2

While the above formal rate expression (Eq. (4.9)) is adequate for numerical
computation of the rate from numerically calculated resistances, it is more desirable to
obtain, if possible, an explicit rate expression in terms of the terminal species

composition.
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Resistance (1/Rate (s'1))

1 1

1 | 1 | | 1
400 450 500 550 600 650 700 750 800 850 900
Temperature (K)

1 1

Figure 4-13: Comparison of series resistance as a function of temperature in the

dominant reaction pathway for WGS for conditions mentioned in the text.
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Z, Z, Zj3 Zy Zg
1.0000 1.0000 0.9996 0.9995 0.9993

0.8

0.6
0.4480
0.4

0.2

0.0063

Figure 4-14: Step reversibilites for the elementary reaction steps in the dominant reaction

sequence for WGS for conditions mentioned in Figure 4-4.

175

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter IV: A Reaction Route Network Analysis of Water Gas Shift Catalysis on Pt(111)

This is accomplished by following the alternate electrical analogy proposed in chapter 2.
Based on the approach presented in chapter II, the overall reaction rate can be
approximated as

7 ~ EOR _ EOR
OR e e °
Rog RIRl + R]R2

(4.10)

IR, above is comprised of steps sy, s3 and s5. Based on step reversibilities, z, (Figure 4-
14) we see that steps s; and s3 are both QE. Thus, the flux through /R, is governed by step
ss, 1.e. dissociation of water. Similarly, the flux through /R, is governed by step sy, i.e.

direct decomposition of carboxyl, others being QE steps.

Thus,

RI.RI ~ & (4.11)
RI.RZ ~ RI.O

Substituting Eq. (4.11) in Eq. (4.10), we have

S (4.12)
R, +R),

Tor

R: and R}, can be ascertained a priori following the LHHW approach detailed in

chapter II. To obtain the step resistances above, let us first consider step ss as the RDS,

the remaining steps being at QE. Thus,

1 1 B 1
— e = ,e o °
Ts a)SHHZO»S,SHO,S - (9}120.55
5

.
90,5

(4.13)

j(ﬁofs)z

where 6 , and & , represents site fraction of intermediate & and vacant surface sites S,

respectively, when s is the RDS. With s, as the RDS, thus, and all other steps at QE,

the appropriate IRs for the formation of six linearly independent surface intermediates,
H,0-S, CO-S, H-S, CO,-S, COOH-S, OH-S (in the reduced 7-step mechanism) from the

vacant surface sites S, comprising of steps other than ss, are
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IRy s : (+D)s,

IR s : (+1)s,

IR, 1 (-1/2)s,

IReg, : (~Ds,

IR oous : (=1/2)s; + (=Ds, +(=D)s,

IRys : (=D)s, +(=1/2)s, + (=D)s, + (=1)sy+(=1)s,,

:H,O+S S H,O-S

:CO+S S5 CO-S

:12H, + S S H-S

:CO,+S 5 CO,-S

: 1/2H, + CO, + S 5 COOH-S

:12H, + CO, +S S CO + OH-S

(4.14)
Then, using Eq. 2.25, for the QE steps, the site fraction ratios are
° o\t
HHZO-S,S _ ( o j
00.,5 asl
° o A\l
Ocoss _ ( W, ]
Os  \ @,
. LoN-12
s _ ( (2 j
o, @
. : (4.15)
Y = -1
ecozs,s _ @y J
90.,5 @4
. N VA N I -1
Ocoons,s _(&J (&J (&j
90.,5 6’33 6’34 6’310
. SNl o N2, N1/ N1/ -1
Ors @) \ @ @, ) \ @) \ &,
Finally using these in site balance, Eq. 2.26,
= 1 + ;12(.}8,5 + 9(.10.5,5 0;;5,5 QC.O.Z-S,S egOO.HS,S + 0(;]—:5,5 (4.16)
‘90,5 ‘90,5 ‘90,5 ‘90,5 90,5 90,5 90,5
Thus, we have from Eq. (4.13)
RS = 14 [ o , 5 ,a)3 @, 6:010 ,603 @, @y 410] (4.17)
-~ (0)1} @, Wy @y @ @y Wy Oy @y Gy
5| —
@,
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Let us next consider step s19 as the RDS while the others at QE in order to obtain an

explicit expression for R .

Rl.():;.: — ° 1 . = . 1 (418)
ho  @obeoonsioboio [lgCOOH'S’IOJ(H. )’
0 0,10

[ ]
90,10

With s,,as the RDS, and all other steps at QE, the appropriate IRs for the formation of

six linearly independent surface intermediates, H,O-S, CO-S, H-S, CO,-S, COOH-S,

OH-S from the vacant surface sites S, comprising of steps other than s, are

IR, o (+D)s, :H,0 + S 5 Hy0-S
IR0 : (+1)s, :CO+S 5 CO-S
IR, : (~1/2)s, . 12H, +S S HS
Reo s (<D)s, :CO,+S 5 COxS

IR oons - (FDs; + (+1)s, + (+1/2)s, + (+1)s5 + (+1)s, : HLO + CO + S 5 COOH-S + 1/2H,
IRoys 1 (+D)s, + (+1/2) 55+ (+1)s5 :H,0+S S OH-S + 1/2H,
(4.19)

Then, using Eq. 2.25, for the QE steps, the site fraction ratios are
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. o\l

H,08,10 | @

0. |\
0,10 2

° - +1
Ocos.10 _ (&j
° - —
00,10 @,

-1/2

>

9}.15,10 _ @
00.,10 6’33

. o (4.20)
eco,s,m _ (2}

00.10 03

- 4 . +/2 o _, + +1
0 10 0 2 (?)3 (?)5 CD‘)
5 /2, \H
0 10 C?)
Finally using these in site balance, Eq. 2.26,
_ 1 01:120.3’10 050.5,10 0}.1.5,10 ‘9c.02»s,10 9C.00H~S,10 9(;H~S,10 (421)

[ ] [ ] { ] { ] [ ] { ] [ ]
‘90,10 90,10 90,10 90,10 90,10 90,10 ‘90,10

Thus, we have from Eq. (4.18)

2
R - 1 1+_+ , |0, 0,00 666 & |66
10 — - = . - - - - P P P
@ww @; 5 @y , a)2 @, o, 0, o, o5 0, o\ @, o
60

10 <~ -
@, @, 5 @,

(4.22)

Finally,

(4.23)

where, Koy is the equilibrium constant for WGS reaction.

Thus, Eq. (4.12), (4.17), (4.22) and (4.23) provide an explicit rate expression for the
WGS mechanism on Pt.
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R; and R}, can, in fact, be further simplified based on the concept of most abundant
reactive intermediate (MARI) [45], i.e., by comparing the values of & / 6,, in R). We
find that 6%ys,/65s and Olos.e/05, is significantly higher than others for ss and sio,

respectively (Figure 4-5). Thus,

- - . 2
Rr—t 142 |- 2 1,2 (4.24)
(@ w, | 0,0, @,
5 (51
and
1 5. Y @0 . 5\
;P S— [1+%j S Mech T e i B (1+@J (4.25)
- W 0, |0 W W0 w, Wy 0,0, ] W3 W50, W,

Using the thus reduced expressions for R and R, along with Eq. (4.23) in Eq. (4.12),

we have

®,

1 1 P, F

on o 1- (4.26)

L o, \Jo,0.0, |, (H@zj Kor Brofeo
@5 5’10@2\/ @3 @5@9 ajl 2

Finally, substituting the rate constants and concentration of terminal species for reaction

step weights @, we have the overall reaction rate in the conventional form

For

k5k10K1K2K31/2K5K9PHZOPCO (1 1 PCOzPHz

S Pk KKK KP4+ KP Y| K. PP ] (427)
57 H, 10°+27%3 55%9% CO 27 CO OR H,0" CO

where, K is the equilibrium constant for step s, .

Eq. (4.19) reveals that K,K,K,"’K.K, represents the equilibrium constant for the
intermediate reaction for the formation of COOH-S species when step s;¢ is considered as

the RDS, i.e.

K1K2K31/2K5K9 =K,

'Reooms, 10

(4.28)
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Using Eq. (4.28) in Eq. (4.27), we thus, have

N kSkIOKlKIRCOOH_S.mPHZOPCO 1— 1 PCOZPHZ
(ksKlszl/z + klOKIRCOOH,S‘IOPCO )1+ K, F )2 Kor PHZO])CO

(4.29)

Tor

If appropriate rate constants in Eq. (4.29) are combined, we obtain the following simple

rate expression for WGS on Pt,

kAPHZOPCO 1 PCOZPHZ
Tor = 12 2 1-
(kBPHz +kCPCO)(1+kDPCO) KOR PHZOPCO
where, k, =1.0276x10° exp(_4342'5j
k, =2.8530x10° exp[_27985 j (4.30)
ke =3.6017exp(23642'5j
k,=1.414x10"° exp(104220j

where R is the gas constant in J/(mol K) and T is the temperature in K. The above explicit
rate expression is in good agreement with the QSS rate obtained numerically for the 17-
step WGS mechanism on Pt(111) from the microkinetic model as shown in Figure 4-15.
For example, the overall reaction rate for conditions mentioned in Figure 4-4 via Eq.
(4.30) is 0.1878 s' which compares well with 0.1884 s obtained from numerical
computation, which points to the robustness of the reaction network analysis and

reduction approach presented here.

Finally, from Eq. (4.30), it is easy to see that the reaction order with respect to H,O is
1, while H, and CO, both, have inhibitive effect on the overall rate. This is supported by
Ribeiro and co-workers [24], who reported (slightly) negative kinetic order with respect
to CO of —0.03 over Pt/CeO,. On the other hand, Meunier et al. [46] reported apparent
reaction order with respect to CO to be —0.27. This is not entirely surprising for Pt
catalyst, owing to the extremely high affinity of CO toward Pt and perhaps competitive
adsorption of CO and H,O.

181

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter IV: A Reaction Route Network Analysis of Water Gas Shift Catalysis on Pt(111)
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Figure 4-15: Comparison of overall QSS rate obtained from Ohm’s law form, i.e. Eq.
(4.29) and that calculated numerically via microkinetic modeling for the 17-step WGS

reaction on Pt(111).
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4.7 Conclusions

A comprehensive 17-step mechanism with predicted kinetics for the water-gas-shift
(WGS) reaction on Pt(111) has been rigorously analyzed, simplified and pruned into a 7-
step, single reaction route model, using the RR Graph approach, a comprehensive
framework for analyzing complex mechanisms and network kinetics. A RR Graph has
been constructed for the given WGS mechanism that incorporates all the 17 steps, on

which all of the 71 direct FRs and 49 ERs may be traced as walks!

The RR network was subsequently simplified and reduced to a network involving
only a single dominant RR, namely FR4, i.e. associative mechanism mediated via
carboxyl species. Microkinetic analysis by Grabow et al. [32] also conclude the said
pathway as dominant. Further, the authors concluded the direct decomposition of
carboxyl species, i.e. step 519 as the RLS for the sequence, based on sensitivity analysis.
However, our graph theoretic based resistance comparison suggests that both,
dissociation of water, i.e. step ss and direct decomposition of carboxyl species, i.e. step
s10 are non-QE steps (or slow steps) and hence RLSs for the said pathway. For example,

if step s5 is not considered as a slow step and dropped from the rate expression, i.e.,

ron ® E p | Ry, we obtain the overall rate as 0.3657 s ', significantly higher than the

actual overall rate of 0.1884 s for the reaction conditions mentioned in Figure 4-4.
Thus, following the RR network approach, the RLSs have been identified without making
any ad hoc assumptions. Based on these two slow steps, a QSS rate expression has been
derived based on the electrical analogy where the overall reaction rate is cast into an
Ohm’s law form, i.e. rate = overall driving force/overall resistance. The derived rate
expression was next pruned based on standard MARI approach, with adsorbed CO as the
dominant species on Pt, yielding a highly simplified rate expression agreeing reasonably
well with the 17-step microkinetic model. Further, it is clear from the rate expression and
MARI that the strong adsorption of CO on Pt is self-poisoning and limits the rate of the
OR.
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Chapter V
A Reaction Route Network Analysis of Ammonia

Decomposition on Fe

A key impediment to the universal application of PEM fuel cells is the lack of hydrogen
storage and distribution infrastructure. Ammonia, which is easy to store and transport,
and possesses attractive energy density can act as a potential hydrogen carrier due to its
relative ease of decomposition. Moreover, being carbon free, it does not produce any CO,
which could act as a poison to the low-temperature fuel cells. The N, produced is an inert
in a fuel cell. Detailed microkinetic modeling of NH3; decomposition has been a subject
of interest for decades. However, in spite being a well-researched reaction system, there
is disagreement in the literature as to which step is indeed the rate-determining step

(RDS) for the reaction mechanism.

In this chapter, we utilize our Reaction Route Graph analysis for detailed mechanistic and
kinetic analysis of the well-accepted 7-step NH3 decomposition reaction mechanism. The
RLS(s) are identified in a logical manner following a comparison of the step resistances.
Next, based on the Ohm’s law representation of kinetics we develop quasi-steady state
rate expression. The thus developed simplified rate expression is found to be in complete

agreement with our experimental data on Fe.
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5.1 Introduction

Hydrogen storage is an area of active research, where chemical storage of hydrogen
has also been suggested, e.g., as NH3, which is actually a very effective and inexpensive
hydrogen carrier available in large quantities. Serensen et al. [1] have shown that
adequate amount of hydrogen for a 1 W fuel cell (sufficient for common cell phones) can

be produced in a reactor volume of only 20 pl with Ru-based catalyst.

In fact, the proposition has been around for a while; e.g. Figure 5-1 shows an
ammonia cracker built for US Army 500W-fuel cells almost three decades ago [2, 3].
Moreover, a PEM fuel cell with 80% fuel utilization can provide enough hydrogen
(combusted with air) to provide the heat of reaction. Ammonia is one of the few materials
that can be produced cheaply, transported efficiently, and transformed directly to yield
hydrogen and a non-polluting byproduct. It has a proven storage/delivery infrastructure
and safety record. Ammonia is a potential hydrogen carrier with many desirable
properties [4]. It is produced in very large quantities on the industrial scale (109 MT/y
worldwide in 2004), as the main source for nitrogen in synthetic fertilizers. With a
boiling point of ~ 33.3 °C (240 K) and a vapor pressure of roughly 10 atm at room
temperature (1061 kPa at 300 K), it is a readily liquefied vapor under ambient conditions,
with a liquid density of 0.682 kg/L at ~33.3 °C, and 0.639 kg/L at 0 °C, which is high for
a small molecule and is because of its polar nature. It contains 17.6% by weight of
hydrogen, i.e., around 0.11 kg/L of hydrogen. This compares with 0.07 kg/L for liquid
hydrogen, and 0.123 kg/L for octane. With a heat of combustion of 18.6 kJ/g (LHV) and
22.5 kJ/g (HHV), its energy density is very attractive. Even though corrosive and toxic
with a strong odor, procedure and facilities for its safe handling, transportation and
storage are available throughout the world. Furthermore, it can be fed into a reformer as a
vapor without a pump, and is relatively easily decomposed at around 500 - 600 °C over
an Fe or Ru catalyst to provide clean hydrogen with ppm levels of unconverted NHj.
Being carbon free, it does not produce any CO, which could poison the low temperature
fuel cells, thus, eliminating the need for further processing, e.g. shift converter or

selective oxidation. The N, produced along with H; is an inert diluent for fuel cell.
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Figure 5-1: Diagram of an Ammonia Cracker built for US Army 500W-fuel cells [2, 3].
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Figure 5-2: Effect of NH; (30 ppm) exposure at anode on H-air fuel cell performance at
80 °C [5].
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However, trace amount of ammonia as low as 13 ppm in the anode feed is known to
poison PEM fuel cells [6]. Short term exposure (< 1 hr) shows reversible poisoning
effect, however, long term exposure causes severe and irreversible loss in performance as
can be seen from Figure 5-2 [5]. It was conjectured that replacement of H" by NH," ions
and the ensuing loss of protonic conductivity was the primary reason for performance
drop. Thus, a challenge is to reduce ammonia in the reformate to below ppb levels to
ensure long life, since the losses are cumulative as a consequence of ammonia build up in
the electrolyte [5, 6]. Uribe et al. [5] utilized Dowex H-ion exchange resin to clean up H;
fuel streams contaminated with traces of ammonia. Of course, a membrane reactor could
also be implemented for a combined catalytic reforming and separation of hydrogen [7].
The advantage arises as a result of shift in the reaction thermodynamic equilibrium, thus
increasing the yield at lower operating temperatures while combining processes of
generating and separating the hydrogen into a single unit operation, the downside being
the associated higher cost. The use of an ion-exchange resin [5] or an adsorbent filter e.g.,
Calgon-URC [8], to remove traces of ammonia down to ppb levels is an attractive,
practical, simple and cost-effective approach. Of course, no adsorber is needed if an
alkaline fuel cell (AFC) is employed and the heat required for ammonia decomposition
can be supplied directly by the fuel cell. In fact, comparison of hydrogen production
economics via ammonia decomposition as opposed to that via methanol steam reforming
for AFC suggested that ammonia is indeed a better choice [9, 10]. Consequently, CO,-
free hydrogen from a single-step source like ammonia decomposition can be an attractive
alternative to hydrocarbon fuels for small-scale fuel cell applications, and a green
pathway, since every gallon of gasoline/diesel replaced saves ~20 pounds of CO, from
entering the atmosphere. It must, further, be noted that, for SOFC, ammonia can be

directly reformed internally [11, 12].

Decomposition of ammonia has been investigated on a host of single crystal surfaces.
The experimental studies showed that on most of these single-crystal metal surfaces the
recombinative desorption of N, is the RDS for NH; catalytic decomposition [13].
However, the N-H bond cleavage has also been found to be the RDS in some studies [14-

17].
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Earlier studies show that at low temperatures and high hydrogen partial pressures, the
reaction is inhibited by hydrogen, and is described by the Temkin—Pyzhev mechanism
[18], while at high temperatures and low hydrogen partial pressure, the reaction is only
dependent on ammonia partial pressure, referred to as the Tamaru model [18, 19]. Loffler
and Schmidt [20, 21] observed that at low temperatures (<500 °C for Pt and Ru) and low
ammonia partial pressure (typically <1 Torr) the reaction is zero-order with respect to
ammonia, and at high temperatures the reaction becomes first-order with respect to

ammonia.

Oyama [22] and by Dje¢ga—Mariadassou et al. [19], suggested that a simple rate
expression may be derived by applying Langmuir—Hinshelwood analysis to a sequence
that involves equilibrium adsorption of ammonia, followed by decomposition of adsorbed
ammonia to products. However, it does not address the inhibitive effect of H, observed
on Ru, particularly at low temperatures and when H, is co-fed along with NH; [18, 19,

21, 23]. To explain, these effects a power-law model of the form
r=k pyu, Ph, (5.1)

has been suggested. When hydrogen inhibition is significant, (high hydrogen partial
pressures and low temperatures), b in the above equation is negative, and it becomes

equivalent to the Temkin—Pyzhev expression

2 ﬂ
r=k| 2 (5.2)
o,

Chellappa et al. [24] studied the kinetics of pure ammonia over Ni—Pt/Al,Os;, the
results varying greatly with the previous work with dilute NH;. The authors analyzed
their experimental data and fitted the same to a power—law model as given by Eq. (5.1).
The analysis of the experimental data between 520 and 660 °C revealed a first-order
dependence on ammonia. This simple first-order model was shown to satisfactorily
predict conversions >80% over a wide range of W/F values and operating temperatures.
Mechanistically, this would imply that N-H bond cleavage is not the RDS under these
conditions with no hydrogen inhibition and no apparent change in the reaction order with

respect to ammonia. However, when data between 520 and 560 °C was analyzed
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separately, with the Temkin—Pyzhev model Eq. (5.2), the reaction orders of ammonia and
hydrogen were 0.67 and —1, respectively, indicating hydrogen inhibition effect. Thus,
different conclusions were reached depending on how the analysis was developed. The
authors later hinted at the possibility of ammonia decomposition being governed by more

than one RLS.

Bradford et al. [25] showed that the rate has first-order dependence on NH3 with both
N-H bond cleavage and recombinative desorption of nitrogen as the RLSs, along with
nitrogen atoms as the MARIL. N,-TPD and TOF data by Yin et al. [26] supports the
proposition that the recombinative desorption of nitrogen atoms is the RDS in NHj
decomposition. Shustorovich and Bell [27], based on BOC Morse potential method
suggested a single RDS as the recombinative desorption of N, on Ru, Pt, Fe and Re. The
experimental study by Tsai et al. [14] on the other hand showed that the RDS for NH;
decomposition on Ru at low partial pressures is the temperature dependent, the
recombinative desorption of N; being the RDS at 7T < 650 °C, while at higher temperature
the N—-H bond cleavage of adsorbed NHj being the RDS. DFT calculations by Stolbov et
al. [15] and Huang et al. [28] also suggest that the first dissociation step (NH3-S + S S
NH,-S + H-S) is the RDS for NH3; decomposition on Pd(211) and Ir(100), respectively,

based on the calculated energy barriers.

Vlachos and co-workers [16, 17] utilized a hybrid approach, where the N-N
adsorbate—adsorbate interactions were taken from the DFT simulations, while UBI-QEP
method was utilized to calculate the step activation energies for a 6-step mechanism,
which were utilized in a microkinetic modeling of NH3; decomposition on Ru(0001). The
authors [16] showed that in the absence of the N-N interactions, N-S was the MARI,
while in the presence of the N-N interactions, H-S was the dominant species. The RDS
based on sensitivity analysis was found to be N-H bond cleavage of adsorbed NH,
species (NH,'S + S S NH-S + H-S) and that desorption of nitrogen only plays a
secondary role in the presence of the N—N interactions. Subsequent work showed that at
low temperatures NH3-S dominates as a result of its slow decomposition, while H-S is the
dominant species at high temperatures with N-S only being the second dominant species

[17].
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Thus, even for such a simple reaction as ammonia decomposition, which has been a
subject of intensive investigation for decades, there exists no consensus as to which
step(s) are the slow step(s), or even whether there is a single RDS, and which surface
species are significant. We address these questions based on our Reaction Route Graph
approach in this chapter. The rate-limiting step(s) are identified in a logical manner based
on comparison of step resistances, allowing us to deduce a simplified rate expression.
The resulting rate expression can be further pruned based on the concept of MARI, and

agrees reasonably well with our experimental data on Fe.

5.2 Experimental

A schematic of the experimental set up by Skoplyak et al. [29] is shown in Figure 5-3
[29]. As shown in Figure 5-3, Argon (99.998% [zero-grade] purity, SpecAir), Hydrogen
(99.95% purity, BOC), Anhydrous Ammonia (99.99% purity, AGA), and Nitrogen
(99.999% [Ultra High Purity] purity, SpecAir) gases were fed to the system. MKS Type
119A Mass-Flow® controllers, controlled by model 247C 4-channel readout were used.
The reactor was a 0.4 cm 1.D., 0.6 cm O.D. quartz U-tube that contained approximately 1
cm of catalyst bed. 0.2 g of unsupported crushed pre-reduced iron catalyst (AS-4F),
supplied by Siid-Chemie was used in the experiments. The received pellets were crushed
using a ceramic mortar and pestle and then sieved to obtain a range of particles between
40 and 60 mesh. The composition was 78.0 wt% Fe, 11.0 wt% Fe,Os / FeO, 3.8 wt%
AL O3, and 3.2 wt% CaO, 0.7 wt% K;,O. The bulk density of the catalyst was 130 10

Ibs/ft’. The specific surface area of the catalyst and the site density were 12 m?*/g and

4.43x10" sites/cm?, respectively.

The fresh catalyst was reduced prior to experimentation. The reduction consisted of
exposing the catalyst bed to a mixture of 37.5 sccm Hj, 12.5 sccm Ny, and 50 sccm Ar.
The bed temperature was ramped up from room temperature to 500 °C in one hour, and
then held at 500 °C for three hours followed by a stream of 20 sccm NHj3 and 80 sccm Ar
at a bed temperature of 350 °C in order to ensure that the system would quickly
equilibrate during experimental runs. During the experiments, ammonia at a constant

partial pressure of 0.2 atm was fed with argon, the total pressure being 1 atm.
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Figure 5-3: Experimental setup for NH3; decomposition on Fe [29].
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The reactor effluent was analyzed by a SRI model 8610C thermoconductivity detector
(TCD) gas chromatograph with a HayeSep T packed column. Additional details can be
found in Ref. [29]. The experimental data of conversion versus temperature is provided in

Figure 5-4.
5.3 Reaction Mechanism and Kinetics

We consider here the commonly proposed and well-accepted 7-step mechanism for

NHj3 decomposition as shown in Eq. (5.3)

s,: NH,+S SNH,-S +2
s,: NH,-S+S 5NH,-S+H-S +2
s;; NH,-S+S SNH-S+H-S  +2

s,: NH-S+SSN-S+H-S +2 (5.3)
ss: 2N-S SN,-S+S +1
St N,-SSN,+S +1
s, 2H-S SH,+2S +3

OR: N, +3H, 5 2NH,

where S represents a vacant surface site. This describes a reaction system with p = 7
elementary steps, involving n = 3 terminal species, i.e., reactants N, and H,, and the
product NHs, and g = 6 independent intermediate species, namely, N-S, N,-S, H-S,
NH-S, NH, -S, and NH; - S, in addition to the vacant surface site S. As per the Horiuti-
Temkin theorem [30, 31], thus, the number of independent RRs, or pathways,
U=p—q=T—-6=1. This is, of course, given by

FR :  OR=(+2)s, +(+2)s, + (+2)s; + (+2)s, + (+1)s5 + (+1)s, + (+3)s, 5.4)
There are no empty routes (ERs). Thus, we have a reaction system with a single RR for a
single overall reaction (OR), i.e., ZVfo =0, where v, is the stoichiometric coefficient

i=1

of the terminal (observable) species T; (i = 1, 2, ..., n), i.e., reactants and products of the

OR. Moreover, it also represents a non-linear kinetics mechanism, one of the most

complex, but well-investigated, cases of sequential reactions.
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—

Following mass action kinetics, the net rate of an elementary step, r,=r,—7,, is

written in the form

) (5.5)
’7 :i(_ ﬁaﬁmﬁeliﬂk _ (?) ﬁ[(&j ol (0 )&pk
p p i k P 0
i=1 k=0 k=0 0

Here 6, is the (unknown) activity of intermediate species I, -S, a, is the (known, or

specified) activity of terminal species T; and @, is the reaction step weight.

For ammonia decomposition we, thus, have:

r =0, — 5){%}90 ;o= EleH3 ;@ = 1;1

ol et e e

r=a, 92;:-5 ]90 - @4( ego-s J(%S]ag . @, =k, ; @,=k,

r, = @, %szeg - @{91;:5 jeg D ds=ky 3 b=k,

r, = @, HZS 6, — .6, . By=k, 5 @y =kepy,
"=, %szag — 0.0 N P

The step kinetics provided by Stolze and Nerskov [32-34], utilized in this study are

summarized in Table 5-1.
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Table 5-1: The microkinetic model for NH; decomposition on Fe. The letter ‘S’ denotes
a surface site. Activation energies and enthalpy changes in kJ/mol; the units of the pre—
exponential factors are atm™' s~ for adsorption/desorption reactions and s ' for surface

reactions [32-34].

E A Elementary Reactions E A

P p P P

N 0.0 2.00 x10° NH; +S S NH;-S 39.0  4.00 x10"
O 0.0 2.00 x10"  NH3S+S S NH,-S + H-S 39.0  4.00 x10"
s3: 0.0 1.00 x10"*  NH»-S+S S NH-S + H-S 36.0 1.00 x10"
% 23.0 1.00 x10" NH-S+S S N-S+H-S 81.0 2.00 x10°
S5 155.0 1.00 x10° 2N-S S N»-S+S 29.0 4.00 x10°
S6: 43.0  2.00 x10" N,SSN,+S 0.0 2.00 x10°
s7: 940  3.00 x10” 2H-S S H,+2S 0.0 7.00 x 10°
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5.4 QSS Rate

As discussed in chapter II, an explicit QSS rate expression for the overall rate 7, is
generally not possible [35] for a system as non-linear as the one under consideration,
typically only numerical results being possible for a given set of reaction conditions.

However, we provide one here based on the algorithm described in chapter I1.

The ¢ intermediate activities ¢, in terms of @, and @,, may be determined
numerically by simultaneously solving the g algebraic QSS equations that relate r, to
TOR,

r,=00or (P =12,..,9+1) (5.7)
along with the site conservation equation and the constitutive equations (Eq. (5.5))

The QSS relations represented by Eq. (5.7) are a special case of the so-called
Kirchhoff’s Flux Law (KFL), representing mass balance at the nodes in reaction route
graphs [31], for the case of a reaction sequence. For the case of the ammonia

decomposition example, it may be written in the form
67, =31, =3r, =31, =3r, = 6r; = 61, = 2r, (5.8)

In order to derive an explicit QSS rate expression we, next utilize our RR graph
approach to logically identify the RLS in the sequence based on resistance comparison of
steps in the sequence. The step that significantly contributes to the overall reaction
resistance can be labeled as the RLS. It should, however, be noted that there could be

more than one RLS in a given sequence.
5.5 RR Graph and Network Analysis

For the considered non-linear reaction mechanism consisting of a single RR, the
construction of the RR graph is rather straight-forward as shown in Figure 5-5. The
connectivity of the reaction steps at the nodes in this RR Graph is governed by the KFL
(QSS), (Eq. (5.7)), expressed as integers as given above, i.e., Eq. (5.8), along with the
FR, i.e. Eq. (5.4).
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Figure 5-5: Reaction Route (RR) Graph for the 7-step NH3; decomposition reaction

mechanism.
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The overall reaction rate can next be written in the Ohm’s law form

A
Tor = RZR
R

(5.9)

where the resistance of the overall network, may be obtained in terms of the branch

resistances directly for the case of a single sequence under consideration as follows.

Using the Ohm’s law for the OR as well as for the individual step in the KPL relation,

App = Zapﬂ we have,

q+1

Rop(rpp) =D 0, {(R )} (5.10)

Further, using the KFL, Eq. (5.7) in the above, i.e., r, =0 ks provides the necessary

relation between R, and R, i.e.,

g+l

Rop = 0%(R) (5.11)

In other words, this results from a combination of KPL, KFL, and Ohm’s law. The use of

Eq. (5.9) along with Eq. (5.11) for r,, requires a knowledge of the step resistances R,.

Unfortunately, the step resistances, in turn, involve step kinetics including concentrations
of intermediate species, which are, of course, not known a priori. We will therefore
follow the alternate Ohm’s law form of kinetics, which is approximate but predictive, as

developed in chapter II. Thus,

(5.12)

where, the overall resistance for this form is R, =1/7,,. The motive force, E,, can be

obtained from the overall reaction reversibility, which is a known quantity.
g+1 " g+1 7 %p g+1 o %
Ep=1-zon =[] =T]| 2| =1] == (5.13)
p=1 p=t\ Tp p=1\ @p
For the ammonia decomposition, the overall driving force, thus
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N2/ N2/ N2/ N2/ - - \3 1 3
o, , w, @, W5 )\ Wy )\ @, Ko P NH;,

In analogy with Eq. (5.11), we have

R, =2 00(R) (5.15)

Combining Eq. (5.14), (5.15) in Eq. (5.12), thus, the overall rate

3
S S— W . (5.16)
4R +4R, +4R; +4R, + R + R¢ +9R; Kor  Prm,

where the step resistance for £, as the driving force (rather than affinity)

R

; _s (5.17)
"o

The resistances R; are next obtained a priori, by treating each of the steps as rate-

determining step (RDS), in turn, and using the QE approximation for the remaining [36],

i.e. following the LHHW approach, along with the notion of intermediate reactions.
Let us, thus, calculate the resistance for step s; as the RDS from Eq. (5.17)

. 1 1
Rl = ey = °
n 0)190,1

(5.18)

with all other steps being at QE. Note that the subscript 1 in & indicates step s; as the
RDS, while others at QE. Then the IRs for the six intermediates may be written based on
the QE steps

IR\ s: (5)ss+(=Dsq: N, +2S 52N-S

IRy s (=1)sg: N,+S SN, -S

IR,s: (—Ds,: H, +2S S2H-S

IR\ps: (=Ds, +(=1/2)s5 +(=1/2)ss +(=1/2)s, 1/2N, +1/2H, +S SNH-S

IRy s (D)s; +(=Ds, +(=1/2)s5 +(=1/2)s¢ +(=1)s; : 1/2N, +H, +S SNH, -S

IRy 0 (=D)s, +(=Dsy +(=Ds, +(=1/2)s5 +(=1/2)s, +(-3/2)s, : 1/2N, +3/2H, +S S NH; -S
(5.19)
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Using these in Eq. 2.25 for obtaining the intermediate site fraction ratio 0,:, o/ 0(; , In

terms of c?)p and a3p of the QE steps, and then substituting into the site balance, i.e., in

to find 1/6;,, which when used in Eq. (5.18) provides

0,0,0,

1. —1+ ( 6’1:1-.3,1 J + { 01:12.8,1 J + ( 91:-.5,1 j n ( 01:11-:-5,1 J + { Q;IH.ZS,I J + [ G;IH:-S,I J (5.20)
90,1 90,1 90,1 90,1 90,1 90,1 90,1

_ 14 |25 @D /a)7 L0 | 0500, 0,0, |00 &
@, ;0 W o, o,\ono, o0\ o o,

In a similar manner, using Eq. (5.17) for the resistance for step s,

ol ot 11 1

Ko O 01:1H3~S,290.,2 @, [‘91:1}13.5,2 j(e. )2

° 0,2
90,2

0,0,0,

———, _ \3/2
;0 \ @,

(5.21)

(5.22)

The appropriate IRs for the six intermediates, with step s> as RLS may be written based

on the QE steps

IR : (—)ss+(=1)s,: N, +2S S2N-S

IRy st (=1)sg: N,+S SN, S

IR, s: (—Ds,: H,+2S S2H-S

IRy s (=Ds, +(=1/2)s, +(=1/2)s, +(=1/2)s, : 1/2N, +1/2H, +S S NH-S
IRy 50 (=Ds; +(=Ds, +(=1/2)s5 +(=1/2)s, + (=1)s; : 1/2N, +H, +S SNH, -S
IRy, st (+D)s; NH, +S SNH, -S

(5.23)

Following a similar procedure for obtaining the intermediate site fractions we have after

some algebra

1 O,0, O w0, @, 00,0, 0,0, 00,0, O
R; = — |1+ [ 2+ |+ [ 2 e 2 |2 (5.24)
a ( 23 j D0y W w, o,\ o0, 0,0\ oo o, @
Similarly, the resistance for step s3
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(5.25)

1
[ ]
R} =— o
Wy NH,S,3 (9. )2
90 0,3
0,3
resulting in
2
1 .0, O o, 0, o.o00, 6006, |0, @
Ry = 1+ |2+ 2+ [ L+ 2+ 2 L+ (5.26)
5 (a)lco2 {a)7J o0, 0, \0, 0,\0,00, 0d0,\0, o
oL =
0,0, \ 0,
For step s4
1 1
Ry =——> (5.27)
@, 6NH~S,4 (0. )2
00 0,4
0,4
resulting in
2
1 0.0, @ . OXOXDOND, DO, O, @
R;= —— 1+ [ 5% 4 Sy S0 OGS A% 15 A (5.28)
& )0, 05 (0, D05 W 2 ) 00,050, @, \ @y |
W = = = =
| 0, D3 (V.
For step ss
1 1
[ ]
R, =— N 5 (5.29)
5 ‘9N»s,5 (0- )2
90 0,5
0,5
resulting in
N3z — o o — _
R* 1 |4 DO0.0, (&] LG |0 8000, &6, |6 &
5 o . . N\2/ _ \3 - - - | = . . PEEE—— — — —
- (a)la)za)3a)4 @, W 0,0;00, \ 0y 253 w; 00,00, 0O, \0, O
Ws| —— = = —
W, 0,00, ;
(5.30)
For step s¢
205

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter V: A Reaction Route Network Analysis of Ammonia Decomposition on Fe

Rﬁ' 24.; (5.31)
Wy HNZ»S,6 (60)
0(;6 0,6
resulting in
o 1
Ré = . _ N2 . s _\3
- [ d0,0,0, | o5 o,
67)160267)367)4 &_)5 667 (532)

(5.33)

resulting in

1

[ ]
R = - X
) 0,00, s Wg
2
Q10N 5 Qs

— B L 13 L —\I3 _ — 2534
14 [D% [ D5 | D00, OO || BOO,0, OO | Oy OO (5.34)
Wy Wy W, 00,000, \ WsWy W, 0,05, 5 g @, \ W50

5

!
!
!
t
t

—_

]!
t
t
t
1
|
I

1

- - = - - — 2/3 P - - —
| @, W0, s WU 3Dy 5D 2
|\ 0,00, 5 W 00, \ ;W @,

Thus, all step resistances are now available in explicit, albeit rather complex, form for
use in the OR rate expression, Eq. (5.16). Even though complex-looking, it is, thus,
possible to obtain a steady state rate expression for this highly non-linear kinetics
example following our approach without making any assumptions pertaining to the RLS
in a tractable manner, which otherwise would be virtually impossible. Further our

approach allows for logical pruning of the rate-expression as explained further.
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Let us first confirm that the rate expression, Eq. (5.16) thus obtained, is in good
agreement with the conventional QSS approximation approach, where a set of non-linear
equations are solved simultaneously in order to evaluate the surface coverage of the
intermediate species, based on which the overall rate is obtained. It must be noted that
this set of non-linear QSS equations can be directly obtained from the RR Graph, Figure
5-5, and is represented by the KFL at the independent intermediate nodes (represented by

color red), i.e.,

n:t—r=0 n:r-r=0 n:rn-r=0;

(5.35)
ng:r,—2r,=0; ng:rn,—r,=0; n,:3r,—-r,=0
Using mass action kinetics, these KFL equations reduce to the following set
(@1‘90 - @19NH3~S) - (@ZGNH3 -590 - aszeNHz~S0H-S) =0;
(@29NH3»390 - &_)ZQNHZ»SGH-S) - (@3‘91\1}12-5‘90 - @39NH»89H-S) =0;
(@3HNHZ~S‘90 — 0,0511.505) — (0,04150) — 0,6556y5) = 0; (5.36)
(0,0150) — 2,0 Or15) = 2(D03 s — @SHNZSHO )=0;
(0,65 s W3Oy, 50, )—(&:0y s — 6,) =0;
3(@69N2-S —w,0,)— (&.)7‘91:3 - @7902) =0
Eq. (5.36) along with the site balance equation,
GNﬁz,S + QNHZ»S +0O0yys +0xs + 9N2.s +0,5+0,=1 (5.37)

can be solved numerically, for given concentration of terminal species (experimental data

provided in Figure 5-4) to obtain the unknown site fractions of intermediate species, 0, .

The QSS rate of the overall reaction may be obtained from the TN, e.g., 6r,, =37 =2r,
(Figure 5-5).

The kinetic parameters provided in Table 5-1, are used in the above two approaches
to compute the steady state overall rate of the reaction for the reaction conditions
mentioned in Figure 5-4. Figure 5-6 compares the rate obtained from the QSS approach
(solving Egs. (5.36) - (5.37)) and that obtained from the alternate electrical circuit
treatment based on the concept of maximum step rate, i.e. Eq. (5.16) along with Egs.

(5.21), (5.24), (5.26), (5.28), (5.30), (5.32) and (5.34).
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Figure 5-6: Parity plot for the experimental data shown in Figure 5-4.
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As is evident from Figure 5-6, the two approaches are in close agreement with each other,
which demonstrates the efficacy of the alternate electrical circuit approach elucidated

above.
5.6 Sequence Pruning

The data may also be used for pruning and further reduction of the mechanism. By
comparing the relative series resistances, one can quantitatively identify the rate-limiting
step(s). Thus, the approach is not limited to the case of a single RLS. Figure 5-7 plots the

seven step resistances, R;, for the given partial pressures of the terminal species as a

function of temperature (Figure 5-4). It is clear from this plot (Figure 5-7) that step ss is
the RDS, since for this reaction sequence; the step has the dominant resistance in

comparison with the resistances of the remaining steps.

Thus, we have,
Ry, =4R’ +4R; +4R; +4R; + R} + R, +9R; ~ R (5.38)

As a result, the overall rate expression for ammonia decomposition over Fe can be

reduced suitably.

)3 (5.39)

v,
OR .
R

Finally the approach also allows for the incorporation of the most abundant reactive
intermediate (MARI) approximation. By comparing 6 p/ N ,» the expression for N -
can be appropriately reduced and so is R;. Figure 5-8 compares the 6 / Opsas a

function of temperature. We, thus, find the adsorbed nitrogen is the MARI, for the

reaction conditions considered in this study, i.e.

1. 14+ ( 91:1-.5,5 ]_l_ ( 91:12.-5,5 ]+ ( 91;-.5,5 ]_1_ ( 91:&:.5,5 J_’_ ( ‘91:11{.2»8,5 J"' ‘91:11{:'5,5 ~1+ ( ‘91:1».5,5 J (5.40)
90,5 90,5 90,5 ‘90,5 90,5 90,5 ‘90,5 ‘90,5
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Figure 5-7: R; as a function of temperature for the experimental data provided in Figure

5-4.
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Figure 5-8: 6, . / 0, 5 as a function of temperature for the experimental data provided in

Figure 5-4.
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Utilizing, Eq. (5.40), R; can be reduced as follows

i
i

[ ]
[u—

N

S |§¢

Q

|

[
N

j } (5.41)

Using Eq. (5.41) in Eq. (5.39), the overall rate expression for ammonia decomposition on

-

t
t
t

—

W,

h s
R, — #2ﬁ3ll+kkkk(
- . () . 2
)0, D, (0,

Fe can be written in the conventional form as

KKK KK (R, p) (1 PP, (5.42)
OR ™~ - .
[1 LK KKK K (Pan, /pll-[j )]2 Kor pI%IH3

where, K is the equilibrium constant for step s, .

The NH3 decomposition on Fe can now be simply written as two-step mechanism as

shown below, with /R, at QE and step s5 determining the rate of the overall reaction

O,

IR :(+1)s; + (+Ds, + (+1)s; + (+1)s, +(+3/2)s, . : NH3+SSN-S+3/2H, +2

IR, : (+1)s5 + (+1)s, :2N-SS N; +S +1
OR: 2NH; S N, + 3H, (5.43)

With step ss as the RLS and others at QE, K,K,K,K,K,” represents the equilibrium

constant for the formation of adsorbed nitrogen, i.e. N-S, as is evident from Eq. (5.43)
Thus,
KK,K,K,K;* =K, (5.44)

Using Eq. (5.44) in Eq. (5.42), we thus, have

(5.45)

OR

- ];5 (KIRI)Z(pI%JH3/pl3-12) (1 1 pszf{Z]
= 2| 2
I:l +Kp (pNH3 /pll-[j ):I Kor  Prn,

Combining the appropriate rate constants in Eq. (5.45), we obtain the following simple

rate expression for NH3; decomposition on Fe,
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kPR, /) L pri,
- 1+k 154 K pz
[ + B(pNH3 /pH2 ):I OR  f"NH,

where, k, =1.230x10" exp(

—93000) (5.46)

k, =1.1090x10° exp(wj
RT

R is the gas constant in J/(mol K) and T is the temperature in K. Eq. (5.46) is in close
agreement with the complete rate expression (Eq. (5.16)) as well as with the numerical
QSS analysis. Further, the form of the above equation is similar to the Temkin—Pyzhev

expression (Eq. (5.2)).

Eq. (5.45) can be used to predict the performance of the packed-bed reactor using the
known kinetics (Table 5-1) for ammonia decomposition on Fe for a given input

conditions, using the mass balance equation for the packed bed reactor [37],

dx, S.C,
NA

7N Yo
Fy,

where C, is the site density (sites/cm’), S, 1s the active catalyst surface area (cm’/g), W

{iﬂpirp_xiiilgp[rpj (5.47)

i=l p=l

is the mass, or weight of the catalyst, and x; is the mole fraction of species i.

As seen from Figure 5-4, the kinetics predictions, without any fitted parameters, are
in reasonable agreement with our experimental data for ammonia decomposition on Fe,
indicative of the robustness of our theoretical approach. Furthermore, Eq. (5.45) also
reveals hydrogen inhibition on the steady state rate of NH; decomposition, in agreement

to the many reported studies in literature.

Finally, Skoplyak et al. [29] attempted sizing of an ammonia reformer for PEM fuel
cell powered automobile application. An inlet ammonia flow rate of 5.40 kg/hr was
calculated for an automobile cruising at 55 miles/hr with fuel efficiency of 55
miles/gallon, and fuel cell efficiency of ~40%. Furthermore, the calculations also
incorporate roughly 10.5% hydrogen produced to be consumed in order to sustain the

endothermic decomposition reaction at 600 °C. With a fuel tank capacity of 18.5 gallons
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of liquid ammonia, the PEM fuel cell vehicle will be able to travel 434 miles, ~27% less
than it would with a gasoline fueled automobile with internal combustion engine. Of
course, for the PEM fuel cell automobile, impact on lower vehicle emissions would be
immense. Finally, only 150 g of Fe catalyst would be required in the reformer in order to
achieve equilibrium conversion. However, it should be noted that trace amounts of
ammonia in the order of 100 — 1000 ppm would be produced, because of thermodynamic
limitations, which needs to be reduced to ppb levels, if the PEM fuel cell is not be
poisoned. This would warrant the incorporation of an efficient adsorber downstream of

the reformer.
5.7 Conclusions

Ammonia can serve as an excellent chemical carrier for hydrogen and allow compact
systems for a single-step hydrogen production. In order to develop efficient ammonia
reformer for fuel cell applications or for direct ammonia fuel cells, it is imperative to
investigate in detail the decomposition reaction mechanism and kinetics. To this end, we
have studied the 7-step NH; decomposition reaction mechanism, which is a case of non-
linear kinetic reaction sequence, utilizing our RR graph approach. The steady state rate
expression can be cast into a simple Ohm’s law form, 7,, = E,; /R;;, which allows
further network pruning based on step resistance comparison to logically identify the
rate-limiting step(s). The analysis based on comparison of step resistances, reveals
unequivocally that the reaction mechanism can be reduced to a single rate-limiting step,
namely the recombinative desorption of nitrogen, step ss (2N-S 5 N,-S + S), for the
reaction conditions considered in this study. Moreover, the analysis also allows for
incorporation of the MARI assumption. Comparison of species surface coverage reveal
the adsorbed nitrogen, N-S is indeed the MARI, agreeing with most of the literature
reported studies. These simplifications allows for further reduction of the steady-state rate
expression. The final simple rate expression is in good agreement with our experimental
data on Fe. Thus, the convenient and insightful new framework based on electrical
analogy described here, makes it possible to obtain steady state rate expressions without

making arbitrary assumptions.
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Finally, CO,-free, SO,-free and NO,-free hydrogen from a single-step source like
ammonia decomposition can be an attractive alternative to hydrocarbon fuels for small-

scale fuel cell applications.
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Chapter VI
Reaction Circuitry of Methane Steam Reforming on

Ni(111): Mechanism and Kinetics

In the preceding chapters we have utilized the RR Graph approach for single overall
reaction systems. In this chapter, we extend this approach to provide a robust model, with
predictive kinetics for methane steam reforming (MSR) on Ni(111), a case of multiple
overall reactions. A detailed mechanism comprising of 22 elementary steps is considered
based on literature reported mechanisms. The Unity Bond Index — Quadratic Exponential
Potential (UBI-QEP) method and the transition-state theory are employed to calculate the
elementary reaction step kinetics.

Following our RR graph approach, the 22-step mechanism is whittled down to a dual
path mechanism for MSR, depending upon the reaction temperature. Further, only two
independent overall reactions out of a total of five are necessary to adequately describe
the system. Rate-limiting steps and quasi-equilibrated steps are next identified based on
the concept of step resistance and reversibility, respectively, following which explicit rate
expressions are developed. Finally, a comparison between the reduced model predictions
for an isothermal PFR and the experimental results of Xu and Froment [1] is presented,

showing good agreement.
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6.1 Introduction

Natural gas is the preferred feedstock for hydrogen production via steam reforming
(SR), as well as for direct internal reforming [2-5] in solid oxide fuel cells (Figure 6-1).
Natural gas consists mostly of methane [6], and has the highest H/C ratio and, thus, the
lowest CO, footprint of any hydrocarbon fuel. Methane steam reforming (MSR),
typically on Ni, is currently the most common industrial process for the production of
hydrogen [7], producing roughly half of the hydrogen worldwide. For this reason, the
kinetics of the process has been intensively investigated [1, 8-11]. Most of the proposed
kinetics and the underlying mechanisms have been developed using the conventional
Langmuir-Hinshelwood-Hougen-Wantson (LHHW) approach. Here, for brevity, we

mention only a selection of these models.

Early work on MSR was based on the assumption that the methane adsorption was
rate-determining, which was in agreement with the assumption of first-order dependence
on the methane. For example, Bodrov et al. [12] assumed methane adsorption to be rate-
limiting and proposed the following expression based on experiments conducted over a

nickel foil

.= kch4
1+ a(szo / Py, )+bpeg

(6.1)

However, this could not explain the observed hydrogen inhibitive effect. Khomenko et al.
on the other hand [13] proposed the following rate expression without considering a RDS

and relying instead on the QSS analysis in terms of Temkin indentity

kpCH4pH20 (l—l pilzpco ] 6.2)

=
f(pl-lzoﬂ Py, )1+ KHZOPHZO /PHZ ) K Pcu, Pu,o

where f(py,o,py,) 1s a polynomial in p, , and p, . However, when this expression

was tested at high pressure over a nickel foil, the rate constant was found to be a function

of pressure.
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Temkin and coworkers [8] proposed two different, 6-elementary reactions, 2-reaction

routes (RRs), two OR mechanisms shown below, that result in the same overall rate

expressions.
RRy RRy
St CH4+S S CH,'S + Hy +1 0
$2: CH;-S + H,O 5 CH,0-S + H, +1 0
53 CH,0-S +S 5 CO-S + H, +1 0
841 COSSCO+S +1 0 (6.3)
Ss: H,0+S S OS+H, 0 +1
S6: CO+0SSCO+S 0 +1
RR;: CH; +H,O S CO +3H, rn=rnr
RRy;:  H,0+CO S CO,+H, r="rs
RRy RRy
S1: CH4;+S S CH,S + H +1 0
$2: CH,S S C-S+H, +1 0
$3: C-S+H,0 5 CO'S +H, +1 0
841 COSSCO+S +1 0 (6.4)
§s: H,O0+S S 0O-S+H, 0 +1
Sé: CO+0SSCO+S 0 +1
RR:: CHs+HO S5 CO+3H; rn=r
RRy;: H,O+CO S CO,+H, =7

According to the first mechanism, the CO is produced via carbon oxygenates while in the

second mechanism, the CO is produced via elemental carbon. In both mechanisms, the

CO; is produced via the WGS reaction. It may be noted that in both of these mechanisms,

the SR and the WGS reactions proceed independently, i.e. they have no common steps.

The rate equations were derived employing the QSS assumption for the species written in

bold letters. It can, however, be easily seen that most of the proposed reactions are not

elementary reaction steps.
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Interconnect

Interconnect

Figure 6-1: Direct internal reforming (DIR) on Ni/YSZ anode in a SOFC [14].
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A 13-elementary reactions, 3-RRs mechanism shown below, has been proposed by

Xu and Froment [1], which was an advancement over the mechanism proposed by

Temkin.
RR; RRy RRyy

S1: CH4 +S S CHys'S +1 +1 0 QE
So: H,0+S S5 O-S+H, +1 +2 +1 QE
83 COSSCO+S +1 0 -1 QE
S4: COS S CO,+S 0 +1 +1 QE
Ss: H-S+H'SS HyyS+S +3 +4 +1 QE
S HySS Hy +S +3 +4 +1 QE
57: CH4S+S S CH3S + H-S +1 +1 0 QE
S3: CH;3S+S S CH,'S + H-S +1 +1 0 QE (6.5)
S9: CH,'S+0'S 5 CH,0-'S+S +1 +1 0 QE
S10: CH,O'S+S S CHO'S + H-S +1 +1 0 QE
S11: CHO'S+S S CO'S+H-S +1 0 0 RDS
S12¢ CHO'S + O-S 5 CO'S + H'S 0 +1 0 RDS
$13: COS+0 S5 CO,S+S 0 0 +1 RDS

RR;: CHs;+H,O0 S CO+3H, r=r

RRy: CH4+2H,0 5 CO; +4H, =T

RRy: H,O+CO S CO, +H, ror=r3

The following rate expressions were developed for the three overall reactions in the Xu
and Froment model, derived using the LHHW formalism, with CHO'S + S = CO'S +
H'S, CHO'S + O'S =CO,'S + H'S and CO'S + O'S = CO;'S + S assumed as rate-limiting
steps (written as bold in Eq. (6.5)), S being a surface site.

1

k 92 1 3
_ 1PCH4ino 0ol L Pu, Pco (6.6)
Py, K, Pcu, Pu,o

for RR;: CH4+H,O S CO +3H,

)

_ kzPCH4p}2120‘902 l—i p;‘lzpco2 6.7)
pf{: K, pCH4p12120
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for RRy;: CHy +2H,O S CO, + 4H,, and

k 6;
r= 3PcoPu,o0% I—L Pu, Pco, (6.8)
Py, K5 PeoPuyo
for RRy;: H O+ CO S CO, + Hy

Furthermore, it was also assumed that the surface is mostly covered with adsorbed

oxygen atoms in addition to CO, H, and CHy. Thus, in the Xu and Froment model,

1
6 =
’ 1+ Koo Feo +KH2PH2 +KCH4PCH4 +KH20PH20 /PH2

(6.9)

The resulting rate equations were fitted to the experimental data and were shown to
accurately reproduce and predict the kinetics over a large range of parameter values. The
model predicts the order of methane consumption rate with respect to methane to be

significantly lower than unity.

Since the work of Dumesic and coworkers [15] and the recent dramatic advancements
in semi-empirical [16] and ab-initio [17] quantum chemical methods of calculation of the
energetics of the elementary reactions, microkinetic modeling is becoming an
increasingly powerful tool in the development of fundamental and accurate kinetics of
heterogeneous catalytic reactions [18, 19]. Moreover, the mechanism of steam reforming
(SR) is complex and there is always the potential for carbon formation on the catalyst in
the SR process by a variety of mechanisms, i.e., whisker formation following C
formation, dissolution, nucleation and growth, etc. Recently, the propensity to coking
shown by Ni catalysts was explained by the strong adsorption of carbon atoms at the step
sites on a Ni(211) surface, followed by the growth of graphitic carbon over the adjacent
terrace sites [20]. Bengaard et al. [21] based on their DFT calculations also suggested the
nucleation of graphite on Ni at step sites. It is, thus, known that the Ni catalysts normally
suffer from carbon formation (Figure 6-2), and a rational kinetic model needs to
incorporate the same for a realistic portrayal of the reaction mechanism. This aspect has

certainly not been considered in the Xu and Froment [1] model.
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cO C-source H»/H.O/CO»

Figure 6-2: (a) Sequence of elementary steps for CH, reforming involving C formation

[9]. (b) Schematic representation of catalytic growth of carbon nanofibres (CNF) [22],

Step 1: decomposition of carbon-containing gases on the metal surface. Step 2: carbon
atoms dissolve in and diffuse through the bulk of the metal. Step 3: precipitation of

carbon in the form of a CNF consisting of graphite
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Thus, more recently a 11-elementary steps, 2 RRs, microkinetic model for the MSR on
Ni was proposed by Aparicio [10] as shown in Eq. (6.10), which incorporates the C

formation mechanism.

RR; RRy
1 CH4+2S S CH3S+H-S +1 0
82 CH5'S +S S CH,'S + H'S +1 0
83 CH,'S+S S CH'S+H-S +1 0
S4: CHS+SSCS+H-S +1 0
Ss: H,O +S S H,0-S +1 +1
S6: H,O-S+S S OH-S + H'S +1 +1 (6.10)
7 C-S+OH'S S CHO-S; +1 0
Sg: CO, +2H'S +2S S CHO'S, + OH'S + S 0 -1
S9: CHO'S; +S S CO'S, + H'S +1 -1
S10: COS, SCO+2S +1 -1
S11: 2HS S H, +S +3 +1

RRy: CH; +H,O S CO + 3H,
RRy: H,O+CO S CO, +H,

Most of the pre-exponential factors and activation energies of the elementary
reactions in this model were theoretically estimated using the experimental molecular
level information and statistical thermodynamics. Nonetheless, the rate constants of some
of the elementary reactions were determined by fitting the model to the experimental
kinetic data. More recently, the Aparicio model has also been adapted for dry (CO,)
reforming of methane [23]. For example, Avetisov et al. [24], have utilized the Xu and
Froment as well as the Aparicio models to analyze their experimental data. The kinetic
parameters were obtained using mathematical regression by minimizing the sum of
squares of relative deviations of experimental and calculated values of CH,4 conversion
and CO; yields.

Using power law model of the form

r = kplsy, Do, (6.11)
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Bhat and Sachtler [25] reported the dry reforming of methane to be first order in CH4 and
zero order in CO,, indicating that C—H bond activation is the kinetically relevant step in
CHy4 reforming reactions. The H, and CO, desorption reaction were found to be
kinetically fast. Rostrup-Nielsen and Hansen [26] suggested that steam reforming and dry
reforming of methane on Ni catalyst proceed with the same rate, and the CH4 dissociation

and C oxidation were predicted to determine the overall reaction rate.

Wei and Iglesia [27, 28] proposed a simple reaction mechanism for both steam and
dry reforming of methane on Pt and Rh. The activation of C—H bonds was considered to
be irreversible and first abstraction of hydrogen from CH4 (CH4 + 2S — CHj3'S + H-S)
was shown to the RDS, regardless of the co-reactants. This indicates that the reactivity of
the metal towards C—H bond activation governs the overall reaction kinetics. On the other
hand, study by Xu and Froment [1] implies that reactions of carbon intermediates with

oxygen are rate-limiting.

Chen et al. [29, 30] used Aparicio’s microkinetic model [10] as basis for their model
that included carbon formation and deactivation. Bond Conservation Energy (BOC)
method was utilized to calculate the step activation energies. The model described both
dry and steam reforming of methane on Ni/MgO-Al,Os; and Ni/CaO-ALL,Os in a
temperature range of 773 — 923 K. The sensitivity analysis by the authors revealed that
the reaction mechanism could not be reduced to a case of single RDS, clearly
demonstrating the limitation of conventional LHHW-type kinetic modeling based on a
single RDS. The microkinetic modeling [30] concluded that although the surface
coverage of C-S is relatively low, it plays a very important role in syngas formation.
Moreover, the surface coverage of C-S was found to be larger than that of CHj3-S, CH,'S
and CH-S.

Jarosch et al. [31] utilized the Box-Hill function to statistically analyze six different
literature reported models, concluding that the adsorption of methane plays a significant
role in order to determine the observed rate of methane consumption in MSR. Bradford
and Vannice [32] reported the reaction kinetics of dry reforming of CH,4 over various
nickel catalysts and proposed a reaction model based on CH,4 activation to form CH, and

CH,O decomposition as slow kinetic steps.

226

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VI: Reaction Circuitry of Methane Steam Reforming on Ni(l I |): Mechanism and Kinetics

CHylg)

CHyOH{g)

Figure 6-3: Reaction mechanism for methane reforming on Ni [33].
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Hu and Ruckenstein [34, 35] employed a transient response analysis to study the reaction
mechanism over Ni/SiO; and Ni/MgO, and found that the surface reaction between C-S

and O-S constitutes the RDS.

Over the last decade, there has been a surge in first principles prediction of steam and
dry reforming of methane. Blaylock et al. [36] combined thermodynamic data with
electronic activation energies and developed microkinetic model to simulate steam
reforming of methane under realistic conditions. The rate-limiting steps were found to be

the CH4 dissociative adsorption and the CH-S oxidation by O-S as well as OH-S.

Wang et al. [37, 38] based on their DFT calculations suggested CH4 dissociation to be
the RDS. However, the contribution of OH-S was neglected by the authors. Jones et al.
[39], implemented DFT analysis using DACAPO code for a 9-step MSR reaction
mechanism and predicted the catalytic activity trend as Ru > Rh > Ni > Ir > Pt ~ Pd,
under the assumption that the support effects were negligible. Even though this agrees
with the experimental trend, the analysis was based on a LHHW-type of rate expressions,
derived by assuming CHy + 2S S CH3'S + S and C'S + O'S 5 CO-'S as RLSs. As
elucidated earlier, such an analysis based on assumed RLS with experimental validation
is fraught with the risk since more than one such rate expression can agree with the
experimental observations. Moreover, for complex catalytic systems such as methane
steam reforming, the RLS can very change with reaction conditions. In fact, Zhu et al.
[33], very recently, investigated the dry methane reforming on Ni using Vienna ab initio
simulation package (VASP) using a 34 elementary reaction step mechanism as shown in
Figure 6-3 and suggested that RLS step does vary with reaction conditions based on

comparison of the activation energies.

Thus, the kinetics of steam and dry reforming of methane have been investigated in
great detail because of the industrial importance of the reaction system. Nonetheless,
there is still considerable disagreement among the various reported studies in terms of
mechanism and the kinetics providing detailed information of elementary reaction steps.
It is the objective of this chapter to shed light on the reaction mechanism and logically

identify the RLS(s), based on which a reaction rate expression can be derived which
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would be useful for reactor design as well as rational design for a better anode catalyst for

SOFCs.

In the preceding chapters we have utilized the RR Graph approach for single overall
reaction systems. Here, we extend this approach to provide a robust model, with
predictive kinetics for the MSR on Ni(111), a case of multiple overall reactions. A
detailed mechanism comprising of 22 elementary steps is considered based on literature
reported mechanisms. The Unity Bond Index — Quadratic Exponential Potential (UBI-
QEP) method [16] is, utilized to calculate the enthalpy changes as well as activation
energies of the elementary reactions of the forward and reverse directions. Further, the
pre-exponential factors are estimated using the conventional transition-state theory [15].
Fine-tuning of some of the pre-exponential factors of the adsorption/desorption reactions,
however, was necessary in order to be consistent with the known thermodynamics of the

overall reactions.
6.2 Reaction Mechanism and Kinetics

A comprehensive summary of the literature reported mechanisms is provided in Table
6-1. We only consider CHg4, H,O, H,, CO and CO; as the terminal species. Thus, reaction
steps with any other terminal species, e.g. formation of methanol as a side product,

considered by Zhu et al. [33], has not been included in our analysis.

Of course, the idealistic approach would be to include all possible elementary
reaction steps, provided their kinetics are available or can be predicted and assemble the
same into a RR graph for mechanistic and kinetic analysis. However, the approach is, in
fact, most revealing when used along with some a priori pruning based on chemical
intuition. It is easy to see that many of the literature proposed steps are either not
elementary reactions, i.e., they cannot be treated theoretically, or don’t have kinetic and
energetic parameters available. Clearly, including all of these steps would result in a RR
Graph that is exceedingly complex, and would serve to obfuscate rather than illuminate.
We, thus, judiciously picked a 22 steps mechanism which is considered to be

comprehensive, but without causing undue complexity.
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The mechanism adopted in this study comprises of the 13-step mechanism proposed
by Xu and Froment [1]. However, it should be noted that the step H, O + S S O-S + H,
proposed by Xu and Froment [1] is certainly not an elementary reaction and is replaced

by the following steps in order to be able to predict the step kinetics a priori.

%
51 H0+S S H,0S +1
sss  HS+HSSHyS+S +1
s¢.  HySSH,+S +1 (6.12)

57 H,O-S+S S OH-S+HS +1
Sg: OH'S+S S O S+H-S +1
IR;: H,0O+S S O0S+H,

Steps s1; (CH'S + S S CH'S + H-S) and s, (CH'S + S 5 C-S + H-S) were next
added which describe the sequential formation of carbon species, C-S, suggested by many
in the literature as shown in Table 6-1. Steps sy through s, represent successive
abstraction of hydrogen from adsorbed CHy, i.e., CH4'S to form CH,-S. The, thus formed
CH,'S can further react with the adsorbed oxygen to form CH,O-S. Thus, steps sio
through s,, and step s;3 have also been considered in our reaction mechanism so as to

account for oxygenated carbon species.

Here, we utilize the semi-empirical Unity Bond Index—Quadratic Exponential
Potential (UBI-QEP) method (formerly known as the Bond Order Conservation—Morse
Potential, BOC-MP) to calculate the activation energies of the elementary reaction steps.
The accuracy of UBI-QEP method to calculate energetics for a wide variety of complex
reactions within 1-3 kcal/mol is well documented [16, 40-43]. The method solely depends
on bond dissociation energies and heats of chemisorption. The heats of chemisorption,
can in turn, be calculated from UBI-QEP formulation, first principles calculations or
derived from reliable experimental measurements. Complete details of the UBI-QEP
method can be found in Reference [16]. The bond dissociation energies and heat of

chemisorption have been reported for a number of species in the literature [43-45].
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Table 6-1: Literature reported mechanisms for methane reforming.

Xu and Froment
[1]

Aparicio [10]
Hou and Hughes

[46]

Wei and Iglesia
[28]

Erdohelyi et al.
[47]
Efstathiou et al.
[481

Deutschmann and
Schmidt [49]
Bizzi et al. [S0]

Chen et al. [30]

Yang et al. [52]

Aghalayam et al.

Alstrup [55]

Pistonesi et al. [S6]

Jones et al. [39]

Zhu et al. [33]

S

CHs+S S CHy'S

> | Jarosch et al. [31]

$2

H,0+ S 5 H,0'S

<

=

§3

COSSCO+S

| <

eltalle

XXX Galea et al. [20]

XXX Avetisov et al. [S1]

S4

COySS5CO,+S

ittt

XX [ |>| Hecht et al. [3]

itk

lisitalle

< |

eltalls

S5

HS+HSSHyS+S

Se

HQ'S s H2+S

X R [

§7

H,O'S+S S OH'S+H'S

S8

OH'S+SS O S+HS

liitalke

| <

ol

<

=

S9

CHysS+S S CHy'S+H'S

eltadlel

S10

CH3S +S 85 Cst +H-S

| <

811

CHyS+S S CH'S+H'S

ke

S12

CHS+SSCS+HS

lialle

lialle

il italtaltaltel

ltitalke

§13
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il talbatbad ke

liitalle
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P PR PR PR P P4 4

il balbalbad ke

PR PR P R4 [ 4| [ X< Wang et al. [53]

lisitalle

lialltalls

liitalle
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Cst +0SS CHzOS +S

S5

CH,O'S+S S CHO'S+H'S

S16

CHO'S+S S COS+HS

S17

COS+0SSCOyS+S

ol

il bl bt e e e e P P P e P e

S8

CHO'S+ 0SS5 COyS+H'S

liitaltalke

it

eliaitaitalle

S19

CH3S +0SS CH3OS +S

$20

$21

CHO'S+S S CH'S+0OS

eltalke

8§22

CH'S+0'S 5 COS+HS

PR PR PR PR PR PR DK 4 | | PR PR P D < 4[4[ < < < | 4| WPT (This work)
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Xu and Froment
[1]

Aparicio [10]

[46]

Hou and Hughes
Hecht et al. [3]

Wei and Iglesia

[28]
Erdohelyi et al.

[471
Efstathiou et al.
[48]

Schmidt [49]
Bizzi et al. [S0]
Galea et al. [20]

Avetisov et al. [51]
Chen et al. [30]

Deutschmann and
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WPI (This work)
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Further, it should be noted that according to Patrito et al. [57], when the surface coverage
of oxygen is high, the equations governing the prediction of the heat of adsorption of OH
species indicate a lower value as compared to zero-coverage. This is the consequence of a
true electronic effect of the surface coverage rather than adsorbate-adsorbate interactions.
At low oxygen coverages, hydrogen bonding allows for attractive interactions between
adsorbed hydroxyls leading to a higher heat of adsorption for OH. The difference is
typically 20-30 kcal/mol. The activation energies of the elementary reaction steps
including the OH-S species were calculated in this study including the “OH effect” that
allows for lateral interaction and takes into account the formation of hydrogen bonds

between OH groups.

Following Dumesic et al. [15], furthermore, we simply assume an immobile transition
state without rotation for all of surface species, which results in a pre-exponential factor
of 10' Pa's™ for adsorption/desorption reactions, and 10" s™ for surface reactions.
However, this simplification can provide results that are inconsistent with the overall
reaction thermodynamics. Thus, some of the pre-exponential factors, namely, those of
steps s1, 3, s11, and s;5 were adjusted somewhat to ensure consistency with the
thermodynamics of the overall WGS and MSR reactions. The pre-exponential factors,
thus, obtained are shown as bold in Table 6-2, while the ones in the opposite direction
were obtained from Lund’s approach [58] described in chapter III. The Lund’s approach,
however, requires the knowledge of the entropy change for the elementary reaction which
can be obtained from the species entropy. The standard entropy of formation of a surface

species, I;-S is based on the assumption that adsorption causes a total loss of translational

o

were taken from
I (8)

entropy, while the entropy values for species in the gas phase, S

standard sources [59].

The complete kinetic model for the 22-step reaction mechanism considered in this

study is provided in Table 6-2.
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Table 6-2: The microkinetic model for methane steam reforming on Ni(111). The letter

‘S’ denotes a surface site. Activation energies in kcal/mol (€ — 0 limit); the units of the

pre—exponential factors are atm ' s for adsorption/desorption reactions and s~ for

surface reactions.

—

—

E, A, Elementary Reactions E, A,

s 0.0 55892 x10° CH:+S 5 CHyS 6.0  3.0518 x10"
s 0.0 1.0 x10°  H,0+S S H,0S 16,5  3.6415 x10"
sy 27.0  8.0718 x10°® CO'S5CO+S 0.0 1.0 x10°

sat 65 1.3917 x10'* CO»S S CO,+S 0.0 1.0 x10°

sst 2335 1.0 x10”®  HS+HSSHyS+S 8.15  8.5516 x10"
se: 6.8 13487 x10'"” HySSH,+S 0.0 1.0 x10°

s7 1441 1.0 x10®  H,O-S+S S OH'S+H-S 2041 82516 x10"
sgt 21.1 1.0 x10®  OH'S+S S O-S+HS 196  6.7606 x10"
so:  13.76 1.0 x10®  CH4S+S 5 CH3S+H-S 13.34  1.6984 x10"
si0 23.87  1.0x10®  CHyS+SS CHyS+HS 11.87  4.5019 x10"
si: 2321 4.0 x10"*  CHyS+S S CH'S+HS 17.61  6.4334 x 10"
si: 4.52 1.0 x10® CHS+SSCS+HS 4152 8.6385 x10"
s;3p 35.38 1.0 x10® CS+0SS5COS+S 33.38  2.5919 x10"
st 2419 1.0 x10%  CHyS+0-SS CHOS+S 23.89  1.3112 x10"
s;s: 1062 1.8 x10"”  CH,O-'S+S S CHO'S + HS 1722 4.1806 x 10"
si. 0.0 1.0 x10®  CHO'S+S S CO'S+H-S 23.1  1.1825 x10"
si7: 15.18 1.0 x10®  CO'S+0'S S COyS+S 6.68  2.3989 x10"
sig0 10.1 1.0 x10"®  CHO'S+0-S 5 CO»'S+H'S 247  2.8367 x10"
sie0 20.88 1.0 x10®  CH3S+0'S S CH;0-S+S 12.78  2.3989 x 10"
s200 9.49 1.0 x10®  CH;0'S+S S CH,O'S + H'S 529  2.4607 x10"
sa: 3482 1.0 x10®  CHO'S+S S CH'S+0-S 2292 52813 x10"
sp» 1137 1.0x10®  CHS+0'SSCOS+HS 46.37  2.2390 x 10"
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6.3 Multiple Overall Reaction System: Which and how many ORs

are important?

The question next arises as to how can one obtain a comprehensive set of ORs for a
multiple overall reaction mechanism? In fact, innumerable ORs can be written for a
specified set of reactants and products. How does, then, one determine which ORs are
germane? Which of these ORs are really occurring, and which are superfluous? Does one
need a rate expression for each of the chosen ORs? How many of these are unique?
Further, how many are independent? The MSR is generally represented by the following
reversible set of ORs [1, 60]

OR: CH,+H,05CO+3H,
OR,: CO+H,05CO, +H, 6.13)
OR, : CH, +2H,05CO, +4H, '

OR,:  CH,+CO,52CO +2H,

where the significance of ORj4 in this system, namely the CO; dry-reforming of methane
[61], has been the subject of much recent discussion as a potential route for the abatement
of green house gases, namely CO; and CH4. In fact, in this case, only two ORs are
adequate to describe the system, not for instance three, i.e., OR;, OR;, and ORj, as
assumed by Xu and Froment [1], in their seminal study of this very important industrial

reaction system.

The number and identity of ORs whose rate expressions are needed to describe the
kinetics in a multiple OR system, thus, remains a source of confusion. It is shown here
that such questions are, in fact, superfluous. What actually matters is the list of the
terminal (reactants and products) species, along with the list of elementary reaction steps
occurring on the catalyst surface representing the molecular mechanism. The ORs are
simply our invention to try to rationalize the overall stoichiometry of the process, which
can rarely be captured by a single OR. It is the mechanistic steps that represent the real

molecular events, not the ORs.

Moreover, ORs also need to be “direct,” in the sense that they have a limitation on the

number of species that can participate in them. For systems based on the elements C, H,
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and O, this is actually 4 as shown below. Since ORs do not involve intermediate species,
they may, in fact, be derived directly from the set of given terminal species, and their
constituent elements, as the so-called response reactions, or RERs [62]. In this approach,
the n terminal species are considered as made up of » “elements,” or chemical building
blocks, which are the radicals, or molecular fragments, that remain unchanged among the
given terminal species. These are selected such that the rank of the formula matrix is
equal to the number of elements 7, and are frequently, but not always, the actual chemical

elements [62]. For instance, the formula matrix for the MSR case is:

C H O

CH,
H,O
e=CO
CO,

H2

(6.14)

N = = O

O = = O
N O O N

which has a rank, » = ranke = 3. Thus, for this case, C, H, and O are appropriate

“elements.”

It is, furthermore, known from chemical stoichiometry [63], that the number of
linearly independent ORs, m, is related to the number of terminal species # and the rank
of the formula matrix » via m =n—r. For the MSR case considered here, for instance,
with n = 5 (CH4, H,0, CO, CO, and H;), and » = 3, the number of independent ORs,
m=5-3=2.

As a result, the number of terminal species involved in a direct OR =
n—(m—-1)=n—(n—r)+1=r+1. For instance, for the MSR case, the maximum number
of terminal species in a direct OR =3 + 1 = 4. Thus, a complete enumeration of direct
ORs may be accomplished by considering all possible combinations of 4 terminal species

from among the total of 5. This results is M = 5 distinct direct ORs:
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OR(CH,,H,0,CO,H,)=0R:  CH, +H,05CO+3H,
OR(H,0,C0,CO,,H,)=0R,:  CO+H,05CO, +H,
OR(CH,,CO,CO,,H,)=0R,:  CH, +2H,05CO, +4H, (6.15)

OR(CH,,H,0,CO,,H,)=0R,:  CH, +CO, 52CO +2H,
OR(CH,,H,0,C0,CO,)=0R,: CH, +3CO, 54CO +2H,0

Thus, while unique, all the ORs (Eq. (6.15)) are not all linearly independent, as some of
these ORs may be generated by linearly combining an independent set of ORs. Further,
since the number of linearly independent ORs for this system is simply 2, we may pick
any appropriate set. Thus, we pick OR; and OR; as the independent ORs for further
analysis here. The remaining ORs may, thus, be derived from these via linear

combination. For instance, OR, = OR, —OR,, OR, = OR +OR, and OR;=OR, -30R,.

This choice of independent ORs is not unique. Any other set would also suffice.

Finally, it may be mentioned that additional constraints may be imposed to reduce the
set of direct ORs further. For instance, we could reject direct ORs involving
stoichiometric coefficients larger than say 3, in which case ORs would be rejected.
However, this is not necessary, as a set of independent ORs, i.e. any two ORs in this case,

is all that is needed for further analysis.
6.4 Reaction Route Graph

Before we can generate the RR graph for MSR on Ni, we need to identify the
independent reaction routes (RRs) for the two independent overall reactions, OR; and
OR;. In doing so, we take into account that steps s, ss, S¢, 57 and sg should be present in
all stoichiometrically distinct RRs for both the ORs. The combination of these steps, in
fact, represents the intermediate reaction IR;: H,O + S 5§ O'S + H, considered by Xu and
Froment [1]. Thus, the combined IR, is utilized only for drawing the RR graph, while for

kinetic analysis, individual steps s2, ss, S6, $7 and sg with a priori kinetics are employed.

It should be noted that this step is not essential, and the number of stoichiometrically
distinct RRs, in the absence of this assumption would be different since we are altering
the g value. However, all we are concerned is with the independent set of RRs, and not

with the most exhaustive list of RRs for a given OR.
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Table 6-3: 20-step lumped mechanism for MSR on Ni.

S1:

IR11

S3.
S4.
Ss.
Se6-

S9.

S10-
S11+
S12:
S13-
S14:
S15.
S16-
S17-
518
S19:
S$20-
S21-

S22:

CH4+S S CHs'S
H,O0+S S OS+H;
COSS CO+S

COySS CO,+S
H'S+H'SS HyS+S
HySS H, +S

CH4S+S S CHs'S+ H'S
CH3S+S S CHy'S+ H'S
CHyS+S S CH'S+H-S
CHS+S S C-S+H-S
CS+0SSCOS+S

CH,'S+0O-S 5 CH,O-S+ S
CH,O'S+S S CHO'S + H-S

CHO'S+S S CO'S+H-S
COS+0SSCOyS+S

CHO-S +0-S 5 CO»S+H-S
CH3'S+0O-S 5 CH;0-S+ S
CH;0-S +S S CH,O-S + H-S

CHO'S+S S CH-S+O0-S
CH-:S+0O-S S CO-S+H-S
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Thus, the lumped mechanism considered for generating the RR graph is provided in

Table 6-3. The number of independent RRs for the reaction system is given by = p —gq.

We have 20 elementary reactions, and 13 independent intermediate species (after
combining s;, §s, S¢, §7 and sg into IR;), thus, u = 20 — 13 = 7. Thus, we may pick 5
independent ERs and one FR for each of the two independent ORs. For instance, we may

pick the independent RRs set as

FR, :OR, = (+1)s; + (+DIR, + (+1)s; + (+2)55 + (+2)5, + (+1)sy + (+1)s,, + (+1)s;, + (+1)s), +(+1)s,5

FR, :OR, = (+D IR, + (=1)s, +(+1)s, +(+1)s,,
ER :0=(+1)s,, +(+1)s;, + (=1)s;5 +(=1)sy,
ER, :0=(+Ds;; +(=Ds;, +(=Ds;s +(=Dsy,
ER, :0=(+1)s,, + (+1)s;; +(=1)s,,
ER, :0=(+1)s;s +(=1)s,, +(=1)sy,
ER, :0=(+1)s,4 + (+1)s,; +(=1)s}q

(6.16)
It can be seen that this set of 7 RRs (2 FRs and 5 ERs) comprises of all the 22 reaction
steps and is, thus, an adequate independent set. This set is, of course, not unique, as other
sets of x independent RRs may be chosen that fit these criteria. However, this set is
enough to draw the RR Graph, from which the complete set of unique RRs can be

determined fopologically, as walks, once the RR Graph is constructed, which is however,

not a prerequisite for further analysis.

We start by assembling the empty routes one at a time in to a cycle graph by fusing
the ERs by their common steps. For e.g., ER; can be fused with ER; as they have step 514
in common. ER4 can be next added by fusing it with ER; via the common step s;;. ERj3 is
next fused to ER4 along the common step s2,. Finally, the last of the independent empty
routes, ERs is added to ER4 via the common step s;6 to generate the cycle graph shown in

Figure 6-4a.

The nodes in the cycle graph are next checked, so as to identify the already balanced
nodes, i.e. the nodes which agree with the mass balance conditions (or KFL) for the

intermediate/terminal species provided in Table 6-4.
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O Peripheral Nodes

. Balanced Intermediate Nodes S12 _,».\

S11 $22 S13
‘( $21
10 S14 S16 S17

s
C{ b_sls S 18—%
519 520

‘4‘ Cycle Graph

e
Implies two steps in parallel across
the respective nodes as shown below

" m

Figure 6-4a: Systematic construction of the RR Graph for the MSR reaction mechanism.
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Figure 6-4b: Systematic construction of the RR Graph for the MSR reaction mechanism.
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Table 6-4: QSS Conditions for Intermediates and Terminal Species in the lumped MSR

reaction mechanism.

Intermediate Species:

QCH4-S: h=1,=0

Ocn, s - Ty =Ty =Ty =0

Ocn, s Ko—hi—hs =0

Ocus * Ky —Hhy+hy —hy =0

Ocs iy —h; =0

Ocnos - o =T =0

QCHZOS: Ky —lhs+1 =0

Ocros * Bis —he —hsg =1 =0

Ocos —I Ty g~y 1, =0

Oos: ’?Rl_”13_”14_”17_7”18_”19‘1'7”21_”22:O
Ohs: =215+ By o T 1y s g g 1, =0
QHZ-S: rs—1,=0

Oco,s" —1, 1+ =0

Terminal Species:

O, ~Tor, =1 =0

Ouot ~Tor, ~Tor, ~ T, =0
Oco: Tor, ~tor, 15 =0

Oy, 3ron, +Tor, i T =0
Oco, Tor, +7, =0
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Next, note that FR; consists of non-unit stoichiometric number, suggesting that the RR

graph will contain each step s, as well as the OR more than once, which must

furthermore be symmetrical. This is achieved by duplicating the cycle graph as shown in
Figure 6-4b. The only steps missing are sy, ss, S6, So and s3. We note here, that steps sy, ss,
¢, So will be present in all stoichiometrically distinct RRs for OR;, while s3 corresponds

only to OR,.

In order to present the RR graph in less complex looking form, we combine s, ss, S,

So into IR,.
%
S CH; +S S CH4'S +1
S5. HS+H-SS H,yS+S +2
S6. Hy»SS H, +S +2 (6.17)

S9: CH4S+S S CHyS+H'S +1
IR,:  CH4+3H-S S CH3S +2H,+ 28

Finally, we add IR, and step s3 to the cycle graph as shown in Figure 6-4b. The final step
in the construction of the RR graph is the addition of the ORs, completing the
connectivity of TNs. Finally, many of the steps are represented as doubled across two
given nodes, in order to satisfy the KFL condition at that particular node. Thus, the final

RR Graph for the MSR on Ni(111) is shown in Figure 6-4b.
6.5 Network Consistence with Kirchhoff’'s Laws

As shown in chapter II, RR graphs concur with KFL and KPL. Thus, each ER in the RR
graph is subject to thermodynamic constraints imposed by KPL. Thus, for the 5 linearly
independent ERs, for MSR we have
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ER: Mk ko Ky
klO k14 kl9 k20
K, ko, ks k.
ER; Sty
11 ™14 ™5 ™21
BR,: Fekokn (6.18)
klz k13 22
k. ky k.
ER,: o]
16 ™21 22
ER,: &#&zl
16 ™17 ™8

Furthermore, the affinities, 4, of the elementary reactions (4, =-AG,), in a FR are

interrelated with the affinity of the OR, Apg, via similar KPL relation. For instance, for

FR]Z s+ IR1 + 53+ 2S5 + 2S6 + 859+ S0+ 8511 +Ss12 513, WE have

A Ay + A+ 245+ 240+ Ay A, H A, T A, T Ay = A, e,

s ~ (6.19)
K1K1Rl K3K5 Ks K9K10K11K12K13 - KOR

where, K, and Kor is the equilibrium constant of the elementary reaction step s, and

OR respectively. The kinetic data provided in Table 6-2, is indeed consistent with these
KPL relations.

6.6 Network Analysis and Pruning

For the 22-step MSR on Ni(111), the equivalent electrical circuit can be obtained
simply by replacing the branches in the final RR Graph in Figure 6-4b by the step
resistances. Figure 6-5, thus, provides the electrical analog or the reaction circuit of the
MSR reaction mechanism. First of all, note that only the independent ORs (2 in this case)
are required on the network. As long as the driving force (power source) for any two
overall reactions is known, the network can be simulated in order to calculate the flux
through individual steps. This provides further justification that only the independent set

of ORs is essential to describe the reaction mechanism.
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4.34
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IR,/2

ﬁo;el

Figure 6-5: Electrical Analog for the MSR reaction mechanism on Ni. The values on the

circuit represent flux through each step at 900 K.
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Figure 6-6: Equilibrium conversion vs. actual conversion in a PBR at a space time of 3.6

sec for MSR on Ni.
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Accurate and robust simplification and reduction may now be accomplished based on
a comparison of the flux (current) along different pathways in the reaction circuit. The
fractional surface coverage of the intermediate species and the vacant sites are obtained
by solving QSS equations and mass-balance equation for a packed-bed reactor (PBR). All
numerical simulations were performed for the following conditions: surface area of 9.3
mz/g [1], surface site density of 1.86 x 10" atoms/cm? [64], molar feed ratio H,O/CH4 =
3.0, molar feed ratio H,/CH4 = 1.25 and pressure = 10 bar, similar to that in the
experimental study by Xu and Froment [1]. In order to maintain the overall reaction far
away from equilibrium, we utilized a small space time of 3.6 sec (Figure 6-6). The
calculated rate (flux) at 7 = 900 K for the elementary reaction steps is mentioned in

Figure 6-5.

Firstly, we see from Figure 6-5 that KFL is valid at all nodes on the electrical circuit.
Secondly, it is rather evident that steps s14, 513, $21 and s2, have negligible flux and hence
can be eliminated without materially affecting the overall reaction flux. However, these
conclusions may or may not be valid at a temperature other than 900 K or at other feed

compositions.

Validation of this reduction and simplification of the RR network over a broad range
of temperatures can be accomplished by comparing the resistances along parallel paths
between two nodes, which have the same affinity drop by virtue of KPL, i.e., by
considering each ER as two parallel paths and comparing the total resistance of each
path. If the resistance along one path is much larger than the other, it would be safe to
assume that the path contributes little to the flux and may be neglected. Finally, the effect
of eliminating a resistance is validated by calculating the overall kinetics without the

elementary reaction step in question.

Let us consider ERs: (+1)s,, +(+1)s,; +(=1)s,;, which implies that there are two
parallel pathways for formation of adsorbed hydrogen and CO, species. In the first
pathway, CHO-S reacts with O-S in a single step (step s;5), while in the other CHO-S
dissociates into CO-S (step s16), which subsequently reacts with O-S (step s17) to form
CO,-S and H-S. The resistance of the first pathway is simply R;s, while that for the

second pathway comprising of two steps in series is Rjs + R7. Figure 6-7, compares the
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resistance of these two pathways as a function of temperature for the reaction conditions
mentioned above. It is evident from Figure 6-7, that R;g is several orders of magnitude
higher than Ri¢ + R;7. Since a reaction will always proceed via a minimum resistance
pathway, it is reasonable to conclude that it may be possible to eliminate step s;5 from the
mechanism. Thus, the sequential formation of CO,-S and H-S from CHO-S mediated via

CO-S is preferred over a single step reaction.

Next, we consider ERy: (+1)s,, + (+1)s,, +(=1)s,, +(=1)s,,. This empty route provides
two pathways for the formation of CH,O-S and H-S. The first pathway comprises of steps

S10 and s14 as shown below

%
sio: CH3S+S S CHyS+H-S +1
s14: CHyS+0O-S 5 CH,O-S+S +1

Net: CH;3'S+0O-S S CH,O'S +H-S

While the second pathway comprised of steps 519 and sy is shown below

%
s19:  CH3S+ 0SS CH30-S+S +1
5200 CH30-S+S S CH,O-S + H-S +1

Net: CH3'S+0O-S S CH,O-S +H-S

Figure 6-8, compares the resistance of these two pathways (Rjo + R4 vs. Rj9 + Ry) as a
function of temperature for the reaction conditions mentioned above. Rjp+ R4 1s found to
be several of orders of magnitude higher than R9 + Ryo. Furthermore, it is also evident
from Figure 6-8 that Ry + Rj4 ~ R4, which implies all the resistance to the pathway is
contributed by step s14. Thus, in comparison with the parallel pathway comprising of 519

and sy, step s14 can be neglected without compromising the overall reaction flux.
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Figure 6-7: Parallel pathway resistance (Rjs+ R;7Vs. R;3) comparison as a function of

temperature for the conditions quoted in the text.
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Figure 6-8: Parallel pathway resistance (Rjo+ R4 vs. Rj9+ Ry) comparison as a function

of temperature for the conditions quoted in the text.
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Figure 6-9: Parallel pathway resistance (R;>+ Ri3 vs. Ry2) comparison as a function of

temperature for the conditions quoted in the text.
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Figure 6-10: Parallel pathway resistance (R; + R vs. Rjs) comparison as a function of

temperature for the conditions quoted in the text.
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The empty route, ER3: (+1)s,, + (+1)s,, +(=1)s,, is considered next. This empty route

represents two parallel pathways for the formation of the CO-S and H-S. The first
pathway proceeds via formation of carbon, i.e. C-S followed by surface reaction with O-S
to form CO-S and H-S (i.e. step s12 + 513), the resistance of which is given by Rj» + Rj3.
The second pathway corresponds to the direct formation of CO-S and H-S from CH-S and
O-S (step s22). The resistance for the second pathway is simply Ry,. It is evident from
Figure 6-9, the pathway mediated via C-S is the preferred route. Thus, step sy, can be

easily neglected from the overall mechanism.

Lastly, we consider the parallel pathways represented by ERy:

(+1)s,4 +(=1)s,, +(=1)s,,. Figure 6-10 compares the resistance for these parallel

pathways. It is clear that R;s is several orders of magnitude lower than Ry, + Ry,

providing enough justification for steps s, and s, to be deemed kinetically insignificant.

The elimination of steps, s14, Si3, $21, and sp; from the mechanism is validated by
comparing simulated results of the complete mechanism with results from the mechanism
excluding s14, s13, 521, and sy, i.e., the simplified network shown in Figure 6-11. The
reduced network reveals only two pathways, namely FR;: IR} + IR, + 519 + 511 + 512 + 513
+ 53, and FRy: IR + IR, + s19 + 529 + 515 + 516 + 53 for ORy, i.e. CH4 + H O S CO + 3H,.
On the other hand, only a single pathway, i.e. FR;: —s3 + 517 + 54 + IR exists for OR; (CO
+ H,O S CO;, + Hy).

The pathway resistance of the two reaction routes for OR; as obtained from Figure 6-
5 is as follows

R, Ry Ry R

R R
R, =—S 4R, +—0 4l 12 705y

FR, 2 IR, 2 2

2 2 2 (6.20)
Ry [ Rs Ry &
2

RIR R
Ry =— 4R, +— 2+ 414104
e TR 2 2 2

where, R, =R, +R;+R;+ R, + Ry and R, =%+2R5 +2R, +%

As can be seen from Figure 6-12, FR| has a higher resistance as compared to FR,, at
temperatures < 1000 K, while at temperatures above 1000 K, FR; provides a path of

minimum resistance.
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Figure 6-11: Pruned RR graph for MSR reaction mechanism on Ni.
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Figure 6-12: Resistance of the two dominant reaction pathways, FR; and FR; for MSR

on Ni.

Catalytic and Electrocatalytic Pathways in Fuel Cells 257



Chapter VI: Reaction Circuitry of Methane Steam Reforming on Ni(l I 1): Mechanism and Kinetics

However, it should be noted that in the temperature of interest for MSR on Ni or

direct internal reforming in a SOFC (900 < T < 1100 K), both the pathways have

comparable resistances. This indicates the existence of a dual pathway mechanism

depending on the temperature of operation. The two pathways in the conventional form

are written as

%
Si: CH4 + S 5 CHys'S +1
2 H,O + S S H,0-S +1
83 COSSCO+S +1
Ss: H'S+H'SS HyS+S +3
S6: H, S S H, +S +3
57: H,O-S+S S OH-S + H-S +1
sg: OH'S+S S O S+H-S +1
So: CH4S+S S CH3S +H-S +1
S10: CH;3;S+S S CH,'S + H-S +1
S11 CHyS+S S CH'S+H-S +1
S12: CHS+S S CS+H-S +1
S13: CS+0SSCOS+S +1
OR;: CH,;+H,0 S CO +3H,

and

%,
S1: CH4 +S S CHys'S +1
82 H,O + S S H,0-S +1
53 COSSCO+S +1
Ss: H'S+H'SS HyS+S +3
S6: HySS Hy +S +3
57: H,O-S+S S OH-S + H-S +1
S3: OH'S+S S O S+H-S +1
So: CH4S+S S CH3S +H-S +1
S1s: CH,O'S+S S CHO'S + H-S +1

(6.21)

(6.22)
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S16- CHO'S+S S CO'S+H-S +1
S19: CH3'S+0'S 5 CH;0-S+S +1
$20- CH;0'S+S S5 CH,O'S +H-S +1

0R1I CH4 + HQO SCO+ 3H2

Thus, both the pathways begin with adsorption of methane to form CHjs-S. The first
pathway, FR,, proceeds via sequential abstraction of hydrogen from CHj3'S to form C-S,
which eventually reacts with adsorbed oxygen atoms, O-S, to form CO-S. On the other
hand, the second pathway, FR; proceeds via surface reaction of CHs-S and O-S to form
CH;0-S. Subsequent sequential removal of hydrogen from CH3O-S leads to the formation

of CO-S while avoiding any carbon formation.

Thus, according to the first mechanism, the CO is produced via elemental carbon
while in the second mechanism, the CO is produced via carbon oxygenates, similar to
that proposed by Temkin and coworkers [8]. In short, one pathway takes place via
hydrogenated carbon species, while the other takes place via oxygenated carbon species

as depicted schematically in Figure 6-13.
6.7 QSS Rate Expression for the Overall Reactions

Now that the mechanism has been appropriately pruned, we are in a position to
consider the rate of the overall reactions. Let us first consider OR;: CHs + H,O S CO +
3H,. We next identify the RLS for each of the two parallel pathways, namely FR;: IR; +
IR, + 510 + 811 t 812 + 813 + 83, and FRy: IR} + IR, + 519 + 829 + 515 + 516 + 53. As described
in the earlier chapters, RLS for a sequence is step(s) that predominantly contribute to the
overall pathway resistance. In other words, in a sequence (or set of resistors connected in
series), the step(s) with maximum resistance would be the slowest steps and hence

kinetically dominant.

Figure 6-14 and Figure 6-15 compares the individual step resistances in the FR; and
FR,, respectively. For the first pathway FR;, we observe that, step s;; may be considered
as RLS with all the other steps at quasi-equilibrium (QE). While for the second pathway,
we have step 55 as the RLS with all the other steps at quasi-equilibrium (QE).
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CHyS —» CH'S —» C-S
CHy—» CHs'S CO-S—»CO

N /

CH;0'-S — CH,O-S—>»CHO"S

Figure 6-13: Schematic of the dominant reaction mechanism for MSR on Ni.
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Figure 6-14: Comparison of step resistances connected in series in FR; in order to

identify the RLS.
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Figure 6-15: Comparison of step resistances connected in series in FR; in order to

identify the RLS.
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Figure 6-16: Step reversibilites of elementary reaction steps for the conditions quoted in

the text.
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Figure 6-17: Comparison of step resistances connected in series for the dominant

reaction pathway for WGS in order to identify the RLS.
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The above conclusion can also be corroborated by computing the step reversibilities
for a wide range of reaction conditions. One such example is shown in Figure 6-16,
where the step reversibilities for steps in the reduced network are plotted for the reaction
conditions quoted above and 7= 1000 K. Thus, it can be seen that all the individual
reaction steps, except si;, and s;s, are substantially reversible. The kinetic analysis,

described above can, of course, be greatly simplified based on step reversibilites. If

z, —1, the step may be considered as quasi-equilibrated (QE), and one of the KFL

equations may be replaced by an algebraic equation expressing equilibrium of the step.

Thus, the above analysis reveals the third C—H bond activation (s;;: CH,'S + S 5
CH:-S + H-S) to be rate-limiting for the first pathway, as opposed to Iglesia and coworkers
[27, 28] where the first C—H bond activation was reported to be the RDS. Xu and
Froment [1] assumed CHO-S + S 5 CO-S + H-S to be the RDS in their work, however,
based on our reaction circuitry analysis we find the formation of CHO-S, (i.e., s;s:

CH,0'S + S 5 CHO-S + H-S) to be rate-limiting for the second pathway.

Following a similar procedure, we can identify the RLS(s) for the only pathway, i.e.,
FRy: —s3+ 517 + 54 + IRy, or =53+ 517 + 54 + 50 + 55 + 5¢ + 57 + 53 for OR,: CO + H,O 5
CO; + H,. Figure 6-17, compares these step resistances and we observe step s17: CO-S +
O-S 5 CO2'S + S to be the RLS for WGS. This is the same step assumed by Xu and
Froment [1] as the RDS for WGS in their LHHW analysis.

Based on the RLSs, we can now derive QSS rate expression for both, OR; and OR,.
For ORy, i.e. SR of methane that proceeds via two dominant RRs, the overall rate can be
obtained by calculating the flux through each of the two parallel RRs. The rates along
these dominant RRs may be determined using the quasi-steady state approximation (for

details, see Appendix B & C) and are equal to

_ kyoky K Foy, Pﬂj/z‘gg | 1 PcoPH32 6.23
=TT 1/2 N (6.23)
kyy + klOKvPH2 Ko Fon, B0
.o kiokyokis K K, Py, PHZOPH’S/ZQS 1— 1 PCOPI-?Z (6.24)
! kygkys + kyokis + kwkzoKvpli/zz Kop Fon, B0
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where Ky is the equilibrium constant of the SR reaction (OR;: CH4 + H,O 5 CO + 3H,).

The overall rate of this overall reaction is thus a sum of the above rates, i.e.,

Tsg =1y + 1y
_ ];19EZOI€15K1'KW'PCH4 PHZOPHj/zeOZ N iglo];nKiPcm P}Ij/zeoz 1— 1 PcoP}i2 (6.25)
kiokys + kyokis + klokzoKvPé/zz ky, + klOKvPl-ll/zz K PCH4 PHZO

Next, for OR,, i.e. WGS with only one dominant reaction pathway, we have (for

details, see Appendix B & C),

~ 1 P, P
Fyas =Ty = kK, AKW-PCOPHZOPI;‘%(l— —J (6.26)

iii
K

wes b HZOPCO

Here 6, is the fraction of the free catalyst surface and is determined from the site

balance. From numerical simulations (Figure 6-18), it is evident that the major and minor

MARI are H,O-S, CO-S, O-S, H-S, OH-S and C-S, i.e.,
S+H,0-S+CO-S+HS+0O-S+0OHS+C-S~1 (6.27)
Thus (for details, see Appendix B & C),

1
1+ K Pyo+KPeo + KVPI;/Z 24 K, Py 0B + KB P+ K, PeoPy B

iii H, vii© H,0" H,

) (6.28)

The rate expressions for the two overall reactions can now be combined with mass-
balance equations for a PBR. Numerical simulations (Figure 6-19) show that the model
predictions are in complete agreement with the experimental data of Xu and Froment [1],
without any fitting. These results further support the claim here, that only a set of
independent ORs are necessary in order to describe a reaction system, and are also

indicative of the robustness of the RR graph approach.
6.8 Model Significance and Concluding Remarks

Following our RR graph approach, the 22-step mechanism for MSR is whittled down
to a dual path mechanism, depending upon the reaction temperature. The dominant
pathways have been identified in a logical and intuitive manner. Thus, for OR;: CHy +

H,O S CO + 3H,, we have two parallel pathways in the temperature region on interest.
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Figure 6-18: (a) Major and (b) minor surface species as a function of temperature for

MSR on Ni.
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Figure 6-19: (a) Comparison of model prediction for a PBR and the experimental data by
Xu and Froment [1]. (b) Parity plot of calculated methane conversion vs. the

experimental conversion.
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Figure 6-20: Reversibility of WGS reaction in the temperature region of interest for

MSR on Ni.
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One of these takes place via hydrogenated carbon species, while the other takes place via

oxygenated carbon species.

Rate limiting steps (s1;: CH,'S + S S CH'S + H-S and s;5: CH,O-S + S 5 CHO-S +
H-S for SR of methane and s5,7: CO-S + O-S S CO,'S + S for WGS) along with the quasi-
equilibrated steps are next identified based on the concept of step resistance and
reversibility, respectively, following which explicit rate expressions are developed for

each of the two overall reactions.

Finally, a comparison between the reduced model predictions for an isothermal PBR
and the experimental results of Xu and Froment [1] is presented, showing good
agreement. Thus, a predictive model with a priori kinetics has been developed that
captures the experimental observations, as opposed to a LHHW-type of model fitted to
the experimental data, commonly reported in the literature. We also show that for this
multiple overall reaction system, comprising of five ORs, only two are independent. In
fact, only the so-called independent set of ORs is required to describe the system

accurately.

Lastly, we notice that the WGS reaction is essentially at equilibrium (Figure 6-20), at
temperatures (700 < 7'< 1200 K), at which significant reactions involving methane occur
which imply the rate expression for the WGS reaction can be replaced by its equilibrium
relation. Thus, a single rate expression (Eq. (6.25)) for OR;: CHs + H,O S CO + 3H,,
coupled with equilibrium relation for WGS, i.e. OR,: CO + H,O S CO; + H; is all that is
needed to adequately describe this multiple overall reaction system in the temperature

region of interest (7> 700 K).

Semi-empirical method UBI-QEP and the transition-state theory, were utilized in this
work to estimate the individual step kinetics, concluding that despite their evidently
approximate character, are quite reliable in constructing physically meaningful
microkinetic models for heterogeneous catalytic reactions. Although a detailed
microkinetic model may in principle, be used to simulate the kinetics of the process for
any reactor configuration, for numerical convenience and human interpretation of the
reaction network, it is desirable to distill and simplify the mechanism further. Toward this

goal, the theory of Reaction Route Graphs, applied so far only to single overall reaction
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systems, has been suitably extended and applied here to the case of multiple overall

reaction system.

In conclusion, we show how the 22-step MSR mechanism may be assembled into a
RR Graph, which may next be converted into an equivalent reaction circuit for further
analysis, simplification, and pruning, using the standard tools of circuit analysis. The
result is the emergence of an unambiguous picture of MSR on Ni(111), with a clear
portrayal of all possible pathways, and irrefutable identification of the dominant

pathways and rate-limiting steps.
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Chapter VII

H: - Oz Polymer Electrolyte Membrane (PEM) Fuel Cells

Before discussing the fuel cell performance model, we first elucidate the cause and the
extent of the effect of the fuel and/or oxidant crossover on the observed fuel cell open
circuit voltage (OCV). The OCV in PEM fuel cells is only ~0.95 — 1.05 V, despite the
thermodynamic potential being around 1.23 V (~ room temperature). Based on a priori
parameters, we show that hydrogen cross-over to the cathode explains all of the observed

loss under open circuit conditions.

We next discuss within a lumped framework the performance of a single fuel cell, for the
case when conditions on either electrode may be relatively uniform, typically
characterized in terms of the polarization plot, i.e., a plot of the output voltage V" available
from a fuel cell versus the current density i drawn from it. The emphasis is to develop a
simple model for PEM fuel cells that incorporates the cross-over effects. The framework

discussed here is applicable to all types of fuel cells, albeit with different parameters.
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7.1 The Effect of Hydrogen Crossover on Open-Circuit Voltage
(OCV) in PEM Fuel Cells

7.1.1 Background

It is an irksome fact of life that the open-circuit voltage (OCV) of the low temperature
polymer electrolyte membrane (PEM) fuel cell is typically only around 0.95 - 1.05 V, as
shown in Figure 7-1 [1] versus temperature, rather than the reversible voltage ¥ (1.229 V
at 25 °C) promised by thermodynamics. What is worse is that, despite extensive study
over the course of three-quarters of a century, there is no clear explanation in the
literature for this loss of around 20% in OCV, which causes a corresponding loss in the
fuel cell efficiency, since efficiency of a fuel cell, e=(V/V,)g,, where V is the fuel cell
voltage, Vy i1s the thermodynamic voltage, and g, is the thermodynamic efficiency.
Clearly, an unambiguous understanding of the main reason for this in PEM fuel cells is

important, which is the objective of this work.

The various hypotheses advanced to rationalize this observation center around the
extremely low exchange current density for the 4-electron oxygen reduction reaction
(ORR) on Pt (i, ~107"" mA/cm®) coupled with one or more side reactions occurring at
the cathode in addition to the ORR [2, 3]. The presence of side reactions results in either
a “rest potential,” i.e., an equilibrium potential for a closed system, or a “mixed
potential,” i.e., a steady-state potential for an open system, e.g., a fuel cell, that is

significantly lower than the thermodynamic potential (Figure 7-1).

Some of the possible side reactions p proposed are summarized in Table 7-1 [3],
which can, of course, proceed in either direction depending upon the overpotential of

electrode reaction p, 7,=®—-® ,;, where @ is the electrode (rest, or mixed) potential,

p0°
and @, is the equilibrium potential for an individual reaction p. However, there is little

consensus on which, if any, is the dominant parasitic reaction in this list.
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Figure 7-1: Open Circuit Voltage (OCV) for a PEM fuel cell as a function of

temperature and membrane thickness. Experimental values are taken from Ref. [1].

(Anode: H,, Cathode: Air, 3 atm, 100% RH)
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Table 7-1: Possible reactions involving O,, Hy, carbon support C, impurity CH,, and Pt
at the PEM fuel cell cathode [3].

Reaction . Standard
No.. p Overall Reaction POtel;:llgzltr(goe v
» D oo

1 H,0, + 2H' + 2¢ S 2H,0 1.77

2 PtO, + 2H' + 2¢” 5 PtO, + H,0 1.48

3 0, + 4H' + 4e 5 2H,0 1.229

4 PtO, + 2H' + 2¢” 5 Pt(OH), 111

5 P(OH), + 2H'+ 2¢ 5 Pt + 2H,0 0.98

6 PtO + 2H"+ 2¢ S Pt + H,O 0.88

7 0, + 2H + 2¢” S H0, 0.68

8 C+2H,0 5 CO, +4H" +4¢” 0.207

9 CH.+2H,05 CO,+(x+HH" +(x +4)e ?

10 2H" + 2¢ S H, 0.00
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If the fuel cell OCV were determined by the thermodynamic equilibrium potential in

the presence of side reactions, the overpotential 7, as well as the net current of each

electrode reaction p must individually be zero, i.e., i :fp—fp =0, so that the rest

P

potential ®=® , is determined via simultaneous solution of the corresponding Nernst

equations for the independent reaction set

o RT 17 .
D =D+ In] Ja (7.1)
Vpe,F i=1

i#e
where d);’o is the standard electrode potential, i.e., for unit activities a; of species i, and

v, 1s its stoichiometric coefficient in reaction p, while Ve is that for electrons in it. For

instance, if HyO, were considered a side product, even though minor, at the cathode, there
are two independent overall reactions (ORs) at the cathode, namely, the ORR (reaction 3

in Table 7-1), along with one more OR involving H,O,, e.g., reaction 7 in Table 7-1.

On the other hand, in a steady-state system, the overpotentials 7, # 0, and are such

that the currents from anodic (electron generating) and cathodic (electron consuming)

reactions occurring simultaneously on the electrode add up to zero, i.e., there is no net

current, Zi , =0, which determines the resulting mixed potential ® as well as the
P

parasitic current, as shown schematically in Figure 7-2. In other words, there is at least
one anodic reaction occurring at the cathode that provides the electrons and protons
consumed by the cathodic ORR and resulting in an overpotential. This, of course, is akin

to corrosion.

Thus, a common explanation for the OCV is the formation of H,O; via one of the
reactions mentioned in Table 7-1, which could, in principle, alter the cathode
thermodynamic potential. Alternately, the presence of H,O, could sustain an anodic
current density necessary for a mixed potential. However, it has been argued that the

concentration of any H,O, is far too small for this [3].
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2H,0 5 O, +4H" +4¢_

D, =123
D 0,+4H" +4e S 2H,0
CH. +2H,0!5 CO,
D, +Hx+HH +(x +4)e

CO,+(x+4)H" +(x+4)e
S CH, +2H,0

lnlp

Figure 7-2: Current-potential curves for ORR and a hypothetical impurity oxidation

reaction intersecting at mixed potential and a corresponding parasitic current.
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An alternate explanation involves the presence of surface oxides via Pt corrosion via
one or more reactions mentioned in Table 7-1. However, in an open system such as a fuel
cell, reactions involving Pt or C support (reaction 8 in Table 7-1) cannot go on

indefinitely and, hence, must also be rejected as the explanation for the observed OCV.

The explanation favored by Bockris and Srinivasan [3] in the study of the half-cell
open-circuit potential of ORR in a liquid electrolyte, is an anodic oxidation reaction
(reaction 9 in Table 7-1) due to the presence of “an organic impurity present at low
concentrations in solution and having a reversible potential of 0.2 to 0.3 V,” that
compromises the cathodic current of the ORR, i.e., reaction 3 in Table 7-1. In careful
experiments they found that the OCV tended toward the 1.23 V value for the ORR when
care was taken to rigorously free the electrolyte solution of any traces of impurities. A
schematic representation of the resulting mixed potential is given in Figure 7-2, showing
anodic and cathodic potential versus current relations for ORR and the oxidation of an
organic impurity, the intersection of the two curves representing the graphical solution
for OCV as the mixed potential. However, again this explanation involving an organic
impurity seems unlikely for the OCV of a H,-O, PEM fuel cell operating for hundreds or

thousands of hours.

A more plausible explanation attributes the observed OCV in an operating fuel cell to
H, crossover and/or internal electrical short-circuiting [4]. Thus, Laraminie and Dicks [4]
suggest that the electrolyte supports a very small amount of electronic conductivity, so
that small short-circuiting currents are possible. More importantly, however, they propose
that hydrogen crossover supports a small “internal current” of around, iy = 2 mA, which
can cause an activation overpotential of around 0.3 V at the cathode, estimated based on a

Tafel equation, 7 =bln(i, /i), for ORR with empirical parameters, i.e., a Tafel slope b =
60 mV, and an ORR exchange current density i, =4.0x107 mA/cm®. Thorough and

careful theoretical analysis presented in this chapter below based on a priori parameters

supports the latter explanation as the exclusive reason for the observed phenomenon.

A recent experimental investigation of Zhang et al. [1] on the effect of temperature on
OCYV considered a variety of possible explanations: 1) reduced partial pressures of O, and

H; at higher temperatures due to humidification, as explained by the Nernst equation, 2)
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mixed potential of the Pt/PtO catalyst surface, and 3) hydrogen crossover. They
concluded that the loss of OCV is due mainly (135 mV at 80 °C) to the Pt/PtO catalyst
surface, and secondarily (56 mV at 80 °C with Nafion 112) to hydrogen crossover.

In another recent study on membrane degradation and OCV, Sompalli et al. [5] also
assume that the OCV is determined by the parasitic current caused by a combination of
the permeation of H, and Ohmic shorting through the membrane, the latter being a minor
contributor. Like Laraminie and Dicks [4], these authors calculate the resulting cathode
overpotential via an empirical Tafel equation. Further, they propose OCV as a key
diagnostic indicator of membrane health [5]. Thus, membrane thinning and pinhole
formation leads to an increase in hydrogen crossover and consequently a decline in OCV.
They further reason that the OCV is higher at lower relative humidity (RH), due to the
lower H; crossover rate [5]. Based on the hypothesis that higher OCVs lead to enhanced
chemical degradation of the membrane, the degradation rate would thus be higher at
lower RH. They further conclude that any parasitic currents caused by carbon corrosion
at the cathode are also negligible, being an order of magnitude smaller as compared with

those from hydrogen crossover (0.1 — I mA/cm?).

In a more recent publication by Wu et al. [6], the authors conducted a 1200 hrs
durability testing close to open-circuit conditions. The drop in the OCV was primarily
attributed to mixed potential of Pt/PtO catalyst surface and hydrogen crossover. The
authors further argue that at fixed operating conditions, the loss in OCV due to partial
oxidation of Pt catalyst if any, should reach a steady state and cannot possibly explain the
drop in OCV over time. The authors also observed a dramatic reduction in the
electrochemical surface area and increase in the hydrogen crossover current over the

1200 hr test, which could be correlated with the observed drop in the OCV.

In short, despite its ubiquitous nature and practical significance, there is an absence of
a clear, quantitative, and unambiguous explanation for the observed OCV in a low
temperature PEM fuel cell. We theoretically analyze below the role of hydrogen
crossover in PEM fuel cells, in shortchanging the OCV from its promised value of around
1.23 V, and show that hydrogen crossover can, in fact, explain the entire potential loss

under open-circuit conditions. Further, it is able to rationalize the commonly observed
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effect of temperature and the presence of any pinholes or membrane thinning on the drop

in OCV of a PEM fuel cell.

7.1.2 Theory

In addition to serving as the medium for ion transport, the electrolyte layer, e.g., the
polymer electrolyte membrane in a PEM fuel cell, serves the important function of
keeping the fuel and the oxidant apart, which, of course, is crucial to the proper
functioning of a fuel cell. However, since it is not a perfect separator, some of the fuel,
e.g., Hy, and the oxidant, e.g., O,, crossover to the opposite electrode where they
encounter the other reactant in the presence of an electrocatalyst and an electrolyte. These
are ideal conditions for the ready occurrence of an electrocatalytic reaction between
them, with a consequent electrode overpotential. A schematic of the various processes
that occur as a result of the permeation is provided in Figure 7-3. Thus, as shown in
Figure 7-3, even though there is no external current i under open-circuit conditions, there

are internal short-circuiting currents i, because of: 1) the minor electronic conductivity
of the electrolyte membrane, namely the electrical-short circuit current, iy, ; and 2) due
to the permeating H, and O, across the membrane that cause small local crossover
currents at the cathode and the anode, respectively (i.e., i, and i, ), thus polarizing the

two electrodes even under open-circuit conditions. The H, that permeates over to the
cathode from the anode can, in principle, undergo oxidation on the Pt catalyst with O,
either chemically, or electrochemically, or via both of these pathways. However, keeping
in mind that the cathode potential @, is very high (~1.0 V) as compared to the
thermodynamic potential of hydrogen oxidation reaction (HOR), i.e., ®,,=0.0 V, there
is a huge overpotential of around 7 ~ 1.0 V for the HOR at the cathode, thus dramatically
enhancing the electrochemical route, and making it the likely pathway [7]. Therefore, the
chemical route to the hydrogen oxidation at the cathode is ignored. Thus, the

electrochemical HOR provides electrons, or a crossover current at cathode, i, .., for the

ORR at the cathode even under open-circuit conditions (Figure 7-3).

Similarly, in principle, there is some ORR occurring at the anode because of the small

amount of O, permeating through the PEM from the cathode to the anode.
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Figure 7-3: Schematic representation of various electrode reactions and the resulting

external and internal crossover and electrical short-circuit currents.
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This robs electrons from the HOR occurring at the anode, thus resulting in a
crossover current at anode, i, , (Figure 7-3). In addition, there is an electrical-short
circuit current across the PEM, i; ,, even under open-circuit conditions due to the tiny

electronic conductivity of the electrolyte, as shown schematically in Figure 7-3.

Thus, the total internal current, i, at a given electrode consists of the electrical-short

nt

circuit current and the crossover current due to fuel permeation, e.g., at the cathode,
iint,C = iX,C + iS,M'
In other words, the open-circuit condition is not strictly an equilibrium condition, but

is rather a steady-state condition with small internal currents. As mentioned above, the

steady-state condition is defined at each electrode by the sum over all electrode reactions

(HOR and ORR) at a given electrode, Zi , =0, rather than by individual i =0, as

)
required by the equilibrium condition. Thus, at either electrode, the current for the HOR

and that for the ORR are equal and opposite at steady state, akin to corrosion currents.

These parasitic currents cause overpotentials at the anode and the cathode, so that the

observed OCV is given as

OCV =Vy =1y 4+ Ny c (7.2)
where 7, =®-® , is the overpotential for the electrode reaction p. Thus, it is positive
for anode and negative for the cathode.

The thermodynamic cell voltage, V= (®, . —®, ,). For the case of liquid water being
produced in the low temperature PEM fuel cell, i.e.,, for 2H,+ 0O, S 2H,0(/), the

thermodynamic voltage is
) RT )
V,=1229-8.46x10 (T—298)+Elan2p02 (7.3)

In order to compute the crossover electrode overpotentials 7, , and 7, . under open-

circuit conditions, let us first consider the crossover flux of gaseous species i (H, or O;)

across the PEM. Under steady state, isothermal conditions, and no reaction (Ar,=0)
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within the Nafion layer, the one-dimensional species diffusion equation in Cartesian

coordinates reduces to

0=D, ;2’ (7.4)
where ¢; is the concentration of the gaseous species i within the Nafion phase, and D; is
the diffusion coefficient of i within Nafion. Note that here we have neglected the

convective term since the concentration of H, or O, is very small, however this may not

be the case for direct methanol fuel cells. Integration provides
¢, =Cz+C, (7.5)
which may be further differentiated to provide the flux through PEM

N =% __pc (7.6)
iz le i1

The applicable boundary conditions are (Figure 7-3):

B.C.1: atz=0, c
B.C.2: atz=L,,

2=0 = ci,O

(7.7)

ilz=L,, i, Ly

Evaluating the two constants of integration with these two boundary conditions, the

concentration profile of species i within the electrolyte layer

ci,O_ci :i (78)

Cio—Cir

i.e., the concentration profile within the membrane is linear for both H, and O, (Figure 7-
3).
The species flux in the membrane then from Fick’s law is
D, k,
N, = E(Ci,o —CiL, )= E(pi,o —Pir, ) (7.9)
where ¢; is the concentration of the gaseous species i within the Nafion phase, D; is the

diffusion coefficient of i within Nafion, and the membrane permeability, k, = Dx,/RT

1
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(molatm™ ecm™ s™'). Here, the partition-coefficient, «,=(c;/c,),, represents the

1

solubility of the gaseous species i in the membrane.

The permeating species (H, or O;) undergoes electrochemical reaction p (HOR or
ORR) at the electrode, as shown schematically in Figure 7-3. Thus, the corresponding

current density

k

Fv__k,
iX:FVpe,NZ.’Zz Lpe (pl.’o—pl.’LM) (7.10)
M

where F'is the Faraday’s constant. At steady-state, this diffusion flux is equal to the rate
of the electrode reaction, which may be described via Butler-Volmer equation of the

form, with n, =®-®_, 8]

(p=4,C) (7.11)

aV F(®-D,)
RT

Iy =1, 2s1nh{

where o is the effective transfer coefficient of the electrode reaction p, taken as

symmetry factor of the rate-limiting step (RLS) (typically '2) in the sequence of

molecular steps involved in the electrode reaction p, and v;e is the stoichiometric

coefficient of electrons in the RLS. Alternatively, &, and v;e may be clubbed together

into an effective transfer coefficient «,, as done by Thampan et al. [8].

In the above, the exchange current density on the basis of the geometric electrode
area [ 8]

Iy =Vuly ; Iy = Vulo (7.12)

where, the current density with the asterisk, io* , 1s defined in terms of per unit active metal

catalyst surface area and y,, is the catalyst roughness factor defined as

Actual electrocatalyst active interfacial area
Yu= : (7.13)
Geometric electrode area

When the interfacial area at the atomic level is considered, it can be substantially more

than the geometric area. In typical fuel cells, e.g., depending upon the catalyst particle
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size and loading y,, is of the order of 100. The roughness factor may be estimated from

[8]

69
7M:¢ImM£p " J (7.14)

MdM

where ¢y, accounts for the part of the metal crystallite of diameter d); which is not
accessible for reaction, e.g., the side which is in contact with the support, and ¢y is the
fraction of the available metal surface participating in electrocatalysis. This would be less
than unity, e.g., if not all of the available metal area is in contact with the ionomer, and

hence depends upon ionomer loading.

Further, the exchange-current density under actual conditions in a PEM fuel cell is

related to that under reference conditions via

. D; E, | 1 1 o
I = —lexpy —| ———— [ (1, .., 7.15
0 7M{pi’refJ p{ R (T Tref]} 0,ref ( )

where p; is the partial pressure of the permeating species at the electrode.

The final equation needed for the steady-state at an electrode under OCV conditions
(i.e., when the external current i = 0) is

Di,=0 (7.16)

P

i.e., the sum of current densities of HOR and ORR occurring at an electrode (anode or
cathode) is zero. Finally, for completeness, we must account for the electrical-short

circuit current i, across the PEM as well, which from Ohm’s law

(o2 _
is o zV( 24 J (7.17)
M

where o, is the electronic conductivity of the membrane. This current must be added

to the crossover currents at the two electrodes to compute the overpotential.
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7.1.3 PEM Fuel Cell Analysis

Let us apply the above analysis to the crossover of H, and the ensuing HOR at the
cathode (Figure 7-3). The crossover current density corresponding to the hydrogen flux in

the membrane is

(FVHOR,e’ )kﬂz

by e =0 (D= P, (7.18)
M

which is also equal to that from the HOR kinetics at the cathode at the overpotential 7,

. o Pu, 1 Eyore,| 1 1 . or V;,OR F(ny e+ V)
Iy = i : 2o ex 0 —— 2sinh £
X, = Vm.CLHOR 0, ref (sz,refJ p{ R ( T Tref ]} { RT

(7.19)

where we have combined the Butler-Volmer equation with the correlation for exchange-
current density. Of course, since this is equal and opposite of the ORR current at the

cathode

. E 1 1 ooV, F(ny o)
ixc=7 M,CiORR,O,ref(iOZ,LM ]GXP{_ O];’(DO (? - T J}z Smh{ o ORIE;T s (7.20)
O,,ref ref

The above 3 equations, Eq. (7.18) - (7.20) contain 3 unknowns, namely, the partial

pressure of H, at the cathode py , , the crossover current at the cathode iy ., and the
cathode overpotential 77, . under open-circuit conditions, which can all hence be found
via simultaneous solution.
Limiting Case

Let us consider the limiting case when py , ~— 0. This is entirely plausible because
of the very high overpotential at the cathode for HOR. Then the solution is greatly

simplified. Thus, from Eq. (7.18), we have

(Fv, = )k
~ HOR.e 7 "H, p (7.21)

i
X,C H,,0
LM
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which can, hence, be directly evaluated from the permeability data for H,. Thereupon, the

cathode overpotential 7, . can be found from either of the two kinetics equations for

HOR or ORR above (Eq. (7.19) or (7.20)). Finally, including the electrical-short circuit

current i ,,, Eq. (7.17), as well, we have

(Fv, =k, py,+tVo,  _
nx,c—[—R.T }sinh‘{ HORe ~ Bp T Mo (7.22)

QorrY orp o 2Ly iore 0

An identical analysis can be done for the permeation of O,, and the resulting open-

circuit anode overpotential. For the limiting case, as above,

Fv )k +Vo
77)(,,4 :[ RT ]Sinhl{( ORR ¢ ) OpoZ’LM Me } (723)

L] ° .
X1orY yor - 2Ly ik

Equations (7.22) and (7.23) may finally be substituted into Eq. (7.2) to evaluate V,
i.e., OCV. In the event that the electronic conductivity of the membrane is small, the
second term in the curly brackets can further be neglected. Clearly, however, the validity

of the model depends upon the veracity of the model parameters, discussed next.
7.1.4 Model Parameters

Sakai et al. [9, 10] hypothesized that H, or O, permeates mainly through the hydrated
ion-cluster regions of the Nafion membrane, while Broka and Ekdurge [11] suggest that
the permeation process involves both, the hydrated ionic clusters and the amorphous
region of Nafion. It is known, thus, that hydrated Nafion has higher gas permeability as
compared to dry Nafion but lower than that in water [7]. Thus, dry Nafion has
permeability coefficient for H, or O, similar to or lower than that for Teflon, while
hydrated Nafion membrane has permeability coefficient approaching that in water [7, 9,
10]. The correlation provided by Kocha et al. [7] for the permeability of hydrogen in

Nafion is used in this study,

21030 J mol™'

k., =6.6x10%ex
t p( RT

jmol bar'ecm™ s (7.24)

The permeability of oxygen in Nafion is approximately half that of hydrogen in

Nafion [7, 9, 11]. Thus, we assume
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kH -1 -1 -1
ko, = 22 mol bar™ cm™ s (7.25)

The electrical conductivity of Nafion, however, is not as well documented in the
literature. Using a similar rationale as above, the electrical resistivity of Nafion in the dry
state may be expected to be close to that of Teflon, while in the hydrated state it would be

approaching the electrical resistivity of deionized water. The resistivity of Nafion at 50%

RH is about 6x10° Qcm [12], which provides an estimate for the electrical conductivity

of Nafion, o, ~1x 10°Scm™, a value similar to the electrical conductivity of water in

equilibrium with CO; in air [13]. On the other hand, Sompalli et al. [5] give a membrane
electronic resistance of 1 — 20 kQ cmz, which results in 0.1 — 0.02 mA cm >

For the HOR, ¢;,,, is assumed to be 1/2, and the exchange current density is taken
as i;;OR’OJef =1x10" A cm™ of metal catalyst surface, commonly reported in the literature

[8]. The effective activation energy for HOR on PtRu/C is taken as
Eyore, =34.6KJ mol™', higher than that on Pt [14]. For the ORR the exchange current

density is of the order 10"" A cm™ ie., i;RR’OJ.ef =1 x10""Acm™ of metal catalyst
surface [15]. a,p, similar to a;,,, is considered to be 1/2, and the effective activation
energy on Pt/C as given by Neyerlin et al. [16], is taken as Ez; 4, =67 kJ mol ™.

The roughness factor may be estimated using catalyst loading and nanoparticles size
as described above [8]. However, here, values reported by Song et al. [14], obtained
experimentally utilizing the surface cyclic voltammetry measurements and shown in

Table 7-2 are adopted for analysis. Thus, all the model parameters are adopted from the

literature as discussed above, and are summarized in Table 7-3.
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Table 7-2: Roughness factor (cm” metal cm > geometric electrode area) for anode and
g g

cathode as determined by Song et al. [14] in low current density region, measured at 3.0

atm pressure and 100% RH.

Temperature °C Vi anode  Vr.Cathode
23 44.5 305.0
40 28.3 168.0
60 28.3 152.0
80 30.7 106.0
100 13.0 78.0
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Table 7-3: Parameters employed in the OCV model

Parameter Value Units
ki, 6.6x10°" exp(— —2103(;:]}1101_1 j mol bar”' cm™ s
koz k;2 mol bar” cm™ s
Oy e 1x10° Scm™
W10 1/2 _
L110m.0.1ef 13107 Acm™
Eyor.o, 34.6 kJ mol™
Aprr 1/2 _
LR 1107 Acm”
Eorra, * 67.0 kJ mol™
T, 293 K
CH, ref 3.96x107° mol cm™
Co, .ref 8.32x10°° mol cm™

# Activation energy for PtRu/C
* Activation energy for Pt/C
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Figure 7-4: Comparison of model prediction with experimentally observed OCV for
PEM fuel cell. Experimental values are taken from Ref. [1]. (Anode: H,, Cathode: Air, 3
atm, 100% RH)
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Figure 7-5: Anode overpotential as a function of total internal current.

295

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VII: H; — Oz Polymer Electrolyte Membrane (PEM) Fuel Cells

250 T T T T T T T T T

200 7

150 .

- ng (V)

100 .

0 1 1 | 1 1 1 1 | 1
0 1 2 3 4 5 6 7 8 9 10

. -2
i (mA cm™)

Figure 7-6: Cathode overpotential as a function of total internal current.
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7.1.5 Results and Discussion

Zhang et al. [1] have experimentally monitored the OCV for PEM fuel cell with H; as
the anode feed and air as the cathode. In their experiments, the anode and cathode
consisted of PtRu/C and Pt/C, respectively with a total loading of 1.0 mg cm 2, and the
roughness factors for the anode and the cathode provided in Table 7-2. Thus, Eq. (7.2),
(7.22) and (7.23) are solved simultaneously to calculate the OCV using the parameters
from Table 7-2 and Table 7-3. Figure 7-4 compares the model predictions with
experimental observations of Zhang et al. [1] for PEM fuel cell at 100% RH and 3.0 atm
pressure, as a function of temperature and membrane thickness. The comparison between
theory and experiments is hence quantitative with no fitted parameters. Further, as
expected, the thicker membrane (Nafion 117) would have lower crossover currents and
hence, higher observed OCV. Finally, the variation in the observed OCV as a function of
temperature depends on a number of parameters, e.g. ORR activation energy, roughness
factor. In this particular case, the change in slope of observed OCV may be attributable to

the change in slope of the roughness factor as a function of temperature (Table 7-2).

In order to further investigate the relative significance of the hydrogen and oxygen

crossover, Figure 7-5 and Figure 7-6 provide the effect of the total internal current, i, on

int
the anode and cathode overpotential, respectively.

It is evident from Figure 7-5, that the anode overpotential is insignificant even for an
internal current as high as 10 mA cm 2. However, Figure 7-6 indicates that the cathode
overpotential is substantial and, in fact accounts for practically all of the observed
incongruity between experimental OCV and the reversible potential. Further, we find that
the electrical short-circuit current is approximately one order of magnitude lower than the
crossover current for a pin-hole free MEA, an observation similar to that by Cleghorn et
al. [17]. Thus, the Ohmic shorting does not noticeably affect the observed OCV. In view
of this, thus, Eq. (7.22), can be further simplified into

Fv, . )k
Mee -(—R.T ]sinhl{( o) Hzp’*z")} (7.26)

L]
XorrY or.e-
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Further, since the anode overpotential is negligible as compared to the cathode

overpotential, we have, V' ~ V| + 17, .. Substituting Eq. (7.3) and (7.26) in this, thus

L] L] .
ORRY ORR ¢ 2Ly iore 0

Fv_ )k
OCV =1.229-8.46x10°* (T = 298)+ “L1n p2 py +| —b |sinh" Y ons Ve, P
4p RO F
(7.27)

In short, thus, the observed OCV at a given temperature and gas partial pressures and
its deviation from the thermodynamic potential of 1.23 V is entirely explained by the
cathode overpotential due to hydrogen permeation, which is adequately described by the

above relation.

Pronounced effect of oxygen and hydrogen crossover on membrane degradation
under open-circuit conditions have been reported by Inaba et al. [18] and Endoh et al.
[19], respectively. lonomer loss and membrane thinning has been observed under open
circuit conditions by Liu and Crum [20], which may result in pinhole formation and
increased gas crossover. Of course, with the onset of membrane thinning and pinhole
formation due to chemical degradation and fatigue, the crossover current increases,
eventually leading to the failure of the MEA. It must be noted that gas crossover in the
absence of catalyst does not cause membrane degradation. Consequently, the permeation
of reactants and their subsequent catalyzed electrochemical reaction is critical for the

degradation of membrane.

While the mechanism is not entirely clear, the high rate of membrane degradation at
OCV may be attributed to H,O [21]. Thus, it may be argued that at the low cathode
overpotential under OCV conditions, more H,O; is produced, which is an intermediate
species in the ORR. At higher overpotentials at the cathode, H,O, can be further reduced
into water. These qualitative observations insinuate a strong dependence between fuel
permeation and OCV. Understanding the correlation between gas crossover and OCV, is
thus of fundamental significance. The model presented in this study quantitatively shows
that OCV is an indication of the fuel crossover and its electrochemical consumption,

implicated by the enhanced membrane degradation under OCV conditions.
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Furthermore, crossover of the reactant gases can also cause carbon corrosion [22].
Catalyst dissolution and precipitation within the membrane has been observed under open
circuit conditions and it was found that the location of catalyst precipitation is affected by
the fuel permeation through the membrane [23]. Finally, the negative effect of fuel
crossover on OCV is particularly significant for direct alcohol fuel cells [24-27]. The

current modeling framework can also be extended to explicate these findings.

7.2 Fuel Cell Performance Model

7.2.1 Kinetic and Diffusional Processes at an Electrode

Let us consider the case where the rate of the interfacial electrode OR is limited by
the diffusion of one of the terminal species participating in it, as shown schematically by
Figure 7-7a. As shown in this figure, one might encounter a situation where availability at
the electrode interface of a gaseous component, e.g., O, is diffusion limited through the
electrolyte layer (e.g., Nafion®, or molten carbonate) coating the catalyst surface.
Alternatively, O, diffusion might be limited across the GDL or H™ diffusion to the
electrode interface might be limited across the polymer electrolyte membrane, e.g., under
hot and dry conditions. Let us, for specificity, consider here the case of diffusion
limitation of species i across the electrolyte layer (Figure 7-7a), although the analysis is

readily adapted to the other situations.

Within the framework of the RR Graph approach, the overall process (OP) of
diffusion and surface reaction might be construed as a two-step process, as shown
schematically in Figure 7-7b. Here sp refers to the film diffusion step, while s is the
electrode kinetic step in the OP. It is then clear that at the intermediate node, n,, the flux

of step sp is equal to that of step sk, as suggested by KFL.

Applying Fick’s law for describing the diffusive flux of species i in the z-direction

across the film,

N, :_Dieﬁ (7.28)
dz
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Figure 7-7: Diffusion-limited electrode reaction at three-phase interface.
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where Dy is the effective diffusion coefficient of 7 in the film. The solution for flux in the
film is obtained by integrating the Fickian equation by assuming that the flux N, =
constant, as is the effective diffusivity, along with quasi-equilibrium of gas dissolution
process at the gas-electrolyte interface (Figure 7-7a). Thus

N, =pjce -5 _mol 759
K. cm” MEA s

l

where the partition coefficient x; and the permeability P; of species 7 in the film are

K.E(ij . p=iD. (7.30)
) L

Further, adopting the pseudo-irreversible form for the interfacial electrode kinetics and

assuming first-order kinetics in species i

mol

r =kcl(a _ 7.31
o =kpela) cm’ cats (731)
where k, is obtained by a similar relationship as Eq. (7.11)
k* r* i* a.vt 7F77
2= P — P —{)sinh| &~ (7.32)
pd, Tp0 Lpo RT

To equate the steady-state diffusion and reaction fluxes at the interface z = a (Figure 7-
7a) or at node, n, (Figure 7-7b), the reaction rate must be written in terms of unit area of

MEA, as is the case in Eq. (7.29) Thus,

mol

N.(a)=(v,)r,=(=v,)rk,c(a) o MEAS

(7.33)

Equating Egs. (7.29) and (7.33), and solving for the unknown interfacial concentration
¢,(a) we have

K'CG

c(a)= e (7.34)
1+ (_Vp[);Mka[

1
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where the term besides 1 in the denominator represents the ratio of the maximum rate of

reaction (i.e., when ¢,(a) = k¢’ ) to the maximum rate of diffusion (i.e., when ¢,(a)=0).
Using c,(a) from Eq. (7.34) in Eq. (7.31) along with

=i, = 7M(vae,r*) (7.35)
provides the current density as

ruFVv _kxct
= Sl (7.36)
1+ (_Vpi);Mkai

l

When the rate of diffusion << the rate of the overall electrode reaction, the 1 in the
denominator in this expression can be neglected as compared with the companion term,
resulting in the current density under diffusion limited conditions, i.e.,

. Vpe’ G

i, =|—"— |FPg (7.37)

— Vpi

which is called the limiting current density, corresponding to the maximum possible

diffusion flux across the film, i.e., corresponding to c,(a) - 0. Combining the last two

equations

(_Vpi)VMk;Ki

Lo _ L (7.38)
lp,L 1+ (_Vp[)j/Mka[
P
which may be rearranged into
(—Vpl.)}/Mkai _ ip./ip"L (7.39)
P 1-i,/i,,
Now, from Eq. (7.35) at equilibrium
Lo = 7/MFVpe—r;,o = 7/MFVpe—]€;,<Doci,o(a) (7.40)

Further, since there are no diffusional limitations at equilibrium, c¢,,(a)= k.c’, so that
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I = yMFVpe*k;,CDOKiCiG (7.41)

From this equation and that for the limiting current density, the ratio

7k
lp,O — (_Vpi)}/Mkp,(DoKl

PO 7.42
i P (7.42)
which may be used in Eq. (7.38) to provide
ffﬂ = if’./"p’? (7.43)
kp@o l—lp/lp’L
Comparing this to Eq. (7.32)
V' _Fn i /i
2sini{ p pJ = ol (7.44)
RT 1-i,/i,,

rearranging which yields [8]

n,= AT inn L pllpo
r av F 2(1-i,/i,, (7.45)

= 77p,1< + np,D

which is the combined overpotential associated with kinetic and diffusional processes at
the electrode, as evident from Figure 7-7a, i.e., 7,, = 17 + 17,,, which is the equivalent of

Kirchhoff’s potential law (KPL) of electrical circuits.
7.2.2 Lumped Fuel Cell Model

A schematic of a typical membrane-electrode-assembly (MEA) consisting of a five layer
assembly is provided in Figure 7-8. We can treat this MEA in terms of RR Graph
approach as shown in Figure 7-9a. The different branches in Figure 7-9a represent the
interconnected steps of diffusion of reactant gases through the GDL at the anode,
electrode reaction at the anode, electrolyte diffusion, reaction at the cathode, and gas

diffusion in the cathode GDL.
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Figure 7-8: Five layer membrane-electrode assembly for fuel cells a) catalyzed

membrane, b) catalyzed GDL
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While different species participate in these different steps, it is remarkable that continuity
of flux at the different intermediate nodes can be assumed, in addition to the sum of
affinity (potential) drop in the branches adding up to that for the overall process (OP).
These are, actually, the equivalent of Kirchhoff’s flux and potential laws (KFL and KPL).
In fact, the electrical equivalent of the fuel cell shown in Figure 7-9b is another form of
the RR graph in Figure 7-9a, where the branches have been replaced by resistors

representing the different elements.

In the absence of current, V = V), i.e., potential drop 7 across each branch is zero,
where we imagine the OP to be replaced by a power source, as shown in Figure 7-9b. As
a current 7 is drawn, the drop in potential registered by the power source is equal to the

sum of the potential drops across all the branches in series. Thus, the KPL implies that

Vo=V = (77A,D + 77A,1<) /) (77c,D + 770,1<) +1, (7.46)
— -
N4 Nc

where we have included 7, as another possible potential drop across an interface with the
MEA, if it is not well-assembled, or may become delaminated during use. Further, it may
be recalled that the sum of diffusion and electrode reaction overpotential is given by Eq.
(7.45). Thus,

V=Vo=n,+ e =g —1, (7.47)
which accounts for the fact that the sign of 7. is negative as v, <0. Next, the losses

for the anode may be written from Eq. (7.45), with p= 4, as

1y =L lSinh! 1{—*—"‘./“." } (7.48)
a,v, F 201-i /iy,

When using this expression, we will assume that v’ =+1 for the RLS in the anode

mechanism for PEM (or acid electrolyte) fuel cell, while o’,=1/2.

On the other hand, for cathode, with p= C, the evidence is that v' _ =-2 (based on Tafel

slope) for the RLS in the mechanism for the ORR in PEM (or acid electrolyte) fuel cell,

and we will further assume that o;=1/2.
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Figure 7-9: a) RR Graph for transport and reaction in a fuel cell MEA. b) An electrical

analog of fuel cell internals including an ideal voltage source and internal resistances.
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Furthermore, we need to account for the parasitic current at the cathode due to hydrogen

crossover, as discussed in the last section

S
ne =| — BT |sinht| L] Ye Hiew) Ve (7.49)
aCVCe,F 2 1—(lc+lC’X)/lC’L

where the crossover current is given by Eq. (7.21).

For the electrolyte layer, we assume that ohm’s law is applicable, namely

. d
lg, == O0p % (7.50)

which may be integrated for constant current density in the electrolyte layer to yield

L
Mo =Afy, = ZEL(ij (7.51)

EL

Thus, combining the above equations, along with KFL evident from the equality of fluxes

or currents at each of the nodes in Figure 7-9, 1.e., i =i, =i, =1i,,, there results [8]

V=VO——.R.T sinh™ l{ l/.lAjO J + .R.T sinh™ l{ (l+.lC1X)/le° J —i(LELJ—i(R,)
v, F 2\1-iliy, acv, F 2\=(i+igy)/ic, O

(7.52)

which is the final expression for V versus the current density i in terms V, and the
characteristic parameters, namely, the exchange current densities for the anode and the
cathode reactions, and the limiting current densities for the two electrodes, and the
electrolyte conductivity, etc. An example of a resulting plot is provided in Figure 7-10.

7y =116.62 is predicted for the ETEK electrodes using correlations provided in Ref. [8].

It is evident that the predictions are reasonable with the a priori parameters, and that the

crossover current makes a material difference only at very low current densities.
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Figure 7-10: Polarization curve for H,-O, fuel cell with Pt/C electrodes (0.5 mg/cm?)
from ETEK, Nafion 115, 7= 70 °C, P =1 atm, 100% RH, o,, =0.1 S/cm,
E, s, =18kJ/mol for Pt/C, i., =1.75 Alem®, i, , =4 A/em*, R, =0, y,, =116.62 . Rest

of the values are provided in Table 7-3.
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The majority of the initial precipitous drop in cell voltage at low current densities is due
to the huge cathode-side activation overpotential due to its very low exchange-current
density or activity. This loss levels off at higher current densities. The rather straight-line
region at intermediate current densities is largely due to the Ohmic potential drop in the
electrolyte layer, while the final sharp drop is by virtue of the mass transport resistance of
oxygen in the GDL, as reflected in the limiting current density, when the cell potential

drops to zero.
7.3 Conclusions

In summary, a simple model is presented here that predicts the effect of fuel
permeation on open circuit voltage in PEM fuel cells. Model predictions are entirely
consistent with the experimental observation. To segregate the effect of oxygen vs.
hydrogen crossover, we find that the crossover current due to oxygen permeation does
not significantly affect the anode overpotential and hence has no noticeable effect on the
observed OCYV. For a pin-hole free membrane, electrical short-circuit current is an order
of magnitude smaller than the H, permeation current. Thus, it is shown that hydrogen
crossover entirely accounts for the observed loss of about 0.2V under open circuit
conditions. The OCV, furthermore, is an important diagnostic tool to determine the
physical well-being of the membrane during prolonged operation, and to identify any
membrane degradation in the form of membrane thinning or pin-hole formation. The
cross-over effect can be easily incorporated in the lumped fuel cell performance model,

which adequately describes the experimental data.

309

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VII: H; — Oz Polymer Electrolyte Membrane (PEM) Fuel Cells

7.4 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. Zhang, Y. Tang, C. Song, J. Zhang, H. Wang, J. Power Sources. 163 (2006) 532-
537.

J.P. Hoare, The Electrochemistry of Oxygen, Interscience Publishers, New York,
1968.

J.O.M. Bockris, S. Srinivasan, Fuel Cells: Their Electrochemistry, McGraw-Hill,
New York, 1969.

J. Laraminie, A. Dicks, Fuel Cell Systems Explained, John Wiley, Chichester,
England, 2000.

B. Sompalli, B.A. Litteer, W. Gu, H.A. Gasteiger, J. Electrochem. Soc. 154 (2007)
B1349-B1357.

J. Wu, X.-Z. Yuan, J.J. Martin, H. Wang, D. Yang, J. Qiao, J. Ma, J. Power
Sources. 195 (2010) 1171-1176.

S.S. Kocha, J.D. Yang, J.S. Yi, AIChE. J. 52 (2006) 1916-1925.

T. Thampan, S. Malhotra, J. Zhang, R. Datta, Catal. Today. 67 (2001) 15-32.

T. Sakai, H. Takenaka, N. Wakabayashi, Y. Kawami, E. Torikai, J. Electrochem.
Soc. 132 (1985) 1328-1332.

T. Sakai, H. Takenaka, E. Torikai, J. Electrochem. Soc. 133 (1986) 88-92.

K. Broka, P. Ekdunge, J. Appl. Electrochem. 27 (1997) 117-132.

F. Damay, L.C. Klein, Solid State Ionics. 162-163 (2003) 261-267.

R.M. Pashley, M. Rzechowicz, L.R. Pashley, M.J. Francis, J. Phys. Chem. B. 109
(2005) 1231-1238.

C. Song, Y. Tang, J.L. Zhang, J. Zhang, H. Wang, J. Shen, S. McDermid, J. Li, P.
Kozak, Electrochim. Acta. 52 (2007) 2552-2561.

C. Song, J. Zhang, in: J. Zhang (Ed.), PEM fuel cell electrocatalysts and catalyst
layers, Springer, New York, NY, 2008.

K.C. Neyerlin, W. Gu, J. Jorne, H.A. Gasteiger, J. Electrochem. Soc. 153 (2006)
A1955-A1963.

S. Cleghorn, J. Kolde, W. Liu, in: W. Vielstich, A. Lamm, H.A. Gasteiger (Eds.),
Handbook of Fuel Cells - Fundamentals, Technology and Applications, John Wiley
& Sons, New York, 2003, p. 566.

310

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VII: H; — Oz Polymer Electrolyte Membrane (PEM) Fuel Cells

[18] M. Inaba, T. Kinumoto, M. Kiriake, R. Umebayashi, A. Tasaka, Z. Ogumi,
Electrochim. Acta. 51 (2006) 5746-5753.

[19] E. Endoh, S. Terazono, H. Widjaja, Y. Takimoto, Electrochem Solid-State Lett. 7
(2004) A209-A211.

[20] W. Liu, M. Crum, ECS Trans. 3 (2006) 531-540.

[21] H. Tang, S. Peikang, S.P. Jiang, F. Wang, M. Pana, J. Power Sources. 170 (2007)
85-92.

[22] C.A. Reiser, L. Bregoli, T.W. Patterson, J.S. Yi, J.D. Yang, M.L. Perry, J.D. Jarvi,
Electrochem Solid-State Lett. 8 (2005) A273-A276.

[23] J.-X. Zhang, B.A. Litteer, W. Gu, H. Liu, H.A. Gasteiger, J. Electrochem. Soc. 154
(2007) B1006-B1011.

[24] V.M. Barragan, A. Heinzel, J. Power Sources. 104 (2002) 66-72.

[25] K.-M. Yin, J. Power Sources. 167 (2007) 420-429.

[26] B.K. Kho, B. Bae, M.A. Scibioh, J. Lee, H.Y. Ha, J. Power Sources. 142 (2005) 50-
55.

[27] S. Song, W. Zhou, J. Tian, R. Cai, G. Sun, Q. Xin, S. Kontou, P. Tsiakaras, J.
Power Sources. 145 (2005) 266-271.

311

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

Chapter VIII

Topology, Mechanism and Kinetics of Electro-catalytic

Reaction Systems in Fuel Cells

An improved understanding of the hydrogen electrode and oxygen reduction reactions is
essential for deeper fundamental understanding of fuel cells, which would assist in
improved catalyst design and detailed fuel cell modeling. In this chapter, we utilize the
RR graph framework for analysis of these archetypical electrochemical reaction systems.
The approach highlighted in this chapter can be easily adopted for a detailed and robust
analysis for a host of different electrochemical systems, e.g. methanol electro-oxidation at

the anode of DMFCs.
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8.1 Introduction

Due to their practical significance, the hydrogen oxidation reaction (HOR), its
reverse, i.e., the hydrogen evolution reaction (HER), and oxygen reduction reaction
(ORR) are by far the most extensively investigated of electrocatalytic reactions [1-15].
However, even for the simplest of the electrochemical reaction systems, namely
hydrogen electrode reaction, the mechanistic and kinetic understanding is still

incomplete.

It is well-recognized that the standard Butler-Volmer equation is lacking in an
adequate description of the kinetics of the hydrogen electrode reaction over the complete
range of potentials for the alkaline as well as the acid electrolytes. Further, it is unable to
explain the asymmetry in current-versus-potential observed in the hydrogen evolution
reaction (HER) versus the hydrogen oxidation reaction (HOR). In fact, even kinetic
descriptions via two-step mechanisms (Volmer-Heyrovsky, Volmer-Tafel, or Heyrovsky-

Tafel)) are individually applicable only in limited potential ranges.

The significance of dual-pathway kinetics has recently been shown for the case of
HOR on Pt electrode [1]. However, no general rate expression exists that can
simultaneously account for these alternate pathways in terms of the accepted three-step
mechanism, namely, the Tafel, Volmer, and the Heyrovsky steps. Further, no realistic
first principles prediction of step kinetics yet exists for the hydrogen electrode reaction,
although there is now a great interest in ab initio predictions [2-9] as well as in their
experimental validation [5, 10-17]. Were an accurate rate expression for HOR/HER in
terms of its three step kinetics available, it would not only be revealing, allowing
fundamental questions to be answered, such as those posed recently by Gasteiger et al.
[16], but, when available, it could utilize the first principles predictions of step kinetics to
construct a comprehensive picture of this important and intriguing reaction system,
including elucidation of the parallel pathways and the dominant steps. A thorough
understanding of HOR and HER would also serve as a yardstick for understanding other

electrocatalytic reactions.

One of the major pitfalls of PEM fuel cells is related to the sluggish kinetics of the
irreversible ORR at the cathode, establishing a significant overpotential. Thus, ORR has
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been the focus of investigation for decades. An elegant review of ORR on Pt and
bimetallic surface is provided by Markovic et al. [18]. Several research groups have
attempted prediction of the potential dependent activation energies for the ORR [19-24].
While, previous theoretical predictions of catalyst activity were based on the assumption
of single RDS [19], which of course might not hold true over a broad range of potentials
[25], there exists no general rate expression that can explain the observed kinetics. In this
chapter, we provide such an explicit rate expression for the ORR on Pt(111) based on our
RR graph approach. The deeper theoretical understanding of the ORR kinetics can enable
us to improve the ORR activity of Pt based cathode electrocatalysis, by e.g. alloying Pt

with other transition metals like Co, Ni.
8.2 Step Kinetics for Electrocatalytic Reactions

The net rate of a generic elementary step, 7, =r, —r,, is written as follows

i=1 k=0 k=0
oL - 8.1)
fp = kaaivp{Hgkaw = (BpHHkapk
i=1 k=0 k=0
where 6, is the (unknown) activity of intermediate species I, (k=0, 1,2, ..., g), a, is the
(known, or specified) activity of terminal species T; (i = 1, 2, ..., n), a o i1s the

stoichiometric coefficient of I, in reaction step s, as a reactant and that as a product is
a ., while that for T; is v, and v, respectively. We, club together, as done in earlier

chapters, in the above mass-action kinetics, the product of the known rate parameters and

activities of terminal species into reaction weights, @ ,, leaving behind the rates explicitly

in terms of the unknown intermediates concentrations and known @ -

The thermodynamic transition-state theory gives the rate constants of the forward and

reverse steps as [26]
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. kT AG*| -~ kT AGH
k =x—2—exp —2-| ; k. =x—2—exp —2 8.2
» =5 p[ RTJ » = p[ RTJ (82

where the Gibbs-free energy of activation involves electrostatic potential as well,

AGE"’ = Aéﬁ:‘c’m - ,Bp(vpe,F @), as per the linear free energy relation (LFER). Further, use
of the relation: Aég"’ = Aﬁg"’ - T. Ag’/f"’, provides, e.g., the forward rate constant as

_ AS*S, A, (B,)v FO
k =K kBT exp p.®=0 exp — i_o exp ﬂp—pe
r h R RT RT

A, (8.3)

- E B FO| - Bv, Fn
’ p( RT J p{ RT ooy TP RT

where the symmetry factor is assumed to be S, =1/2 for an elementary reaction, k,, is

the rate constant corresponding to equilibrium electrode potential @y , and 77, = O - D, is

the overpotential. The “standard” (for unit activities) electrode potentials (denoted by

superscript o) for the hydrogen electrode reaction are, of course, ®; =0.000 V for acidic
electrolytes, and ®;=-0.828 V for alkaline electrolytes. Further, IQP,CDO and k po, 1N the

above are rate constants corresponding to equilibrium electrode potential @, i.e.,

- . E . B,V FP,

ko, =A, exp[—;’—q’ToJ exp{”R+”T (8.4)
and,

_ - E . (B,-Dv  FO,

ko, =A, exp(——;q}oJexp{ . R]lj (8.5)

. . - k, T [ AS,,
This clearly shows the nature of the pre-exponential factor, A =x 2 exp ; ,

the activation energy that explains the temperature dependence in the usual Arrhenius

form with the activation energy being related to the enthalpy of activation in the absence

of potential, E om0 = AH ,i’,l:m and the potential dependence via the usual Butler-Volmer
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form. Clearly, both temperature and potential have a substantial effect on the rate
constant of an electrochemical step. However, for the non-electrochemical steps, e.g., the

Tafel step, clearly the potential dependence is zero, and the rate constant simplifies to the

— —

E
Arrhenius expression, k, = A, exp(— %J . It should be further apparent that the pre-

el

exponential factor is the same for both chemical and non-electrochemical steps. Further,
any conclusions about the RDS, and the importance of the different pathways, etc., is

temperature as well as potential dependent.

8.3 Hydrogen Electrode Reaction Mechanism, Network and Step

Kinetics

The hydrogen electrode reaction has been investigated over a long period of time due
to its technological and fundamental significance. The most common and well accepted
mechanism involves the Tafel, Volmer, Heyrovsky steps [27-29] which have been found
to adequately explain the overall reaction kinetics [1, 5, 9, 30, 31]. This 3-step
mechanism involves only a single reaction intermediate, H-S, where S represents an
unoccupied catalyst surface site. It should, however, be noted that more recently other
intermediates have been proposed. For instance, intermediates such as adsorbed water

(H,0-S), and adsorbed hydroxyl (OH-S) have been shown to exist on Pt surfaces by

Ertl and co-workers [32, 33] and others [34]. Thus, Nerskov et al. [31] consider OH -S
and O-S species to calculate the effect of molecular water on adsorption. Additional
intermediates, of course, imply additional elementary steps in the mechanism and would
alter the site balance. Nonetheless, we simply adopt the standard Tafel-Volmer-
Heyrovsky mechanism shown below to avoid being distracted by the additional

complexities of a more detailed mechanism, which are left for future work.

Sp Ovryp Ovhap Owr,p

sy: H-S+OH S H,0+S+e" +2  +1

sy H,+2SS2H-S +1 -1 (8.6)
sy H,+S+OH SH,O+H-S+e” +1 +2

OR=>0c,s,: H,+20H 5 2H,0+2¢
P
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Eq. (8.6) above describes the hydrogen oxidation reaction (HOR) in an alkaline

electrolyte. In an acidic electrolyte, on the other hand, the corresponding mechanism is

Sp Ovrp Ovup Owur,p

sy H-S+H,05 H,0" +S+e¢” +2 +1

s, H, +2S52H-S +1 ~1 (8.7)
sy: H,+S+H,05H,0" +H-S+e¢" +1 +2

OR=>0c,s,: H,+2H,05 2H,0" +2¢
Vel

The Volmer step, s,, above describes the electrochemical consumption of the key
intermediate, namely, the surface atomic hydrogen, H-S, while the non-electrochemical
Tafel step, s;, and the electrochemical Heyrovsky step, s,,, describe the generation of

H-S from molecular H,. As indicated by the stoichiometric numbers o, above, when

these steps are combined in a manner that eliminates the only intermediate H-S (g =1),
the overall reaction (OR) results. Clearly, this can be accomplished in more than one
way, which represent the alternate reaction routes (RRs), or pathways. The overall
reaction and the elementary steps for the case of the hydrogen evolution reaction (HER)

are simply the reverse of those written above for the case of HOR.

For the hydrogen electrode reaction, a direct FR must not contain more than any two
(g +1) of the three steps, while a direct ER must be restricted to less than three steps. As
shown in Egs. (8.6) and (8.7), the three FRs for the HOR are

FRy,: (+Dsy +(+1)s; =0OR

FRy;: (#2)sy +(+1)s; =OR (8.8)
FRyp: (42)sy +(=Ds; =OR

The full-route FRyy represents the Volmer-Heyrovsky pathway, while FRyt and FRyr
are the Volmer-Tafel and the Heyrovsky-Tafel pathways, respectively. Further,
subtracting one FR from the other, e.g.,, FR; —FR,,, eliminates all species (both
intermediate = and  terminal), and thus provides an ER, namely,

(+Dsy + (=Dsy, + (+1)s; =0, is an empty route, ER;:

317

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

5 %1

sy: H-S+OH SH,0+S+e +1

sy: H,+S+OH SH,0+H-S+e -1 (8.9)
s;:  H,+2S52H-S +1

ER,: 050

This finite and unique set of FRs and ERs are listed in Table 8-1 for the above HOR/HER
mechanism. As per the Horiuti-Temkin theorem, an independent RR set for the 3-step
HOR/HER mechanism is 4= p—-g=3-1=2 RRs, which may include both FRs and
ERs, so long as they include among them all of the steps in the mechanism. Moreover,
the number of linearly independent ERs is given p — (¢ + 1) =3 — 2 — 1 =1 for the
reaction mechanism considered [35]. Thus, a set of 2 linearly independent RRs may be
readily determined by identifying one independent ER and one FR by simple inspection
of the HER/HOR mechanism, as done above, thus avoiding the stoichiometric
enumeration of RRs used for complex mechanisms [35-37]. Let us consider the FRyy and
ER,, mentioned above as the independent set of RRs for the considered HOR/HER
mechanism, from which the remaining set of unique RRs can be obtained. Thus, a linear

combination of FRyy and ER; results in FRyt and FRyr (Table 8-1).

These RRs, or pathways, may, in fact, be simply traced as walks on the Reaction
Route Graph of a mechanism for an overall reaction. The construction of such a graph is

is described below with regard to the hydrogen electrode reaction.
8.3.1 Reaction Route Graph

With the independent set of RRs (i.e., FRVH and ER1) in hand, the construction
of the RR graph is straightforward and is illustrated in Figure 8-1 [38]. We start by

assembling the empty routes, only ER1 in this case, into a cycle graph.
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Table 8-1: Stoichiometrically distinct direct FRs and ERs for the 3-step hydrogen

electrode reaction mechanism.

Reaction Route Expression
Full RRs
FRvu
Sy TSy = OR
(Volmer-Heyrovsky):
FRyt
ZSV + 5T = OR
(Volmer-Tafel):
FRyr
2SH —ST= OR
(Heyrovsky-Tafel):
Empty RRs

ER1Z

Sv—SH+ST=O

Catalytic and Electrocatalytic Pathways in Fuel Cells

319



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

135

St

N % IS %
ST ‘ ST
> >
® a) Cycle Graph ®
ﬂOR
|
+]| I-
IN,

b) RR Graph

Figure 8-1: RR Graph construction for the 3-step hydrogen electrode reaction

mechanism.
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It is further noted that there exists non-unit stoichiometric (o,, =+2) numbers in

some of the RRs in the unique set (Table 8-1), i.e., in FRyt and in FRyt. This implies that

every elementary reaction step s, as well as the OR must occur twice in the RR graph,

which must furthermore be symmetrical [37, 39].

This can be accomplished by fusing two ER;’s as shown in Figure 8-1a. Next, we
note that the remaining RR of the independent set, namely, FRyy, can be included in the
graph by simply connecting the OR (also twice) across terminal nodes (TNs), yielding the
final RR Graph (Figure 8-1b). It is next noted that all of the 4 unique RRs (Table 8-1) for
HOR can be traced on the resulting RR Graph as walks between the TNs. In fact, it may
be noticed that every RR in the graph is involved twice. This is a consequence of the fact
that the mechanism is non-minimal [37], i.e., the elementary steps are involved more than
once in a FR. Nonetheless, the affinity (or any other thermodynamic potential change
across it) and the rate of a step (e.g., sy, sy or st) remain unchanged regardless of their
placement because of the network symmetry. For HER, the FR walks are simply in the

opposite direction.

Let us next check, if the RR graph, so obtained, concurs with the condition that the
intermediate nodes (INs) and the TNs must be consistent with the quasi-steady state
(QSS) condition for the intermediate and terminal species. Since there is only one linearly

independent intermediate, H-S, here, its QSS condition is
Ous: (2 +(+Dry + (=D =0 (8.10)

which is consistent with the connectivity, Zm 5, =0, where the incidence coefficient
Y2l

m, =+1, if a branch leaves the node j, and m =L if a branch is coming into the node

Jj, of the only one IN (although present twice) in the RR Graph, i.e.,
IN,: (-2)s; +(#+Dsy +(=Dsy; =0 (8.11)

Similarly, the QSS condition for the terminal species (H,, OH", H,0,e") for the HOR in
alkaline electrolyte (Eq. (8.6)) are
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Oy, + (=Drgg + (=Dry +(=Dr; =0
Ouo: (Do +(+Dry +(+Dr =0
O (+2rp +(+Dry + (+Dry; =0

O+ (Do +(=Dry +(=Dry =0

(8.12)

It is seen that the QSS condition for OH, e, and H,O is the same, and is represented by

the TN, (represented twice in the graph) in the RR Graph, namely
TN,: 20R -5, =5, =0 (8.13)

Thus, the resulting RR graph satisfies all of the conditions imposed on the RR graph, i.e.,
all nodes are balanced in that they satisfy the QSS conditions of one or more surface
intermediate (in case of INs) and of one or more terminal species (in case of TNs).
Further, all the RRs can be traced as walks or paths on the RR graph. The network
includes the commonly considered Volmer-Heyrovsky and Volmer-Tafel pathways,
along with the not so common Heyrovsky-Tafel pathway [38]. Thus, this is an

appropriate RR Graph for the hydrogen electrode reaction.

Finally, a curious observation by Chialvo et al. [5, 30], that two distinct sets of
alternate parameters provide identical HOR/HER kinetics, can be explained simply from
the topology of the RR Graph. Thus, it is clear from the symmetry of the RR Graph in
Figure 8-1b that the Volmer and the Heyrovsky steps can be interchanged without
affecting the properties of the circuit. As a result, interchanging the kinetic parameters of
the Volmer and the Heyrovsky steps does not alter the current density versus
overpotential predictions, as found by Chialvo et al. [5, 30], even though it changes the

dependence of surface coverage on 7 from 6, (7)) to 1-6,4(7n).

We will use the RR Graph in Figure 8-1b below for deriving a QSS rate law based on
its electrical analog, which would include the flux along all the three pathways (FRs), so
that one need not select a pathway individually for kinetic analysis, as is the usual

practice.
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8.3.2 Step Kinetics

Following the discussion above in section 8.2, the net rates, r, = 17'0 —r,, of the three

elementary steps in the HOR/HER mechanism may be written as

rp =0 (1_6)1{3)2 _@Tgli-s
ry = 0045 — o, (1-0y) (8.14)

1y = 0y (1= 05) — @y 0y

where the site balance, namely, 6, + 6, =1, has been incorporated.

The step weights in the above may be written as

r = Ky, 5 op =k
= = =

v = Wy € 5 WOy =0y e (8.15)
o=y s
Wy = Wy y€ s Wy =Wy ,€

where the dimensionless electrode overpotential, WE%%- Further, for the case of

alkaline electrolytes, the parameters above, in terms of the rate constants at equilibrium

electrode potential and the activities of the terminal species, are

WOy =Kye Aoy > a’v,ozkv,q:oaﬂzo

(8.16)

— —
—

o = Kuo,%on-%, > Do :kl-l,tboal-lzo

S

Furthermore, in these expressions, the activity of water is usually assumed to be unity,

Le., ayo=1, for saturated conditions, while the activity of hydrogen is written as its
partial pressure, i.e., a; = py_ , n atm.
8.3.3 Consistence with Network Laws

Figure 8-2 below represents the electrical analog for the HER/HOR mechanism,
obtained directly from the RR Graph in Figure 8-1. In doing this, the elementary steps are

viewed as resistances, while the OR is viewed as a power source [38].
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8.3.3.1 Kirchhoff’s Potential Law (KPL)

The RR graphs, as explained in chapter II follows Kirchhoff’s potential law
(KPL) [35-37], that provides an important thermodynamic consistency check on the

given kinetic parameters. For example, KPL relation for ER,, i.e., A, —4,,+ 4, =0,

implies, with the help of the relation 4,/ RT =In(7, /7,)

N e A n L AR (8.17)
v N\a N\t Wy )\ WOy )\ @r
The calculated or experimentally determined rate constants must be consistent with these

constraints.

Alternatively, not all rate constants need to be predicted, some may be found from

KPL relations. The affinities of the elementary reaction steps s, in a full route are related

to the overall reaction affinity via a similar reaction.
HAop = Ay + Ay =2A, + A =24, - A, (8.18)
8.3.3.2 Kirchhoff’s Flux Law (KFL)

The Kirchhoff’s Flux Law (KFL), analogous to the QSS analysis [5, 30], applies at

P
each node [35-37], i.e., Zm_/ o/, =0. Thus, at the intermediate node
p=1

IN, : (=2)r; +(+D)r, + (=D, =0 (8.19)

The use of the step kinetics (Eq. (8.14)) in this, thus, allows one to determine the

unknown site fraction 6,4 from

2y — @y )0 + {80 + (g + By) + (0 + By) |Bys— Ry + 0y +@y) =0 (8.20)
%/_/

a b c

The solution to which is
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Figure 8-2: The equivalent electrical circuit for the 3-step HER mechanism.
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1

= [ {40, + (o, + By) + (i, + )}
4(a)T _a)T)

H-S

{86, + (@ + @)+ (@ + @)} + 8y — oy 2y + oy +@H)}
8.21)

The other root of the quadratic equation does not provide a value between 0 and 1 [30].
This may be used to obtain the surface coverage of adsorbed hydrogen for a given set of
kinetic parameters, using which the step rates as well as step affinities and step

resistances may be calculated.

The OR rate can next be calculated from the application of KFL at the terminal node,

namely
TN, : (2)r +(+Dry +(+Dr; =0 (8.22)

Thus, although an explicit OR rate expression that contains all the three mechanistic steps
cannot be obtained, numerical calculations of the OR rate can be readily performed for a
variety of conditions, as shown later. Such QSS analysis is performed for the HOR/HER
by many authors, for instance, by Chialvo et al. [5, 30], although we interpret this as KFL
applicable to the RR Graph. Consequently, the results are similar [5, 30].

One can similarly compute QSS (KFL) rate for each of the individual limiting cases
of the 2-step mechanisms, namely, the VH, VT and HT mechanisms. Of course, the QSS

(KFL) condition will change for each such limiting case, as will the dependence of 6, ¢

on overpotential.

A specific advantage of the RR Graph approach, however, is that once the step rates,
affinities, and resistances are hence obtained via KFL, a robust identification of the
dominant reaction pathways may be accomplished based on a comparison of the flux
(current) along different branches in the RR Graph or via a comparison of pathway
resistance. Moreover, comparison of resistance enables us to identify the rate-limiting
steps (RLS), without making any ad hoc assumptions. We followed such a numerical
analysis for many of the examples in earlier chapters. Here, we follow the alternate
circuitry approach for an explicit treatment of rate law for the general case involving all

three steps, as well as explicit rate expressions for limiting 2-step mechanisms.
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8.3.4 Ohm’s Law Kinetics

The overall resistance of a reaction network may be calculated in terms of branch
resistances using standard electrical circuit methods [40]. For the case of the HOR/HER,
the overall rate may be written as

A
2 = (8.23)

OR

where for the circuit shown in Figure 8-2, the overall resistance R, , can be obtained by
employing, e.g., a A—Y conversion utilized in electrical circuits [38] [40]. The rate, r,,

on the left-hand side of Eq. (8.23) has been doubled since the network involves the OR
twice (Figure 8-2). The overall network resistance for HOR/HER may be shown to be

equal to

R, = R.R, + R, (R; +4R,) (8.24)
2(R; +R, +R,)

While such a representation of reaction rate is entirely consistent with the numerical
results obtained from the conventional KFL/QSS analysis discussed in the last section
[38], unfortunately, the step resistances in Eq. (8.24) as defined in chapter II, involve step
kinetics including activity of the intermediate species 6,4, which is, of course, not
known a priori, the determination of which is, in fact, the key goal of kinetic analysis.

We thus, follow an alternate Ohm’s law representation of Eq. (8.23) of the form [41]
EOR

.
OR

20 =

(8.25)

in which the network resistance R, of a form similar to Eq. (29) as described below,

can, in fact, be determined a priori. Here, the thermodynamic driving force is defined as

Ep=1-z, (8.26)
while the reversibility of the OR
- I v7.
Zop = Fop | o = €XP(—=A, ) = K—Ha,m (8.27)
Or il
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Furthermore, based on KPL, the above OR reversibility can be written in terms of the

step weights, thus making it a known quantity for a given set of reaction conditions

g+l a3 Tep
2 =TT 2 (8.28)

For the HOR, thus, for the different FRs (Eq. 3)

o, Oy Oy O Of O
Zor ZTVTHZTZTTZT}ZITT (8.29)
a)\/ a)H a)\/ a)T a)l-l a)T
The OR reversibility in the above relations may be written as follows by combining Eq.

(8.15) with, e.g., the first of the relations in Eq. (8.29). Thus

W, @

| By Buy | 4y

Zor =| = = [ (8.30)
Wy Wy

When equilibrium is brought about by changing the hydrogen electrode overpotential

to zero, i.e., as ¥ —>0, z,, >1,and R, —> R ;. Thus, the term in the parenthesis in the
above expression must be unity, i.e., @y @y, = @y @y ,, Where these parameters in terms

of rate constants at equilibrium potential and species concentrations are given in Egs.

(8.4) and (8.16).

The equation also explains the reciprocity in rate constants of the Volmer and
Heyrovsky steps observed and commented on by Chialvo et al. [5, 30]. As a result,

furthermore, the reversibility simply becomes
zop=e " (8.31)
It is, thus, clear from above that when y >0, i.e., when the overpotential is positive,
the OR proceeds as depicted in Eqgs. (8.6), i.e., as HOR. On the other hand, when y <0,

the OR is the HER. Further, at high overpotential in either direction, i.e., when |y/| >>0,

the reaction is essentially irreversible.
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The above relation may alternately be obtained if either of the other two forms in Eq.
(8.29) were used for this analysis, which further require @y ,@; =@y ,&; and

v P . .
@y (@1 = Oy (@; as additional KPL relations.

Further, using Egs. (8.25), (8.26) and (8.31) in i=v_, Fr,,, where r,, is in units of

1

molecm™ s™' and Voo 1s the stoichiometric coefficient of electrons in the overall

electrode reaction (i.e., v

. =+2 for HOR and Vore =-2 for HER), and rearranging,

the current density

v _F(e? —e™
= w( . ) (8.32)
e (2ROR)

This relation may alternately be expressed in terms of the exchange current density as
follows. Thus, when equilibrium is brought about by changing the hydrogen electrode
overpotential to zero, i.e., as  — 0, then the net electrode current density i — 0, but the

current density in each direction 7,andi —i,. Of course, then the step resistance

changes as well, R, >R’ ,

and the OR resistance changes concomitantly, Ry, — Ry .

Thus,

v |F
iy =“’R— (8.33)
2R0R,0

and the current density then may be written in the alternate form

. R' 2 2y
L OR’Ogj —e) (8.34)
Iy e (Ror)

As mentioned above, R), in the above relations is the total network resistance, which

may be written in terms of step resistance in the same form as Eq. (8.24), i.e.,

re _ RORS + RE(RS +4RY)

- 8.35
R 2(RS + R, +R) (8.35)

where R; is defined explicitly in chapter II, as the resistance of the step s, when it is
considered as the rate-determining step (RDS), with all other steps are at quasi-
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equilibrium (QE). R; can next be ascertained a priori following the LHHW approach

along with notion of IRRs, elucidated in chapter II. Thus, with step s, as the RDS

O
T l_’:—l—. (?)T(GOO,T)Z

(8.36)
The corresponding intermediate reaction for H-S is IR, =(-1)s,. Using Eq. 2.25 , we
thus have 055, /0y, =@, /@, . Next from Eq. 2.26 , 1/6;, =1+d, /@, . Finally, using
this in Eq. (8.36) along with Eq. (8.15)
N2 _ 2
ST VAV S

Dy W Wy,

Ry :;‘z - 1. = .1 (8.38)
Ko Oy & (GH.S,V JH.
v 90.,v (8%

The corresponding intermediate reaction for H-S is IR,q=(+1)s,. Thus,

Onsy/Ony =@y /@, along with 1/0;, =1+, /@, . Using the above in Eq. (8.38),

1)
Ry =— 1 (1+ HH’O ez"’J (8.39)
w
Wy € Wy
Similarly
17)
R;::}.:al. :41 . 14 Hv,oe—zy/ (8.40)
ry @y 90,H Wy (€ Wy

8.3.5 General Tafel-Volmer-Heyrovsky Kinetics

Assuming all three steps are significant, and combining Egs. (8.32) and (8.35)

2y

_Vore { R} + R +Rj
e

i= ° e ° ° ° (ez‘/’ _e’Z‘//) (841)
R.R, + R, (R; +4R,)
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Using the step resistances obtained above in this and rearranging provides

SV s
= = H - o (a)H,Oe + Oy € ) -
v, F)o.o;, 1+7(a)voe"’+a)voe ”’)+ (e —e™)
OR.e s pnliine s s — 74 - 4
T @y (a)v,oe + oy e )

pad "4 =3 v
(" + 0 )}

) D)
- W - —y - v - —y TWv o
(C()V’Oe + a)v,oe ) + (C()H’Oe + a)H,Oe —
Wy

(8.42)

Although complex-looking, it is noteworthy that this is the first explicit expression
available in the literature that provides the kinetics of the hydrogen electrode reaction in
terms of the kinetics of all of the three accepted steps (Tafel-Volmer-Heyrovsky)

considered together.

Further, when equilibrium is brought about by changing the hydrogen electrode
overpotential to zero, i.e., as  — 0, then the net electrode current density i — 0, but the
current density in each direction i,andi —i,. The above equation then provides the

exchange current density

VOR L

. N N A
(a)v,o + a’v,o)z + (a)H,O + @y, - + (a)v,o + a’v,o)

H,0

- =72 0 ,0 — - (@H,O +a3H,0)
‘Fa)Ta)V,O{l + 7(@,,0 + a)V,O)Jr =

(8.43)

The last two expressions can be further combined to alternately express the current

density in terms of exchange current density

4oy & (@y0e” +pe™)
{(a)\,wo +dy )2 +(a)H,0 +a)H,O>{ V0 +(a)v,0 +a)v’0) 1+—22 (a)\,woe”’ +a)\,woe’”’)+ o o e —e™)

i— v~ —v/i
Dy Dy Wy Wy e Ty e

0 - - _ -
w R _ Oy, +O R - v _ _\|bo,o R _
I+— 114,0 (a)vo +a)vo)+(aH’° kH'O) (a)VAOeV’ + @y e "’) +(a)HAOe"’ + @y e I vo +(a)V 0’ +dy e "’)
. . (wm _‘_w\m} : : : : o . :

a)T a)V.O H.,0

(8.44)

Although the above expressions are approximate, they are highly accurate as shown later
in comparison with the QSS numerical results over the entire range of potentials of

interest for both HOR and HER.
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8.3.6 Limiting Cases of Dual-Step Kinetics

When one of the 2-step mechanisms (Volmer-Heyrovsky or Volmer-Tafel) is

dominant, the third step may be removed from the RR Graph, and the corresponding
simplified R}, computed for the hence reduced circuit (Figure 8-3). The Heyrovsky-
Tafel mechanism is not considered here further based on the QSS results presented later

in the chapter. Thus, the overall resistances of the two-step pathways involved in

HER/HOR are

Ry = (R} + RH)/z} 545

R, =2R,+R./2
which may be wused for R, in Egs. (832) to (834), ie, in
For = Eox (2Ro) = By /2R3,
8.3.6.1 Volmer-Heyrovsky Mechanism

For the Volmer-Heyrovsky mechanism, using the expressions for the Volmer and
Heyrovsky resistances in Eq. (8.45) and rearranging
= — 2p -2y
VOR,efFa)v,oa)H,o (e —e™)

N G + vl + (@ + iy (840

This rate expression can, in fact, be derived via the KFL/QSS analysis as well, which
provides an explicit solution in this case because the kinetics for both the Volmer and

Heyrovsky steps are linear in the unknown surface intermediate concentration.

The rate expression may further be written in an alternate form by using the identities,
e’ =coshy+sinhy, e’ =coshyy—sinhy, and sinh2Qy)=2sinhycoshy, and

rearranging, to provide
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=
X ——

Ao
(2) (b)

Figure 8-3: Reduced RR circuit for (a) Volmer-Heyrovsky mechanism and (b) Volmer-

Tafel mechanism.
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Wy + Wy

@H,Og)V,O :
4v ore- F (HJ sinh i
lyy = - -
+
2- {1 - w}(l —tanhy)

(8.47)

(Dy + Wy )
Further, the exchange current density from Eq. (8.33)
@V,O + @H,O
(@V,O + @H,O)

(C?)v,o + CBH,O)

VOR,e’

(8.48)

bypo =

1+

Thus, an alternate form of the rate expression is obtained by combining the last two

expressions

@y, + @
Ay o {1 + w} sinh

(a)V,O + a)H,O)

byw = p p
+
(a)V,O + a)H,O)

(8.49)

8.3.6.2 Volmer-Tafel Mechanism

For the Volmer-Tafel mechanism, using the expressions for the Volmer and Tafel
resistances, along with @, @y, = @, ,@y,, and Eq. (8.45) in Eq. (8.33) and rearranging

provides the exchange current density

Iyro = = Y (8.50)
(By o+ Dy y) 1+ V0
v ’ Vo (@Dy o+ @y )
which may be combined with Eq. (8.34) to provide
4@,
lVTO{1+ ( e )} 72!//)
@y, + @
Z.VT: 1 VO V,0 V,0 C?)C?) (851)
W{(w\/oe + g )+ (a)voe + 0y e W)}
V,0 V,0
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which can alternately be written in terms of hyperbolic functions as above

4, @ .
Bigp ol — sinhy
@y (Dy, + Dy )

Iyt R _
(wv,o - a)v,o)

(@v,o + &)v,o)

2
tanh l//} +

cosh 1//{1 + A0y By g {1 _ (0yy = yp)

P - = ——tanhy
@y, (y + 0y ) (D + dy)

(8.52)

It is noteworthy that this is the first such explicit expression for the Volmer-Tafel
mechanism, as the corresponding QSS analysis cannot be written explicitly in such a
form due to the nonlinearity of the kinetics. Thus, the QSS site coverage for the Volmer-

Tafel kinetics is

%[{4@ +(@y +5)V)}—J{4@T +(@y + @)} —8(dy — )20, +a3v)}

6..=
e 4((?)T _a)T)

(8.53)

which may be used in Eq. (8.14) for calculating the OR rate via the KFL/QSS approach.
8.3.7 Case of Hydrogen Electrode Reaction in Alkaline Medium

Unfortunately, the rate constants for electrocatalytic elementary reactions are not yet
available from first principles predictions, although important progress is being made in
this direction [2-4, 8, 9, 31]. Therefore, for our analysis, we adopt rate constants obtained
in the literature by fitting experimental rate data. Thus, the set of rate constants used here
for the case of Pt catalyst in 0.5M NaOH solution at 296 K is provided in Table 8-2 [30,
42]. Moreover, this kinetic data is found to be consistent with KPL relations described in

the earlier sections.

Figure 8-4 provides a plot of 1/ R; (maximum possible forward step rate) versus

overpotential 77. Based on Figure 8-4, Volmer step seems to be the fastest over the entire
range of overpotential, while the resistances of the Heyrovsky and Tafel steps are of
similar magnitude and may be rate-limiting over limited potential ranges, as discussed in
more detail below. However, all three resistances are not of dramatically different

magnitude. Finally, the potential dependence of R} is curious, and explained by Eq. (49).
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Table 8-2: Reaction rate constants for HER on Pt in 0.5M NaOH at 296 K [30].

Reaction Step, s, k,q, (molem™s™) k,q, (molem™s™)
s, :H, +2SS2H-S ky =8.8x107"° ky =8.8x107
sy :H-S+OH SH,0+S+e by, =4.4x107 by o, =44x107
sy :H, +S+OH SH,0+H-S+e ko, =2.4%107° by, =2.4%107
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Figure 8-4: Semilog plot of 1/ R; vs. overpotential, 7 (V) for hydrogen electrode

reaction on Pt in alkaline medium.
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Figure 8-5: Semilog plot of overpotential (V), 7 vs. absolute value of kinetic current, i
for hydrogen electrode reaction on Pt in alkaline midium. Solid lines represent data
obtained from solving QSS equation for the 3-step Tafel-Volmer-Heyrovsky (black)
mechanism and each of the 2-step mechanism, namely, Volmer-Heyrovsky (green),
Volmer-Tafel (red) and Heyrovsky-Tafel (dotted, black) mechanism, while symbols

represent calculations from Ohm’s law. @ 3-step mechanism Eq. (8.42), m 2-step Volmer-

Heyrovsky mechanism Eq. (8.49), A 2-step Volmer-Tafel mechanism Eq. (8.52).
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Finally, Figure 8-5, provides QSS rates for HOR/HER mechanism in alkaline
medium obtained numerically by solving the KFL relations for each of the three two-step
mechanisms as well for the case of the 3-step mechanism. It is evident from Figure 8-5
that the HT mechanism is not a significant contributor over any part of the range of
overpotentials considered here for the alkaline system. In fact, even the VH and VT

mechanisms are individually applicable only in limited potential ranges.

Figure 8-5, also plots the QSS rate obtained from the explicit rate expression for the
complete 3-step mechanism, as well as those for the limiting cases. Although these
expressions (i.e., Eqgs. (8.44), (8.49) and (8.52)) are approximate, they are highly accurate
as shown in comparison with the QSS numerical results over the entire range of
potentials of interest for both HOR and HER, as shown in Figure 8-5. Moreover, they
quite nicely explain the asymmetry between the kinetics in the HER region versus that in
the HOR region (Figure 8-5).

It is clear that the expression is adequate in the overpotential range of
-0.3V<n<—-0.24V for HER and 0.13V <7 <03V for HOR in the alkaline system.
The asymmetry between the kinetics in the HER region versus that in the HOR region for
the Vomer-Heyrovsky mechanism is a result of the coefficient of the tanh term in the
denominator (Eq. (8.49)). For small y, this would be small, and the result would be a
simple symmetric behavior as described by a Butler-Volmer kinetic expression [26].

Further, there is a great asymmetry in the Volmer-Tafel mechanism, described by the
form of the denominator in the expression (i.e. Eq. (8.52))! This mechanism is important

for HER in an alkaline system in the overpotential range of —-0.1V<np<O0V.
—0.1V <7 <0V . For HOR in an alkaline system, the VT mechanism is only applicable

in a narrow overpotential range of 0<77 <20mV .

Finally, for the kinetic data provided in Table 8-2, this relation provides an exchange
current density of i, =1.7x10™* A cm™ for HER on Pt in 0.5M NaOH at 7= 296 K. This

value compares well with that predicted using the correlation provided by Chiavlo et al.

[30] based on an extension of the Temkin development for a single reaction route. Many
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others have also suggested i, to be ~ 10~ A cm™ on Pt for alkaline electrolytes [15, 43,

44).
8.3.8 Case of Hydrogen Electrode Reaction in Acidic Medium

Let us now consider the case of hydrogen electrode reaction in acidic medium, of
fundamental importance with the connection to PEM fuel cells. The HOR and HER

reactions are represented by Eq. (8.7) and the kinetic rate constants are written as

, AG ) - AGH
kaAexp{— R; ] -k EAexp{— P ] molecules (8.54)

p RT site.s

where Aég"’ =Aéifpzo -p p(vpe,Fd)), as per the linear free energy relation (LFER). In

terms of free energy, AGE"’ = AH i"’ -T AS’}E"’ . Thus,

A, =Aexp (8.55)

. AS’ﬁ"’ molecules
site.s

In short, A acts like a scaling factor in order to express the differences in the intrinsic

exchange currents by the corresponding activation free energies [9]. AG;"’, on the other
hand, is a function of the electrostatic potential given by LFER as explained earlier.

The activation free energies for the three reactions involved in the hydrogen electrode
reaction are shown schematically in Figure 8-6. AG;, in Figure 8-6 represents the
standard adsorption free energy for 1/2H, + S — H-S at zero overpotential. We can
see from Figure 8-6,

Aéffilho = AGE/’,(;::o
Aé\if,oc1>:o = AG\i,’sz:O +AG,
Aé%’fc’bzo = AG’II",(E)D:O

_ (8.56)
AG%?D:O = AG%Z?D:O - 2AG;d
AGH, o =AGHS
AGPII’,OED:O = AG&I’E:O - AG(?d
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Volmer step sy

Figure 8-6: Schematic representation of free energy of activation and adsorption for the

Volmer, Heyrovsky and Tafel steps.
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Based on dual-pathway kinetic equation, Wang et al. [1] provided fitted step kinetics
that were able to describe the kinetic behavior of the hydrogen electrode reaction over the

entire relevant potential region for 7 =298 K. In a subsequent publication [9], the authors
estimated the standard adsorption free energy, AG., =75 meV at zero overpotential, and
the activation free energies for each of the three elementary steps based on the fitted

kinetic data. Thus, activation free energies were calculated as AG%’,‘;):O =196 meV,
AGH,, =294 meV and AG)S,_, =48 meV for the Tafel, Heyrovsky and the Volmer

steps, respectively. The DFT calculations by the authors [9] yielded AGY, =58 meV,

agreeing reasonably with that obtained from fitting. It must, however, be noted that the
quantum mechanical calculations by Cai and Anderson [4] obtained the activation energy
for the Heyrovsky step as 76 meV which is considerably smaller than that estimated by
Wang et al. [9]. The authors [9] attributed the difference to entropy contribution and the
effect of lateral repulsion from the Hypp, neglected by Cai and Anderson [4]. Nerskov
and coworkers [45] estimated the activation energy for the Volmer step as ~150 meV, in
consistence with calculated barriers for proton transfer in water. Their calculations for the
Volmer reaction suggested that the energetics are given essentially by the reaction energy
with a small extra contribution to the energy barrier due to the proton transfer in the water
bilayer. This would indicate a very small barrier for this process close to the equilibrium
potential. The energy barrier for the Tafel step was found to be significantly higher ~550
meV, than that for the Volmer step. Finally, energy barrier for the Heyrovsky step (~350
mev) was estimated to be lower than that for the Tafel step. However, the authors
acknowledge the approximate nature of the method used to estimate the effect of the
electrode potential which calls for more self-consistent approaches with utilization of
more water molecules in the simulation to be able to distinguish between protons in the
solution and protons in the double layer. Thus, there is a great deal of discrepancy in the
literature reported values, largely due to the difficulties in accurately simulating the
electrochemical environment from first principles calculations and is an area of active

research.
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Reaction Step, s, Wang et al. [9] This work
AGE;, 196 meV 185 meV
AG;S 294 meV 120 meV
AGEHS, 48 meV 48 meV
AG!, 75 meV 58 meV
A 3.0211x100 molecules ) jeug s molecules

site.s

site.s
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In the absence of consistent and realistic rate constants for all the electrocatalytic
elementary reactions from first principles, we utilize the semi-empirical kinetic data
(Table 8-3) provided by Wang et al. [9] for the case of Pt catalyst in acidic electrolyte.
The kinetic analysis presented here, however, is independent of how the rate constants

might have been estimated.

Finally, the specific rate r,, written in terms of mol per unit supported metal catalyst

surface area, is given as

cm’cat.s

rp:;p_fp:{/;'pna;v‘w_zzpnafw}(ifj _mol - (3.57)

where C, is the number of reaction sites/em” of catalyst surface (typically ~ 10"

atoms/cm” on a metal surface), and Ny, (6.0221415 x 10%) is the Avogadro’s number.

The current density can next be obtained in the units of A/em’, i.e., i= Voro FTor as

shown in earlier analysis for alkaline medium.

It should be noted that the kinetic data in Table 8-3 is also consistent with KPL
relations detailed in the earlier sections. We next utilize the data provided by Wang et al.
[9] (Table 8-3), to simulate the kinetic current for hydrogen electrode reaction on Pt in
acidic system at 7'= 298 K as presented in Figure 8-7. A close agreement of the kinetic
current obtained by employing Eq. (8.44) with the QSS rate, elucidates the brute-force of
the reaction route graph approach. Finally, for the kinetic data by Wang et al. [9]
provided Table 8-3, an exchange current density (Eq. (8.43)) of ~370 mA/cm? is obtained
for HOR on Pt in acidic media at 298 K, which is two orders of magnitude higher than
the conventionally accepted value of 1 mA/cm? [46]. This is, however, in accord with the
data reported by Wang et al. [1, 9] based on their dual kinetic equation. Moreover,
recently, Neyerlin et al. [16] experimentally obtained the exchange current density within
the range of 235 — 600 mA/cm’ using a hydrogen pump configuration, which agrees

reasonable well with our predictions.

Lastly, even though the asymmetry between the kinetics in the HER region versus
that in the HOR region is captured by the rate expression derived using the circuitry

approach, the degree of the asymmetry between the two regions is striking (Figure 8-7).
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Figure 8-7: Semilog plot of overpotential, 77 (V) vs. absolute value of kinetic current, i
for hydrogen electrode reaction on Pt in acidic medium at 298 K, Solid line represents
data obtained from solving QSS equation for the 3-step Tafel-Volmer-Heyrovsky
mechanism while symbols (@) represent calculations from Ohm’s law for the 3-step

mechanism (Eq. (8.44)).
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The experimental data presented by Neyerlin et al. [16] for a fuel cell at 7= 80 °C, on the

other hand is relative symmetric.

The kinetic data was next modified by us in order to fit the experimental data by

Neyerlin et al. [16] at 7= 80 °C, with reasonable agreement as shown in Figure 8-8. We

use AG%’;’D:O =185meV, a value similar to that obtained from UBI-QEP method for the
Tafel step, AGﬁ’fﬁlD:O =120meV as reported on Pt(100) by Markovic et al. [47] and
AG\i,’;):O =48 meV provided by Wang et al [9]. Lastly, we use the value for the

adsorption free energy for 1/2H, + S — H-S at zero overpotential, AG., =58 meV , as

determined from the DFT calculations by Wang et al. [9]. A, on the other hand, is the
fitted parameter. It can be seen from Figure 8-8, that the kinetic current predicted by Eq.
(8.44) well captures the experimental observations by Neyerlin et al. [16]. For this set of
rate constants, the exchange current density was determined to be ~700 mA/cm?, higher

than that estimated by Neyerlin et al. [16].

Figure 8-8, also plots the kinetic current predicted by the more limiting rate
expression for the two-step Volmer-Heyrovsky mechanism, i.e. Eq. (8.49). Thus, based
on our analysis, in the entire overpotential region of interest for PEM fuel cells

(-60mV <77 <60mV) in the acidic system, the Volmer-Heyrovsky is found to be the

dominant reaction mechanism. The RDS, if any, can next be identified by comparing the
step resistances connected in series in this pathway, as shown in Figure 8-9. Even though
Heyrovsky appears to be slower of the two steps, both the steps have resistances of

similar order and further pruning is unwarranted.

A number of experimental studies of HER on various Pt single crystal surfaces or
polycrystalline Pt films have suggested either the Vomer-Tafel [48-50] or the Vomer-
Heyrovsky dual-step reaction mechanism [51]. Thus, Volmer-Heyrovsky mechanism was
suggested by Tavares et al. [51] based on fitting kinetic equations for H, evolution over
polycrystalline Pt electrodes in acid to Tafel plots. Based on Tafel plots, Markovic et al.
[47], suggested that the Volmer-Heyrovsky mechanism was being followed over Pt(100),

and the Volmer-Tafel mechanism over the (110) surface.
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Figure 8-8: Overpotential, 77 (V) vs. kinetic current, i for hydrogen electrode reaction on
Pt in acidic medium at 353 K, Symbols (®) represent the experimental data [16]. Solid
line represents kinetic current for the 3-step Tafel-Volmer-Heyrovsky mechanism from
Ohm’s law for the complete 3-step mechanism (Egs. (8.44)). Dotted line represents the

kinetic current for the limiting case via Volmer-Heyrovsky mechanism (Eqgs. (8.49)).
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Figure 8-9: Comparison of Ry and R;, connected in series for the Volmer-Heyrovsky

pathway.
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Results regarding the dominant reaction mechanism, however, were rather unclear over
Pt(111) [47]. Others have also suggested a dual-pathway mechanism [1, 9]. Nevertheless,
a general rate expression like the one developed here, for the 3-step complete mechanism
has not been obtained so far, which would still be valid for all the Pt surfaces. Thus, more
reliable kinetic data supplemented by consistent experimentation is necessary for a clear
portrayal of the dominant reaction mechanism. The approach developed in this chapter,
when combined with such kinetic data, should allow an unambiguous determination of

the mechanism and kinetics.
8.4 Oxygen Reduction Reaction: Mechanism and Kinetics

Oxygen reduction reaction (ORR) accounts for a significant overpotential, even for
the best known ORR catalyst, i.e., Pt, in a PEM fuel cell. A fundamental understanding of
the said reaction is pivotal in designing better ORR catalysts and also for sound fuel cell
modeling. Unfortunately, the mechanism and kinetics of ORR on different electrode
surfaces is far from being clear. The complexity of the mechanism is due to the
associated multielectron transfer and its dependence on the electrode material and
electrolyte. Rotating-ring-disk electrode has been widely employed to probe the oxygen
reduction mechanism. However, the method suffers from the drawback that the

intermediates which do not desorb from the disk electrode surface cannot be detected.

Here we consider the simple 4-step reaction mechanism for ORR proposed by Wang
et al. [25] as shown in Table 8-4, along with the activation free energies on Pt(111) in 0.1
M HCIO4 solution, deduced by analyzing the measured polarization curves. The
physisorbed O;-S [18] and associated O,H-S [19, 52-54] are neglected in the mechanism,
since these species are much less stable than O-S or OH-S [25]. O,H-S is, in fact, not even
detected in an acidic medium [55]. Other mechanisms for ORR have been shown to be
mediated via H,O, [18, 53, 56-61]. However, Paulus et al. [62] showed that H,0,
formation at typical operating conditions of 0.7 — 0.8V is close to only ~0.2%. Similarly,
Markovic et al. [18] have also shown that the fraction of peroxide formed on Pt catalyst is
rather minimal (Figure 8-10), can thus be neglected to simplify the reaction mechanism

as done in this case.
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Figure 8-10: (a) Tafel plots for the ORR on Pt/Vulcan in 0.5 M HCIO4 (white circles)
and after addition of 10~ M CI” (black diamonds), 10~ M CI (gray triangles), and 10~

M CI” (gray squares). (b) Fraction of peroxide formed during the ORR in the presence of
chloride [18].
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Table 8-4: Free energy of activation for the 4-step ORR reaction mechanism on Pt(111)

in acidic medium [25].

Aéﬁ’f(’pzo (V) Elementary Reactions AG;:‘ZDZO (eV)
S 0.258 % 0,+S S 0-S 0.735
$2: 0.459 % 0,+H +e +S S OH-S 0.579
S3: 0.502 O-S+H +e¢ S OH-S 0.145
S4: 0.455 OHS+H +e¢ S H,O+S 0.335
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Further, the kinetic data utilized in this study is also consistent with the values reported in
the literature. Aé%:f;:o was predicted to be 0.22 eV by Hyman and Medlin [23], 0.4 eV by
Wang and Balbuena [22], and 0.45 eV by Anderson et al. [24]. On the other hand, DFT

calculations by Nerskov and coworkers [19] yielded Aéi’g,:o =0.51eV  and

Aéjf:f;:o =0.49¢eV . These values are in harmony with the kinetic data employed in this

¢ molecules

work. Finally, we utilize a pre-exponential factor, A =3.1211x10 , calculated

site.s

from Ref. [25].

The net rates, 7, =7, —7,,, of the four elementary steps in the ORR mechanism may be

written as

n= (?)1 (1 - 90,5 - HOHS) - (?)IHO-S
ry=0,(1- 605 —Opys) — 0,005 (8.58)
r= 577390.5 - @390}1-5

1y = 0,005 — 0,1 Op5 = Opyys)
where, the site balance, namely, 6, + 6, + 6., =1, has been incorporated to exclude 6.

The step weights in the above are given as

o, =k, ;@ =k
==y 7
W, = W,,e W) =0,e
(8.59)
- = -y -~ v
w; = ;e » Wy =€
= -y - %
W, = @0, ¢ » 0y =@y ¢
Further,
ho = Kro,4/%, > b0 = Ko,
W30 =K30,4/%, > W9 ~=Kg, (8.60)
Wy = Ky o, s Wy = k, o, 91,0

In these expressions, the activity of water is usually assumed to be unity, i.e., a, o =1, for

saturated conditions, while the activity of oxygen is written as its partial pressure, i.e.,
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do, = Do, » In atm. Finally, lgp’q,o and lgp,% is obtained similar to that in the case of

hydrogen electrode reaction in the acidic system, i.e., Eq. (8.54) and Eq. (8.3).

8.4.1 Reaction Route Graph

For the 4-step ORR reaction mechanism considered here, with two linearly
independent intermediates species, O-S and OH-S, a direct full route must not contain
more than any three (¢ +1) of the four steps, while a direct ER must be restricted to less

than four (g + 2) steps.

The system, in fact consists of two FRs and 1 ER as shown below

FR,:  (+Ds, +(+Ds; +(+1)s, =OR
FR,: (+Ds, +(+1)s, =0OR (8.61)
ER,: (+D)s, +(=Ds, +(+1)s; =0

It is relatively easy to assemble these RRs into a RR graph which is provided in Figure 8-
11. We first assemble the only empty route, ER; into a cycle graph. The only step
missing, i.e., s4 in next added to complete the full route. The overall reaction is then

added across the terminal nodes to complete the RR Graph.
Finally, the kinetic data provided in Table 8-4, is consistent with the KPL relation, i.e.
Ap=A+A,+ A=A +A, (8.62)

A —A+ A, =0,ie, (@j{@j (@j -1 (8.63)
)\ 0, )\ Wy

8.4.2 @SS Rate Expression

and

Numerical QSS rate can be obtained by solving the KFL equation at the nodes of the

RR graph, i.e.

n: (Dr,+HHDr+HHDr, =0

i (=D + (D =0 (569
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/Q\

S1 S3

d——%

(O Peripheral Node a) Cycle Graph

@ Intermediate Node

n;

@ Terminal Node A

S1 S3

TN; TN,
'S4 $2

ny

OR

b) RR Graph

Figure 8-11: RR Graph construction for the 4-step ORR mechanism.
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Solving the above equations simultaneously, provides 6, and 6, and hence the step

rates. Using the same in the KFL at the terminal nodes (Figure 8-11) gives the overall

reaction rate, i.e.
(8.65)

ToR =1 =1 t1

We will, however, use the electrical analog of the RR Graph, shown in Figure 8-12

below for deriving a QSS rate law based on its electrical analog, which would include the

flux along both pathways (FRs).
The rate of the overall reaction can be cast into a Ohm’s law form as shown below

Yo (8.66)

Tor = R
OR

Where, the resistance of the network can be easily obtained from its electrical network

(Figure 8-12).
(8.67)

Such a representation, even though consistent with the numerical results obtained from

the conventional KFL/QSS analysis, cannot provide explicit rate expressions. Thus,

following the alternate circuitry approach, we may write the overall rate as

Tor E?R = EORI (8.68)
Ron R} + i
L] + L]
R, R +R,
where, the driving force E,, is known quantity

Ep=1-z=1-—"F=1-—2- (8.69)

2774 177374
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Figure 8-12: The equivalent electrical circuit for the 4-step ORR mechanism.
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R; can next be ascertained a priori following the LHHW approach along with notion

of IRRs, described in chapter II. Thus, with step s; as the RDS, the intermediate reactions

for the two intermediates are
IR, : (~1)s;+ (=1)s, :H,0+S S 0-S+2H +2¢
IR, : (= 1)s, :H,0+SSOHS+H +e

Using Eq. 2.25, for the QE steps, the site fraction ratios are
° N B N |
Ora o, ) \ @,
° . -1

‘90H-s,1 _ ( @, j
O\

Once the site fractions are known, the step resistance R can be ascertained using the site

(8.70)

balance equation

R;:L:;:L(1+M+@j (8.71)

—~e — 9. - -
n 00, @ w0, W,

Similarly with step s, as the RDS, the intermediate reactions for the two intermediates are

IR, : (~1)s;+ (=1)s, :H,0+S S 0-S+2H +2¢
IR, : (=1)s, :H,0+SSOHS+H +e

Using Eq. 2.25, for the QE steps, the site fraction ratios are

° N N |
90'8,2 ) (&j (&j
6. \@) \@,

. (8.72)
‘90H-s,2 _ ( @ j
6o\

Thus, using the above and the site balance equation Eq. 2.26, we have,

-1 =é(1+@+%] (8.73)
Ko 0,0, o w0, @,
Following a similar procedure for step s3 and s4, we get
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« 1 1 1 1) 1)
R3 :To: — = " =— L (14—%-’-%} (874)
3 Ooss - O3 o 30 o @,
3 . 0,3
05
o 1 1 1 1) 77
Rl=—=——= . =—2 (1+71+sz (8.75)
7 a’4‘901+s,4 ~ (90.5,4 o 0,0, o
3 . 0.4
.4

Substituting Egs. (8.71), (8.73), (8.74), and (8.75) in Eq. (8.68) along with Eq. (8.69), and

using i=v, . Fr,,, provides a complex, albeit explicit rate expression for ORR on Pt in

acidic medium, we have
Vore (1= 20p)

@ @, O 1
i.(l +_l+_2j+ 1 1
0,0, w @ +

1 0,0, 1 0,0, @ @, o @
| T | I o e
, 0,0, 0,) o 0,0, 0,) 0,0 o o,

i=

Moreover, under conditions of interest, ORR is essentially an irreversible reaction, thus

Zog > 0,0r E,p, —>1. Thus,

1=

@ o, @ 1
T
@,0, O 1 1

1 0,0, @ 1 w0, O o, R0
I e el I I b e el et [} B e s
o, 0,0, @, o 0,0, ©,) 0,0 o, o,

(8.77)

Moreover, when equilibrium is brought about by changing the electrode overpotential

to zero, i.e., as ¥ — 0, then the net electrode current density i — 0, and the current
density in each direction i,andi — i,. Thus, Eq. (8.77) at w =0 provides the exchange
current density for ORR on Pt as i, =1.43x107"' A/cm’. This is within the normal

reported range of exchange current density for ORR, i.e. 10— 10! A/em?® [63]. Antoine

et al. [52] predicted exchange current density in the range of 107'° — 107 A/em?’.
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Parthasarathy et al. have reported exchange current density for ORR as 2.2x107" A/cm’

[64], 8.3x107"" A/em?® [65] and 3.25x107"" A/cm? [66] in their work.

QSS rate expressions can also be derived for the limiting cases for each of the two

pathways. Thus,

RF’Rl =R’ +R, +R; 878)
RY =R +R; '
Thus, for each of the two pathways with £,, -1 we have
l- ~ VOR,C’ FEOR ~ VOR,CiF (8 79)
A R}, R’ + R} +R; '
l- ~ VOR,e’ FEOR ~ VOR,eiF (8 80)
R Y |

Figure 8-13 plots the kinetic current for the 4-step mechanism and for each of two
pathways for the ORR on Pt rotating disc electrode in an oxygen saturated

(ao, = po, =1atm) 0.1 M HCIOy solution. The rate expression for the complete 4-step

reaction mechanism is in good agreement with the experimental data. It should be noted
that the current density obtained from Ohm’s law representation of kinetics, Eq. (8.77) is
in complete agreement with the numerical QSS rate obtained from solving the KFL
equations, i.e. Egs. (8.64) and (8.65). In order to avoid clutter, the numerical QSS rate is
not provided on Figure 8-13. Moreover, Figure 8-13 reveals that majority of the flux is

through FR, i.e. s, +s, = OR . Thus, the reductive adsorption and reductive desorption is

the favorable path via OH-S species.
Thus, one may derive the reduced rate expression for ORR on Pt in acidic system,

v F
P=— (8.81)
R, +R,

or
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o vs. RHE

| MR | MR | Ll MR | MR |
-2 -1 0 1

10 10 10 10 10? 10° 10* 10°
Kinetic Current (mAIcmz)

Figure 8-13: Potential (V) vs. kinetic current for ORR on Pt electrode in 0.1 M HCIO4
solution. Symbols () represent the experimental data [25]. Solid line represents kinetic
current for the 4-step mechanism from Ohm’s law (Eq. (8.77)). Dotted lines represent the
kinetic current for the limiting case via FR; (blue) and FR; (red) (i.e., Egs. (8.79) and
(8.80)).
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2
10 | | 1 L | | | 1 1
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

¢ vs. RHE

Figure 8-14: Comparison of R, and R; connected in series for the FR,.
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v F
i= Ot (8.82)

1 0,0, @ @ o O
el I e el i [ e e
o, 0,0, 0,) 0,0, o o,

Figure 8-14, next compares the relative resistances in FR,. We see that only for

® > 0.8V, can step s4, 1.e., reductive desorption be labeled as the RDS. Thus, the rate-

limiting step is not constant over the entire potential range. We conclude that the step s>,
i.e., the reductive adsorption cannot be considered as the RDS for the process as proposed

by Wang et al. [25].
8.5 Conclusions

The Reaction Route (RR) Graph approach has been applied here to the hydrogen
electrode reaction and the oxygen reduction reaction of immense importance in fuel cells.
Explicit new rate expressions involving all 3 steps ((Volmer-Heyrovsky-Tafel) as well as
for more limiting 2-step ((Volmer-Heyrovsky, Volmer-Tafel) mechanisms for the
hydrogen electrode reaction have been derived. These expressions not only agree very
well with the QSS analysis, and nicely explain the asymmetry in current-versus-potential
observed in the hydrogen evolution reaction (HER) versus the hydrogen oxidation

reaction (HOR), but also agree with the literature reported experimental data.

Thus, for the 3-step hydrogen electrode reaction mechanism on Pt in 0.5M NaOH at T
=296 K, we find that the Volmer-Heyrovsky pathway is dominant in the potential region
—-0.3V <1 <-0.24V for HER and in the range 0.13V <7< 0.3V for HOR, while the
Volmer-Tafel mechanism dominates in the potential region —0.1V <7 <0V for HER
and in 0 < <20mV for HOR. All three steps, however, need to be retained over the

complete range of potentials of interest.

For the case of HOR on Pt in acidic system in connection to fuel cells, we find that
the Volmer-Heyrovsky mechanism adequately describes the experimental findings in the
potential region of interest to PEM fuel cells. Moreover, the exchange current density for
HOR in the acidic system was found to be two orders of magnitude higher than what has

been assumed for more than four decades.
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A 4-step simple mechanism for ORR was also analyzed using the reaction circuitry
approach to deduce explicit rate expression which is in good agreement with the
experimental data from the literature. Reduced rate expression based on the dominant
reaction pathway is next obtained in a logical manner by comparing the resistance across

different possible pathways.

Our topological approach is, thus, revealing and intuitive in depicting all possible
reaction pathways as walks or paths on the RR Graph, and by visualizing the steps as
resistances in an electrical circuit analog involving series and parallel pathways. It
furthermore provides for an explicit analysis in an easy and tractable manner. Based on
this approach, we were able to report explicit rate expressions for the first time ever, for
both the electrochemical reaction systems occurring at the anode and cathode of a H, —
O, PEM fuel. A deeper fundamental understanding of fuel cells, thus developed can aid
improved catalyst design and detailed fuel cell modeling. The approach highlighted in
this chapter can be easily adopted for a detailed and robust analysis for a host of different

electrochemical systems, e.g., methanol electro-oxidation at the anode of DMFCs.

363

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

8.6 References

[11 J.X. Wang, T.E. Springer, R.R. Adzic, J. Electrochem. Soc. 153 (2006) A1732-
A1740.

[2] Y. Ishikawa, J.J. Mateo, D.A. Tryk, C.R. Cabrera, J. Electroanal. Chem. 607 (2007)
37-46.

[3] A.B. Anderson, N.M. Neshev, R.A. Sidik, P. Shiller, Electrochim. Acta. 47 (2002)
2999-3008.

[4] Y. Cai, A.B. Anderson, J. Phys. Chem. B. 108 (2004) 9829 -9833.

[5] M.R. Gennero de Chialvo, A.C. Chialvo, Phys. Chem. Chem. Phys. 3 (2001) 3180-
3184.

[6] J.K. Norskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen, S. Pandelov, U.
Stimming, J. Electrochem. Soc. 152 (2005) J23-J26.

[7] S. Wolfgang, T. Sergio, J. Electrochem. Soc. 153 (2006) L31-L32.

[8] J. Meier, J. Schietz, P. Liu, J.K. Nerskov, U. Stimming, Chem. Phys. Lett. 390
(2004) 440-444.

[9] J.X. Wang, T.E. Springer, P. Liu, M. Shao, R.R. Adzic, J. Phys. Chem. C. 111
(2007) 12425-12433.

[10] P.M. Quaino, J.L. Fernandez, M.R. Gennero de Chialvo, A.C. Chialvo, J. Mol.
Catal. A: Chemical. 252 (2006) 156-162.

[11] B.E. Conway, L. Bai, J. Electroanal. Chem. 198 (1986) 149-175.

[12] N. Krstajic, M. Popovic, B. Grgur, M. Vojnovic, D. Sepa, J. Electroanal. Chem. 512
(2001) 16-26.

[13] N. Kirstajic, M. Popovic, B. Grgur, M. Vojnovic, D. Sepa, J. Electroanal. Chem. 512
(2001) 27-35.

[14] R.-B. Lin, S.-M. Shih, J. Chin. Inst. Chem. Eng. 39 (2008) 475-481.

[15] N.M. Markovic, S.T. Sarraf, H.A. Gasteiger, P.N.J. Ross, J. Chem. SOC., Faraday
Trans. 92 (1996) 3719-3725.

[16] K.C. Neyerlin, W. Gu, J. Jorne, H.A. Gasteiger, J. Electrochem. Soc. 154 (2007)
B631-B635.

[17] C.A. Marozzi, M.R. Canto, V. Costanza, A.C. Chialvo, Electrochim. Acta. 51
(2005) 731-738.

364

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

[18] N. M. Markovic, T.J. Schmidt, V.Stamenkovic, P.N. Ross, Fuel Cells-From
Fundamentals to Systems. 1 (2001) 105-116.

[19] J.K. Nerskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J.R. Kitchin, T. Bligaard,
H. Jonsson, J. Phys. Chem. B. 108 (2004) 17886.

[20] Y. Xu, A.V. Ruban, M. Marvrikakis, J. Am. Chem. Soc. 126 (2004) 4717.

[21] A.B. Anderson, T.V. Albu, J. Electrochem. Soc. 147 (2000) 4229.

[22] Y.X. Wang, P.B. Balbuena, J. Phys. Chem. B. 108 (2004) 4376.

[23] M.P. Hyman, J.W. Medlin, J. Phys. Chem. 110 (2006) 15338.

[24] A.B. Anderson, Y. Cai, A.S. Reyimjan, D.B. Kang, J. Electroanal. Chem. 580
(2005) 17.

[25] J.X. Wang, J. Zhang, R.R. Adzic, J. Phys. Chem. A. 111 (2007) 12702-12710.

[26] T. Thampan, S. Malhotra, J. Zhang, R. Datta, Catal. Today. 67 (2001) 15-32.

[27] J. Tafel, Z. Phys. Chem. 50 (1905) 641.

[28] J. Heyrovsky, Recl. Trav. Chim. Pays-Bas. 46 (1927) 582.

[29] T. Volmer, M. Erdey-Gruz, Z. Phys. Chem. Abt. A. 150 (1930) 203.

[30] M.R. Gennero de Chialvo, A.C. Chialvo, J. Electrochem. Soc. 147 (2000) 1619-
1622.

[31] J.K. Nerskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen, S. Pandelov, U.
Stimming, J. Electrochem. Soc. 152 (2005) J23-J26.

[32] S. Volkening, K. Bediirftig, K. Jacobi, J. Wintterlin, G. Ertl, Phys. Rev. Lett. 83
(1999) 2672-2675.

[33] K. Bedurftig, S. Volkening, Y. Wang, J. Wintterlin, K. Jacobi, G. Ertl, J. Chem.
Phys. 111 (1999) 11147-11154.

[34] J. Rossmeisl, J.K. Nerskov, C.D. Taylor, M.J. Janik, M. Neurock, J. Phys. Chem. B.
110 (2006) 21833-21839.

[35] L Fishtik, C.A. Callaghan, R. Datta, J. Phys. Chem. B. 108 (2004) 5671-5682.

[36] L Fishtik, C.A. Callaghan, R. Datta, J. Phys. Chem. B. 108 (2004) 5683-5697.

[37] L Fishtik, C.A. Callaghan, R. Datta, J. Phys. Chem. B. 109 (2005) 2710-2722.

[38] 1. Fishtik, C.A. Callaghan, J.D. Fehribach, R. Datta, J. Electroanal. Chem. 576
(2005) 57-63.

[39] S.A. Vilekar, 1. Fishtik, R. Datta, J. Catal. 252 (2007) 258-270.

365

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

[40] N. Balabanian, T. Bickart, Electrical Network Theory, John Wiley, New York,
1969.

[41] S.A. Vilekar, I. Fishtik, R. Datta, Chem. Eng. Sci. 64 (2009) 1968-1979.

[42] L. Bai, J. Electroanal. Chem. 355 (1993) 37.

[43] V.S. Bagotzky, V. Osterova, J. Electroanal. Chem. 43 (1973) 233.

[44] K. Machida, M. Enyo, Bull. Chem. Soc. Jpn. 59 (1986) 725-731.

[45] E. Skulason, G.S. Karlberg, J. Rossmeisl, T. Bligaard, Greeley J., H. Jonsson, J.K.
Norskov, Phys. Chem. Chem. Phys. 9 (2007) 3241-3250.

[46] J.O.M. Bockris, S. Srinivasan, Fuel Cells: Their Electrochemistry, McGraw-Hill,
New York, 1969.

[47] N.M. Markovic, B.N. Grgur, P.N. Ross, J. Phys. Chem. B. 101 (1997) 5405-5413.

[48] K. Kunimatsu, T. Senzaki, M. Tsushima, M. Osawa, Chem. Phys. Lett. 401 (2005)
451.

[49] B. E. Conway, G. Jerkiewicz, Electrochim. Acta. 45 (2000) 4075.

[50] J. Barber, S. Morin, B. E. Conway, J. Electroanal. Chem. 446 (1998) 125.

[51] M.C. Tavares, S.A.S. Machado, L.H. Mazo, Electrochim. Acta. 46 (2001) 4359-
4369.

[52] O. Antoine, Y. Bultel, D. Durand, J. Electroanal. Chem. 499 (2001) 85-94.

[53] A.Damjanovic, V. Brusic, Electrochim. Acta. 12 (1967) 615-628.

[54] Y. Suga, Chem. Lett. 35 (2006) 1406-1407.

[55] M.H. Shao, P. Liu, R.R. Adzic, J. Am. Chem. Soc. 128 (2006) 7408.

[56] A.B. Anderson, T.V. Albu, Electrochem. Comm. 1 (1999) 203-206.

[57] T.V. Albu, A.B. Anderson, Electrochim. Acta. 46 (2001) 3001-3013.

[58] A.B. Anderson, T.V. Albu, J. Am. Chem. Soc. 121 (1999) 11855-11863.

[59] R.A. Sidik, A.B. Anderson, J. Electroanal. Chem. 528 (2002) 69-78.

[60] V. Stamenkovic, T. J. Schmidt, P. N. Ross, N. M. Markovic, J. Phys. Chem. B. 106
(2002) 11970-11979.

[61] V. Stamenkovic, B. N. Grgur, P. N. Ross, N. M. Markovic, J. Electrochem. Soc.
152 (2005) A277-A282

[62] U.A. Paulus, T.J. Schmidt, H.A. Gasteiger, R.J. Behm, J. Electroanal. Chem. 495
(2001) 134-145.

366

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter VIII: Topology, Mechanism and Kinetics of Electro-catalytic Reaction Systems in Fuel Cells

[63] K. Kinoshita, Electrochemical Oxygen Technology, Wiley, New York, 1992.

[64] A. Parthasarathy, C.R. Martin, S. Srinivasan, J. Electrochem. Soc. 138 (1991) 916.

[65] A. Parthasarathy, B. Dave, S. Srinivasan, A.J. Appleby, C.R. Martin, J.
Electrochem. Soc. 139 (1992) 1634.

[66] A. Parthasarathy, S. Srinivasan, A.J. Appleby, C.R. Martin, J. Electrochem. Soc.
139 (1992) 2530.

367

Catalytic and Electrocatalytic Pathways in Fuel Cells



Chapter IX: Conclusions and Recommendations for Future Work

Chapter IX

Conclusions and Recommendations for Future Work

9.1 Theory of Reaction Route Graphs

The objective of this research was to develop fundamental understanding of the
kinetics and mechanism of the journey of a fuel (e.g. methane or methanol) to electricity
involving a number of catalytic steps in fuel reformation into hydrogen as well as electro-
catalytic steps in the converting hydrogen to electricity in a fuel cell. Kinetic data via first
principles calculations is becoming a commonplace providing the foundation for such an
understanding. The accuracy of such approaches can only be expected to improve in near
future. Moreover, there are semi-empirical approaches like the UBI-QEP that can also
provide accurate activation energies for many catalytic systems, and are associated with
radically less computational expense. The next logical question is how to utilize this

information for logical and rational catalyst design.

Toward this goal, we have developed a graph-theoretic approach based on the rigors
of flow network laws. Such a graph-theoretic description of a reaction mechanism is in
principle different than the conventional depiction afforded via reaction graphs. In
conventional reaction graphs, species are depicted as nodes interconnected via arrows
representing elementary reaction steps. While appropriate for linear-kinetics mechanisms,
for most catalytic and electro-catalytic reaction schemes of interest (which are non-linear
in nature), such a representation is merely a pretty picture, providing no more information
than the qualitative depiction of its molecular reaction mechanism. Our graph-theoretic
approach developed here avoids this pitfall, overcoming the limitations of current
methodologies and providing a self-consistent topological, mechanistic, and kinetic
analysis tool, based on the reaction route (RR) theory. The basic difference from the
conventional approach is that the nodes, or hubs, do not necessarily represent an
individual species, but rather simply represent the connectivity among elementary
reaction steps in the network at a juncture. As a result, the RR Graphs become
quantitative that follow network laws. Exploiting their analogy with electrical circuits,

equivalent circuitry for a given reaction mechanism can be developed, simply by
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replacing each branch by its equivalent resistance, defined as R, =1In(r,/r,) / (r,-r,).
With the dimensionless De Donder affinity, -7, as the driving force, the step kinetics can
be written in an Ohm’s law form, r, =4 /R . The corresponding overall rate then takes
the form r,, = A, /Ry, where R, may be obtained in terms of R, from the RR Graph

in a manner completely equivalent to that in electrical circuits. Dominant reaction
pathways can be identified simply from flux analysis. Further the slow or the rate-
limiting steps are identified rationally with ease based on comparison of step resistances,
rather than the cursory approach of assuming a RLS (as is the case with the common
LHHW approach), or the limited notion of step reversibilities (i.e. labeling the step with

z, ~ Zy as the RLS) or even the robust but numerically exhaustive sensitivity analysis.
However, only numerical analysis is possible in this manner, since the step rates, 7, and

Fp, and, hence, the step resistances are not known a priori, involving the unknown

intermediates concentrations.

Thus, the theory of RR graph was extended so as to allow for an explicit topological
analysis of reaction mechanisms, in which the final result was of a form that could be cast
into an alternate Ohm’s law form, i.e., 7., = E; /R;,, where the OR driving force is in
the conventional form, E,,=1-z,, ={l—exp(-#,)}, and the OR resistance R/,

relates to step resistances R’ in the usual manner of electrical circuits, and can be further

ascertained a priori. Thus, this approach not only provides an explicit QSS rate
expression for a given mechanism in terms of step kinetics, but also affords perceptive
insights into the dominant pathways and rate-limiting steps, allowing rigorous network
pruning. This new form of the electrical analogy provides results that are exactly the
same as that obtained via linear algebra from the conventional QSS analysis, for
mechanisms that are linear in step kinetics. However, for non-linear kinetic reaction
mechanism the results are rather accurate, albeit approximate. It should be, however,
noted that in general, of course, for the non-linear case, an explicit solution via the QSS
approach is not possible. Rather, only numerical solution is generally obtained.
Therefore, even though approximate, an explicit solution is very useful, for instance, in

reactor design and analysis.
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Thus, our new graph-theoretic approach is an easy to use addendum to the quantum
chemical software. It allows thermodynamic consistence check of the predicted kinetics,
while providing a road-map for all possible pathways from the reactants to the products.
Microkinetic analysis is similar to circuit analysis, based on the analogous equivalent
electrical circuit. Thus, in conjunction with DFT calculations, RR graphs form a powerful
combination for visualizing the myriad pathways, developing detailed network kinetics,
performing flux analysis along with network pruning, and developing steady-state rate

expressions.

We have employed our rigorous RR graph approach to a host of catalytic and electro-
catalytic systems in connection with fuel cells. The catalytic reaction systems of
significance with the fuel processing train, namely, the methanol decomposition, water
gas shift, ammonia decomposition, and methane steam reforming, have been studied
mechanistically and kinetically. Application of the RR graph theory to the case of
methane steam reforming is also a significant advancement, which implies that the theory
is applicable to reaction mechanisms consisting of multiple overall reactions. All the
other examples involve only a single overall reaction. Finally, the topological analysis of
the electro-catalytic reactions in connection to the anode and cathode of fuel cells, i.e.

hydrogen electrode reaction and the oxygen reduction reaction has been accomplished.
9.1.1 Methanol Decomposition

In chapter III, a 13-step reaction mechanism was assembled into a RR graph, and
combined with DFT predicted step kinetics on Pt(111), we showed how a detailed flux
analysis could be accomplished that lays bare the dominant reaction pathways and steps
in a reaction network allowing insightful pruning of the mechanism. It was, thus, found
that methanol decomposition proceeds exclusively via the initial C—H dehydrogenation

step rather than through O—H bond activation on Pt.

This 13-step mechanism was chosen since this was the most complete reaction
mechanism reported in the literature with a priori kinetics predicted from first principles.
Of course, other elementary steps have been reported and should be considered for a
detailed analysis of the reaction mechanism. Experimental results clearly suggest that

methanol decomposition reaction is a more complex process.
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Figure 9-1: RR graph for the 24-step methanol decomposition reaction mechanism (Eq. (9.1)).
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On many metals, even on Cu, the carbon deposition has been observed. In view of the
above, it is important to develop more complete mechanisms that can be used to
quantitatively describe the kinetics of the processes on various catalysts. One such
example is shown below, where 24 elementary reactions comprising the mechanism of
heterogeneous catalytic decomposition of methanol on various transition metals have
been assembled into a RR Graph. The mechanism involves a sequence of elementary
reactions representing the hydrogen abstraction from both CH3; and OH groups as well as

C-0O bond activation.

s1: CH3;0H + S S CH30H:S

s2: CH30H-S +S S CH;30-S + H-S
s3: CH30-S+S S CH,O-S + H-S
s4: CH,O-S+S S CHO-S + H-S

ss: CHO-S+S S CO-S+H-S

s¢: CH;0H-S +S S CH,OH-S + H-S
s7: CH,OH-S +S 5 CHOH:S + H-S
sg: CHOH:S + S =5 COH-S + H-S
s9: COH-S+S S CO-S+H-S

s10: CHOH-S + S 5 CHO-S + H-S
s11: CH,OH-S + S 5 CH,0-S + H-S 9.1)
s12: CH30H-S + S S CHs:S + OH-S
513: CH30-S +S S CH3-S + O-S
514:CH,O-S +S S CH,:S + O-S
s15:CHO-S+S S CH-S + O-S
s16:CH3-S +S 5 CH,'S + H-S
517:CH2:S +S 5 CH-S + H-S
513:CH-S+S S C-S+H-S
519:C-S+0S S CO-S+8S
520:C-:S+OH-S 5 CO-S + H-S
521:CH-S+0O0-S 5 CO-S + H-S
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522:OH-S+S 5 O-S+H-S
523:CO-SS CO+S
soa: H-S+H-S S H, +2S

OR: CH;0H =CO + 2H,

The corresponding RR graph (which happens to be an infinite network) for this
mechanism is provided in Figure 9-1. The RR graph comprises of the entire set of RRs,
namely the 122 direct FRs and 192 direct ERs. For all the elementary steps with no first
principles energetic data, semi-empirical method of UBI-QEP could be employed. Once
the kinetic data for all the steps is available, detailed flux analysis can be performed, that

can enable us to bottleneck the dominant reaction pathways.

Furthermore, the case of methanol decomposition should be extended to consider
methanol steam reforming, an important pathway for hydrogen production [1-4]. Of
course, oxidative methanol decomposition or auto-thermal methanol reforming is more
lucrative, since it offers thermo neutrality [5, 6]. We consider here a simple case where
the 13-step methanol decomposition reaction mechanism (considered in chapter III) [7,
8], has been combined with the relatively simple WGS reaction mechanism [9]. The
simple 23-step methanol steam reforming reaction mechanism is shown below, along
with the corresponding RR graph in Figure 9-2, where OR;: CH;0H S CO + 2H,,
OR;: CO; + H; S CO + H,0, and OR;: CH;0H + H,O S CO, + 3H,. Of course, only
two ORs (OR3 = OR; — OR;) are independent and required for a detailed kinetic and
mechanistic analysis. The WGS mechanism, however, should be suitably updated in the
light of conclusions reached in chapter IV to include the carboxyl mechanism.
Nevertheless, this is a good starting point for developing detailed kinetic model for

methanol steam reforming.

s1: CH3;0H + S S CH30H-S

s2: CH30H-S +S S CH;30-S + H-S
s3: CH30-S +2S S CH,O' S, + H-S
s4: CH,0-S, S5 CHO:-S + H-S

ss: CHO-S+S S CO-S+H-S

s¢: CH30H-S +S S CH,OH:-S + H-S
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s7. CH,OH-S +S S CHOH-S + H-S
sg: CHOH-S +S S COH-S + H-S

s9: COH-S+S S CO-S+H-S

s10: CHOH-S +2S & CO-S + 2H-S
s11: CH,OH-S +2S & CH,0-S, + H-S
512:COS S CO+S (9.2)
s;3:H-S+H-SS H, +2S
sia:H-S+HS S H,S+S

s15: Hp SS H, + S

s16: HHO+S 5 0O-S+ H,

s17: HS+0O-S S OH:S+ S

s13: CO-S + OH-S 5 H-S + CO,-S

s19: CO-S + OH-S 5 HCOO-S + S

s20: HCOO-S + S S H-S + CO,-S

s21: HCOO-S + O-S 5 OH-S + CO,-S
§22: CO-S+0-S S5 CO,-S+ S

523: CO:S S CO, + S

Methanol decomposition is also an important reaction taking place at the anode of
DMEFC. The analysis can be easily extended to methanol electro-oxidation by assuming
that the mechanism largely remains same, as shown by Janik et al. [10] that a similar
dual-path mechanism exists for methanol decomposition in an electrochemical
environment using ab initio quantum chemical methods. The authors [10] provide an
approach to theoretically calculate potential dependent activation energies. However, one
could well assume, the activation energies and pre-exponential factors to be similar for
both catalytic and electrocatalytic systems. The only difference being for electrochemical
counterparts of the catalytic reactions, the reaction rate would be affected by the electrode
potential described by the Butler-Volmer equation. The said approach coupled with RR
graph analysis can possibly provide a detailed portrayal of the electrochemical reaction

system at the DMFC anode.
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$23

Figure 9-2: RR graph for the 23-step methanol steam reforming reaction mechanism (Eq.

(9.2)).
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Finally, if methanol is to play an important role in the hydrogen economy, either for
direct internal reforming in a fuel cell or for catalytic production of hydrogen, it is
imperative to analyze in detail the dominant reaction pathways for methanol synthesis.
Methanol, also known as wood alcohol as it was originally produced by the dry
distillation of wood, is mainly produced from a mixture of CO, CO, and H,. Several
researchers have attempted to answer the question whether the carbon in methanol
originates from CO or CO;. Chinchen et al. [11, 12] experimentally concluded that the
methanol is produced from hydrogenation of CO, rather than CO. Millar et al. [13]
reported that the formation of methanol from CO, historically considered to be the
preferred path was almost 2 orders of magnitude slower than methanol synthesis from
CO, and H,. The model of Waugh [14] similarly proposed methanol to be synthesized
almost entirely by the hydrogenation of CO; via a bidentate surface formate, where the
RDS was the hydrogenation of the surface formate species. Calculations based on dipped
adcluster model (DAM) combined with ab initio Hartree—Fock (HF) and second-order
Mpoller—Plesset (MP2) by Hu et al. [15], identified formate, dioxomethylene,
formaldehyde, and methoxy as the key reactive intermediates. The authors [16] further
suggested the RDS to be the hydrogenation of adsorbed formate leading to formaldehyde
with dioxomethylene intermediate. Of course, in a mixture of CO, CO, and H,, CO could
potentially be oxidized to CO, via WGS, which then later gets converted into methanol.
The importance of incorporating WGS in the methanol synthesis modeling was duly
noted by Villa et al. [17]. Graaf et al. [18, 19] also considered both the hydrogenation of
CO and CO, as well as the water gas shift reaction, assumed to proceed via the formate
route. Bussche and Froment [20] followed a similar approach, where WGS was
considered essentially to oxidize CO to CO,, the precursor to methanol with the generally
accepted hydrogenation of formate assumed as the RDS. Taylor et al. [21], on the other
hand suggested that hydrogenation of formate cannot be labeled as the RDS. On the
contrary, hydrogenation of the dioxomethylene intermediate to form adsorbed methoxy,
eventually leading to methanol was proposed to be rate-determining. Askgaard et al. [22]
similarly concluded that the RDS was the hydrogenation of dioxomethylene to
methoxide. Thus, the identification of the true rate-determining step in methanol

synthesis is still a topic of research. Our RR graph approach serves as the perfect tool to
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answer these questions. A compilation of the literature reported mechanism for methanol

synthesis from CO; is provided below. Of course, one can also add the WGS reaction to

the following set of elementary reactions, to include the role of CO in the system.

S1.

S2.

S3.

S4.

S5

S6.

S7.

S8

S9.

S10-

S11-

S12:

S13:

S14:

S15-

S17:

S18-

S19:

S20-

S21-

CO,+S S CO,S

H, +2S S 2H-S

CO,-S +H:S S HCOO-S +S

CO,-S +OH-S S HCOO-S + O-S
HCOO-S +S 5 CHO-S + O-S
HCOO-S + H'S 5 CH,0-S +O-S
HS+0OSSOHS+S

OH-S + H-:S 5 H,0O-S+S

CHO-S +H-S 5 CH,O-S +S
CH,O-S + H-S 5 CH50-S +S
CH;0-S + H-S 5 CH30H-S + S
H,0-S 5 H,0 +S (9.3)
CH3;0H-S S CH30H + S

CH,O-S + H-S 5 CH,OH-S + S
CH,OH-S + H-S 5 CH50H-S + S
HCOO-S + H-S 5§ H,COO-S + S
H,COO-S + H-S 5 CH5;0-S + O-S
H,COO-S + H-S 5 CH,O-S + OH-S
H,+ S S H,-S

H,-S+S S 2H-S

OR: C02 + 3H2 ha CH3OH + Hzo

A detailed topological analysis of the above reaction mechanism can unequivocally

reveal the dominant reaction pathways and the key rate-limiting steps.

9.1.2 Water Gas Shift

In chapter IV, we considered the 17-step associative mechanism through a carboxyl

intermediate, proposed by Grabow et al. [23] on Pt(111) with DFT-predicted kinetic data.
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A RR Graph was constructed that incorporates all the 17 steps, on which all of the 71
direct FRs and 49 ERs may be traced as walks! The RR network was subsequently
simplified and reduced to a network involving only a single dominant RR, i.e. associative
mechanism mediated via carboxyl species. Dissociation of water and direct
decomposition of carboxyl species were identified to the rate-limiting steps. A QSS rate
expression was next derived based on the slow steps, agreeing reasonably well with the

17-step microkinetic model.

However, others [24] have suggested that the redox and the associative route via
carboxyl intermediate could co-exist and the dominant reaction pathway depends on the
system under consideration, typically the nature of the catalytic surface. Our previous RR
graph analysis on Cu(111) [9] surface also revealed that associative route (without the
carboxyl species) and formate route were dominant at temperatures < 550 K, while the
modified redox mechanism dominated at higher temperatures. A more complete picture
of the WGS mechanism can be developed by combining all of these proposed pathways
into a single RR graph, so that flux analysis can be performed over the entire system.

This should readily reveal the dominant pathways as a function of operation conditions.

9.1.3 Preferential Oxidation (PrOx)

Preferrential oxidation (PrOx) of CO is an integral part of the fuel processing train,
following the shift reactors, especially for low temperature PEM fuel cells, in order to
reduce the CO in the reformate down to 20 — 25 ppm range. Due to the limited
selectivity, however, O, in excess of stoichiometry is required to reduce CO to low
levels, which burns the hydrogen present in the reformate, thus reducing the overall
efficiency. Choi and Stenger [25] studied preferential oxidation of CO on a Pt-Fe/y-
AL O3 catalyst between 100 and 300 °C, proposed rate expressions for a 3-step
mechanism, and suggested performance improvement with addition of water. Bissett et
al. [26] have developed a rate equation for PrOx on a supported Pt catalyst based on a 6-
step mechanism, which explicitly accounts for the presence of H,O, H, and CO; in
addition to CO and O, in the PrOx reactor and involves both CO oxidation and H,
oxidation. Further, the authors [26] reported minimal methanation on Pt catalyst. Ouyang

et al. [27] simulated a PROX microreactor applying plug-flow model with 28 surface
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reactions for

the Pt—Fe/y-Al,O3 catalyst using CHEMKIN package. A 20-step PrOx

reaction mechanism is provided below along with the corresponding RR graph (Figure 9-

3).

S1.
S2.
S3.
S4.
S5
S6.
S7.
S8

S9.

S10-

S11-

S12:

S13:

S14:

S15-

S16-

S17-

S18-

S19:

S$20-

CO+S S CO-S

H, +2S S 2H-S
0,+2S 520-S
O-S+H-SS OH-S+S
OH-S + H-S 5 H,0 + 28
CO-S+0-SS5CO,+28
CO-S+0SSCO,S+S
CO,S S5 CO,+S
0,+S50,;S

0, S+S520-S

H, +S S Hy,-S

H,-S+S S 2H-S (9.4)
OH-S +H-S S H,O-S+S

H,O-S S H,O0+S

CO-S + OH-S S HCOO-S +S
CO-S+OH-S 5 CO,S+H-S
HCOO-S+S S CO,-S+H-S
HCOO-S + O-S 5 CO,-S + OH-S
OH-S+H-S S O-S+H;-S
HCOO-S + H-S 5 CO,-S + H,-S

A detailed analysis of catalytic PrOx can be accomplished based on the above mentioned

mechanism, along with either DFT-predicted kinetics or those from UBI-QEP. Moreover,

the analysis can also be extended to simulate anode kinetics of a PEM fuel cell operating

with CO containing reformate feed, where competitive electro-oxidation of CO and Hj

takes place.
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Figure 9-3: RR graph for the 20-step preferential oxidation (PrOx) reaction mechanism
(Eq. (9.4)).
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9.1.4 Multiple OR system

In chapter VI, the theory of RR graphs was developed further and its applicability and
utility for systems with multiple overall reactions was elucidated for the case of methane
steam reforming on Ni. We, further, showed that one only needs the independent set of
ORs to describe a multiple OR reaction system, as opposed to the general notion [28].
Following our RR graph approach, the 22-step mechanism was whittled down to a dual
path mechanism for MSR, depending upon the reaction temperature and the reaction

conditions considered in this study. Based on the comparison the step resistances, R, the

rate-limiting steps for each of the two dominant reaction pathways were identified. Based
on the knowledge of the rate-limiting steps and QE steps, the steady-state rate expression

for MSR was derived using the QSS analysis.

On the other hand, the new form of electrical analogy r,, = E,, / R, can also allow

us to derive explicit rate expressions for the independent ORs. However, the theory, i.e.,
the alternate form of Ohms’s law, is still in the developing stages and needs to be

rigorously evaluated in order to apply the same for multiple OR systems. We have shown

that this form of representation, r,, = E,, / R;, provides exact results for the case of

single OR mechanisms with linear kinetics. Thus, an ideal system for the further
development of this theory would consist of a multiple OR mechanism with linear
kinetics. One such example is the N,O decomposition on Fe-ZSM-5 in the presence of
NO. A simple 16-step reaction mechanism with DFT-predicted kinetics is provided in
Table 9-1. The corresponding RR graph along with the qualitative representation is
provided in Figure 9-4. This example should serve as the perfect model to develop the
theory of RR graphs further, in order to develop QSS rate expressions for multiple OR

system, directly from the electrical analog with no a priori assumptions about the RLSs.
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Table 9-1: Elementary reaction steps and their rates in the N,O decomposition on Fe-

ZSM-5 [29-31].

—

—

s, ReactionStep 7,=7,-71, » » A, A, E, E,
s O+ ST 1 =@0, -a0, T 1.06 10 1.67 10" 0.0 6.4
52 1Sh+Ny 1 =d,0 -0, ;) kp,  20910%  44310° 307 41.9
s LSL+Ny 1 =0,0-d,6, ;, kp, ~ 69810° 582107 304 50.0
s LS n=0,0,-00, & , 21510° 846107  14.1 22.5
. — ~ — - — 6 13
sss NoO+L, S 1y 1 =a0,-a0, kipvo 39910° 16710 0.0 2.7
(439 10% 8
. “«— — — — -
se: L6 5 Ist Ny r, = @0, — 0,0, ] kspy, 33.1122110012 , 3.19 10 220.1 , 31.5
G. ) (20.2)
st LSHh+0: 1 =@0, -0, ; kp, ~ 16710°  15110° 8.0 8.1
s N2O+LSL =320 -d0, ipee 2.7410°  1.6710° 0.0 4.5
s LSI+Ny g =3@,0, - a0 ;, Lp. 325107 816107 165 344
siw BLSL+0: ki =8,0,-d,0, k, iopo 167107 1.4 10° 54.2 1.1
: (54.17)"
) ~ — - - 9 13
sit NO+h STy 7 =6,60,-8.6,  Kpy, ki 5310 1.67 10 0.03 0.0
st BSh+No 5, =8,0,-3,60, K, k,p, 643107 85410° 2.8 70.0
s L*NOSL  5.=6,0,-0,0, k.p. kK, 57510° 1.6710° 3.7 34.6
(34.7)"
s LSL+NOy  n,=6,0,-0.0, &, kope, 167107 18110° 160 0.0
sis: L+ NO S hs = @50, — @50, lg15pNo k15 3.10 10* 1.67 10 4.6 38.2
sig oS h+NOy 5 =d0,-db, &, b opyg, 167108977107 192 0.6

I=Z [FeO]"; 1,=Z [FeO] (ON,); ,=Z [OFeO]"; 1;=Z [FeO,]";
[FeO,] (ON,); I,=Z [Fe]"; I&=Z [Fe] (ON,); I,=Z [OFeONO]" ; I,;=Z [OFeO,N]"

I,=Z [OFeO]"(ON,); Is=Z [0,FeO]"; I.=Z"

Activation energies in ; — A exp(f E,/ RT) are in kcal/mol; the units of the pre—exponential factors are
P P P

bar ' s for adsorption/desorption reactions and s ' for surface reactions. w, represents the reaction step

weights where rate parameters and activities of terminal species are clubbed together. g, is the surface

coverage of species I;. "Values in parenthesis are modified to ensure thermodynamic consistency in the

light of Kirchhoff’s potential law [31].
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Figure 9-4: (a) Reaction Route (RR) Graph and (b) reaction mechanism for the 16-step
N,O decomposition on Fe-ZSM-5 in the presence of NO
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9.2 Fuel Cell Model

In Chapter VII we discussed within a lumped framework the performance of a single
PEM fuel cell that incorporates the fuel cross-over effects. A simple model was
developed that showed the effect of fuel permeation on open circuit voltage in PEM fuel
cells. The observed loss of about 0.2V under open circuit conditions was attributed to the
hydrogen cross-over and the ensuing HOR at the cathode side, causing a significant
overpotential. The cross-over effect was later incorporated in the lumped fuel cell

performance model, which adequately described the experimental data.

The negative effect of fuel crossover on OCV is particularly significant for direct
alcohol fuel cells [32-35]. Crossover of methanol is a huge challenge that impacts both
the performance of the fuel cell, as well its Voltage and Faradaic efficiencies. Moreover,
the flux of methanol across the PEM is not simply by diffusion, but is also proportional to
the current. This methanol that crosses over to the cathode significantly reduces the
cathode potential by virtue of the simultaneous methanol oxidation and oxygen reduction

reactions taking place on the same electrode.

The current modeling framework developed in chapter VII should be extended to

explicate these findings.
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Appendix A: Stoichiometric algorithm for enumeration of direct

RRs and nodes for a given reaction mechanism

In order to construct the RR graph for complex reaction mechanisms, the enumeration
of some direct RRs and direct nodes is essential. Although only knowledge of the
independent set is essential, we describe below the mathematical underpinnings of our
stoichiometric enumeration of all possible direct RRs and direct nodes (both intermediate
and terminal). The details can be found in our earlier publications (Fishtik et al., J. Phys.
Chem. B. 108 (2004) 5671-5682; J. Phys. Chem. B. 108 (2004) 5683-5697; J. Phys.
Chem. B. 109 (2005) 2710-2722). The MAPLE code developed based on this framework

is also provided at the end.
Notation and Definitions

Let us consider the general case of a chemical reaction system comprising of p
elementary reaction steps s, (p = 1, 2, ..., p). The species involved in the elementary
reaction steps are divided into / intermediates I}, I, ..., I; of which ¢ are independent, and
n terminal species (reactants and products) T;, To, ..., T,. Thus, the elementary reaction

steps may be presented as
/ n
s, Zapk1k+2ﬁp[T[=O (p=1,2,...,p) (A.1)
k=1 i=1

By convention, the stoichiometric coefficients of the intermediates a, (p =1, 2, ..., p; k
=1, 2, ..., ]) and terminal species B, (p =1, 2, .., p;i=1, 2, ..., n), are assumed to be

positive for products and negative for reactants. For simplicity, we assume that the

overall chemical process is described by only one overall reaction (OR)
OR: vT,+v,T,+..+v T =0 (A.2)
The columns in the stoichiometric matrix of the mechanism, defined without the OR,

ay Oy . oay By By B

a a .
V= 21 22 21 ﬁZl ﬂ22 ﬂZn (A3)

Qpy e Oy ﬂpl By - B,
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are, in general, linearly dependent. We next define as follows two sub-matrices of v in
which the columns are linearly independent. First, we observe that the columns in the two
sub-matrices comprising the intermediates and terminal species may be linearly

dependent, that is

a, O .. a
rank o' = rank Go G B q<lI (A.4)
o, a, o,
By Bo - B,
rank B’ = rank P Pu e P =t<n (A.5)
B Boo o By

In such cases, the linearly dependent columns in a' may be omitted. Without lost of
generality, we assume that the first ¢ columns in &' are linearly independent and define

the sub-matrix

0y Gp ay,
o o .. a
21 2 2g
o= (A.6)
apl apZ apq

so that rank a = g . The sub-matrix a is referred to as the intermediate sub-matrix. Next,

we notice that the rank of the stoichiometric matrix v is equal to ¢ + 1. Without loss of

generality, we eliminate the last » — 1 columns from B’ and define a reduced

stoichiometric sub-matrix

ay Oy e Ay, B
- Oy Oy e Oy, B, (A7)
O Gy oo Oy ,Bpl
such that rank v=ranky=qg+1.
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We define, further, the rate vector
rz(rl,rz,...,rp)T (A.8)

where r, (p =1, 2, ..., p) is the rate of the elementary reaction steps. Finally, we assume

that the rates of formation and consumption of the intermediates are approximately equal

and, hence, the quasi-steady state (QSS) approximation holds. Thus, we introduce the

vector Q,

Q=(0,,0,,-0,)" (A.9)
where the Oy’s (kK =1, 2, ..., g) denote the QSS conditions of the linearly independent
intermediates I (k= 1, 2, ..., g) and may be written in vector form as

Q: a'r=0 (A.10)
or

Or: anh oy +..ta,r, =0

O aph +oynty +..+a,r, =0

(A.11)

Oy aht+ayt+ta,r, =0

Eq. (A.11) is referred to as the intermediate OQSS condition. On the other hand, the rate
ror of the OR under QSS conditions is related to the rates of the elementary reaction steps

via
For :—Zﬁﬂlrﬂ :—Zﬁﬂzrp =...=V—Z,B/mrp (A.12)

where 7, (p =1, 2, ..., p) are subject to the QSS conditions, Eq. (A.11). Furthermore, Eq.

(A.12) is referred to as the OR QSS conditions.

i) Full RRs: A RR that eliminates a// intermediates while retaining on/y the terminal
species, thus producing an OR, is referred to as a full RR or, simply, FR. Mathematically,
the g-th FR is defined as
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FRy: zagﬂ L= (A.13)

The FR,, i.e., a set of stoichiometric numbers o ,,0

120 g25-50 5, » May be generated based on

the following considerations. Substituting Eq. (A.1) into Eq. (A.13), we have

o g(Zaka +zﬁp, j Z(Zaﬂkagpjl +Z(Zﬁm ]T OR  (A.l4)

p=1 k=1\_p=1 i=1 \_p=1

By definition, the intermediates in a FR should cancel. That is,
p
Zapkagpzo k=1,2,...,)
p=1

or

where 6, is the vector of stoichiometric numbers

o, :(agl,agz,...,agp)T (A.15)
After eliminating the linearly dependent columns in @’ , we have

a'c,=0 (A.16)

Thus, 6, may be determined by solving a system of homogeneous linear equations, i.e.,

Eq. (A.16). The number of linearly independent FRs is equal to p - rank a =p —gq.

Direct FRs: According to Milner, a direct FR involves no more than
rank a.+1= g +1 linearly independent elementary reaction steps. Let the g + 1 linearly
independent elementary reaction steps that are involved in a direct FR be

SiseeesSi 38 where the subscripts i,, i,,...,1
q+

S
> b b b
ll 12 lq 1

4> 1, represent an ordered set of g + 1

integers from among the p elementary steps, i.e., 1 <i, <i, <...<i <i p. A direct FR

+1—

may be denoted by FR(s,,s, . S ), thus specifying the elementary reaction steps

R N that are involved in the FR. Thus, in general,

S.
0250
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FR(s; .8, 55, 58, )i 0,8, +0,.8, +..+0,5 +0;, 5 =OR (A.17)

Mg A Ig+l gt

where the stoichiometric numbers o . , o o...,0

ey O
gi gy

are obtained by solving Eq.

g ? &gl

(A.16), where the solution is

ail,l ai1,2 ing 0
aiz,l aiz,Z ih,q O
aik—lrl aik—lrz k1.9 0
T =| % %2 g (A.18)
aikn'l aiknvz irs1.9 0
G G i 0
igpl aiqwz aiqw‘l 0
More succinctly, the general equation of a FR may, thus, be written as
Q1 Qo ing i
aiz,l ai2,2 ir.q iy
FR(S, 58, 500038, 58, )i | - - |=OR (A.19)
ai 1 ail,Z iq Slq
aiq+1'1 aiq+1'2 aiqﬂ'q [

Clearly, not every subset of ¢ + 1 elementary reaction steps from the total of p is linearly
independent. Also, not every subset of ¢ + 1 linearly independent elementary reaction
steps will necessarily result in a distinct RR. The direct FRs may be enumerated by
considering all of the possible choices of ¢ + 1 elementary reaction steps from among the
total of p. The number of stoichiometrically distinct direct FRs enumerated, however,

usually far exceeds p — ¢, the number of linearly independent FRs.

ii) Empty RRs: A RR that eliminates all species, both intermediate and terminal
species, thus producing a reaction in which the stoichiometric coefficients of all of the
species are equal to zero is referred to as an empty RR or, simply, an empty route (ER).

Mathematically, the g-th ER is defined as
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ERy  Yo,s,=0 (A.20)

Substituting Eq. (A.1) into Eq. (A.20) and requiring all of the species to cancel, we have

p
Zapkagp =0 (k=1,2,...,0])
p=1
p .
Zﬁpio_gp:o @=1,2,...,n)
p=1

or
vie. =0

Eliminating the linearly dependent columns from the stoichiometric matrix v gives
T'o =0 (A.21)

Thus, the ERs are also generated by solving a set of homogeneous linear equations, i.e.,

Eq. (A.21). The number of linearly independent ERs is equal to p — rank v =p — (¢ + 1).

Direct ERs: By analogy with a direct FR, we define a direct ER as a RR that involves
no more than ranky+1=q+2 elementary reaction steps, where y is the reduced
stoichiometric matrix, Eq. (A.7). Let the ¢ + 2 elementary reaction steps that are involved
inan ER be s, ,s; s S8, 58 where the subscripts j,, j, . /> J 05/, TEPrEsent
an ordered set of ¢ + 2 integers from among p satisfying the condition

1<), <)y <<j,<Jg<JgSPD- A direct ER 1s denoted by

ER(s; 8, sourerS J 2SS jM), thus specifying the elementary reaction steps
89S mesS; 58, 58, that are involved in the ER. Thus, in general,

g dgn > g
ER(S; 8,008, 08, 28, )10,8; 0,5, +..+0,5, +0, s, +o, 5, =0 (A22)

where the stoichiometric numbers are obtained by solving Eq. (A.21). The solution is

given as
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ajlxl aj]vz aj]vq ﬂjlxl 0
asz ahvz ath ﬂjle 0
ajkfpl ajkfllz ajkfl'q ﬁjk—l’l 0
ajk:l ajkxz ajk:q ﬁjk:l 1
o, = (A.23)
o a a. a. I’y 0
Jeal Jew2 T Je+1-9 Jeanol
O Oy e O ﬁjq’l 0
a./q+l‘l afq+1v2 aiqﬂ.q ﬁjqﬂ,l
a./q+2'1 ajq+2'2 e aiq+]'q ﬁ./q+2'1
Alternatively, this result may be represented as
a./1'1 aflvz ajlvq ﬁ./lvl S./l
a./zvl afzvz a/zvq ﬁ./zvl S./z
ER(SJ.I,sjz,...,sjq,sjqﬂ,sjqﬂ). " . " s . =0 (A.24)
Jgl Jp2 Jgd Jg! Jq
ajqnvl ajqnvz ajqnvq ’qunvl qu+1
ajquvl ajq+2v2 ajq+2v‘1 ﬂjq”,l qu+z

Again, not necessarily every subset of g + 2 elementary reaction steps will result in a
distinct ER. A complete set of distinct ERs may be generated either by considering all of

the possible combinations of g + 2 elementary reaction steps from among the total of p.

iii) Direct OSS Conditions and Direct Nodes: In order to generate meaningful RR

graphs, it is necessary to specify the rules that govern the connectivity of the elementary
reaction steps at the nodes of a RR graph. Thus, the nodes of the RR graph are subject to
Kirchhoff’s Flux Law (KFL), i.e., the rates of the elementary reaction steps leaving and
entering the nodes satisfy the intermediate and OR QSS conditions, Eqgs. (A.11) and
(A.12). Further there are two types of nodes. Thus, the nodes that satisfy the QSS
conditions for intermediate species are referred to as the intermediate nodes (INs), while
those that satisfy the QSS conditions for terminal species are referred to as terminal
nodes (TNs). Furthermore, the QSS is a limiting form of KFL, which actually applies to
non-steady state conditions as well. Further, INs or TNs do not necessarily represent QSS

conditions (Q) of an individual species, but in general represents a group of species, i.e.,
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they represent a certain linear combination of Q1, O», ..., Q,. Thus, nodes only denote the

reaction connectivity.

Finally, the concept of directness is extended to the nodes as well. More specifically,
we assume that the number of elementary reaction steps connected at a direct node, either
IN or TN, should be minimal in the sense that if a reaction is dropped from the node, it is
not possible to satisfy the QSS conditions for the given set of species at that node by
employing only the remaining reaction steps. In other words, it is postulated that only the
nodes that connect a minimum number of reaction steps satisfying the OQSS conditions for
a given set of species are allowed. By analogy with RRs, the QSS conditions involving a
minimal number of rates of the elementary reaction steps are called direct QSS

conditions, while the corresponding nodes are called direct INs and direct TNs.

Direct INs: Consider first the enumeration of the direct intermediate QSS conditions.

Let an arbitrary linear combination of the intermediate QSS conditions O, O, ..., O, be
Q=40 +4L0,+..4,0, =
(anh +ayry +ota,r)h (o, +ann +o+o,r,)i +.. (A.25)

+(o,n+o,,n+..ta,r)i, =0

where 4,,4,,..,4, are constants corresponding to the intermediate species. Now, to

obtain the direct QSS conditions, i.e., those that involve a minimum number of rates, the

constants /11,/12,...,iq should be chosen so as to eliminate a maximum number of rates.
This results in a system of homogeneous equations in the unknowns /11,/12,...,iq. As well

known from linear algebra, in order to obtain a non-trivial solution for il,iz,...,/lq it is

necessary to have no more than ¢ — 1 linear homogeneous equations. That is, the
intermediate QSS conditions Q1, O, ..., O, should be linearly combined so as to
eliminate at least ¢ — 1 rates. In turn, this means that a direct intermediate QSS condition
should involve no more than p — (¢ — 1) = p — g + 1 rates. This, of course, specifies the

maximum degree of an intermediate nodes.

Let us partition the set of rates {r|, 72, ..., 1,} of the elementary reaction steps into

two subsets: a subset of ¢ — 1 rates {7; .7, ,....r; } (1<], <[, <..<Il_, < p) that are not
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involved in a direct intermediate QSS condition, and a subset of p — ¢ + 1

< p) that are involved in a direct QSS

rates {, .1yt (ASh<hy <..<h,_.,

condition. Here {/,/,,....[, } and {h,h,,...,h, .} are two ordered subsets of integers

chosen such that

0L, S U Ry, k0 =412, ) (A.26)
A direct intermediate QSS may, thus, be characterized by either the selection of ¢ — 1
rates Byoliyeesi that are not involved, or by the p — g + 1 rates {Vhl:”hz:---:”h,,,w} that are

involved in a direct intermediate QSS. We denote a direct intermediate QSS condition by

O, 1,1, ), thus specifying the rates of the elementary reaction steps that are

involved in a direct intermediate QSS condition. The latter may be obtained by choosing

/11,/12,...,iq in Eq. (A.25) so as to eliminate the rates Byl ensly This gives

0‘11,111 + allllz +...+ all,q/lq =0
o, Ao o+ t+a A =0
2 2 29 9 (A27)
0‘1,1,,,1}1 + azq,,,ziz +...+ aqul,qiq =0
The solution to this system of homogeneous linear equations is

a, a,, O 0
&, a5 SR 0
Qi Oppy o O 4y 0

A= ? ! | k=1,2,...,9) (A.28)
Q k Qi ok
Ok Ok I+l 0
allvq alz,q qul’hq 0

Substituting Eq. (A.28) into Eq. (A.25) gives the following general formula for a direct

intermediate QSS condition
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i Gy e Oy 0 o
Up O o O o O

O, 1y ety ) ‘ ’ ! =0 (A.29)
alllq alz'q alq—l'q Qq

or, taking into account Eq. (A.11), the direct QSS condition (KFL) for a node is

Ayp Oy e Oy Oy
p=q+l|o a .. a a
) 12 %0 a2 %nea|
O, 1y, sy ) r, =0 (A.30)
il
all:‘l alzﬂ alq—lvq ahkvq

As aresult, the general connectivity of an IN denoted by n(s, s, ,....s, )18

p—q+l

O Gy e Oy 1 Gy
p=g+|Q a e Q o
) 2 %0 2 %2
n(shl,shz,...,shpw). S, (A.31)
= |-
allvq alz'q alq—l'q ahqu

The complete enumeration of direct intermediate QSS conditions and /Ns may be, in
principle, performed by considering all of the possible combinations of p — g + 1 species
from the total of p. Normally, the number of direct /Ns exceeds the number of linearly
independent /N, i.e., the number of linearly independent intermediates g. It may be noted
again, that, although the node connectivity (Eq. (A.31)) results from the QSS condition, it

is more generally valid including the unsteady state.

Direct TNs: Now, consider the enumeration of the direct OR QSS conditions, i.e., the
enumeration of direct 7Ns. Since, again, a direct OR QSS condition should involve a
minimum number of rates, it is necessary to eliminate from Eq. (A12) the maximum
number of rates by employing the interrelationships provided by the intermediate QSS,
Eq. (A.11). Because rank a = g, we can solve Eq. (A.11) for no more than ¢ rates. Upon
substitution of these ¢ rates into Eq. (A.12) we arrive at a direct OR QSS condition

involving no more than p — g rates of the elementary reaction steps. Let {r, 7, ,...,7; }

(1<l <l,<..<l,<p) be the g rates of the elementary reaction steps that are not
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involved in a direct OR QSS condition, while {r, .7, ....r;, } (A <h <h, <..<h, 6 <p)
be the p — g rates that are involved in a direct OR QSS condition. Here {/,,/,,...,/,} and
{h),hy,...h, ,} are two ordered subsets of integers chosen so as to satisfy Eq. (A.26). A
direct OR QSS condition is denoted by P(’”hp’”hz:---:’”hp,q) thus specifying the rates that are
involved in a direct OR QSS condition. Its general equation may be obtained by solving

Eq. (A.11) with respect to {r, 7, ,....7; }

O Ty O, Ty O = T =0 T == Gy T
@y oty F 0, oF), T TGN = =0 0Ty =0 oTy, T Ty o

e (A.32)

alqu}/}] + alzvq’/}z Tt alq'q’/}q = _ahl 'qrhl - ahzvqrhz T ahp—q'q}/.'/p—q

Substituting the solution of Eq. (A.32) into Eq. (A.12), after a few transformations based

on the properties of the determinants, we obtain

G Gy e Oy, ﬂll,l
1 e G Gpy e Oy, ﬂ12,1
P(’”hl”’hz)---)’”hp,q): — e | By = Tor (A.33)
VIA k=1
O p Opp e 0y, ﬁlq,l
Cp1 Qo o Gy ﬁhk,l
where the determinant
&y Qo Q4
a a e a
L1 G2 b
AZA(II,IZ,...,lq)z (A.34)
a a a
1 %0 l,.9

Obviously, only those selections of the set of integers (/,,/,,...,/,) are valid for which the
determinant A =A(/,,l,,...,/,), Eq. (A.34), is different from zero. The TNs that
correspond to these direct OR QSS conditions are denoted by m(s, s, ,...,s hH) and their

general connectivity is given by
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G Gpp e Oy, ﬂll,l

Gy Gpa o Oy, ﬂ12,1

‘ -
3
Q

Ny (808, 08) )t s, + OR (A.35)

=

<
<

>
T

ﬁl B!

4’ 9’ a9 q

Cp1 Qo o Gy ﬁhk,l

Notice that in Eq. (A.35) the OR is added to the first term rather than subtracted as it
would follow from Eq. (A.32). As shown below, this change in sign is dictated by the
necessity to ensure that the RR graphs are cyclic graphs. It should also be noted that, in
deriving Eqgs. (A.33) and (A.34), we have arbitrarily utilized the first identity in Eq.
(A.12). It may be shown, however, that, up to a constant, the final result is independent of

the choice of the identities in Eq. (A.12).

The complete enumeration of the 7Ns may be, in general, performed by applying Eq.

(A.33) to all possible combinations of {7, ,..r } 1</ <, <..<[ <p) or
Ty reees ’”h,,,q} (I<h <h,<..<h,, < p) for which the determinant A, Eq. (A.34), is
different from zero.

The connectivity of INs and TNs, in principle, provides the necessary information for
constructing the RR graph. Of course, not all /Ns and TNs are independent; only g INs
(the number of independent intermediate species) and one 7N (for the single OR) are

independent.

Code written in MAPLE for stoichiometric enumeration of direct

RRs and INs:

> restart;

> with(Student[LinearAlgebral):

> with(combinat):

> ##H#####Input stoichiometric matrix: Double click on the matrix to edit

Replace with the filename of your stoichimetric matrix. You need a "csv" file, accessible
in Excel.
>

> stoich := ImportMatrix("WGS17Cu.csv'", source = csv);
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18 x 15 Matrix

Data Type: anything
Storage: rectangular
Order: Fortran _order

nINTS: Number of intermediates. Needs to be changed by user.
> nINTS:=9;

stoich =

nINTS =9
Input filename. Warning: The files will be overwritten without notice
> filename:="WGS17Cu"':
> AlIFR _file:=cat("AIlIFR " .filename,".csv'"):
> AIIER_file:=cat("AIIER_",filename,".csv"):
>
> UniqueFR_file:=cat("UniqueFR_" filename,".csv"):
> UniqueER file:=cat("'UniqueER " filename,".csv'"):
> AIIIN_file:=cat(" AIlIN_",filename,".csv""):
> UniquelN _file:=cat(""UniqueIN_", filename,".csv'):
> nES := RowDimension(stoich)-1:
nSPECIES := ColumnDimension(stoich)-1:
> for i from 2 to nES+1
do
rxnR]Ji] := 0;
rxnP[i] :=0;
for j from 2 to nSPECIES+1
do
if stoichl[i, j] <0
then rxnR[i] := evalf(rxnR[i])-stoich[i, j]*convert(stoich[1, j], symbol);
else rxnP[i] := evalf(rxnP[i])+stoich[i, j|*convert(stoich[1, j], symbol);
end if:
od:
od:
>
> for i to nES
do
ESlist[i] := cat(stoich[i+1, 1], ": ", convert(rxnR[i+1], string), "' <-> ",
convert(rxnP[i+1], string)); print(ESlist[i]);
od:
"sl: S+H20 <-> H20S'
"s2:  S+CO <-> COS'
"s3:  2*HS <-> 2.*S+H2'
"s4:  CO2S <> S+CO2'
"s5:  H20S+S <-> HS+OHS'
"s6:  OHS+S <-> HS+OS'
"s7:  2*OHS <-> OS+H20S'
"s8:  OS+COS <-> CO2S+S'
"s9:  COS+OHS <-> COOHS+S
"s10: COOHS+S <-> HS+CO2S

Catalytic and Electrocatalytic Pathways in Fuel Cells
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"s11:  OS+COOHS <-> OHS+CO2S
"s12:  OHS+COOHS <-> CO2S+H20S
"s13:  COS+COOHS <-> CO2S+HCOS
"s14: HCOOS+S <-> HS+CO2S
"s15:  OS+HCOOS <-> OHS+CO2S
"s16: OHS+HCOOS <-> CO2S+H20S
"s17:  HCOS+S <-> HS+COS'
> for i from 1 to nINTS
do
Qli]:=0:
for k from 1 to nES
do
Q[i]:=Qli]+stoich[k+1,i+1]*convert(stoich[k+1,1],symbol);
od:
print(cat("'Q",i,"=",convert(Q[i],string))):
od:
>
"Q1=-2*s3+s5+s6+s10+s14+s17"
"Q2=s6+s7-s8-s11-s15"
"Q3=s2-58-59-s13+s17"
"Q4=s5-56-2*s7-59+s11-s12+s15-s16"
"Q5=s9-s10-s11-s12-s13"
"Q6=-s14-s15-s16"
"Q7=-s4+s8+s10+s11+s12+s13+s14+s15+s16"
"Q8=s1-s5+s7+s12+s16"
"Q9=s13-s17"
> intM := Matrix(nES, nINTS): #Intermediate submatrix
> for i to nINTS
do
for j to nES
do intM]j, i] := stoich[j+1, i+1]
od:
od:
> print("intM:="",intM);
17 x 9 Matrix
Data Type: anything
Storage: rectangular
Order: Fortran_order

"IntM:=",

> ES:=Rank(intM)+1;
ES =10

Full Routes enumeration:

> FRmax := factorial(mES)/(factorial(nES-ES)*factorial(ES));
FRmax = 19448
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> RRsubmatrix := Matrix(ES-1, nINTS): #Submatrix used to determine the Si
coefficient in the reaction route
> Enumerated:=choose(nES,ES):
> ORcounter:=0:
unique:=1:
AlIFR := fopen(AllFR _file, WRITE):
UniqueFR:= fopen(UniqueFR_file, WRITE):
fprintf(UniqueFR,cat(", , Number of steps, Associated OR \n")):
for k from 1 to FRmax
do
counter:=0:
Steps[k]:=""";
for i from 1 to ES
do
for 1 from 1 to ES-1
do
for m from 1 to nINTS
do
if (1=i)
then jump:=1;
end if;
RRsubmatrix[l,m]:=intM|[Enumerated|k,l+jump],m];
#print(jump,k,l,m,RRsubmatrix[l,m],Enumerated[k,l+jump]);
od:
od:
Scoeff[i]:= (-1)*((i+1))*Determinant(RRsubmatrix);
jump:= 0;
#print(Enumerated[k],RRsubmatrix,jump,k,l,m, Scoeff][i]);
od:
#Determine gcd of Scoeff
g:=0;
for i from 1 to ES
do
g:= ged(g,Scoeff[i]);
if (g=1) then break end if:
od:
#Check sign of the first non-zero Si coefficient
neg:=1:
for i from 1 to ES
do
if (Scoeff[i]<>0)
then
if (Scoeff]i]<0)
then
neg:=-1;
break;
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else
neg:=1;
break;
end if;
else
neg:=0;
end if;
od:
#Puts possible FR into "canonical' form
for i from 1 to ES
do
if (neg<>0) and (g<>0)
then
Scoeff[i]:=(Scoeff[i])/(neg*g);
end if;
od:
FR[k]:=0;
for i from 1 to ES
do
FR[k]:=FR[Kk]+convert(stoich[Enumerated|K,i]+1,1],symbol)*Scoeff[i];
if (i<>ES)
then
Steps|k]:=cat(Steps[k],stoich| Enumerated|[k,i]+1,1],";"
else Steps[k]:=cat(Steps|k],stoich|[Enumerated|[k,i]+1,1])
end if:
od:
###Check if the reaction obtained is "zero"
OR[K]:=0;
for i from 1 to ES
do
for j from 2 to nSPECIES+1
do

OR[k]:=0OR[Kk]+Scoeff[i] *stoich|[Enumerated|[k,i]+1,j] *convert(stoich[1,j],symbol);

od:

od:

OR[K]:=simplify(OR[k]);

ER[Kk]:=0:

if (OR[k]=0)

then
ER[k]:=1

end if:

fprintf(AIIFR,cat("FR(",Steps[k],")="", convert(FR[K], string),'"\n"")):

#print(cat("FR(",Steps[k],")="", convert(FR[K], string)));

if (ER[k]=1)

then
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Buffer[k]:=0;
else
unique:=1:
for i from 1 to k-1
do
if (Buffer[i]=FR[K])
then
#print(Buffer[i],FR[K]);
unique:=0:
break:
end if:
od:
if (unique=1)
then
#uniqueOR:=1:
for i from 1 to ES
do
if (Scoeff[i]<>0) then counter:=counter+1 end if:
od:
uniqueORtrue:=1:
#print(ORcounter):
for i from 1 to ORcounter
do
if (OR[k]<>0)
then
#print(OR[K],uniqueOR[i]);
if (abs(uniqueOR[i])=abs(OR[Kk]))
then
uniqueORtrue:=0:
ORnumber:=i:
#print("break" ,OR[k],OR[i],k,i);
break:
else
uniqueORtrue:=1:
end if:
else
#print("'zero" k,i);
end if:
od:
if (uniqueORtrue=1)
then
ORcounter:=ORcounter+1:
ORnumber:=0ORcounter:
#print(''no zero'" ,OR[Kk],OR[i],ORcounter,i);
uniqueOR[ORcounter|:=OR[Kk]:
end if:
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fprintf(UniqueFR,cat("FR(",Steps[k],")=,", convert(FR[k],
string),"," ,convert(counter,string)," ,OR" ,convert(ORnumber,string),"\n""));
end if:
Buffer[k]:=FR][K]
end if:
od:
fprintf(UniqueFR,"\n \n \n"):
for i from 1 to ORcounter
do

fprintf(UniqueFR,cat("OR" ,convert(i,string),"=",convert(uniqueOR[i] ,string),'"\n"")
)5

od:

fclose(AlIFR):

fclose(UniqueFR):

> #uniqueOR;

> for i from 1 to ORcounter

do

print(uniqueOR]Ji]);
#fprintf(UniqueFR,cat("FR(",Steps[k],")=,", convert(FR][k],
string),"," ,convert(counter,string),"\n"));

od:

-H20-CO+H2+CO2

Empty Routes Enumeration

>gammaM := Matrix(nES, nINTS+1): #reduced stoichiometric submatrix
>
> for i to nINTS
do
for j to nES
do gammaMy|j, i] := stoich[j+1, i+1]
od:
od:
> for j from 1 to nES
do
gammaM{[j, nINTS+1] := stoich[j+1, nINTS+3]:
od:

> print("'gammaM:=",gammaM);

17 x 10 Matrix

Data Type: anything
Storage: rectangular
Order: Fortran _order

"gammaM:=",

> qp2:=Rank(gammaM)+1;
gp2 =11
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> ERmax := factorial(nES)/(factorial(nES-qp2)*factorial(qp2));
ERmax :=12376
> ERsubmatrix := Matrix(qp2-1, nINTS+1): #Submatrix used to determine the Si
coefficient in the reaction route
> Enumerated:=choose(nES,qp2):
>

AlIER := fopen(AlIER _file, WRITE):
UniqueER:= fopen(UniqueER_file, WRITE):
for k from 1 to ERmax
do
counter:=0:
Steps[k]:=""";
for i from 1 to qp2
do
for 1 from 1 to qp2-1
do
for m from 1 to nINTS+1
do
if (I=i)
then jump:=1;
end if;
ERsubmatrix[l,m]:=gammaM|[Enumerated|[k,l+jump],m];
od:
od:
Scoeff[i]:= (-1)*((i+1))*Determinant(ERsubmatrix);
#print(Scoeff[i],i,k);
jump:= 0;
od:
#Determine gcd of Scoeff
g:=0;
for i from 1 to qp2
do
g:= ged(g,Scoeff]i]);
if (g=1) then break end if:
od:
#Check sign of the first non-zero Si coefficient
neg:=1:
for i from 1 to qp2
do
if (Scoeff[i]<>0)
then
#print(Scoeff[i],i,k);
if (Scoeft]i]<0)
then
neg:=-1;
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break;
else
neg:=1;
break;
end if;
else
neg:=0;
end if;
od:
#Puts possible ER into "canonical" form
for i from 1 to qp2
do
if (neg<>0) and (g<>0)
then
Scoeff[i]:=(Scoeff[i])/(neg*g);
end if;
od:
ER[Kk]:=0;
for i from 1 to qp2
do
ER[k]:=ER[k]+convert(stoich|[Enumerated|k,i]+1,1],symbol)*Scoeff[i];
if (i<>qp2)
then
Steps|[k]:=cat(Steps|k],stoich|[Enumerated|k,i]+1,1],";"
else Steps[k]:=cat(Steps[k],stoich|[Enumerated|[k,i]+1,1])
end if:
od:
###Check if the reaction obtained is "zero"
ORJK]:=0;
for i from 1 to qp2
do
for j from 2 to nSPECIES+1
do

OR[Kk]:=OR[Kk]+Scoeff[i] *stoich|[ Enumerated|[k,i]+1,j] *convert(stoich[1,j] ,symbol);

#print("OR,Scoeff,stoich,stoich coeff,

i,j,k" , OR[K],Scoeff[i],stoich[ Enumerated[K,i]+1,j],stoich[1,j],i,j,K);
od:
#print(" j loop end");

od:

#print("'i loop end");

#OR[K]:=simplify(OR[k]);

#print("Final" ,OR[k],k);

ERcheck|[k]:=0:

if (OR[k]=0)
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then
ERcheck[k]:=1
end if:
fprintf(AlIER,cat("ER(",Steps[k],")="", convert(ER|[K], string),"\n""));
#print(cat("ER(",Steps[k],")="", convert(OR[K], string)));
if (ERcheck[k]<>1)
then
Buffer[k]:=0;
else
unique:=1:
for i from 1 to k-1
do
if (Buffer[i|=ER[K])
then
unique:=0:
break:
end if:
od:
if (unique=1)
then
for i from 1 to qp2
do
if (Scoeff[i]<>0) then counter:=counter+1 end if:
od:
fprintf(UniqueER,cat("ER(",Steps[k],")=,", convert(ER[K],
string),"," ,convert(counter,string),'"\n"));
end if:
Buffer[k]:=ER[K]
end if:
od:
fclose(AlIER);
fclose(UniqueER);

Intermediate Nodes Enumeration
>

> intMT:=Transpose(intM);

9 x 17 Matrix

Data Type: anything
Storage: rectangular
Order: Fortran_order

intMT =

>nES;
> ES;
>
17
10
> q:=Rank(intMT);
qg:=9
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> INmax := factorial(nES)/(factorial(nES-(q-1))*factorial(q-1));
INmax :=24310

> INsubmatrix := Matrix((q-1), (q-1) ): #Submatrix used to determine the Si

coefficient in the reaction route
> Enumerated:=choose(nES,q-1):
>
> AllIN := fopen(AllIN_file, WRITE):
UniquelN:= fopen(UniquelIN_file, WRITE):
for k from 1 to INmax
do
counter:=0:
jump:=0:
Steps[k]:="";
for 1 from 1 to nINTS
do
for i from 1 to -1
do
for j from 1 to g-1
do
if (j=1) then jump:=1 end if:
INsubmatrix|j,i]:=intMT|[j+jump,Enumerated|k,i]];
#print("'something",i,j,k,l,jump);
od:
jump:=0:
od:
#jump:=0:
#print(INsubmatrix);
Qcoeff[l]:=(-1)*(1+1)*Determinant(INsubmatrix):
#print("'plus");
od:
#print("out");
Steps:=cat("IN("):
for i from 1 to nES
do
fait:=0:
for j from 1 to q-1
do
if (i<>Enumerated[k,j]) and (fait=0)
then
Steps:=cat(Steps,stoich[i+1,1],";"):
fait:=1:
end if:
od:
od:
Steps:=cat(Steps,'")"):
IN[Kk]:=0:
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for i from 1 to nINTS
do
IN[K]:=IN[K]+Qcoeff[i] *Q]i]:
#print('"'do"):
od:
simplify(IN[K]):
#fprintf(AllIN,cat(Steps,"=, ",convert(IN[k],string),"\n"));
#Calculate individual Si coefficients
for j from 1 to nES
do
Scoeff[j]:=0:
od:
#print(""done");
for i from 1 to nINTS
do
for j from 1 to nES
do
Scoeff[j]:=Scoeff[j]+Qcoeff[i] *stoich[j+1,i+1]:
#print("OK");
od:
od:
Scoeffprint:=0:
for i from 1 to nES
do
Scoeffprint:=Scoeffprint+ Scoeff[i] *convert(stoich[i+1,1],symbol);
od:
#print(Scoeffprint);
#Check sign of the first nonzero coeff
neg:=1:
for i from 1 to nES
do
if (Scoeft[i]<>0)
then
if (Scoeft[i]<0)
then
neg:=-1:
break:
else
neg:=1:
break:
end if:
else
neg:=0:
end:
od:
#Determine GCD of Scoeff
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g:=0:
for i from 1 to nES
do
g:=gcd(g,Scoeff[i]):
if (g=1) then break end if:
od:
#Puts IN into canonical form
for i from 1 to nES
do
if (neg<>0) and (g<>0)
then
Scoeff[i]:=Scoeff[i]/(neg*g);
end if:
od:
Scoeffprint:=0:
for i from 1 to nES
do
Scoeffprint:=Scoeffprint+ Scoeff[i]*convert(stoich[i+1,1],symbol);
od:
fprintf(AllIN,cat(Steps,''=, " ,convert(Scoeffprint,string),'"\n""));
#Determine Unique INs
unique:=1:
for i from 1 to k-1
do
if (Buffer[i]=Scoeffprint)
then
unique:=0:
break:
end if:
od:
if (unique=1)
then
Buffer[k]:=Scoeffprint:
fprintf(UniquelN,cat(Steps,"=, ",convert(Scoeffprint,string),'"\n"));
end if:
od:

> fclose(AIlIN);
fclose(UniquelN);
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Appendix B: Derivation of QSS rate expressions Egs. (6.23) - (6.28).

The rate of the elementary reaction s;; is

n= kIIQCHZ sO = k11 0cusOus (B.1)
From Appendix C we have

Ous = K, B0, (B.2)

Ocns = KxPcoP}i/ZP}iioeo (B.3)

The coverage of the surface intermediate CH,'S may be obtained from the quasi-
steady state condition
rio =1 + ria. However, the flux through step s14 is negligible, thus,
o= T

or

kiBen, 50 = kioBerr, Ons = k1 Ocu, 0 ~ ki e sOas (B4)
From Appendix C we have
Ocr,s = K, Poyy, B, 0, (B.5)
Solving (B.4) gives
koK Py, P + kK K oo B, B
b+ K B

0, (B.6)

Substituting Egs. (B.2), (B.3) and (B.6) into Eq. (B.1)

| _kok KPR B0 (KUK, Rof )

: /_c.n +1€0KVP1122 KIOKllKi PCH4PHZO .
Eq. (6.23) is obtained by recognizing that

KK, 1

KIOKllKi KSR
The rate of the elementary reaction s;5 is

hs = leHCHZO-SHO - leGCHOSHH-S (B.8)
From Appendix C we have
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Ocnos =K PCOPQ/ZZHS (B.9)

0,5 1s given in Eq. (B.2)
Surface coverage of CH,O-S is determined from the quasi-steady state condition
r0 + r1a = r15. However, the flux through step s14 is negligible, thus

r0 =115

or

—

Ezo‘gcmo-seo - I€200CHZO»SGH»S = Elsecnzo-seo - leQCHO»SQH-S (B- 10)

Solving Eq. (B.10) gives

—

0 :#9 + LSKVIEV”"PCO ) (B.11)
os le + kzoKvP 1;/22 cos le + kzoKvP }11/22 ’
In turn, from the steady-state condition of CH30-S we have

r19 =120
or
koBcn,s00s = kiofci 0500 = kanlcr0500 — kaoBen050us (B.12)
where 0  1s given by Eq. (B.5) and 6, according to Appendix C, is given by
Ops = KW.PHZOPH‘ZIQO (B.13)
From Eq. (B.12) we have
koK K Py PaoBi” koK By

HCH3O~S - ~ = : 00 +— - ”HZ QCHZO-S (B 14)
k19 + k20 k19 + k20

Solving simultaneously Egs. (B.11) and (B.14) we have

viii v viii

gks + Koghys + kiohsy K By

(B.15)

QCHZO-S =

(lglolasKvK “PCOPHZ + ];20];151{ K ‘PCOPHZ + £9£20KiKviEZH4 PHZOPHj/z ]9
0

Substituting Egs. (B.2), (B.9) and (B.15) into Eq. (B.8) results in

_ kl‘)kZOkl5]<1‘I<\)[PCH4 PHZOPI-IS/ZQ(? k19 k20 k51<V2]<w'ii PCOPI-:[;2
= 1- 2 (B.16)

1
k19k20k15

k19/€15 +l€201215 + IEIQIEZOKVPI-KZ iKvi PCH4PH O
or
Igl‘)aOESKiKviP(JH4PHZOP};j/29()2 KK, Pcopli (B.17)
’,15 == S 4 _ v viii 2 .
kl‘)le + k20k15 + k19k20KvPl-ll/22 K19K20K15KiKvi PCH4 PHZO
412
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Eq. (6.24) is obtained by recognizing that

szKviii _ 1
K19K20K15KiKvi KSR

The rate of the elementary reaction s;7 is

iy = k0005005 — ki110c0, 500 (B.18)
Based on Appendix C,

Ocos = KiiFeolo
Oos = K., PuoPu 00
Oco,s = KiyFeo, 0

Substituting above in Eq. (B.18), we have

. ik K.~ Peo B
hi = k17KiiiKviPCOPHzOPH_219(§ 1- *k” — (B.19)
ki KiK., Biolto
or
= K P, R
hi = k17KiiiKviPCOPHzOPH_219(§ 1- - —r (B.20)
KKKy BroFeo

Eq. (6.26) is obtained by recognizing that

K. 1

K17K ‘Kw' KWGS

iii

Finally 6, in the above expressions is obtained based on the concept of MARI. Thus,
Oy =10y 65 —Ocos —Ous —Oos —Oons —Ocs (B.21)
Based on Appendix C, we have
HHZO-S =K,h Hzoeo
Ocos = Kooty

Ous = KVPI'II/ZZHO

Ops = KviPHZOPH;leO
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Oous =K PHZOPI—;;/ZQO

vii

Ocs = KixPCOPHZPHjOQO

Eq. (6.28) can be obtained by substituting the above in Eq. (B.21)
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Appendix C: Intermediate Reactions for the formation of key

intermediates utilized in Appendix B

We show here the derivation of surface coverage of intermediate species based on QE
approximation and the notion of intermediate reactions. The methodology is illustrated
for one species, CHs'S. The surface coverage of the other intermediate species can be

derived following a similar procedure, unless otherwise stated in the text.

In order to obtain the QE surface coverage of CHj'S, we first identify the
Intermediate Reaction for the formation of CH;'S from amongst steps that can be
considered to be quasi-equilibrated. Thus, for CHj3'S, the appropriate intermediate
reaction is

s;: CH4 + S =CHjs'S + % H; as shown below

%
st CH4+S 5 CHyS +1
ss: HS+HSSHyS+S+%

s HySSHy+S +Vs

S9: CH4S+S S CHyS+H'S +1
IR: CHs+S S CH3S+ % H,

Thus, the equilibrium constant for this intermediate reaction is K, = K, (K K )1/2 K, and

HCH3»S = KiPCH4 Pﬁj/z‘go

A list of the intermediate reactions for relevant intermediate species utilized in Appendix

B is as follows:

si  CHy+S=CH3S+%H, K, =K (K,K,)"*K,
sit  H,0+S=H,0'S K, =K,

si.  CO+S=COS K. =K

sy: CO,+S=C0yS K, =K,

s, Y% Hy+S=H-S K, =(K.K)"*
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Svii-

Sviii-

Sixe

Syt

H20+S=O'S+H2
H,O+S=0H-S+'%H,

72 Hy, + CO + S = CHO-S

CO+H;+ S=CS+HO0

CO+3/2H, + S=CH-S + H,O

K, =K,K,KK;Kq
1/2
K=K, (KsKs) K,

K

viii

= (K3K51/2K61/2K16)_1
K, = (K2K3K5K6K7K8K13 )71

Kx = (K2K3K53/2K63/2K7K8K12K13 )_l
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Appendix D: Overview of energetic predictions via first-principles

and UBI-QEP

A brief overview of the first-principles calculations that are fast becoming a
commonplace for energetic predictions for catalysis and electrocatalysis is provided here.
The electronic structure theories are based on the Time-Independent Schrodinger

Equation (TISE),

2
H‘P:(— h V2+VJ5U:E5U (D.1)
2m

mol

where, H is the Hamiltonian (total energy operator) comprising of potential (V), and

kinetic energy, i.e.,—(#>/2m_,)V?, E is the total energy of the system, and y is the

mol

wavefunction, i.e., a function of space containing all possible information about the

system. i=h/2x and m ,, the mass of the molecule are constants. Solution of this

mol °
equation yields fundamental information about the system, including probability
distributions for all particles within it and energetic information about particular particle
configurations. The above TISE is simplified by the Born-Oppenheimer Approximation,
which relies on the fact that atomic nuclei move at a pace which is several orders of
magnitude slower than that of the electrons, thus allowing us to perform separate
calculations for nuclear and electronic structure by splitting the TISE into two parts.
Chemical engineers are concerned with the electronic structure solution, which may be
visualized as fixed configurations of nuclei surrounded by an “electron gas.” The
electronic structure of this gas is determined by solution of the electronic TISE, and the
resulting total energy is interpreted as a potential energy for the nuclei. Solution of the
TISE for many different nuclear arrangements permits the construction of potential
energy surfaces (PES’s) for the nuclei, which can be utilized to analyze the nuclear
dynamics. However, analytical solution is not possible and only approximate numerical
schemes can be employed. The simplest technique for the calculation of the electronic
orbitals is the Hartree Fock Self-Consistent Field (HFSCF) approach, where the full,
many-electron wavefunction for the system, y, is written as a product of one-electron
wavefunctions containing adjustable parameters. The number of one-electron orbitals is

equal to the number of electrons in the system. Corresponding to each electron, Egs.
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similar to Eq. (D.1) are written such that ' represents the effective one-electron potential
energy function, and E the one-electron eigenvalue. Being the simplest of the techniques,
the HFSCF approach generally gives very inaccurate molecular energies due to the lack
of explicit electron correlation effects. Configuration Interaction (CI) methods account
for these correlation effects, albeit at additional computation time by making use of the
unoccupied (virtual) states. Other approaches include the use of Density Functional
Theory (DFT), which nicely approximates the correlation effects while not being too
computationally demanding. The methodology is largely similar to the HFSCF approach
with an additional term, known as the exchange-correlation (XC) energy, added to the
effective one-electron potential energy function, ¥ while solving the set of one electron
equations. A host of different XC energy expressions have developed built on a similar
platform of being explicit functionals of the electron density. The LDA (Local Density
Approximation) uses an XC functional that depends only on the electron density itself
and takes the XC energy to be the exact XC energy for a homogeneous electron gas.
LDA calculations, however, often produce poor estimates of binding energies and
molecular structures. The GGA (Generalized Gradient Approximation) incorporates
density gradient terms into the XC functional. State-of-the-art GGA, like PW91, PBE,
and RPBE are known to give accurate results for trends in binding energies and in lattice
constants of transition metals.

Accurate representation of the core electrons is also vital to obtain accurate results.
However, the computational effort can be greatly reduced by approximating the behavior
of these core electrons, based on the assumption that they do not generally play an active
role in chemical bonding as they are located in the innermost shell of an atom. Frozen
Core Approximation (FCA) is one such approximation.

Apart from the above mentioned approximations, the biggest stumbling block for
accurate energetic prediction is the catalyst surface representation in heterogeneous
catalysis. Of course, for electrocatalysis, simulating the effect of electrode potential on
the energetics presents additional difficulties. Some research groups employ cluster
calculations that use finite ensembles of metal atoms to model surfaces. These are
computationally less expensive since they employ atomic or molecular orbital basis sets

to satisfy the boundary condition of zero electron density at infinite distance from the
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cluster. The other approach is to utilize slab calculations, with the use periodic boundary
conditions (and hence require the use of a periodic basis set to match the boundary
conditions) to model extended surfaces. These models avoid the electronic structure
artifacts that sometimes trouble cluster calculations.

DFT calculations provide an efficient way to calculate the total electronic energy
(TE) of a system, which may be used for calculation of AH. For the case of adsorption of
a species on a surface, AH is approximated by the binding energy (BE) of the species.
Knowledge of the total energies of the adsorbed configuration, the clean slab representing
the catalytic surface and the isolated gas phase species can be used to calculate this BE

as:
BE, = TE(adsorbed configuration) — TE(clean slab) — TE(isolated gas phase species)

(D.2)

The binding energies are also corrected using zero point energies, and temperature

corrections, which may be obtained from the vibrational frequencies of the species. Thus,

Hlok's - Hli @7 BElk»S + A(ZPElk ) (D.3)

where H| . is the standard enthalpy of formation in the gas phase, BE, ¢ is the binding
energy, and A(ZPE, ) is the zero point energy correction to binding energy of the

intermediate species I;. The enthalpy change and the entropy change are

/ n
AHp =3 o, (HY )+ ) B (HY ) (D.4)
k=1 i=1

The recent advances in first principles calculations, has made possible the direct
calculation of the activation barriers using DFT. The state of the art CI-NEB method
determines the minimum energy path between the initial and final state of a given
elementary step by optimizing several discrete intermediate images and is shown to give
excellent convergence to saddle points, verified by the existence of a single imaginary
frequency at the transition state.

Entropy of the adsorbed species can be approximated as shown in chapter 11, i.e. by

assuming total loss of translational entropy from gas phase to the adsorbed phase. On the
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other, it may be rigorously calculated from DFT based on the knowledge of the

vibrational, translational and rotational modes of the adsorbed species. Thus,
/ n
ASy =D o (S0 )+ D B(St ) (D.5)
k=1 i=1

Finally, the surface reactions, the rate constants are calculated using transition state
theory (TST), while for adsorption/desorption reactions collision theory can be used. TST
assumes equilibrium between the reactants and the activated complex. Thus, for a surface

reaction A-S+B-SS C-S+D-S, we have

k
A-S+B-S5 AB-S—> C-S+D-S,

k
C-S+D S5 CD-S— A-S+B-S

The forward rate constant rate constant & , 1s given as

k =A exp 5, K =2 (D.6)
P P kBT P kp

E s the activation energy for the forward reaction and A , 18 the pre-exponential factor

P

given as

] AS
A, :kZT exp( 2 ] (D.7)
B

where, AS’E"’ =AS} s —ASL s —ASg is the standard state entropy change accompanying

the formation of the transition state. AS),for the activated complex is calculated

following a similar procedure as that for the adsorbed species.
Collision theory can be used to obtain rate constants for adsorption processes, which

give the pre-exponential factor as

!

_ o(T,0)

- D.8
P 2mm kT (©:8)

where, m, is the molecular weight of the species and o°(T,8) denotes the sticking

probability.
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UBI-QEP approach for predicting the activation energies of elementary

reaction steps:

The method of UBI-QEP is the improved version of the BOC-MP. Here we provide only
the relevant equations useful in predicting the activation energies for elementary
reactions. The details can be found in the publications by Shustorovich and co-workers
(Shustorovich, E. M., and Sellers, H., Surf. Sci., 31, (1998), 1; Zeigarnik, A. V. et al.,
Surf. Sci., 541, (2003), 76; Shustorovich, E. M., and Zeigarnik, A. V., Russian J. Phys.
Chem., 80, (2006), 4)

1) The heats of chemisorption for diatomic molecules are based on the type of
binding. Atomic heat of adsorption of species A, in an n-fold site (a site making n-

bonds with the adsorbed atom) is

0,=0y, (2 - l) (D.9)

n

where O, , is the heat of adsorption in the on-top position or, alternatively, the two-
center bond energy.

2) For the weak bonding ad-molecule typical of adsorption of closed-shell
molecules, the heat of adsorption of an AB molecule, Q > ON n-fold site, which

adsorbed via A atom is given by

0w
Oipn = (D.10)
(QOA +DABJ

n

where D, is the gas-phase dissociation energy of the A-B bond.

Weakly bound molecules such as closed shell molecules (i.e., CO, N,) or molecular
radicals with strongly delocalized unpaired electrons (i.e., Oz, NO) tend to have heats of

chemisorption in the range 10-35 kcal/mol.

3) For the strong bonding ad-molecules, which typically occurs upon the adsorption

of molecular radicals, heat of adsorption is given by
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%

QAB’” B QA + DAB

(D.11)

Strongly bound molecules have heats of chemisorption in the range 35-120 kcal/mol.

Medium binding gives an average of the two extremes.

4) The enthalpy changes in the course of adsorption and reaction are accordingly

given by
AH=Y0->.0+>D,-> D, (D.12)
r P b f

where O, and O, are the heats of chemisorption for the reactants (r) and products
(p), respectively; Dy and Dy are the binding energies for the bonds that are broken
(b) and formed (f), respectively.

Heats of chemisorption (Q) and total bond energies in a gas phase (D)
for various species on different catalyst surfaces are well documented in the literature
(Shustorovich, E. M., and Sellers, H., Surf. Sci., 31, (1998), 1; Hei, M. J. et al., Surf. Sci.,
417, (1998), 82; Lin, Y.-Z. et al., J. Mol. Struc. (Theochem), 587, (2002), 63; Olivera, P.
P. et al., Surf. Sci, 327, (1995), 330; Sellers, H., and Shustorovich, E. M., Surf. Sci., 504,
(2002), 167).

In the case of the disproportionation reaction, A:S + BC:S S AB-S + C-S, the
direction of the reaction is defined such that the condition that Dgc > Dag is satisfied. If
it is not, the direction of the reaction should be reversed for the analysis. The activation
energy of the reaction in the forward direction, corresponding to the appropriate form of

the reaction, may be determined using

E :l{AH+%} (D.13)
2 O+

Similarly, for an AB-S S A-S + B-S, we have

E =1{AH+%} (D.14)
2 0,+0;
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The activation energy of the reverse direction may then be determined from the

relationship between the reaction enthalpy and the reaction’s forward activation barrier
AH=E -E (D.15)

Let us calculate the activation energy on Ni(111) for the following elementary reaction,

CHO'S+ S S CH'S + O-S, as an example.
Ochos =49.9kcal/mol, D, =274kcal/mol
Ocys =116kcal/mol, D, =81kcal/mol
0O, =115kcal/mol, D, = 0kcal/mol
Using above in Eq. (D.12), we have AH = ZQr - ZQP + ZDb - ZDf =11.9 kcal/mol.
r b !

P

Using these in Eq. (D.13), we have,

E :l AHJF% 21[11_9+m}:34_82 kcal/mol
2 0,s+0.] 2 116+115

Using the above in Eq. (D.15), we have

E =E —AH =22.92 kcal/mol
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