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Abstract

Polymer electrolyte membrane fuel cells (PEMFCs) are a promising alternative technology
to internal combustion engines used on vehicles. However, improvements on durability and
performance are needed in order to boost the commercialization of this technology. The
oxygen reduction reaction (ORR) is the greatest source of voltage losses, and several studies
have identified that the catalyst degradation on the cathode is the main contributor to the
loss of electrochemical surface area (ECSA). Therefore, understanding degradation pathways
in the ORR kinetics and the activity of the catalyst layer (CL) are a priority for improving
the performance and durability of PEMFC.

Three well-known phenomena occur in the oxygen electrochemistry on platinum catalyst:
i) oxygen reduction reaction (ORR), ii) platinum oxide growth and iii) peroxide formation.
Many of the elementary steps are common to the three reaction pathways, even though, the
kinetics of these mechanisms are usually modelled separately. This MSc thesis first analyzes
and studies novel unified micro kinetic models on ORR available in the literature. Then, it
derives and implements a new ORR kinetic model that depends only on the activation and
adsorption energies. Kinetic parameters were estimated by fitting the model to Pt electrode
experimental data. Comparison between experimental data and proposed model as well as
other models show that the model is able to capture key steady state characteristics of the
ORR, and some transient trends.
Keywords: Oxygen reduction reaction (ORR), Kinetic model, Proton exchange membrane

fuel cells (PEMFCs)
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Chapter 1

Introduction

1.1 Motivation

Growing concerns over the negative impacts of climate change are forcing governments world-
wide to set targets for reducing green house gas (GHG) emissions. In the Paris Agreement,
many countries committed to reduce by 50 % their GHGs by 2030 and achieve net zero
emissions by 2050 [6]. Transitioning to a net zero world means completely transforming the
way humankind produces, consumes and moves energy. since the energy sector is responsible

of most of the GHG emissions emitted today.

The development of technologies that allow the production and consumption of clean en-
ergy and the wide implementation of sustainable energy pathways are crucial for achieving
a net zero future. Among these technologies and energy pathways, hydrogen is a promising
alternative to the current fossil fuels. Hydrogen is a very convenient energy carrier given
that it has a high energy density, is easy to storage and can be produced from several sources
[7]. Hydrogen fuel cells are a clean alternative to internal combustion engines for heavy-duty
and mid-range automotive applications. In a hydrogen proton exchange membrane (PEM)
fuel cell, the hydrogen and oxygen chemical energy is converted to electric power through
an electrochemical reaction. This electric current can feed an electric motor, or be stored in
batteries. The only by product of the reaction is water vapour [3] and there are no GHG

emissions.

Battery electric vehicles (BEVs) are another zero-emission alternative to the internal
combustion engine vehicles (ICEVs). Both BEVs and hydrogen fuel cell electric vehicles
(HFCEVs) have advantages and disadvantages. According to the TEA, the average driving
range of a small EVs in 2019 was 336 km [8], while the average driving range of a HFCEV
in 2017 was 643 km, according to the DOE. The driving range of a fuel cell vehicle doubles



the driving range of a battery vehicle and is similar to the driving range of a internal com-
bustion engine vehicle [9]. In addition, refuelling a hydrogen tank takes only 5-10 minutes
while recharging a battery can take several hours [10]. In terms of efficiency, however, BEVs
are more efficient, even though the well-to-wheel efficiency depends on the energy pathway
used to produce the electricity or hydrogen [11]. The cost of HFCEVSs is however still higher
than BEVs, a Toyota Mirai 2022 estimated cost is approx. $50,000 while EVs range between
$30,000 - $40,000. Overall, it is likely that FCEVs will dominate the heavy-duty and long

range vehicle market while small and medium range vehicles will be BEV.

HFCEVs are however still an expensive alternative to ICEVs. The power generation
source in the vehicle, i.e., the fuel cell stack, needs more development in order to reduce
its cost and increase its efficiency and durability. The main source of energy losses occurs
during the oxygen reduction reaction (ORR), which requires a strong catalytic agent to take
place, such as, platinum catalysts. The greatest cost contributor to the fuel cell stack is the
membrane electrode assembly (MEA), and inside of it the most expensive component is the
platinum catalyst, which could represent up to 41% of the total FC stack mass production,
i.e., 500,000 units/year cost [12]. The degradation in PEMFCs is typically dominated by
the degradation of the membrane due to various mechanisms depending on the operating
conditions [13]. Among these mechanisms we can find the oxygen reduction reaction (ORR),
the oxide growth and the peroxide formation. By studying these mechanisms, a better un-

derstanding of the complex platinum dissolution in PEMFCs can be achieved [14].

Therefore, optimization of utilization and lifetime of the expensive platinum catalyst
used in PEM fuel cells are crucial research areas for making this technology achieve full scale
commercialization as an alternative to internal combustion engines. Based on all of this,
this work is focused on understanding the kinetics of the oxygen reduction reaction on Pt
catalyst used in PEMFCs.

The overall objective of this thesis is to understand the reaction kinetics of the ORR in
PEMFCs and propose a new numerical model capable of predicting steady and transient
results of the performance at different operating conditions. The reason why this work uses
numerical modelling tools is because of the multi-step, multi-species nature of the ORR
which necessitates of complex models to understand the interaction between species and
electrical potentials. The developed ORR kinetic model can then be used to estimate the
performance of fuel cells thereby decreasing the design-cycle needed to produce cost-effective

and durable stacks.



1.2 Fuel cell background

William Grove discovered the operating principle of a fuel cell in 1839 [15]. A fuel cell is
an electrochemical device that converts the chemical energy of hydrogen or another fuel to

electrical energy and heat in a clean and efficient way [12].

Unlike batteries, the energy supply in a fuel cell is external and can be replenished by re-
fueling the external tank, the same as in an internal combustion engine. Generally, fuel cells
use gaseous or liquid fuels, such a natural gas, methanol. Hydrogen fuel cells uses hydrogen
as fuel and oxygen in air as oxidant [16]. In comparison to heat engines, the energy conversion

in fuel cells is direct and simple and it is not limited by the thermodynamic Carnot efficiency.

Fuel cells are a promising technology for the transportation, power generation and energy
storage sectors because of their high energy density and efficiency and low environmental
impact [3]. They can be used in very small devices producing only a few watts of electric-
ity, or in large power plants producing megawatts. Fuel cells are classified according to the
electrolyte, fuel and reactant they use [15]. In this work, the fuel cell type under study is
the hydrogen proton exchange membrane fuel cell (PEMFC).

1.2.1 PEM Fuel Cells

Proton exchange membrane fuel cells (PEMFCs) are electrochemical devices capable of con-
verting directly the chemical energy of hydrogen and oxygen molecules into electricity. They
operate using hydrogen as fuel at low temperatures and, they can continuously power an
electric motor producing only water and heat. The overall electrochemical reaction that

takes place in this device is the following:

By splitting this process into two half cell electrochemical reactions, the electrons pro-
duced can be extracted. These two reactions are the hydrogen oxidation reaction (HOR)
and the oxygen reduction reaction (ORR). On the anode, the HOR takes place where the

hydrogen is the reactant that is oxidized and releases hydrogen protons and electrons,
2Hy == 4H" +4e” (1.2)
On the other cathode, the ORR takes place where oxygen is reduced to form water,
O, +4H" +4¢” == 2H,0 (1.3)



For ensuring a favorable scenario where this reaction can take place, the following con-

ditions need to be met:

1. the reactants, i.e. the hydrogen and oxygen, need to reach the reaction sites in the

anode and cathode, respectively.

2. the protons and electrons released from the HOR need to be able to travel from the
anode to the cathode, so that the ORR can take place.

3. the water produced from this reaction needs to be removed from the system, or else it

will flood the electrodes and the mass transport of reactants will be hampered.

Figure 1.1 shows an schematic representation of the structure of a PEM fuel cell. This
device is composed of layers that work together to officially transport reactants and prod-

ucts. Each individual layer plays different roles in the performance of the cell.

12, A1y —Et—
PEM
CL CL
MPL MPL
W W
ANODE CATHODE

Figure 1.1 — Basic schematic representation of a PEM fuel cell.

The catalyst layer (CL) in a PEMFC is where the catalyst particles are located, therefore
where the reactions take place. The fuel cell has two catalyst layers, the anode and cathode
CLs where both half cell reactions occur separately. These layers transport the reactants,

electrons and protons through their respective phases inside porous composite media to

4



available reaction sites. Usually these layers are made of platinum nanoparticles that are

supported by carbon for a higher surface layer and an ion-conducting polymer, called Nafion.

Both electrodes are separated by a polymer electrolyte membrane (PEM), an imperme-
able layer that only allows the transport of protons and prevents the reactants from crossing
from anode to cathode or vice-versa. It also prevents the electrons from passing through
the membrane, therefore they have to travel through an external circuit, and that electron

current produced can be used in a load.

The micro-porous layer (MPL) is a hydrophobic porous material that is electronically
conductive. The main function of this layer is to remove the produced water from the reac-
tions that take place in the catalyst layer. The gas diffusion layer (GDL), which is usually
made of carbon fibers, is in charge of diffusing the reactant gases, facilitating the supply of
reactants to the CLs. All these layers assembled together compose the membrane electrode

assembly (MEA) of a PEMFC.

This work is focused in studying the ORR that takes place in the cathode catalyst layer
(CCL) for the following reasons:

e the reaction mechanism and the intermediate species formed in the CCL are not yet
fully understood [17, 18].

e the major performance losses in a PEMFC are attributed to the cathode [19, 20].

e understanding the Pt degradation in the cathode is crucial for improving the durability
of PEMFC [21].

e reducing the Pt loading in the catalyst and optimizing its usage is essential for reducing

the production cost of the fuel cells [12].

1.2.2 Catalyst layer performance

The performance of a PEMFC is usually evaluated using a steady state polarization curve
as shown in Figure 1.2. The cell potential decreases when current generation increases due
to several reversible and irreversible losses. At open cell voltage, hydrogen crosses the mem-
brane and reacts in the cathode reducing the open circuit voltage of the cell. At low current
density, the cell voltage is reduced due to activation losses, i.e., voltage losses necessary to
drive the electrochemical reaction forward, mainly the slow ORR kinetics. Then, at medium

current densities, ohmic losses occur due to the finite conductivity of the electrolyte. Finally,



at high current densities, the mass transport losses limit the amount of reactant that can be

consumed.

Open circuit voltage ‘l’
Activation losses Reversible cell voltage

dominate

Ohmic losses
dominate

Mass transport losses
dominate

Cell Voltage (V)

Current Density (A/cmz)

Figure 1.2 — Typical steady state polarization curve.

For improving the overall performance of a fuel cell, specific areas of the operation of
a cell need to be assessed for addressing certain type of losses. In the past years, many
researchers have been trying to identify experimentally which factors affect mostly the per-
formance of a cell [22, 23], and some of them have been developing modeling tools that
analyze changes in the PEM polarization response to determine if the performance degrada-
tion was related to transport or kinetic losses [24]. Given that the major losses in a fuel cell
are attributed to the kinetic losses [25], and by understanding the activation losses, the cat-
alyst use can be reduced [26], this work is focused on studying the ORR kinetics of PEMFCs.

Another significant area for improvement in the development of PEMFCs is the durability.
The lifetime of the proton exchange membrane fuel cell is directly related to the durability
of some of its components, i.e., catalyst layers, and one of the major aspects that affects the
durability of the cell is the catalytic decay [27]. Over the past years, several mechanisms that
contribute to the cathode catalytic decay have been proposed, among these are the catalyst
particle sintering, the Pt dissolution and the cathode support corrosion [28]. Darling and
Meyers proposed a kinetic model of platinum dissolution in PEMFCs and they considered
three electrochemical reactions: platinum dissolution, platinum oxide film formation and
chemical dissolution of platinum oxide [29]. That is why an important aspect of the catalyst

performance that is under study is the oxide film formation and reduction. This phenomena



is studied experimentally during c

yclic voltammetry (CV) tests in absence of oxygen [3].

This CV technique sweeps back and forth the potential between maximum and minimum

voltage limits while recording the current [30]. The voltage sweep is ramped linearly with

time and the plot of the current versus voltage is called a cyclic voltammogram as shown in

Figure 1.3.
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1.2.3 Electrochemical reactions

This section has been cited from the lecture notes from Dr. Marc Secanell’s course MEC E
645 - Transport and Kinetic Processes in Electrochemical Systems, taught at the University
of Alberta.

For a reaction to occur the reacting molecules must meet three conditions:
1. Collide with one another.

2. Collide with one another with sufficient energy.

3. Collide in an orientation that can lead to rearrangements of the atoms.

Based on these arguments, the rate constants, k, of most solution-phase reactions follow

Arrhenius equation:

RT

where AG is known as the standard free energy of activation, and A’ is a reaction dependent

b= e (47 ) (1.4)

pre-exponential factor.

One electron transfer reaction
The simplest possible electrode process considered is when a oxidant species O is reduced to

k
species R: O + e~ % R.
b

If a potential lower than the Nernst potential (E°) is applied, the activation energy

barriers will change as given by:

NGy =NG + (a—1)F(E - EY), (1.5)

AG.=AG +aF(E — E°) (1.6)

where AG, and AG, are the oxidation and reduction free energy barriers, respectively,
and « is the transfer coefficient. In general, oxidation reactions are favoured by making the
electrode potential positive and reductions are favoured by making the electrode potential

more negative.



Therefore, the potential dependent reaction rate constants can be written in terms of the

standard free energy following an Arrhenius eq. such that,

AG,
ky = Agpexp (— BT )

— Ajexp (— ?;;g) exp (—2—?(}3 _ EO)) (L.7)
) rate cons;:nt, k$(T) ’
and AGY (1—a)F .
ky = Apexp (— RTa) exp (T(E - F )) (1.8)

rate constant, k2 (7))

where subscripts f and b denote the forward and backward reactions, respectively.

The reaction rate constants can be defined per unit area of the electrode surface as:

1. le
Uf:kaO:—nFA:—nF (19)
Vp = kbCR = % (110)

where Cp and Cg are the concentrations of the oxidizing and reduced species at the sur-
face of the electrode, n is the number of electrons per mole of O, I is the current produced,
A is the area of the electrode and i is the current density (I/A).

The net reaction rate will be given by:

le n ba 1
nF  nF  nF
At equilibrium potential, where the applied potential E is equal to E°, the net reaction

Unet :vf—vb:ka'o—k:bCR: - (111)

is equal to zero and Cp will equal Cr and the surface concentration will be equal to the bulk
concentration, far from the surface of the electrode. The bulk concentration is denoted as

Cg and C}. The forward and backward reaction rates will therefore be equal and

Paet = 0 = kyCS — kyC% = kO = ko
= ]Cf =k



Thus, at equilibrium under C3 = C}, there is a potential E° where the forward and
backward reaction rates are the same. The rate constant at F° is known as the standard

rate constant, ky. Then the current produced by the reaction will be:

= ~Fog—w) = ~Fho (Coenp (205 - 1)) - Cremp (L2 (8- 1))

This equation is known as the Butler-Volmer (BV) equation. This is used as the first

approximation to predict the current of an electrochemical reaction.

Multi-step reactions

Multi-step reactions are very common in the electrochemical field because most electrode
reactions involve more than one electron transfer. Usually a reaction that involves more than
one electron transfer, is constituted by several elementary reactions, also called individual

reactions or steps. An example of it is the following reaction,
2H +2e~ = H,

In this reaction, hydrogen might involve first adsorption of H* to the surface and then,
recombination of two adsorbed H' to form H. In order to analyse reactions involving

several elementary reactions (one-electron transfer), we will need to take into account:
e the potential dependencies of all steps and

e the surface concentration of all intermediate components in order to estimate the re-

lationship between current density and voltage.

Adsorbed species at the surface of the catalyst are given by their fractional coverage, i.e.,

number of adsorbed molecules
0 = - - <1
number of available sites on clean catalyst surface

Using fractional coverages, the rate of each reaction can be written as a function of
concentrations and coverages. For example, assume that the hydrogen reduction reaction

proceeds according to the following three steps:

Pt + H*(aq) + ¢~ == PtH (ads) (Volmer) (1.12)
g -1 0
PtH (ads) + H' (aq) + e~ k“: Pt + Hy(g) (Heyrowsky) (1.13)
0 -2 9
2 PtH (ads)) k“: 2 Pt + Hy(g) (Tafel) (1.14)
92 -3 o2
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In this case PtH(ads) is the only adsorbed species. The surface of Pt is given by o = 1—6.
Steps 1 to 3 correspond to the Volmer, Heyrowsky and Tafel reactions, respectively. The

individual rate of each reaction can be expressed like the following reaction for step 1,

T = klO'CH+ - ]{,19 (115>
=ki(1—-0)Cy+ — k_10 (1.16)
where
BiF(E — E°
1—pB)F(E - E°
ko =k exp (—( 1)R; )> (1.18)

and the overpotential n = (E — E°).

Considering all steps, which produce or consume electrons, the current density in [A/cm?]

produced by the electrode can be expressed as,
i=F(—=r —r9) (1.19)

and for each species involved in the reaction, the production rates can be written as,

do
F% =71 —T9 — 27"3 (120)

Then, for a given overpotential n = (E — E°), the steady-state current can be obtained

following these steps:

1. At steady-state ‘izi = 0, so the equation above, being equal to zero, can be solved to

obtain all coverages.

2. Substitute #; into the eq. for i ((1.19)) to find the steady-state current.

1.3 Literature Review

This work is mainly focused in understanding the kinetics of the oxygen reduction reaction
(ORR) and developing and implementing a novel micro kinetic model because, as explained
in section 1.2.2, the major losses in a PEMFC are due to activation losses and the ORR is
a complex reaction that needs to be better studied for improving the use of Pt catalyst and

reducing PEMFCs losses. In section 1.3.1, an exhaustive research on the fundamentals of the
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ORR kinetics is presented. A literature review of numerical models are presented in section
1.3.2 with a focus on how the ORR kinetics are being simulated. Experimental work that
shows the complexity of the reaction and quantum mechanical studies on the elementary

reactions that are assumed to be part of the ORR mechanism is presented in section 1.3.3.

1.3.1 ORR kinetics

A major challenge in the research and development of PEMFC is understanding and improv-
ing the sluggish rate of the ORR kinetics at the cathode [17]. Despite decades of research,
there is no consensus on the individual elementary reactions that conform the overall mech-
anism [31]. Not all intermediate species adsorbed during this mechanism are fully identified

and there are different approaches that are used for modeling the reaction kinetics.

Reaction Mechanisms

It is well known that the overall mechanism for the ORR can follow two paths, the direct four-

electron transfer mechanism (see eq. (1.21)) or the series two-electron transfer mechanism
(see eq. (1.22)-(1.24)):

e Four electron transfer path:

Og+4H+—|—4e_ :QHQO (121)

e Two electron transfer path:
Oy +2H" +2e7 = H,0, (1.22)
Followed by either one of the following reactions:

H202+2H++287 S QHQO (123)

The four-electron transfer path has been recognized as the favoured pathway [32] spe-
cially at high cell potentials because the formation of peroxide species, known to contribute

to membrane degradation, only happens at very low cell potentials [33].

The peroxide pathway is still an active area of research, and even though some authors
agree that the peroxide formation is insignificant [34, 35], the effect on ORR is an ongoing
debate and it is considered in this work because it can lead to the degradation of the Nafion

membrane [5, 36].
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The direct four-electron transfer mechanism has been the main focus of ORR kinetics
in the past decades, and has been studied in acidic and alkaline media as shown in the
following references [37-41]. Wroblowa et al. [40] proposed one of the earliest mechanisms

for the ORR kinetics, suggesting the following reaction mechanism:
Oy + Pt + H" +¢7 == PtOs(aas) (1.25)
Followed either by the 4 electron pathway:
PtOg(aas) + 4H" +4e” == 2H,0 + Pt (1.26)
or the 2 electron pathway:

PtOZ(ads) +2 H* +2e” — PtHQOQ(adS) (127)
PtHyOs(as) = Hy0, + Pt (1.28)

More recent studies suggest that the Wroblowa mechanism should be replaced by either
the associative or dissociative pathways. Jinnouchi et al. [42] and Norskov at al. [43]
considered that the ORR proceeds through the associative mechanism, as shown in eq.
(1.29)-(1.32) while Wang et al. [44] suggested that it proceeds through a dissociative pathway,
as shown in eq. (1.33)-(1.35).

e Associative mechanism:

1.29
1.30
1.31
1.32

Os + Pt + H" + e = PtOyH (aa5)
PtO2H (ads) == PtO(ads) + PtOH (aas)
PtO(aas) + HY + €7 == PtOH aq5)
PtOH(uas) + H" + e~ == H,0 + Pt

o~ o~ o~
~— ~— — ~—

e Dissociative mechanism:

1
5 Oy + Pt = PtO(ads) (1.33)
PtO(aqgs) + H +e¢ = PtOH (a4s) (1.34)
PtOH(aas) + HY + ¢~ == H,0 + Pt (1.35)

Another identified reaction mechanism related to the ORR is the oxide growth on a
platinum surface [45, 46]. This phenomenon has been investigated via cyclic voltammetry

and potentiostatic experiments in the absence of oxygen by several researchers [47-52]. This
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mechanism can be characterized by the further oxidation of the adsorbed species by a place

exchange on the platinum surface as shown in eq. (1.36)-(1.38).

PtO,qs == O—Pt (1.36)
O-Pt+H,O+H"+ e~ = O-Pt—OH (1.37)
O-Pt—OH+H" + e~ = O—Pt-0 (1.38)

Other authors such as Chung et al. [53] suggest that, based on their experimental results,

the platinum oxidation mechanism can lead to the degradation of the catalyst following these

reactions:
1
PtY + B Oz == PtO(aqs) (1.39)
PtOas) + 2HT = Pt** + H,0 (1.40)
Pt** +2e¢” = Pt° (1.41)
(1.42)

As it can be observed, these Pt degradation mechanism accounts for the formation of plat-
inum ions Pt** and their re-precipitation to form platinum. The Pt oxidation mechanisms
that lead to Pt degradation are not part of the scope of these thesis due to their complexity

and uncertainty.

This work is limited to account the 4 electron transfer mechanism for ORR, the 2 electron
transfer mechanism for the peroxide formation and 3 additional reactions that account for

oxide growth through the formation of subsurface and place exchange species.

1.3.2 Numerical Models of the ORR

The numerical modeling of the ORR kinetics is an important area of research for the de-
velopment of PEMFC. The oxygen reduction reaction that occurs in the cathode catalyst
layer of the cell, is a complex, yet not well understood, multi-step reaction, that involves
the formation of different intermediate species. Even though, this process is often modeled
using the Butler-Volmer equation, or even a simpler version of it called the Tafel equation

(see eq. (1.43)), that only accounts for simple and single step reactions,i.e.,

o Po, \" —anF
= 14
' ZO (POZTef ) exp ( RT ( 3>

where 4 is the exchange current density at reference oxygen concentration Fo, . ., Po

2

is the actual oxygen concentration, v is the kinetic reaction order with respect to partial
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pressure of oxygen, 7 is the applied over-potential,i.e., n = ¢5 — ¢ — £, and « is the charge
transfer coefficient.

Several assumptions are needed to simplify the complex reaction to a Tafel model and
experimental data suggest the model cannot correctly capture the ORR behaviour, for exam-
ple, the Tafel equation is not capable of capturing the doubling in the Tafel slope observed
experimentally, from 60 mV /dec at low current densities to 120 mV/dec at high current den-
sities [31]. This change in the slope is generally observed at 0.8 V, and has been explained
in terms of the changing coverage surface due to the formation of different adsorbed species

(37, 38].
In order to capture the effects of the changing surface coverage without losing the sim-

plicity of the Tafel equation, a modified expression (see eq.(1.44)) has been used by several
research groups [31, 54, 55]:

P 7 —ankF —
i =1ip(1 —0) (P002 ) exp ( }(;’; ) exp (%) (1.44)
2,ref

This modified expression includes two extra terms: 1) the site blocking effect of surface

oxides (1 — 0); and 2) an energetic effect exp (;T‘}G) akin to Temkin adsorption. This model
requires the surface coverage at different potentials before computing the current, therefore
the predictions of this coverage dependent ORR kinetic model depends on the accuracy of
the coverage expression, which may be oxygen concentration dependent and is definitely
potential dependent. That is why more recently, the scientific community in this area of
study has started to develop multi-step models to capture these dependencies of the ORR
kinetics [1, 42, 44, 56, 57].

The main objective of the multi-step models is to predict the surface coverage and the
current generation simultaneously without needing to define explicitly the coverage. These
models have the ability to predict the rate determining step (RDS) and analyze the cause
of the doubling in the Tafel slope in terms of adsorbed species. The most representative
models are the double trap kinetic model proposed by Wang et al. [44], the improved ver-
sion of it proposed by Moore et al. [57] and the models developed by Jinnouchi et al. [42]
and Markiewicz et al. [56] and older models such as the one proposed by Eikerling et al. [19].

In the past 5 years even, more complex models have been developed to account for the
oxide growth mechanism in addition to the coverage dependent ORR kinetics. Baroody et
al. [58] presented the first consistent mathematical model of oxide formation and growth on

platinum. Then, Jayasankar and Karan [1] developed a multi-step ORR mechanism capable
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of capturing the oxide growth phenomenon. The purpose of having this type of models is
to understand platinum dissolution in the cathode catalyst layer of polymer electrolyte fuel

cells.

1.3.3 Experimental Trends

In the process of developing a numerical model, experimental data is needed to validate the
results obtained from the formulated model. In this work, the major experimental trends
that the proposed model aims to reproduce are: steady state polarization curve, and cover-
age fractions, transient cyclic voltammograms, and logarithmic oxide growth. These are the
same experimental trends that were used to validate the numerical models that have been

developed for ORR kinetics presented in the previous section.

Early experimenters monitored the ORR half-cell reaction by using a three-electrode cell
with an ideal reference electrode, a working electrode and a counter electrode. The refer-
ence electrode was intended to be unaffected by the production of current at the working
electrode, by keeping its potential constant. These electrodes were placed in an acidic or
alkaline media to allow the transport of ions and reactants. These experiments were con-
ducted by authors such as Bockris et al. [59] and Damjanovic [37]. The results from these
experiments showed that the effects of the concentration of the reactants were affecting the
kinetics of the ORR, therefore rotating disk electrodes started to be used by experimenters
in order to remove the mass transport effects. For example, Parthasarathy et al. [4, 60] used
a solid-state electrolytic cell with a micro-electrode to study the steady state response of the
ORR kinetics without mas transport effects at different operating conditions, obtaining po-
larization curves at different temperatures and pressures. The experimental data presented
by them is one of the very few available in the literature as a good reference of how does
the kinetic performance of the ORR in a PEMFC is. That is why it is commonly used to
validate models [26, 29, 44, 57].

Another important characteristic of the ORR kinetics at steady state is the evolution of
the coverage fractions of the intermediate species over the cell potential. The reason why
this coverage behaviour is important is because the production of each intermediate specie
is a key aspect for determining the performance of the cell. It has been observed experi-
mentally that there is a correlation between the increase in the production of PtO(.4) and
the decrease of PtOH 445) at 0.8 V. These changes are also directly correlated to the change
of the Tafel slope observed in the polarization curves. One of the methods used for obtain-

ing experimentally the coverage of the intermediates is the X-ray absorption spectroscopy
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(XPS) technique [61]. The most accepted experimental trend on the evolution of the ad-
sorbed species over cell potentials is that the formation of PtOH 4, commences at 0.6 V,
followed by the transformation into PtO(44s) above 0.8 V. This is in agreement with what
has been observed from the behaviour of the adsorbed species from DFT calculations and
Monte Carlo simulations [62]. These have been used for validation of the simulated coverage

fractions from several authors [1, 46, 58, 63].

1.4 Contributions and Objectives
Knowledge gap and contributions

Regardless of the exhaustive work that has been done towards the research on oxygen elec-
trochemistry on platinum and the development of numerical models for capturing the phe-
nomena that occurs in the complex oxygen reduction reaction, no attempts have been made
to develop a consistent steady state and transient framework that accounts for ORR, oxide
growth and peroxide formation. The aim of this work is first to contribute to the under-
standing of the ORR kinetics and the most recent models in this field. Then, propose a novel
kinetic model that accounts for oxide species of three important phenomena (ORR, peroxide
formation and surface and sub-surface oxide growth). The reason why these phenomenons
are considered is because it is known that these affect the ORR and platinum degradation

of fuel cells and that are strongly linked to Pt dissolution processes.

Thesis Objectives

This thesis project is on the development of a transient unified kinetic model of Oxygen
Reduction Reaction (ORR) in Proton Exchange Membrane Fuel Cells (PEMFCs), that ac-
counts for oxide growth and peroxide formation, and is capable of capturing experimental

polarization curves and CVs. The main objectives are:

e Derive and formulate numerical expressions for a novel steady state and transient ORR

kinetic model based on the previous model by Jayasankar and Karan [1].

e Estimate and fit kinetic parameters that characterize the kinetic model, based on

experimental data obtained from the literature.

e Analyze and study the novel multi-step micro-kinetic model under steady-state and

transient operation.

e Develop and implement a new transient unified multi-step ORR kinetic model.
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1.5 Thesis Outline

The first chapter presents an introduction and background on the structure and operation
of a PEMFC, the kinetics and formulation of numerical models of ORR and experimental
data useful for validating simulations. Chapter 2 describes the previous model developed
by Jayasankar and Karan [1] [2], it corrects the reported governing equations, the results
of the implementation, a modification of that model and parametric analysis. In Chapter 3
is presented the reaction mechanism assumed for the new proposed model, the formulation
and numerical derivation, an explanation of the solution strategy and the methodology for
the parameter estimation (optimization). Chapter 4 covers the suitability of the proposed
model by presenting the preliminary results of the new kinetic model, then the results of
the optimization and an analysis of how good is the model to reproduce different sets of
experimental data. Finally Chapter 5 presents the final conclusions and discussion as well

as possibilities for future research on Pt dissolution.
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Chapter 2

Analysis of a previously reported
unified multi-step model for oxygen
reduction and oxide growth

2.1 Introduction

In the previous chapter, a background on PEM fuel cells and electrochemical reaction ki-
netics was presented covering the most recent numerical models in the literature capable of
capturing some of the features of the complex ORR mechanism. From that literature re-
view, it was concluded that the most recent and complete developed model on ORR kinetics
is the one presented by Jayasankar and Karan [1]. They presented a micro kinetic model
partially based on the double trap model from Wang et al. [44] and Moore et al. [57], but
also including transient effects and oxide growth. The purpose of the development of the
unified multi-step model from Jayasankar and Karan was to capture the water oxidation and
the oxide growth, which were not considered either by Wang et al. or Moore et al. when

developing the double trap model and the modified version, respectively.

The two mechanisms assumed for the formulation of this numerical model are the oxygen

reduction reaction and the platinum oxide formation, which are represented on Figure 2.1.

The main differences between the double trap model and the unified multi step model

are the following:

e The ORR mechanism assumed for the double trap model consists of two possible
pathways, as shown in eq. (1.33)-(1.35), the oxygen reacts with active platinum
sites through either an electrochemical reductive adsorption (RA) reaction forming

PtOH 445 or a chemical dissociative adsorption (DA) reaction forming PtO(,4s) and

19



: _OH HO !
| . ot R T
0, == on, " RT|e+H |
. Dy~ |
: 0, :
oRR [

HO-H-e -H-

OPt — OPtOH OPtO
RDIJ- (5%
Oxide Growth

Figure 2.1 — Proposed reaction mechanism. Reproduced with permission from ref [1].

then converting it into PtOH 44s) through an electrochemical reductive (RT) reaction.
And finally, through a reductive desorption (RD) step the adsorbed PtOsH (g4 is re-
duced to water. The ORR mechanism in ref. [1] however assumed only one possible
pathway where the oxygen and platinum react to form PtOyH 445) through an associa-
tive adsorption (AA) step as shown in figure 2.1. Then, the PtOsH a4 is chemically
dissociated into PtO(.q4s) and PtOH 44, in a dissociative transition (DT) reaction and
then RT and RD reactions proceed as in the double trap. The unified multi step
model also includes the oxide growth formation assuming that the oxides formed fur-
ther change their composition and structure at high potentials, forming place exchange
oxides, which is not considered for the double trap model. Another addition of this
last model are the Temkin terms for accounting for the energies of interaction between

the adsorbed species in some of the steps.

e The accounted adsorbed species by the double trap model are only PO and
PtOH 445y, while the unified multi-step model accounts for those two adsorbed species
plus PtOyH 445y and the place exchange O Pt sy, OPtOH,, and OPtOgy,.

e The formulation of the kinetic equations that govern the double trap model are free
energies of activation dependent, while the model in ref [1] has a mixed formulation
where some reactions are modelled using the free activation energies, while others are
individual equilibrium potentials dependent. Furthermore, Temkin terms also need to
be obtained for the model in ref [1], while not included in the formulation of the double

trap model.

Given that the unified multi-step model for oxygen reduction and oxide growth developed

by Jayasankar and Karan [1] is the most complete model available in the literature, in this
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chapter, this model is redeveloped using Python (it was originally developed in MATLAB),
analyzed and modified with the objective of studying the validity of its formulation. Further
on, this study will be the starting point for the development of an improved model that

depends only on energies of activation and Temkin terms.

2.2 Formulation

Given that the double trap kinetic model was limited by the thermodynamic reaction order of
the oxygen concentration and Moore et al. [57] and Wang et al. [44] predicted reaction orders
different that the ones reported experimentally [56], this model tried to improve this aspect
by replacing the reductive adsorption (RA) step with an associative adsorption (AA) step
where the oxygen reacts with the platinum surface forming the adsorbed specie PtOH (445)
as shown in equation (2.1). Then, the surface adsorbed specie is assumed to dissociate into
PtO(445) and PtOH 445 surface adsorbed species through a dissociative transition (DT) step
as shown in equation (2.2). Later on, during anodic scan, the surface adsorbed PtO445) and
PtOH 445 species are reduced to form water as shown in equations (2.3) and (2.4). This

ORR mechanism was assumed as a successive one electron transfer steps.

At high cell potentials, when the surface O(.qs) specie increase, energetically speaking,
the formation of place exchanged oxide O-Pt is suspected to be very favorable. The place
exchange step is the first step assumed in this work for the oxide growth mechanism as in
equation (2.5). Afterwards, as the potential is further increased, the place exchanged plat-
inum can further oxidize to form O-Pt-OH and O-Pt-O as shown in reactions (2.7) and (2.6),

respectively.
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AA: Pt(site) + Oy + H (aq) + e~ An OsH,4s (2.1)

Opt —AA o, H
DT: OyHpgs o222 s + OHoas (2.2)
00,1 -DT 6o bon
RT: Opgs + HT (aq) + ¢~ —=22 OH,q (2.3)
bo k-RT  fou
RD: OH,q, + H*(aq) + e~ =22 Pt(site) + HoO (2.4)
fon k-rpD Op¢
SUB: O—Pt =22 0,4, (2.5)
Osub k—sub 0o
k
RTey: O—Pt—0 + H* (aq) + ¢~ —== O—PtOH (2.6)
eoex k—RTex QOHex
k
RDeyx: O—Pt—OH + H* (aq) 4+ ¢~ —=== O—Pt + H,0 (2.7)
GOHEI k*RDex esub

2.2.1 Original

According to ref. [1, 2] , the reaction rates for modelling the elementary reaction rates

assumed for this model are the following:

% —~AGH — —w 0 +6 1 — + AGref
Vaa =] €Xp ( kTAA) [0prao, ay+ exp ( Gl A;; o4 O)) — 00,1 exp (( B)ZT AA)]
(2.8)
vpr = kprbo,n (2.9)
—BE-E Wit 1-B8)E—-E
vrr = krr([foay+ exp (%) exp ( 7;;0) — Oom exp (( B)(k:T RT))]
(2.10)

DB~ B0)) _y,cx (U INE = B o (ol 2000

URD = kRD[QOHaH'*‘ exXp (

kT LT T
(2.11)
_wsubQOm’de
Vsub = ksubeO exXp ( —/{ZT ) (1 — Homde) — kfsubQSUB (212)
—B(F — E ex 1-— E—F o
URDex — kRDex[OOHexam exXp ( ﬁ( T RD >) _ HSUB exp (( ﬁ)(kT RD ))]
(2.13)
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—B(E — ERTes — 0 ex 1-— E — Epres
URTex = kRTex[eOexappL exp ( B< RT )> exp (M) —00Hex exp <( 5)< RT ))}

kT

kT

kT
(2.14)

where n = E — E° is the over potential, E; is the equilibrium potential of the ith elemen-

tary step, 6; represent the coverage fractions of the ith adsorbed species, [ is the reaction

symmetry factor, and w; is the Temkin interaction term for the ith reaction. p; is the total of

Pt surface available defined as gpt =1- 80 — ‘QOH — 002[{ and Homde =1- 9061 — QOH% — QSUB'

And the parameter values obtained from their fitting are reported in ref. [1, 2] and

summarised in Table 2.1.

Table 2.1 — Parameter groups and estimates [1, 2]

Parameter groups Parameter Parameter estimate
Rate constants (mol(cm,;’s™ 1))  krp 4.3 x 1077

krr 4.3x1078

kDT 5x 107°

Ksub 4.3 x 1071

k_sub 43x3x 1071

kRDex 4.3 x 1071

kpTex 4.3 x 1071
Equilibrium potential V Erp 0.79

Err 0.79

E... 1.2

Erpes 0.98

Erres 0.98
Interaction energies eV WAA 0.1

WRD 0.46

WRT 0.07

Wsyub 1.4

WRTex 0.3
Energies eV AGH, 0.5863

AG™ 0.2754
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2.3 Implementation

The equations reported in ref. [1, 2] were implemented with the aim of reproducing the
results reported in those same references. This implementation was done in Python pro-
gramming language and a Newton solver was used to solve the system of equations. This
Newton solver from scipy optimize library returns the roots of the non-linear equations de-
fined by a system of functions y(x) = 0 after giving a starting estimate. In this case, the

solver tolerance was set at 1.49012e-08

The obtained results from this implementation ended up not matching the results re-
ported in ref. [1]. Therefore, the authors of that article and PhD thesis were contacted, after
analysing and discussing their MATLAB implementation, several typos and wrong reported

equations were identified and corrected.

2.3.1 Correction of the reported governing equations and param-
eters

A steady state version of the model above was first developed by Jayasankar and Karan
[1] and re-implemented in Python. The steady state accounted for AA, DT, RT and RD
reactions using eq. (2.8)-(2.14), according to what they reported in ref. [1, 2], however, when
looking at the code the authors provided, the actual implemented equations are slightly dif-
ferent for vpr, vrr and vrp. Instead of having implemented the reaction rate constants (k;),
the reactions rates implemented have a reference pre-factor j* and an exponential term of free

energies. Below are the modifications to the equations reported in the article (marked in red).

—AGpr

T >9090H] (2.15)

UpT = ,].*1073[902[-[ — exXp <

VRT = ]* exp <_ACJRT> [GOG’H+ exp (M) exp (WRTGO) _ QOH exp <(1 — B)(E B ERT)

kT kT kT kT
(2.16)
—AG —B(E - FE
Vrp =J exp <kTRD> 10" Aomag+ exp ( B T RD))
’ (2.17)

— fpyexp ((1 - 5)(kET_ ERD)) exp (_WRD(QZ; + 90))]

For the transient implementation, used to simulate CVs, the oxide growth reaction mech-

anism was simulated using the following elementary reactions: RT, RD, SUB, RTex and
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Table 2.2 — Comparison of steady state parameter values reported and actually implemented

Parameter groups Parameter Value reported Value implemented
Rate constants (mol(cm,;’s™"))  krp 4.3x 107 3.089 x 1077

krr 4.3x 1078 1.473 x 1075

kpr 5x107° 5.182 x 107°
Reaction energy eV AGgrp - 0.2498

AG gt - 0.2727

AGpr - 0.6
Reference pre factor j* le3 led/(2*F)
Equilibrium potential V Erp 0.79 1.05

Egr 0.79 0.85
Interaction energies eV WaA 0.1 0.1036

WRT 0.07 0.0777
Energies eV AGH, 0.5863 0.5863

AG 0.2754 0.3109

RDex; however, the reactions rates are different to those reported in ref. [1, 2]. The reaction

rate for SUB reaction, vy, was implemented as follows,

_AGsu R —Wsu 9 ride
Veup = J T exp ( b) 10 [fpexp (%

kT

kT
(2.18)

If we compare this equation with eq. 2.12 it can be observed that vy, has several extra

terms. In the case of vrr, Vgrp, VRper and vgre, the only difference is the reaction rate

constants that have the format of the reference pre-factor multiplied by an exponential term

with the reaction free energy, e.g.,

s (—AGRT> (-5(57 - ERT))
vrr = j exp [Ooag+exp | —————= ) exp

(wRTQO) bonerp ((1 — B)(E — Err)

kT kT kT kT
(2.19)
Vgrp =J exp <A]{iRD> 10 [Boray+exp <_/B(Ek;ERD))
2.20
9 (1—-B)(E — Egrp) wrp(Bon + 00) ( )
—petp KT i\~ kT ]
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e —AGRDex B —B(E — Enpes 1 — BY(E — Enpes
URDex =] €TD (kj—,mj> 10 B[QOHea:aHJrQl'p( /6( T RD )) — QSUBel'p (( ﬁ)(kT RD ))]

(2.21)

—-AG ex —: —B(F —E ex - 0 ex
URTex =] €T (RT ) 1073 [HOeIanxp( A RT )> exrp (—WRT” 0 )

kT kT kT
(1 — ﬁ)(E _ ERT@CIZ))]
kT

- QOHexexp <
(2.22)

The comparison of the transient parameters can be found on Table 2.3. This comparison
shows that there is no significant difference among the parameters reported on their article
and the ones implemented. Therefore, it can be concluded that the parameters reported
in their article are mainly the parameters that correspond to the transient model, however
these ones do not correspond to the one in the steady state results such as the polarization
curves.

It was concluded that there were two different frameworks in the implementation in ref
[1], with a different set of parameters. Therefore, it was assumed that the model was fitted
separately to steady-state and transient data. Summarizing, the main differences found
between the reported governing equations and the ones actually implemented for obtaining

the reported results are the following:

e The implemented reaction rate for DT step contains an extra term: exp (%) Oobon

which accounts for the backwards contribution of this reaction, therefore the statement
made on ref [1] about assuming that the reverse of DT is energetically unfavourable is
contradictory, because even though it was assumed in ref [1] that it is not energetically

favourable, it is accounted.

_Bsub(E_Esub) >
kT

which doesn’t make much sense given that this SUB reaction is not an electrochemical

e The implemented reaction rate for SUB step also contains an extra term: exp (

step, and given that there is not exchange of electrons, the reaction rate should not

depend on the cell potential (E).

Later on, parametric studies were conducted to observe the contribution to the current
generation of these terms with the objective of determining the physical meaning of account-

ing these extra terms.
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Table 2.3 — Comparison of transient parameter values reported and actually implemented

Parameter groups Parameter Value reported Value implemented
Rate constants (mol(cm,;’s™"))  krp 4.3x 107 4.3742 x 1077

krr 43x10°8 4.3742 x 1078

Eosus 4.3 x 1071 4.3742 x 10~ 11

k- oup 129x 10711 13.846 x 10~11

kRDe 43 x 101 4.3742 x 10~ 11

j— 43 x 101 4.3742 x 10~ 11
Reaction energy eV AGgrp - 0.3

AGRrr - 0.3

AGpr - 0.6

AG Rrpex - 0.3

AG RTex - 0.3

AG gy - 0.3
Reference pre factor j* 103 103/(2*F)
SUB Constant bsup - 3.22
Equilibrium potential V Erp 0.79 0.79

Egrr 0.79 0.79

Eop 1.2 1.2

ERrpex 0.98 0.98

Erres 0.98 0.98
Interaction energies eV WaA 0.1 0.1036

WRD 0.46 0.41457

WRT 0.07 0.0777

Wb 1.4 1.39917

WRTex 0.3 0.3109

2.3.2 Python implementation of the model

After clearly identifying the real governing equations and parameters used for obtaining the
results from ref. [1, 2], these were implemented in Python for reproducing the steady and
transient results from the unified multi step model. In this section we will show the results
that were reproduced by our own implementation in Python using the same equations de-
veloped by Dr. Barathram Jayasankar and Dr. Kunal Karan, and compared them to the

results reported in their article.

First, the steady state polarization curve for the ORR mechanism was reproduced exactly

as it can be observed in Fig. 2.2.
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Figure 2.2 — Predicted polarization from Python implementation of their model compared to

the data extracted from their reported polarization curve at 0.1 M HCIO4 and 298
K

As part of the steady state ORR implementation, the coverage fractions of the adsorbed
species were also successfully reproduced as shown in Fig. 2.3.

07
® 55 reported

081 & B reported
15 — o reproduced
04 __ 5
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Y—
% 034 — Yo reproduced
i
=3
[=]
o

T T T T

T T
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E vs RHE [V]

Figure 2.3 — Predicted coverage fraction from Python implementation of their model compared
to their reported results

To compare the transient implementation, CVs were simulated and compared to the CV
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reported in ref. [1]. This transient result was also successfully reproduced as shown in Fig.
2.4.

l=—4

Current density [&/cm?]

# Current reported
= Current reproduced

_25 T T T T T T T T
0.6 0.7 0.8 0.4 10 11 12 13
Potential wvs RHE

Figure 2.4 — Simulated CV from python implementation of their model compared to the
reported data at 298 K and 0.1 M H™ concentration.

In conclusion, the steady-state and transient results in ref [1] could be reproduced cor-
rectly by implementing the correct equations and parameters in Python, validating the
equations and parameters presented in this work.
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2.3.3 Energy based formulation

The model above, even though it was originally based on the method proposed by Wang
et al. [44], which uses free energies of individual reactions, i.e., AGY?, and defines a single
overpotential, n = F — E°, it did not use the same approach to define the reaction rate
of oxide species, therefore it resulted in a model with unnecessary fitting parameters and a

mixed formulation. A clear and consistent procedure to derive the model was not followed.

2.3.4 Wang’s form of model

The formulation of the model in ref [1] is not clearly defined. There is not a consistent deriva-
tion of the kinetic expressions because some reactions, such as RD and RT, are modelled
through Butler-Volmer kinetics. Then, some reactions account for the Temkin interaction
terms while others do not. For example, AA step is modelled using the Butler-Volmer ap-
proach, like Wang’s approach for deriving the expressions for the Double Trap model, but
adding a coverage dependent term. However, when looking at the expressions we can observe
a mixed formulation where the reactions rates depend on individual equilibrium potentials
and energy barriers and adsorption energies. So it has not been used the same approach to
derive the expressions for all the steps of this reaction mechanism, therefore we can conclude

that there is no consistency at least on the formulation of this model.

In order to try to develop a consistent formulation, the equations for each reaction were
recalculated using the approach proposed by Wang et al. [44]. This means having the
reaction rates dependent on a common overpotential, i.e., n = F — EY, and energy barriers
instead of individual reaction rate constants and equilibrium potentials. Even though the
equation are rewritten, all terms in [1] are maintained such that the model is simply re-written
not derived, this re-derivation will be done in Chapter 3. The governing equations of their

model in an energy based form have the following form for the steady state implementation,

AGY, = AGY, + Bn +waa(bo + bon) (2.23)

AG* 1, = AGK, — (1= B)n— AGT] (2.24)
. . AG* AG*

Jaa =1 [aH+a029ptexp (— ]ﬂfm) — Oo,mexp (—k—TAA)] (2.25)
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AG* pr = AGS, + AGTE, (2.27)
: " AG; AG*

JpT =] [QOQHexp (— M?T) — 0obomexp <_k:—TDT)} (2.28)

AGgrr = AGRy + n — wrrlo (2.29)

AG* pr = AGyr — (1= B)n — AG (2.30)
: " AGT AG*

JRT =] [CLHJrQOexp <— kﬂle) — Bomexp (— k:TRT)} (2.31)

AGrp = MGy, + B+ AGR) (2.32)

AG* pp = AGp — (1= B) 1 — AGT, +wrp (b0 + Oon) (2.33)
, . AG* AG*

JRD =] [aHJrQOHexp (— l{;;D) — Oprexp <—TRD>] (2.34)

The recalculated parameters that reproduce the results from ref. [1, 2] are indicated on
Table 2.4.

Table 2.4 — Recalculated steady state kinetic parameters

Parameter Value

AGY%, [eV] 0.5863
AGT [eV] 0.3109

AG% [eV] 0.1773887594
AGTE [eV] 0.6

AGY, [eV] 0.4627

AGHL [eV] 0.38

AGY, [eV] 0.3089295865
AGYL [eV] 0.09

waa [eV]  0.10364268818756729
wrr [eV]  0.07773201614067547

wrp [eV] 0.41457075275026917

For the transient formulation of the energy based form, RD and RT reactions are the
same as in the steady state formulation, however the parameter values are different. And

the kinetic expressions of the oxide growth reactions end up having the following form:
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AGhre = AG e, + BN + Wrreboes + AGTE, (2.35)

AG*—RT@I’ - AGEOTex - (1 - 6) n— AGTRfYerm (236)
o N AG" pr,
JRTex = ] |:aH+eOea:€xp (_k‘—gf) - QOHemexp (_TM>:| (237>
ACTWRDea: = AG}k%ODex + 577 + AGrlfgex (238>
AC;’*—RDex = AGEODex - (1 - 5) n— AGrlsgem (239)
. . AGkper AG” gpes
JRTex = ] {CLH+90Hex€$p <_%) - esubexp (_TRD)] (240)
ACTY:ub = AG:ZI) + wsubeom’de - 577 - AG;Z{ (241)
AG* ., = NG, — 2AGT] (2.42)
. % AG:ub AGy*fsub
Jsub =] |:6)O(1 - Homide)exp <_W) - esubexp <_T (243)

The recalculated parameters that reproduce the transient results from Karan et al. are
indicated on Table 2.5.

Table 2.5 — Recalculated transient kinetic parameters

Parameter Value

AG%, [eV] 0.52

AGTT V] 0.44

AGY%, [eV] 0.3591295865
AGTL [eV] 0.22
AGY%.. [eV] 0.4773887594
AGHL [eV] 0.125
AG%,.. [eV] 0.4773887594
AGTE eV 0.125

wrr [eV] 0.07773201614067547
wrp [eV] 0.41457075275026917
Wsub [€V] 1.3991762905321583
WrTer [€V] 0.31092916

Later on, these expressions are going to be compared to the ones derived for the new
proposed model. The new proposed model used Wang’s formulation and Barath’s reaction

mechanism.
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2.4 Analysis

Several inconsistencies have been identified in the "unified” multi step model for oxygen
reduction and oxide growth. The first problem was the divergence between the equations
reported and the equations that were actually implemented as indicated on the previous
section. To address this issue, parametric studies were conducted by removing the extra
terms from DT and SUB reactions and analysing the physical meaning of these terms.
Then, additional parametric studies were conducted by removing the Temkin terms, one by
one from each step in order to identify which are the most important energy interactions to
consider. Free energy diagrams were obtained at different overpotentials for analyzing the

consistency of the model.

2.4.1 Assumptions made without physical meaning

Effect of DT backward term

DT is a chemical step where a PtO,H ,45) intermediate species, attached to two Pt sites, is
transformed into two new intermediate species PtO(q45) and PtOH 445 which are separately
attached to one Pt site each. This reaction is assumed to proceed only in the forward

direction, because the reverse of DT is energetically unfavourable. Thus, a parametric study

was conducted to see which are the effects on the results if this term, exp (_A]gFDT) Oobom,
is zero.

It can be observed on Figure 2.7 that there is no difference on the results of the coverages
or the current generation when removing the backwards term from DT reaction, on that
account, numerically speaking the contribution of that term is zero and it can correctly be

assumed that DT reaction proceeds only forwards.

Potential dependence of sub-surface oxide growth reaction

The subsurface oxide growth reaction is also a chemical step, i.e., there is no exchange of

electrons. Therefore, in theory, it should not depend on the cell potential (E). Ref [1] model

_lgsub(E_Esub)
kT

motion of the molecules. When removing this term the predicted CV slightly changes at low
cell potentials (0.6-0.7 V) and at high cell potentials (1.2-1.35 V), see Figure 2.8.
In order to identify the formation of which species is the one that affects the CV, the

implementation had a term exp < > to account for the energy interaction of the

coverage fraction plots vs cell potential and time were obtained and compared to the original
ones. Figure 2.9 shows that at low cell potentials the species that affect the results is O Pt (s,
and at high cell potentials the intermediate species are O(u45) and O PtO(syp). This behaviour

can also be observed in Figure 2.10. According to Karan et al. what this extra term captures
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Figure 2.6 — Simulated polarization curve

Figure 2.7 — Analysis of the physical meanining of the backward term of DT reaction

is the energetic interaction of the movement of the molecules when having the place exchange
species, and that is why it is necessary to capture that with an extra potential dependent
term, however further in this thesis we will explore better ways of accounting for this physical

phenomena.

2.4.2 Temkin terms

This model was formulated following Temkin kinetics. The reason why the Temkin interac-
tion terms were added was to account for the fact that as oxide coverage increases, further
oxidation is impeded. The numerical formulation for the Temkin terms in the kinetic equa-
tions is not well explained either in the article or the thesis. And in Wang’s article it is

discussed that accounting for this Temkin terms has not a significant contribution to the
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Figure 2.8 — Predicted cyclic voltammetry at ap, = 0, T=298 K and ay+ = 0.5 without SUB

term compared to the original. The upper potential limit at which these CVs were
obtained is 1.35V.
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Figure 2.9 — Comparison of predicted transient coverage fractions over cell potential.

current generation, therefore they neglected them. In order to study the contribution of this
terms in this model, the Temkin terms were deleted one by one and parametric studies were

conducted to see the effects of neglecting these terms on the results.

By setting the value of waa to zero, only the steady state results were affected because
when running the transient model, it is in the absence of oxygen, therefore when the oxygen
concentration is zero, the contribution from AA reaction is zero. It can be observed from
Figure 2.11 that the coverage fraction of 6y is the only one affected by deleting ws4. It
slightly increases at high cell potentials and that also affects the current generation by in-
creasing it as observed in Fig. 2.12. However this increase modifies the Tafel slope and the

model stops capturing the doubling in the slope.
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Figure 2.11 — Simulated coverage fraction vs cell potential from parametric study when delet-
ing waq.

Setting the value of wrr to zero, also affected the steady state and transient results. As it
can be observed in Figures 2.13 and 2.14, the steady state results were slightly modified with
the production of O species increasing a little bit at high cell potentials. The polarization

curve however still captured the doubling of the Tafel slope.
The transient results show significant changes when deleting wgry. Figures 2.15 and 2.16

show that mainly PtOqs) and PtOH .4, are affected and the cathodic reduction peak is
reduced in the CV at 0.75 V.
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Figure 2.13 — Simulated coverage fraction vs cell potential from parametric study when delet-
ing wgrr.

The value of wgp was also set to zero. The steady-state and transient results were much
more affected than previously when deleting other Temkin terms. As it can be observed in
Figures 2.17 and 2.18, the steady state results were drastically modified, the production of
O specie increased at high cell potentials until it reaches the maximun Pt surface coverage
at 1V and the polarization curve generates much less current at high cell potentials. The

upper potential slope also significantly decreases.

The transient results also show significant changes when deleting wgp. Figures 2.19 and
2.20 show that, same as with RT, mainly PtO,qs) and PtOH .4 are affected but this time

not only the cathodic reduction peak, but the anodic plateau are affected at 0.75V and 0.8V,
respectively.
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Figure 2.14 — Simulated polarization curve from parametric study when deleting wgr.
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Figure 2.15 — Simulated coverage fraction vs cell potential from parametric study when delet-
ing wgrr.

Also, the constant oxidation current observed at high potentials during the forward sweep

disappears indicating O is forming much faster (see Fig. 2.19)
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Figure 2.17 — Simulated coverage fraction vs cell potential from parametric study when delet-
ing wrp.

wsyp had the most significant contribution on the transient results, generating the results
from Figures 2.21 and 2.22. The results show that the model loses physical meaning because
the coverages are significantly altered and the CV at very low and very high potentials de-

viates significantly from what should be.

Finally, the last Temkin term that was deleted from the model was wgre,, however the
results from the model when setting this parameter to zero did not change at all. As it is
shown in Figure 2.23, deleting wrre, from the model has zero effect on the simulated tran-

sient results, therefore it can be concluded that this term could be neglected.

Based on the results from the parametric studies conducted in this section, we can con-

clude that the most relevant Temkin terms belong to reactions RT, RD and SUB. It was
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Figure 2.18 — Simulated polarization curve from parametric study when deleting wgp.
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Figure 2.19 — Simulated coverage fraction vs cell potential from parametric study when delet-
ing Wwrp.

observed that by accounting these energy interaction terms, the model is capable of capturing
relevant features of the steady state and transient results that are observed in experimental
data. Due to this, in the formulation of the new proposed model, the Temkin terms for
reactions RT, RD and SUB will be added.
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Figure 2.21 — Simulated coverage fraction vs cell potential from parametric study when delet-
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2.4.3 Free energy diagrams

The concept of the free energy diagrams was used by Wang et al. in ref. [44] to explain the
reaction pathway. These diagrams can be constructed using the activation free energies and
energies of adsorption, following the energy based numerical formulation that calculate the
activity and energy barriers for each step and formation of species. Using the energy based
form of the unified multi-step model, we are able to plot the free energy diagrams identify
the rate determining step based on their assumed reaction mechanism.

From Figure 2.24 it can be observed that the rate determining step from this model
mechanism is AA at zero overpotential. It can be also observed from this diagram that the
numerical formulation of the ORR kinetics presented is inconsistent because the energy of

the reactants should be equal to the energy of the products at zero overpotential since the
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Figure 2.23 — Simulated CV for UPL of 1.35 V from parametric study when deleting wrre,.

whole system is in equilibrium. This is not the case, indicating the model is not consistent
and would generate current at equilibrium. We even plot the free energy diagram without
accounting for the Temkin terms, and we can observe there is a decrease on the energy levels
as expected but still it does not meet the equilibrium principle of the same energy level of

reactants and products.

2.5 Conclusions

The unified multi-step model for oxygen reduction and oxide growth in ref [1] has been stud-
ied, implemented and analyzed in this section. Throughout the analysis that was conducted
for this model, corrections on the reported governing equations and parametric studies were
conducted in order to understand the importance of kinetic parameters, such as the Temkin

terms, on the formulation of numerical models for the ORR kinetics. The main conclusions
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are:

with the equilibrium coverage for each reaction stage.

The model is not unified, as it is claimed to be in ref [1]. It was implemented in
two different frameworks and the steady-state and transient results can only be re-
porduceded with different sets of parameters. Therefore, there is still not an available

unified model in the literature capable of capturing ORR and oxide growth in a single

working numerical framework.

The backwards term from DT reaction can be neglected given that it has insignificant

contribution to the current generation.

The potential dependent term in SUB reaction is necessary to be included given that it
accounts for the energy interaction of the motion of the molecules in this step, however
we could reformulate it and find a better way of numerically capture this phenomena

without using an exponential term.

The most representative Temkin terms correspond to reactions RT, RD and SUB.
Based on this, in our new proposed model, we will include the formulation of the
Temkin terms for these 3 reactions.

Finally, the free energy diagrams showed that this model is not consistent due to the
different energy levels between reactants and products at equilibrium. Consequently,
this shows the need of developing a new model formulation for ORR kinetics that is

coherent and capable of capturing ORR, oxide growth and peroxide formation. This
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last feature was not part of Jayasankar and Karan’s work but the peroxide pathway is

a possible ORR mechanism that needs to be considered too.
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Chapter 3

Development of an energy based
model for oxygen reduction, oxide
growth and peroxide formation

3.1 Introduction

Chapter 1 presented an exhaustive literature review on state of the art models to predict the
kinetics of the ORR in PEM fuel cells. From that literature review, it was concluded that one
of the most recent models developed is the unified multistep model proposed by Jayasankar
and Karan [1]. Tt was capable of capturing the doubling in the Tafel slope observed exper-
imentally in polarization curves at steady state and also reproduce transient results such
as experimental CVs at varying scan rates. However after analyzing the model in Chapter
2, it was concluded that the formulation of this microkinetic model is not consistent, i.e.,
several added terms lack physical meaning and, more importantly, the claimed unified model
was not really implemented in a unified framework, with different sets of parameters and

equations used for reproducing their steady state and transient results.

There is no universal consensus in the literature on which is the mechanism of the oxygen
reduction reaction (ORR) on platinum because it is a complex reaction where many inter-
mediate species are formed and consumed at different potentials and operating conditions
and it is very difficult to identify that experimentally. However, it is known that the ORR
can proceed either through a 4 electron or a 2 electron pathway, being the 4 step associative
mechanism the most generally accepted for modeling the ORR kinetics [17]. Jayasankar and
Karan [1] assumed for the ORR pathway a sequence of 4 elementary steps: AA, DT, RT
and RD, which is going to be the same ORR mechanism assumed for the developed of the

model presented in this work.
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The problem with this four-electron reaction is that it does not account for peroxide
species and the further oxidation of the platinum surface by place exchange species at high
operating potentials [18]. The unified multi step model developed by Jayasankar and Karan
[1] already includes the oxide growth mechanism due to place exchange. The model proposed
in this chapter also accounts for the peroxide formation mechanism, which is necessary to
estimate peroxide formation and eventually, predict degradation rates. It is important to
understand all these three physical phenomenons (ORR, oxide growth and peroxide forma-

tion) for analysing and improving the performance and durability of PEM fuel cells.

Another relevant feature analysed in Chapter 2 from the unified multi step model is the
utilization of Temkin terms for capturing the energy of interaction between the active species
in each intermediate step. From the parametric studies performed, it was concluded that
it was important to account for these terms in order to predict a more accurate behaviour
of the model, especially when running transient simulations and trying to observe similar
trends to the broad anodic plateau and the cathodic reduction peak observed experimentally.
This is the reason why those Temkin terms will be also considered for the formulation of the

new developed model.

Even though the reaction mechanism in ref. [1] forms the basis for the reaction mecha-
nisms in this chapter, the methodology for deriving the kinetic expressions for this model is
not similar to the mixed formulation presented in ref. [1]. In order to develop a consistent
and coherent model with physical meaning, the methodology proposed by Wang et al. [44],
which is the same formulation used by Moore et al. [57], is used. It uses the free energy of
activation for each intermediate step and the free energy of adsorption of the intermediate

species. This is why the developed model was called an energy based model.

In this chapter, an energy based model for oxygen reduction, oxide growth and hydrogen
peroxide formation is presented. The first section will introduce the electrochemical reac-
tion pathway and the intermediate species. The second section will derive the mathematical
multi-step model formulation and present the final governing equations that describe the
production rates of each elementary step and the production of each intermediate species
and total current in the cell. The third section will present a solution strategy for the im-
plementation of the model in a unified kinetic framework in Python. The fourth section
will describe the parameter estimation process that will be used to predict the new kinetic

parameters for the model and the results from this process.
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3.1.1 Electrochemical reaction pathway

The proposed model is intended to capture three different reaction mechanisms: the oxygen

reduction reaction (ORR), oxide growth and hydrogen peroxide formation.

ORR Pathway

The associative reaction pathway for the ORR described in Jayasankar and Karan [1] and
Huang et al. [64] is used to capture four elementary steps, AA, DT, RT and RD and its
adsorbed intermediates, PtO(q4s), PtOH 445y and PtOyH 445, i.€.,

AA: Pt(site) + Oy + Ht(aq) + e~ s OyH,q, (3.1)
Opy k—aa 00y 1
DT: Pt(site) + OoHage =2t O,qs + Ol (3.2)
0py 0o, H -DT o Oon
RT: O.qs + H (aq) + e~ ké OH, 45 (3.3)
bo k-rT  fop
RD: OH,q, + H* (aq) + e~ =22+ Pt(site) + HyO (3.4)
60H k-rD ept

The first reactions is the associative adsorption (AA) of oxygen onto the platinum sur-
face where one active platinum site reacts with oxygen in an aqueous media to adsorb the
oxygen and form an intermediate species PtOsH(q45) as shown in eq. (3.1). This surface
adsorbed species, in the presence of another platinum site available, is then assumed to dis-
sociate into PtOqs) and PtOH 44, surface species through a dissociative transition (DT)
step. Eq. (3.2) is a chemical reaction that does not involve externally provided electrons and
protons so it is assumed that its reaction rate is unaffected by the presence of the potential
difference across the electrode/electrolyte interface. Then, the adsorbed oxygen, PtO(ugs)
with a hydrogen proton and an electron is reduced into an adsorbed hydroxyl PtOH .4, in
a reductive transition (RT) step from eq. (3.3), later, the adsorbed hydroxyl PtOH ,q4s) is
reduced to produce water, also with a hydrogen proton and an electron, through a reductive
desorption (RD) step as shown in eq. (3.4). In an ORR mechanism, these would be the most
representative steps, where this last RD step occurs twice because there are two PtOH qqs)
available to form two water molecules and free the two platinum site available that were
initially taken in AA and DT steps.

Oxide growth mechanism

For the oxide growth reaction mechanism it was assumed that there are three additional

place exchange reactions that account for the oxide formation. The accounted for adsorbed
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intermediate species are O Pt s, OPtO 4y and O PtOH 4 as described in Jayasankar and
Karan [1]. They are formed following:

kRTex

RT: O—Pt—0O + H" (aq) + e~ O—-Pt—OH (3.5)
eoex k—RTex OOHea:
k
RDex: O—Pt—OH + H* (aq) + ¢~ === O—Pt + H,0 (3.6)
QOHEZ k*RDex Osub
SUB: O—Pt =2 O, (3.7)
Osub K—sub 0o

At high cell potentials, i.e., above 0.7 V, the adsorbed oxygen PtO,4s) can place exchange
a platinum site that forms a sub surface oxide OPt(4, through an oxide place exchange
(SUB) step as shown in eq. (3.7). This reaction does not involve protons or electrons,
because it is a chemical reaction, therefore this reaction is not affected by the potential.
Then a sub surface oxide O Pt (,.p), in the presence of water can form a O PtOH ;) through
a reductive desorption place exchanged platinum (RDex) step, see eq. (3.6). Afterwards, that
OPtOH sup) can form a OPtO(su) through a reductive transition place exchanged platinum
(RTex) step like in eq. (3.5).

Hydrogen peroxide formation

For the hydrogen peroxide formation reaction mechanism, the two-electron transfer reaction
of oxygen reduction to hydrogen peroxide presented in ref. [5, 36] was assumed. This mech-
anism consist of two steps, where the first one is the oxygen associative adsorption onto the
platinum surface to form an intermediate specie PtOyH 4q5) as shown in eq. (3.1), and then

the adsorbed specie is taken to form hydrogen peroxide as shown in eq. (3.8).

PEROX: OsHugs + H' (aq) + e~ =22 Py(site) + HyO, (3.8)

00, H k_PEROX

0pt

Accounting for this mechanism is crucial for a future membrane electrode assembly model
because there is strong evidence that shows that the peroxide radicals attack the ionomer
and degrade the electrodes [21].

3.1.2 Illustration of reaction mechanisms

Based on the intermediate reactions there are three possible reaction pathways. The first

one is the four electron ORR path. The second one is the two electron ORR pathway leading
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to the formation of peroxide. The third one is the oxide formation path.

Pathl = AA; + DTy + RT; + 2 % RD; (3.9)
Path2 = AA; + PEROX; (3.10)
Path3 = AA; + DTy + RT, + 2% SUB, (3.11)

(3.12)

In order to illustrate the reaction mechanism assumed for this work, Figure 3.1 shows a 2D
idealization of the molecules of reactants and products for each elementary step previously

explained in this section.

e o >-o "‘.
wewewwe AA wewwwwe vewewwwew PEROX m”
 ewewwwwww 002 ewwwwww
o or - ¢ - <UB -
veveewew 002°Zz weeewew O IR
. . i
S RT, - 1 RDex, ;_.
wevewew 00902 weeewew
- - -
vevewew RD| vewewew -‘m RTex -'wm

' p

Figure 3.1 — Schematic diagram of the reaction mechanism assumed for the proposed model

It is important to note that these reactions can proceed in either the forward or back-
ward direction, depending on the applied cell potential, the free energies of activation of the
steps and the free energies of adsorption of the intermediate species. The free energy kinetic
parameters will be fitted and fixed for this model, while the cell potential can vary during
fuel cell operation, leading to some steps becoming more dominant than others at different
potentials. Also note that the three identified reaction pathways can occur concurrently and
no assumptions are made regarding a rate determining step. The rates of each elementary
reaction are determined using the approach followed by Wang et al. [44] in the following

section 3.2.

49



3.2 Numerical formulation

3.2.1 Derivation

Following the methodology outlined in Wang et al. [44], the governing equations for the
new proposed model were derived. For each elementary step, the net reaction rate can be

expressed as the difference between the rates of forward and backward reactions:

—BFE 1-p9)F
VAaA = k’AACOQCHJrQPtGJZp (kiT) — k?_AAQOQHGZL‘p (%) (313)
vpr = kprbo,utp — k_prbobon (3.14)
—bE 1-8)F
vrr = krrCph+foexrp (%) — k_rrbonexp (%) (3.15)
—BKE 1-8)F
URD = kRDCH+90H€l'p (kiT) - k,RDHPtexp ((k—jﬁ—')> (316)
—GBF 1-8/)FE
URTex = kRTe:L’CH+HOex6Ip (k’iT) - k—RTea;eOHexe*rp (%) (317)
—bE 1-9)F
VRDex = KrRDex Cr+omecerp (%) — k_ppesOsuperp (%) (3.18)
Vsub = ksubesub - kfsubeO (319>
—BE 1-pB)F
Uperox = kperox902H0H+emp (kiT) - kifperoxCHgOgePtexp (%) (32())

where k; is the reaction rate constant for the i-th elementary reaction step, 6; is the
coverage fraction of the i-th intermediate species, and Cy+, Co, and Cp,0, are the hydrogen

proton, oxygen and peroxide concentrations, respectively.

It is important to note that the reaction rates for all the intermediate steps that are
being derived for this model are written as a function of a common equilibrium potential £°
= 1.23 V, while many other authors of numerical models for ORR kinetics such as in ref.

[1, 64], used an specific equilibrium potential for each intermediate step.

At the reversible potential, £°, the net current is zero and the magnitude of the forward
and backward reaction rates are equal. Therefore, the exchange rate constants for the

elementary reactions can be expressed as:

) o o no _ﬁEO ) (1 — ﬁ) E°
Vg = kaaCh+ C3, 002D ( T ) = k_ a0, exp T (3.21)
vpr = kprbo,y0p = k-pr0505 (3:22)
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—BE°
kT

_BE°
Vo = krrCh+05exp ( lfT ) = k_pr0dexp ( ) (3.23)
o o o _BEO o
Vep = krpCh+ 00 yexp 7 ) = k_grpOperp (3.24)
o ) 19) _BEO o
URTex = kRTGICHJFGOeI exrp kT = k*RTexHOHexexp (325)

) = k_Rrpes0o, €D ) (3.26)

ke sunt (3.27)

o o [0
URDex — kRDe:UCH“'QOHem exrp <

Usub - kSUbesub -

o

o o o _ﬂE o 0 (1 — ﬁ) E°
Upe’l‘oa) = kperox902HCH+ exp ( kT = k—pemw HQOQQPtexp k—T <328)

where 6Y and C? denote the coverages and concentrations at £ = E°. Dividing the net

reaction rates by their respective exchange rates and defining the overpotential as n = E—E°,

leads to:

C Cous\ [ 0p _ b0, 1—
=i | () (65) G ) e (57) - () e ()] 29
o=t () () - () (G52
T 0o, ) \02)  \85) \ 05y
+ — 0 —
=i |(c7) () e (57) - (32) e (7)) o0
C+ 9 - 9t 1-—
o=t |5 ) (352 ) e () - (3 ) e ()] o
[ (Cy+ 00ex Bn OoHex (1-p)n
(&) (&) e (57) - (F22) e (7)) 090
Cu+\ { O0mes _ 0. 1—
onoes =t | (i) (2 ) o0 (T7) = (32 e (B)] 03
mea(32)- (%)
e () () () (82) () (52)
peror = Uperow |\ o )\ €9, ) P\ kT Co0,) \0%,) P\ kT

(3.36)

Then, the intrinsic exchange currents are defined considering that j = nFv, where n is

—~

3.30)

o
URTex = VRTex

Q

the number of electrons transferred on each intermediate reaction:

Jaa = nFv, = nFkaaCyC,0p, (3.37)
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Jpr = nFvpr = nFkprio, ntp,
Jpr = nEFver = nFkprCh 07

(3.38)
(3.39)
(3.40)
JiTer = M VRrey = NFkpreCi 00, (3.41)
(3.42)
(3.43)
(3.44)

j?%Dex = nF,U?%Dex = anRD@ICIO{JFe%Hem 3.42
j;eroac - nFU;erom = anP€T0$O;I+082H 3.44

By relating the reaction rate constants, k;, to Gibbs free energies, AG;", and rearranging,

the following equations are obtained:

Fvs AG*O
Joa = T = nFkaaChiCh, = j*eap (— M;“) (3.45)
Pt
. nFve . AGY,
L =nFkpr =" — 3.46
Jpr 62,09, 1 ntkpr =] 637])( T (3.46)
Fug AGY
o = UL Pl = jreap | — =L (3.47)
02, kT
Fug AGY
j%D — noﬂ — anRDO]?I+ — ]*el'p _ﬁ (348)
00 kT
Fug AGY
j%TC.Z‘ = % — anRTexCI(Z[+ = j*exp _ T RTex (349)
00.. KT
Fvy AGH)
j%Dex = % — anRDexC?]wL = J*ewp <_M) (350)
egHez kT
. nkvd, , AGY,
o MV pp ey (= S 3.51
J sub o, nEksp = J exp( T (3.51)
-0 nFUIO)GTOI o % AG;(e)rom
jperoa: = W = anperoxCH+ =] €exp _k—T (352)

where j*[A/cm?] is a reference prefactor setting the scale for activation free energy. This

parameter is assumed to be constant and is fitted to experimental data.

Knowing that j = nFv, and rearranging, the individual current generation of each step

can be expressed in terms of the individual reaction rates:

. nFvo — 09 1-—
Jaa =nFvga = QIO:A [aH+a029pte:vp (#) — Oo,1 (9?)]:;) exp (%)} (3.53)
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‘ nFv¢ 0% 0%
Jpr = nFvpr = LT |:902H9Pt — Oobon <‘9}Zt) (i>

0%15982[{ 98H
. nFvs — 9o
Jir = v = g {am%m (ﬁ) o (9(5;) (e%t) ( i n)}
(3.55)
Fve _
jrp = nFupp = =D [am@oz{exp (ﬂ) — Opy (QOH) exp ( )} (3.56)
061 kT 62,
. nkFv? _ 02, 1 _
e () () ()52
(3.57)

‘ nFvgp - 0% 11en 9o 1
JRDex = nFURDea: = ﬁ |:aH+90HeJ:6:L‘p (%) - gsub (%) (952;) erp ((k—j?)n)]
3.58

nkv°

0° 09
sub » sub Pt 3.59
O {eb "o <9%t)(000>} 52

. nFUOeroz _677 902 (1 B 5)77
et () () (15

0(0)2H
(3.60)

where a; is the activity of the oxygen, hydrogen proton or peroxide that is equal to the

concentration over the reference concentration of these species, %
7

jsub = nFUsub

Then, by substituting the rate constants by the Gibbs free energies at zero overpotentials,

the expressions for the kinetic current for each elementary reaction can be written as:

o AG - OF Lo
JAA = J exp <— kj:m) [aHJraO?ePtexp <%) ~bourt <98:{) o <%>}
. ) AG 80 80
jpr = j*exp ( T ) {QOQHQPt bobon (91;> <6(‘5L;)
—5n Opy 0%
) {alﬁeoexp( T Oon 021 02,

AG*O - 6?2
Jrp = jexp ag+Oomexrp _577 — Opy OOH exrp
ET 0%,

. _ x RTea: _677 _ 0006$ 010315 (]‘ _ 6) n
JRTex = ] €XP ( ) |:aH+HOexexp ( ET ) GOHex < e%t ) (08H6$> ETP ( LT
(3.65)

Jrr = j exp <

o~ ———
o)
=
=]
N
—
—_
= |
|_|>ﬂm
3
N———
[
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. cx AG*O ex — 90 ox 90 1 o
= 5) o () () (2 (52
Pt

sub
(3.66)

‘ . AG*O ge g°
Jsub = ] €TP <_k—TSUb) |:05ub - 90 (0%%) <£):| (367)
Pt O

j _ ]*exp _AG;groz 9 Qg+ exp —577 —a i 982]-1 exp (1 B B) Ui
perox LT OHUH LT H202V Pt g%t LT
(3.68

The adsorption free energies were defined for the reaction intermediates at n = 0 with

the equilibrium coverages as in equations (20) and (21) in ref. [44]:

AGyH\ 0
exp (— T ) =, (3.69)
AGou\ _ %u
exp( T ) =, (3.70)
AG()Ozlq - 982[{
exp (— T )— o, (3.71)
exp _ Ooem — egex <3 72)
kT 0%, '
ACTYOOHeac _ HgHem
exp (— T ) = s, (3.73)
ACTY?ub o egub
exp (— T ) = B, (3.74)

Finally, by substituting the adsorption free energies on the expressions for the kinetic
current for each elementary reaction, the final expressions for the individual kinetic current

and the potential-dependent activation free energies can be expressed as:

AG 4 = AG™, + B (3.75)
AG? 14 = AGT, — (1= B)n— AGH, (3.76)

. ; AG* AG*

JAA = TLFUAA =7 laH+a029pt€$p <— ]{J;A> — HOZHGSC]) (— /{JTAA>:| (377)
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)



AGhy = AGSy (3.78)

| . AGH AG*
jpr = nFvpr = j [002H0ptemp (— kﬂ?T) — Oobomexp (— kTDT)} (3.80)
AGhy = AGS + B (3.81)
AG pr = AGZG — (1= B) 17— AGY, + AGY (3.82)
, . AGH AG*
Jjrr = nFvgr = {aH+Goexp (— k:;T> — Oomexp <— kTRT>} (3.83)
AGgp = AGEp + Bn (3.84)
AG* pp = AGE, — (1= 8)n+ AGY, (3.85)
| . AGS AG*

Jrp = nFvgp =3 {aHJrGOHexp (— k;D) — Opiexp (— kTRD)] (3.86)
AG(*RTeoc = AG}},OTCI + 677 (387>
AG? —RTex — AGRT@:U (1 - ﬁ) n+ AC;’OOea: - AC;’OOHez (388)

. . N A fres
JRTex = nFURTem =] |:aH+906x€xp <_k—1;—1T> - QOHea:exp <_TRT):| (389)
AGgper = AGRpex + 01 (3.90)
AG* RDex — AGRDez - (1 - B) n— AC:gub + AC7mOHeac (391>

. - AG; ex AG™ ex
JRDex = nFURDex =] |:aH+90Hez€$p (_%> - esubexp (_TRD)] (392>
AG(sub A :Zb (393)
Jsub = ansub =J |:93ubexp (_Wb> - Hoexp ( ]{IT b)} (395>
Gy = AL + O (3.96)
AG*—peroa: = AG;groaz + AGOzH ( - ﬁ) n (397)
. — nF o 9 AG;erox . 9 AGiperoz 3.08
Jperox = ML Uperoxz = ] aAg+Uo,HETLD T AH,0,UpPtETP LT ( . )
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In order to account for the energy from the lateral repulsion of the species, a potential
dependent term can be added to the activation free energies of the reactions AA, RT, RD
and SUB as proposed in ref [1]. The reason why these terms are added only to these specific
steps is because, based on the results from the parametric studies from Jayasankar and Karan
multistep model showed in Chapter 2, the Temkin terms only have a relevant influence on
the current generated when included in these steps. Therefore, the modified free energies

accounting for the Temkin energy interactions are:

AGH, = AGY, + B0+ waalbo + bor + Oo,1) (3.99)
AGyrr = AGEr + Bn — wrr(0o + o + 0o,1) (3.100)
AG~pp = AGEp — (1= B)n+ AGHy +wrp(bo + bon + bo,m) (3.101)
AGL, = AG, + Wsub(Osub + 00cx + O0Hea) (3.102)

For steady state simulations, the production rates of species and the current generation
were defined using only the ORR and peroxide mechanisms because it was observed by
Jayasankar and Karan that the contribution of the place exchange reactions to the current
generation at steady state is negligible. Therefore the system of equations for simulating

steady state results can be expressed as indicated here:

e ORR:
T% = vpr — Vrr =0 (3.103)
78%?’ — vpr + VRr — VgD = 0 (3.104)
7893% = Va4 — vpr =0 (3.105)
Upr = URT (3.106)
Upr + VrT = URD = 2URT (3.107)
VAA = Upr = URT (3.108)
iorr = F'(Vaa + Vrr + VrD) (3.109)
iorr = 4F(vRr) (3.110)
iorr = 2F (vrD) (3.111)
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e Peroxide:

00,1

T ot = VAA — Uperox = 0 (3112)
VAA = Uperox (3113)
L Perozide = F(UAA + Uperoa:) (3114>
LPeroide = 2F(UAA) (3115)
LPerovide = QF(vperoac) (3116)
e Total:
0
o e =0 (3.117)
ot
00
T = vpr + vpr — vgp =0 (3.118)
00
T% = VAA — VDT — Uperox = 0 3.119

Upr = URT
UpT + VRT = Urp = 2URT

VAA — UDT = Uperox

vaa — 1/20pD = Vperon
itotal = F'(Vaa + vrr + VRD + Uperos)
itotal = F'(Vperow + 1/20rp + 1/20rp + VRD + Uperox)
Uiotal = I (2Uperox + 2vgp)

(3.119)
(3.120)
(3.121)
(3.122)
UAA — URT = Uperox (3.123)
(3.124)
(3.125)
(3.126)
(3.127)
(3.128)

Ltotal = Z'Peroaciole + iORR

The final system of equations for solving steady state simulations are equations ((3.117))-
((3.119)), and the total current generation is the sum of the contribution of both mechanisms,
equation (3.128).

For the transient simulations, where the contribution of the oxide growth mechanism is

much more significant, the place exchange reaction rates are part of the system of equations
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as indicated below:

000
TW = UpT — URT + Vsub (3129)
00
T 8OtH = Vpr + VRT — URD (3130)
00
s L VAA — VDT — Uperox (3.131)
ot
anez
N 3.132
ot VRT (3132)
000 Hex
gf = URTex — VRDex (3133)
00y,
= Y = VRDes — Vsub (3.134)
Z.tot(zl - F('UAA + VrT + VRD + VURTex + VRDex + Uperox) (3135)

Where 7 refers to the moles of sites per unit surface area of platinum. This constant is

calculated by dividing the hydrogen adsorption charge of 220 ,uCcm;? by Faraday’s constant.

3.3 Model Implementation

The equations presented in the previous section were implemented in Python. The method-

ology for the implementation of those equations is explained in this section.

3.3.1 Initial kinetic parameters

To be able to obtain preliminary results from this model, the values for the unknown kinetic
parameters, i.e. the free energies of adsorption and the free energies of activation of all the
intermediate species, were obtained. Given that the reaction mechanism assumed for this
model was based on the reaction mechanism assumed for the model developed by Jayasankar
and Karan [1], there are several kinetic parameters in common between these two models.
Other models with similar steps and intermediate species are Wang et al. [44] and Moore
et al. [57], specially the free energy of steps RT and RD and the energies of adsorption
for PtO(qqsy and PtOH 44s), for which there are also available values for the free energy
parameters obtained from DFT calculations. Based on the literature values, the initial

parameters used are found in Tables 3.1 and 3.2.

3.3.2 Steady State

The steady state model implementation was divided in two segments. Given that the govern-

ing equations of this model are coverage dependent, first the system of non-linear equations
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((3.117))-((3.119)) needs to be solved in order to get the coverages of the different interme-
diate species.

To this end, the Python routine fsolve was used to solve the system of equations. This
solver, part of the library scipy.optimize, finds the roots of a function using the Leven-
berg-Marquardt algorithm, also known as the damped least-squares (DLS) method, with a
tolerance of 221078, Then, the reaction rates and the current generation at different cell
potentials are calculated using the obtained values of the coverages. The algorithm on how
the steady state solver was implemented is shown in Fig. 3.2. First, an initial guess and an
initial voltage are required for starting the loop. Inside the loop, the reactions rates of all the
intermediate reactions are computed, as well as the production rates of all the intermediate
species. Given that, in steady state, all the production rates should be in equilibrium (this
means df/dt = 0), the solver minimizes those functions and gives a solution for the unknown
variables, which in this case are the surface coverages (¢). With that solution the remaining
reactions rates are computed for the specific potential, and with that, the current generation

is obtained. This loop goes until the current generation is computed at all potentials E.

Table 3.1 — Initial steady state kinetic parameters obtained from ref. [1]

Parameter Value

AGY, [eV]  0.5863 eV
AG%; [eV]  0.4883 eV
AGY. [eV]  0.4627 eV
AGY [eV]  0.3989 eV
AGY, [eV] 0.0453 eV
AGYy [eV]  -0.3347 eV
AGY,  [eV]  0.3109 eV

3.3.3 Transient

In order to solve the transient problem given by eq. ((3.129))-((3.134)), an initial value for
all coverages and an expression for the potential as a function of time are needed. To specify
the electrode potential, a triangular function with respect to time was used. It was defined
with 4 arguments: minimum and maximum voltage, time step and the maximum time. For

the backward scan,

E = Enas + (Emin — Emaz) * t/ (tmas/2) (3.136)
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Figure 3.2 — Flow chart of the steady state algorithm.

And for the forward scan,

E = Enin + (Enaz — Emin) * (t — timaz/2)/ (tmaz/2) (3.137)

Equations ((3.129))-((3.134)) result in a system of ordinary differential equations (ODEs).
The python solver solve_ivp was used for solving this problem. solve_ivp is designed for
solving initial value problems with a stiff system of ODEs, like the system of equations in
this work. This function numerically integrates the provided system of ODEs using different
methods: Explicit Runge-Kutta method of order 8, 5, 4, 3 or 2, Implicit Runge-Kutta method
of the Radau ITA family of order 5, Implicit multi-step variable-order (1 to 5) method based
on a backward differentiation formula for the derivative approximation or BDF method with
automatic stiffness detection and switching. The method chosen for this problem is the im-

plicit multi-step variable-order 5 method based on a BDF for the derivative approximation.
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This method uses a ”quasi-constant” step scheme, this means that the solver chooses the
best time step for solving the problem and that way the accuracy of the solution is enhanced.

The solver keeps the local error estimates to less than le-7.

The algorithm of the transient implementation is shown in Fig. 3.3. First, the initial
guess of the coverages is provided and the potential is defined with respect to time. The
initial guesses for the unknown variables provided are : 6o = 0.01, 8oy = 0.01, Osyp =
0.0, Op,, = 0.0 and fpp,, = 0.0. This information is given to the solver at each time step
so that it can compute the reactions rates. Then, the production rates of all the species,
which would be the system of ODEs, will solve the system of ODEs integrating it using
the backward differentiation formula (BDF method). With the solution of the coverages,
the current generation is computed. At the next time step, the coverages at the previous
solution are used as the initial guess and the porcess above is repeated. This loop goes on

until the maximum time (¢,,4,) has been reached.

Table 3.2 — Initial transient kinetic parameters obtained from ref. [1]

Parameter Value

AGT, [eV] 0.52

AGY, [eV]  0.5791
AGY,. [eV]  0.6023
AGY,. [eV]  0.6023
AGY, [eV]  0.4623
AG?, [eV] -0.7191
AGS, [eV]  -0.2791
AGS,., [eV]  -1.23412
AGS,.. [eV]  -0.9841
AGe, [eV]  -0.3412

sub

Cyclic Voltammetry is experimentally obtained in the absence of oxygen, therefore, in
the transient solution the only active reactions are RT, RD, RTex, RDex and SUB.
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Figure 3.3 — Flow chart of the transient algorithm.

3.4 Parameter Estimation

The initial values of the kinetic parameters used for obtaining the preliminary results of the
model are just an approximation based on ref [1]. These values do not provide good results
for the model and do not capture accurately experimental trends. Therefore, it is required

to fit the model to experimental data in order to get better values for the kinetic parameters.

The performance of the model is dictated by the free energies of adsorption of the in-
termediate species and the free energies of activation of the intermediate steps. The values
of these parameters could be estimated through DFT calculations, however it is very diffi-

cult to obtain them due to the complexity of the molecular interactions at a platinum surface.
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Therefore, in this work, these parameters were obtained through solving a parameter
estimation problem. This was achieved by minimizing the error between model results and
experimental data by adjusting the free energies of the reaction. Given that the experimental
data available in the literature is different for steady state and transient results, this model

was fitted separately first to steady state polarization curves and then to transient CVs.

3.4.1 Optimization problem

A non linear optimization method was needed for fitting the model to experimental data.
The optimization method used was provided by an open source library developed Sandia
National Laboratory called DAKOTA (Design Analysis Kit for Optimization and Terascale
Applications). The optimization problem to be solved is the least-square parameter estima-
tion problem, (3.138)-(3.139).

N roeop _ cnumi?
Minimize : f(x) = Z {‘%] (3.138)
. Ji
i=1
wrt.x=AGY,, AGY e, J° (3.139)

A derivative free optimization method, called coliny pattern search, was used for solving
this optimization problem. This non gradient-based optimization method uses a set of offsets
from the current iteration to locate improved points in the design space. Given that this is
a local method, a total of 500 random initial guesses were used for finding the best solution.

The parameters for this optimization problem are defined in Table 3.3.

Table 3.3 — Optimization parameters

Parameter Value
Seed 1,000
Max iterations 500,000
Convergence tolerance le-4
Max function evaluations 8,000,000
Solution target 0.1
Constraint penalty 100,000,000

In this optimization problem, the parameters that need to be optimized in order to
minimize the difference between the numerical and experimental data are the free energies
of adsorption of the intermediate species: AGY, AGY,; and AGY,y, the free energies of

activation of the intermediate steps: AG%y pr, AGEr, AGYH, GPprox, the Temkin term
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for the AA reaction, wa4, and the pre-exponential factor j*, which is basically scaling factor
that linearly affects the order of magnitude of the current generation. This parameters, were

bounded as follows,

Bounds : 0.1 < AGYy pr < 0.8 ( )
0.5 < AG%. < 0.8 ( )

0.5 < AGY, < 0.7 ( )

0.1 < AG%urox < 0.9 ( )
—0.5<AGY <05 (3.144)

—02 < AGY,, < 0.2 (3.145)

—0.8 < AGYyy < 0.8 ( )

0.01 < j* < 100 (3.147)

0.01 < way < 0.8 (3.148)

Given that some of these parameters have been part of the formulation of previous ORR
kinetic models available in the literature, the constraints applied were set based on those
previous values. RT and RD reactions as well as O and OH species are common reactions
and species with the double trap model, therefore the fitted values obtained in references
[44, 57] were used for defining the bounds. And in the case of the parameters related to AA
and DT reactions and PtOyH 445 adsorbed species, the bounds were obtained based on the
reported fitted values from references [1, 2].

In addition to the optimization problem, certain constraints were applied to the coverage
fractions at specific potentials because the model not only needs to be able to match exper-
imental currents, but also experimental data of coverage fractions. The imposed constraints
were defined based on the literature review conducted on Chapter 1 and are shown in eq.

(3.149) - (3.160).
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Constraints : 0.9V : 0.1 < o < 0.35 (3.149)
0.15 < By < 0.3 (3.150)

0.0 < oo < 0.05 (3.151)

0.8V :0.0<6p <0.1 (3.152)
0.2 < fo < 0.4 (3.153)

0.0 < oo < 0.2 (3.154)

0.6V : 0.0 < 6o < 0.05 (3.155)
0.05 < 0oy < 0.1 (3.156)

0.2 < fpor < 0.8 (3.157)

0.4V : 0.0 < o < 0.05 (3.158)
0.0 < By < 0.1 (3.159)

0.4 < Boos < 0.9 (3.160)

Most of the data available in the literature on surface coverages is from numerical models,
DFT or Montecarlo simulations, however Jinnouchi et al. [42] and Huang et al. [64] reported
experimental values for the surface coverage of PtO(qs) and PtOH .45 adsorbed species,
which showed that at low potentials these species are very small (< 0.1), between 0.6 and
0.8 V, PtOH (445 starts to grow up to 0.4 V and then significantly drops at higher potentials,
and PtO(,4s) only starts to grow rapidly at 0.4 V. There is no experimental data on the surface
coverage of PtOsH 445 but the following references [1, 56, 65] simulate high values for the
coverage of PtOyH 44) at low potentials that drastically drop at 0.6 V because it is when

the other two species start to be formed.
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Chapter 4

Results and discussion

In this chapter, the suitability of the proposed kinetic model in Chapter 3 is evaluated by
trying to reproduce experimental data available in literature. In order to reproduce the data,
the free energies and Temkin terms in the proposed model are used as fitting parameters.
The deviation between experimental and numerically predicted results are then analyzed.
The aim is to ascertain if the model can reproduce the experimentally observed steady-state
and transient behaviour and, if so, to obtain the set of free energy and Temkin parameters

that reproduce the results.

The features to capture in steady-state simulations are: current density vs voltage curves
relations at different operating conditions, coverage fractions, and, energy barriers for the
elementary steps and overall mechanism. In transient simulations, the experimental features
to capture are: the broad anodic plateau; a cathodic reduction peaks in cyclic voltammo-

grams (CVs); and, the logarithmic growth of oxide mass over time.

As explained in the previous chapter, the proposed model accounts for three reaction
mechanisms that affect the kinetics of PEMFC: i) the oxygen reduction reaction; ii) sub-
surface oxide growth; and, iii) hydrogen peroxide formation. The numerical kinetic expres-
sions derived in Chapter 3 for modeling these mechanisms were implemented in a steady-state

and a transient framework for obtaining different types of simulations.

4.1 Results with previous free-energies data set

After implementing the model described in Chapter 3, the initial parameters obtained from
ref. [1] and presented in Tables 2.4 and 2.5 were used for simulating preliminary steady

state and transient results. These results were compared to the numerical data reported by
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Jayasankar and Karan [2] with the aim of comparing the simulated results from their model

with the ones from the new developed model.

Figure 4.1 shows the polarization curve obtained using the new energy based model pre-
sented in Chapter 3. To obtain these steady-state results, in order to be able to directly
compare it to the unified multi-step model studied in Chapter 2, the peroxide formation
mechanism is deactivated. It can be observed that, without fitting the model to experi-
mental data, a reasonable polarization curve is obtained; however, the change in slope is
generated at around 1.0 V, when it has been observed experimentally to occur at around
0.8 V, this could be due to the formation of platinum oxides at a higher potential (1.0 V)
instead of at 0.8 V. At low cell potentials (< 0.4 V), the current shuts downs and all the Pt
surface is covered by PtO2H (g4

— Maodel
* Jayasankar and Karan
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Figure 4.1 — Predicted polarization curve at ap, =1, T = 298 K and ag+ = 0.1.

The predicted oxide coverage fraction in Fig. 4.2 shows that at 1.0 V, O,4s starts to grow
rapidly, which is likely the reason for the change in slope at this potential and not earlier at
0.8 V. Given that the results from the model presented in this section does not account any
extra Temkin term, these terms are one of the major differences between the model proposed
by Jayansakar and Karan and the proposed model, and a possible explanation of why our
model starts producing PtO 44, at higher potentials.

Fig. 4.3 shows the CV reported by Jayansakar and Karan [1] from their model simulations
and one obtained using the proposed model, both at a scan rate of 10 mV /dec and an upper
potential and lower potential of 1.35 V and 0.6 V, respectively. The CV obtained with the

model is able to capture two of the most representative peaks, but not at the right voltages.
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Figure 4.2 — Predicted oxide coverage fraction at ap, =1, T = 298 K and ay+ = 0.1.

The model is not producing the positive current at high potentials due to oxide growth that
gives the plateau effect, which is captured by the model from Jayasankar and Karan. The
current generation is also underestimated. Even though these two cyclic voltammograms
were obtained at the same scan rate and voltage limits, they may not be matching because
the reaction mechanism assumed is slightly different, and the energy of interaction between

the adsorbed species is not accounted in the preliminary results of the proposed model.
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Figure 4.3 — Predicted numerical cyclic voltammetry at ap, =0, T = 298 K and ag+ = 0.1
from two models (Jayansakar and Karan’s unified model and the proposed model).
The upper potential limit at which these CVs were obtained is 1.35 V with a scan
rate of 10 mV/dec.
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4.2 Steady-state kinetic model parameter estimation
using Pt micro-electrode data

In order to estimate the free energies for the proposed model, the optimization strategy
designed in Chapter 3 was utilized to estimate the free energies that minimize the differ-

ence between model predictions and the experimental data from ref. [4] at different pressures.

First, the optimization problem was solved without any constraints and with broad pa-
rameter bounds, just to observe the natural behaviour of the model, and if the optimizer was
going to be able to fit the model to experimental data. The results of the initial optimization
were obtained within 5 hours and showed a good fit to the polarization curves, however the
surface coverage values did not match the experimental values reported in refs. [42, 64]. As
a result, constraints on the coverages and narrow bounds on the free energies were imposed

to the optimization problem.

A multi-start method was used involving a randomized set of 500 starting points, and
the optimization problem was solved for each starting point to obtain a global solution. The
colliny pattern search method, explained in Chapter 3, was used. Running these 500 opti-
mization problems took around 3 days. The best solution had a residual of 1.84, reducing
the residual from 10° to a significantly smaller number. Fig. 4.4 shows the residual evolution
vs the number of iteration. An exponential decay of the residual with the increasing number

of iterations can be observed.

Table 4.1 shows the optimal set of parameters used for running steady state simulations
in this section and those used in section 4.1. Note that, in this section, the peroxide mecha-
nism is included in the formulation even though AG}?, . is not fitted and is set at 0.5 eV.

Figures 4.5 and 4.6 show the current density and intermediate species coverage predicted
by the model and experimental results obtained from Parthasarathy et al. [4] for the po-
larization curve and from references [42, 46, 63] for an average of the coverage fractions.
From the polarization curves, it can be observed that the fitted model better reproduces the
experimental data from Parthasarathy et al. [4] compared to the previous free energy data
set from Section 4.1. At low cell potentials (< 0.8 V) the linear fit is very good, and the
slope is the same (120 mV /dec). At high potentials (> 0.8 V), a clear slope cannot be ob-
served. Figure 4.6 shows that the predicted surface coverage of PtOH(,q,) adsorbed species
matches the experimental data very well at high potentials. At intermediate potentials it

does not match perfectly, but it does follow a similar trend. In the case of adsorbed PtO ,4s),
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Figure 4.4 — Residual evolution vs number of iteration when fitting the model to Pt micro-
electrode data.

Table 4.1 — Parameters for steady state simulations

Fitted parameters Section 4.2 Section 4.1

AGY, [eV] 0.7135 0.5863
AGY% [eV] 0.2979 0.1773
AGY%, [eV] 0.6772 0.4627
AGY%, [eV] 0.6907 0.3089
AGY, [eV] -0.1271 -0.33455
AGYy [eV] 0.0845 0.04545
AGY,  [eV] 0.5838 0.3109
7" 2.4393 0.05182
Other parameters

Temperature [K] 323 298
ao, 1 1
A+ 0.1 0.1
15} 0.5 0.5
E° V] 1.23 1.23
AGY? o [eV] 0.5 -
AH,0, 0 -

the surface coverage is overestimated at intermediate potentials, but at higher potentials it

matches the experimental data.
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Figure 4.5 — Predicted polarization curve at ap, = 1, T = 323 K and ay+ = 0.1 fitted to
Parthasarathy et al. [4] and compared to the model results from section 4.1.

0.7
® Expéa
0.6 - Exp&aH
----- Model 8o
LR
5 Model Son
=
E 04 { —— Model Sa};-_l
£
=
@ 03 ’
u s
- [ i
S 02
P
. .
i —e—reg o e e o oo*

04 05 06 07 08 03 1o 11
E vs RHE [V]

Figure 4.6 — Predicted oxide coverage fraction at ap, =1, T = 323 K and ay+ = 0.1.

Figure 4.7 shows three polarization curves at different oxygen partial pressures, i.e., 0.21,
1.05 and 1.88 atm, and the experimental data from Parthasarathy et al. [4]. The obtained
parameters are capable of predicting the change in current generation with oxygen partial

pressure.

In the formulation of this model, a rate determining step (RDS) was not assumed. In-
stead, the activation free energies were used to describe the reaction barriers of the ORR
and Peroxide mechanisms. Figure 4.8 shows the free energy diagrams for ORR and peroxide
reactions at zero over-potentials obtained using the fitted free energies to Pt micro-electrode

data. An important feature from these energy diagrams, it the consistency of the model
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Figure 4.7 — Predicted polarization curve at ap, = 0.2/1/1.79, T = 323 K and ay+ = 0.1
fitted to Parthasarathy et al. [4] at different pressures.

because the energy level of the reactants and products are equal at the start and end of the

reaction mechanisms, at equilibrium.

The free energy diagram in Figure 4.8 illustrates that the 4¢e~ ORR mechanism on Pt
electrode is desorption-limited because the energy barrier needed for the forward reductive
desorption (RD) reaction to proceed is the highest, while the energy required for the reac-
tions AA, DT and RT to proceed, is lower, which means that these reactions will take place
easier. In the case of the 2e~ peroxide formation mechanism, overall, the energy required
for the peroxide reaction is smaller than the total energy required for the ORR mechanism,

therefore, it could be concluded that the most favourable pathway is the peroxide one.

Figure 4.9 shows the comparison of the energy diagrams obtained with the two different
set of parameters from Table 4.1. It can be observed that the RDS is the same for both sets
of parameters, RD reaction, however the energy barrier for RD step is significantly bigger
for the set of parameters fitted to Pt electrode data, this can be because when fitting this set
of parameters, the peroxide mechanism is active, while the preliminary results don’t account

for the peroxide mechanism.

The free energy diagrams presented so far have been obtained at zero over potential,
this means at a cell potential equal to the equilibrium potential (1.23 V). Figure 4.10 shows
the free energy diagrams obtained at 0.7 V. It can be observed that at this potential the
RDS for all the mechanisms and sets of parameters is AA step, being the energy barrier from

this step the one that needs to be overcome in order to proceed with the rest of the reactions.
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Figure 4.8 — Free energy diagram of the ORR and Peroxide mechanisms of the fitted model
to Pt electrode data at zero overpotential.
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Figure 4.9 — Free energy diagram of the ORR mechanism with the preliminary set of pa-

rameters from section 4.1 and from the fitted model to Pt electrode data at zero
overpotential.
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preliminary set of parameters from section 4.1 and from the fitted model to Pt
electrode data.

4.2.1 Effect of oxygen concentration on the formation of adsorbed

species

Figures 4.11,4.12 and 4.13, show the effect of changing the oxygen concentration on the

coverage fractions of the adsorbed species over the cell potential. It can be observed that

by increasing the activity of the oxygen, the formation of all the oxides increases too. This

could be due to a higher availability of reactant to form more platinum oxides.
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Figure 4.11 - Predicted PtO(,qs) coverage fraction at ap, = 0.2/1/1.79, T = 323 K and
ag+ = 0.1.
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Figure 4.12 - Predicted PtOH 445 coverage fraction at ap, = 0.2/1/1.79, T = 323 K and

ag+ = 0.1.
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Figure 4.13 — Predicted PtO2H 44, coverage fraction at ap, = 0.2/1/1.79, T = 323 K and
apg+ = 0.1.

4.2.2 Effect of peroxide formation

To observe what is the effect of including the peroxide formation reaction in the model, this
reaction was removed and the results are shown in Figures 4.14 and 4.15. The polarization
curve shows that there is not change in the total current generation if the peroxide mecha-
nism is ignored up to 0.4 V, however at lower potentials the current generation immediately
is shutdown. This can be explained by looking at the surface coverage, the adsorbed species
PtO 445y and PtOH 445y barely cover the Pt surface and the PtO;H 445 adsorbed species
covers rapidly the whole Pt surface at potentials below 0.4 V. In addition, the simulated
results without the peroxide mechanism are very distant from the experimental coverages,

predicting a much higher presence of PtOH 44, adsorbed specie at low potentials.
The peroxide current generation was also studied individually and compared to experi-

mental data from Sethuraman et al. [5] which measured polarization curves for the peroxide

formation rates from a rotating ring disk electrode (RRDE), using a Pt/Vulcan catalyst 20%
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Figure 4.14 — Predicted polarization curve at ap, = 1, T = 323 K and ay+ = 0.1 fitted to
Parthasarathy et al. [4] accounting for the peroxide reaction (black solid line) and
neglecting the peroxide reaction (blue dashed line)
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Figure 4.15 — Predicted oxide coverage fraction at ap, = 1, T = 323 K and ay+ = 0.1 without
having active the peroxide mechanism.

Pt on Vulcan XC-72R carbon. These experiments were conducted at 298 K with an RRDE
rotating at 2500 rpm in 2.0 M HC'1O, solution bubbled with 10% Os/., air and pure oxygen.
Figure 4.16 shows the polarization curves of the reported experimental data from ref. [5] and
the simulated peroxide formation current from the model at different oxygen concentrations.
It can be observed that the simulated results do not fit well the experimental data, however
it does follow the trend of the decreasing current at increasing potentials. One of the limita-
tions of this model is that the backward term for the peroxide reaction is neglected because
it is assumed that the reaction only proceeds forward. It is possible that the contribution
of this term is leading to the difference. To asses if this is the case the model with hand

without backward reaction should be fitted to the experimental data.
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Figure 4.16 — Predicted polarization curve of the peroxide mechanism at three oxygen coc-
nentrations (10%, 21% and pure oxygen), T = 298 K and ay+ = 0.1 compared to
experimental data from ref. [5].

It is known that the equilibrium potential of the peroxide formation reaction is 0.695 V
[36]. At this potential, the contribution of the peroxide mechanism to the overall current
generation should be zero. Therefore, the value of the activation free energy of the peroxide
formation reaction AGjy,.,, could be obtained by setting the rate of the peroxide formation

equal to zero. This value, based on eq. (3.98), can be obtained by solving the following

equation:

=0 (4.1)

. . (AG;g'mz + 5(E]9g‘é0X - EO))
Jperox =] |QH+ QOQHGIYD - kT

Given that AG;2.,. was not fitted to this model and was assumed a constant value of
0.5 eV for fitting the other parameters, a parametric study was conducted with lower and
higher values of this parameter to see the effects on the predicted current generation. The

values used for this parametric study are : 0.3, 0.4, 0.5, 0.6 and 0.7 eV.

Fig. 4.17 shows that the total current generation is barely affected by increasing or de-
creasing this parameter in that range. However, the ORR and the peroxide currents (see Fig
4.18) are significantly affected individually by the changes. This can be explained by looking
at Figures 4.19, 4.20 and 4.21, changing this parameter affects the coverages of the adsorbed
species. The value for the peroxide formation free energy that best fits the experimental data
of surface coverage is between 0.4 and 0.5 eV, however by looking at the individual current
of ORR and peroxide, when AG*° = 0.4 eV the peroxide current is much higher than the

perox
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ORR current at 0.9 V and below, which represents an issue, because it would be expected to
have only at very low potentials (0.2 V) a peroxide current higher than the ORR, the ORR
should be the predominant because at mpst of the voltage range, and that is only achieved
with high values of the peroxide formation free energy (AG:, . = 0.7 eV).
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Figure 4.17 — Predicted total current generation at ap, = 1, T=323 K and ag+ = 0.1 at

different GJ¢,., values.
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Figure 4.18 — Predicted individual ORR and peroxide currents at ap, = 1, T=323 K and
ag+ = 0.1 at different G2 . values.

perox

It is important to note that given that the equilibrium potential of the peroxide formation
reaction is 0.695 V [36], at that potential, the current generation from the peroxide formation
pathway should be zero, and at higher potentials ( > 0.695 V) should be negative. However,
the model is predicting peroxide current at that potential and that is wrong. One of the

assumptions made at the beginning of the formulation of this model was that the equilibrium
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Figure 4.21 — Effect of peroxide formation free energy on the surface coverage of PtO2H 44s)-
potential, 1.23 V, is the same for all the steps, including the peroxide formation step. This

assumption may be the reason why the behaviour of the peroxide mechanism is not been

captured correctly, therefore, this should be considered for future work.
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4.3 Transient analysis

In the previous sections, the proposed kinetic model was used to reproduce steady-state data.
In this case, Temkin terms were not included when fitting to platinum electrode. In this
section, the kinetic parameters from section 4.2 are first used, without adding any Temkin
terms, to predict the cyclic voltammogram of Pt electrode and supported Pt nanoparticles.
Then, parametric studies are conducted to study the effect of adding the Temkin terms on

the transient results.

4.3.1 Transient results for platinum electrode

Fig. 4.22 shows the CV obtained with the fitted parameters from the previous section and
experimental data from Savinova et al. [66]. The model is capable of capturing the two
peaks due to oxide formation but the peaks occur at higher potentials, e.g., the cathodic
reduction peak has been observed experimentally between 0.7 and 0.8 V, due to the forma-
tion of PtO .45 and PtOH 445 adsorbed species, and the model is predicting this at 1.1 V.
Furthermore, the oxide growth plateau is not captured.
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Figure 4.22 — Predicted cyclic voltammetry at ap, = 0, T=298 K and ay+ = 0.5 with SS
fitted parameters for platinum electrode. The upper potential limit at which these
CVs were obtained is 1.35V, with a scan rate of 10 mV /sec.

Several studies have been done to understand the nature and rate of growth of oxide
species on platinum. Given that this is an important feature that numerical models should

capture when predicting the performance of the ORR kinetics of PEMFC, Jayasankar and
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Karan [1] not only used polarization curves and CVs for fitting their model, but they also
used oxide growth data for their parameter estimation. This data was obtained by con-
ducting oxide growth measurements with a quartz crystal micro-balance technique [2]. The
oxide mass as a function of potential is obtained through these experiments and then plotted
against time, which gives a logarithmic oxide growth plot. These experiments monitor the
change in the oxide mass during potential step. Fig. 4.23 shows the oxide growth predicted
by the model compared to the experimental logarithmic oxide growth reported in ref. [1]. Tt
can be observed that the model does not capture the shape of the logarithmic oxide growth
over time observed experimentally. The model predicts a gradually increasing formation of
oxide mass after running some time, while in the experiment, the oxides grow immediately

the reaction starts.
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Figure 4.23 — Predicted oxide mass on Pt electrode in the absence of Os, at T=298 K, in
aqueous acidic electrolyte 0.5 M and at a fixed potential 1.1 V.
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Parametric studies

Temkin terms for RT and RD were introduced and parametric studies were conducted in
order to evaluate the effect of these parameters on the predicted current. Results from the
parametric study with wgr and wgp are shown in Figures 4.24 and 4.25, respectively. Figure
4.24 shows that wrr only affects the cathodic reduction peak. Increasing this value reduces
the height of the peak and slightly shifts it to higher potentials. It is important to note that
the size of the peak (area under the curve) does not change, it only gets wider and the height
of the peak reduced.

Fig. 4.25 shows that increasing wrp affects the amount of oxide produced thereby affect-

ing both anodic and cathodic peaks.
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Figure 4.24 — Predicted cyclic voltammetry at ap, = 0, T=298 K and ay+ = 0.5 with
SS fitted parameters for platinum electrode and different wrr values. The upper
potential limit at which these CVs were obtained is 1.35 V, with a scan rate of 0.01
V/sec.

82



le—4

0.4 4
0.2
t
S 00
<
£ o2
=
&
_U_q_ .
|5 — wRD=0
— w_RD = 0.05
084~ w_RD=0407
w_RD = 0.1
_].I} T T T T T T

0.6 0.7 0.8 0.9 10 11 12 13
Potential vs RHE

Figure 4.25 — Predicted cyclic voltammetry at ap, = 0, T=298 K and ay+ = 0.5 with
SS fitted parameters for platinum electrode and different wrp values. The upper
potential limit at which these CVs were obtained is 1.35 V, with a scan rate of 0.01
V/sec.

4.4 Analysis of the model

In this section the suitability of this model for reproducing experimental trends was studied
by fitting the kinetic parameters to Pt electrode data. In steady state the main features
that the model should capture are the polarization curves and coverage fractions. In the
transient simulations, the experimental features to capture are the broad anodic plateau and
a cathodic reduction peaks in cyclic voltammograms (CVs), and the logarithmic growth of

oxide mass over time.

From Section 4.2, it can be concluded that the model can successfully reproduce exper-
imental steady state results because a very good fit to Partharathy et al. [4] at different
operating conditions was obtained. The predicted coverage fractions for Pt electrode simula-
tions are also fairly similar to the observed experimental coverages. The peroxide mechanism
has no significant effect on the current generation until voltages below 0.4 V. However, it
is essential for capturing the right surface coverage fractions of the adsorbed species and
also for obtaining positive currents below 0.4 V. The parametric studies for studying the
effect of peroxide formation free energy showed that this parameter has an negligible effect
on the predicted polarization curves, however when looking at the individual current from
the ORR and peroxide mechanisms, a value of 0.7 eV for this parameter gives results with a

more accurate physical meaning, because over most of the voltage range, the ORR current is
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predominant over the peroxide current and only at very low potentials ( 0.3 V), the peroxide
current exceeds the ORR current. Nevertheless, this value does not predict surface coverage

fractions that fit the experimental data.

Section 4.3 showed that the parameters obtained from fitting the model to steady state
data, do not predict CVs that match experimental results. The model is capable of captur-
ing cathodic reduction peak, and to some extend the anodic peak, but not the broad anodic
plateau. However this peaks are not captured at the right potentials. Therefore, this model
needs to be fitted separately to transient data, in order to be able to predict more accurate
transient results. Temkin terms were added to observe their effect on the predicted CV.
Results showed that these parameters only modify slightly the size of the peaks but not the

potentials at which they occur.
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Chapter 5

Conclusions and Future Work

The main focus of this work was to investigate one of the two electrochemical half-cell re-
actions that occurs in a PEM fuel cell. Specifically, the reaction kinetics of the oxygen
reduction reaction on a platinum catalyst. An energy based kinetic model was developed
using, as an starting point, the reaction mechanism proposed by Jayasankar and Karan [1]
and the methodology for deriving kinetic expressions proposed by Wang et al. [44]. To the
best of my knowledge, the model presented in this work is the first attempt to provide a
single kinetic model framework that accounts for three common mechanisms observed to
affect the cathodic kinetic performance of PEMFC: the oxygen reduction reaction, the oxide

growth and the peroxide formation.

5.1 Conclusions

The literature study conducted on novel kinetic models for ORR revealed that fuel cell
modelers rarely account for the complexity of the ORR when performing simulations. It is
commonly assumed that the the ORR can be modeled using simple Tafel kinetics that can-
not properly account for the change in Tafel slope or the surface coverage fractions. There
is not a universal agreement on the reaction mechanisms that occur on the platinum surface
during the cathodic reaction, therefore different researchers have assumed different reaction
pathways. No attempts have been made to develop a consistent steady state and transient
framework that accounts not only for the ORR and oxide growth, but also the peroxide
formation.

Given that the most recent and complex model available in the literature was proposed by
Jayasankar and Karan [1], the results of this model were successfully reproduced in Chapter
2. During this process, several inconsistencies were identified in this formulation. First, the

framework was not unified, as it was claimed to be. There were two separate formulations,
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with different sets of parameters for steady state and transient results. Second, the model
had a mixed formulation, containing individual reaction equilibrium potentials, as well as
free energies. Therefore, a clear methodology for deriving the kinetic expressions was not
developed. As a result of the lack of consistency of the model, the free energy diagram at
zero over-potential do not meet the equilibrium condition. A consistent unified energy based
kinetic model for the reaction mechanisms was therefore developed in this thesis, and the
peroxide mechanism was also added. The methodology and assumptions made were detailed
in Chapter 3. The consistency of the model formulation was proved in all the energy dia-

grams obtained with this model with different sets of parameters.

The proposed energy-based kinetic model successfully predicts experimentally observed
features of the polarization curve including the transition in the Tafel slope from 120 mV /dec
high current densities to 60 mV /dec at 1.0 V for Pt electrode simulations. Unfortunately,
species coverage predictions even though they reproduce general trends, are not well pre-
dicted by the model.

In terms of transient data, the model is capable of capturing the two most representative
peaks from experimental CVs using the set of parameters obtained from fitting to polariza-
tion curves. However, they are in the wrong potential. Further, the anodic oxide plateu and
the linear logarithmic oxide growth trends could not be reproduced. Future work is needed

as the new model predictions are worse than those in ref [1].

5.2 Future Work

Some of the key issues pertaining to the energy based kinetic model for ORR, oxide growth

and peroxide formation in platinum surface that can be addressed in the future are:

e The model parameters were estimated by fitting model predictions to steady-state
ORR polarization curves data, but the model was not fitted to transient CV data for
estimating the parameters. As a result, the model does not predict CVs and oxide
growth correctly. Future modelling effort could address this issue and fit the transient
predictions of the model to transient experimental data such as CVs and logarithmic
oxide growth. In addition, more detailed parametric studies and sensitivity analysis
could be performed to narrow more the bounds of the fitted parameters and potentially

reduce the number of parameters in the model.

e Another future research area for improving the process of the parameter estimation
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and model validation is to conduct DFT calculations or Monte Carlo simulations for
obtaining kinetic parameters. Given that this model is energy based, the Gibbs free en-
ergies corresponding to the intermediate species formed could be obtained or predicted

through these studies, and that would serve as further data for model validation.

In the proposed kinetic framework, the reaction mechanism assumed is just one of
the many possible reaction mechanisms that can occur in the Pt catalyst layer of
a PEMFC. The ORR mechanism was assumed to proceed through the associative
adsorption pathway and is comprised by 4 elementary steps, leading to the formation
only of PtO(ads), PtOH (445) and PtOsH 445 adsorbed species. Even though most people
now agree on this ORR mechanism, other species could be formed such as PtOy during
the reaction. The same with the oxide growth, three place exchange reaction are
assumed and treated as sources of 3 new adsorbed species OPtO gy, OPtOH gyup)
and OPt s, however other intermediate species and steps could occur during these

complex reaction and still be unknown and miscounted in the models.

This model assumes that the oxides formed during the oxide growth mechanism are
not moving, just formed and removed from the Pt surface through the cell operation.
However, it is known that over time, the oxide film grows, that can lead to the migration
of oxides and metal ions and that is the start of the platinum dissolution process.
Therefore, the formulation of this model as it is can not predict any Pt dissolution,
however can be treated as the basis for developing in the future a Pt dissolution model
because it accounts for the most representative mechanisms that contribute to the fuel

cell degradation.
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