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Abstract

Oxygen electrochemistry on platinum comprises of three well-known phenomena - oxygen

reduction reaction (ORR), platinum oxide growth and reduction during cyclic voltammetry

(CV) and logarithmic growth of oxides potentiostatically at high potentials. Many of the

elementary reaction steps are common to the three reaction systems but usually separate

kinetic models for the three phenomena are reported in the literature. In this thesis, we

present a single reaction framework comprising multistep mechanism, that captures the

key characteristics of ORR, CV and potentiostatic oxide growth. Comparison between

experimental data and proposed model as well as other models is presented in this work.

Furthermore, a mechanism for platinum dissolution was developed within the reaction

framework. The proposed dissolution model captured transient platinum dissolution trends

reported experimentally.

Finally, an impedance model for the cathode catalyst layer was developed assuming

the agglomerate structure. Analytical solution to oxygen transport within the catalyst

agglomerate were derived.
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Chapter 1

Introduction

1.1 Background

Polymer electrolyte membrane fuel cell (PEMFC) is a low temperature energy conversion

device currently supporting portable and auxiliary power applications. It converts the chem-

ical energy of hydrogen fuel and oxygen directly to electrical power through electrochemical

reactions. Hydrogen is fed to the anode side of the device while oxygen is fed to the cathode

side. Both the electrodes are separated by a polymer membrane in what is called as the

membrane electrode assembly (MEA) as shown in Figure 1.1. The hydrogen undergoes

oxidation at the anode catalyst layer releasing protons and electrons. The protons and

electrons transport to the cathode side through the polymer membrane and through an

external circuit, respectively. At the cathode side the oxygen combines with the electrons

and protons forming water through reduction reaction. The reactions can be summed up

as

2H2 −⇀↽− 4H+ + 4e− (1.1)

O2 + 4H+ + 4e− −⇀↽− 2H2O (1.2)

1



The available work from this reaction system corresponds to equilibrium potential of 1.23

Figure 1.1: Schematic diagram of membrane electrode assembly

V at standard conditions and concentrations of reactants. This electrochemical route of

chemical energy conversion to electrical power is more efficient compared to combustion

and does not result in harmful emissions. Thus fuel cells are poised to enter the light

transportation market in the near future as an alternative for the internal combustion

engine.

The US Department of Energy had set a cost target of $30/kW to be achieved by 2017

for this purpose (USDOE, 2011). One of the major reasons for high cost of PEM fuel cell

is the platinum catalyst used in the catalyst layer of PEM fuel cell. Therefore, in order

to achieve the cost target, a reduction in platinum loading without affecting stack perfor-

mance is sought (Sinha et al., 2011, Yoon and Weber, 2011). However this is not a simple

task. Design of low platinum loaded electrodes requires the understanding of the interplay

between catalyst layer morphology, transport of fuel to reaction sites and kinetics of reac-

tions. Within the catalyst layer, complexities arise from transport at multiple length scales

and reactions occurring in multiple steps. Performance modelling will provide invaluable
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insights into the interplay between catalyst layer structure, transport and kinetics. Models

that can incorporate appropriate structural information of the catalyst layer along with

detailed description of kinetics and transport will be valuable design tools.

Similarly the fuel cell stack lifetime target for automotive applications has been set

at more than 5000 hours (USDOE, 2011). The lifetime target is primarily affected by

platinum degradation in the cathode catalyst layer of PEM fuel cell. Performance loss

due to degradation is a significant issue considering the efforts to drive down platinum

loading. Therefore performance models that incorporate Pt degradation mechanisms can

be a valuable design tool.

1.2 Catalyst layer

The catalyst layer in a PEM fuel cell is where the chemical energy of the reactants are

converted to electrical work. It is at the catalyst layer where various reactants, transported

through porous transport layer, react on available catalyst sites. The catalyst layer has a

complex morphology and is a porous composite of NafionTM polymer and platinum and

carbon. The platinum catalyst nano particles are dispersed on the carbon phase. The open

pores are responsible for providing pathways for reactants and products to transport into

and out of the catalyst layer. The polymer phase is responsible for transport of protons and

dissolved gases while the electronic phase is responsible for the transport of electrons. The

open pores, carbon phase and ionomer phase must all come into contact in what is called as

the triple phase region for oxygen reduction reaction to occur. This requirement makes the

composition of different phases and their random microstructure important factors affecting

performance.
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1.3 Cathode catalyst layer

The cathode catalyst layer is the focus of this work because of a number of reasons: (i) a

majority of performance loss in a polymer electrolyte fuel cell is attributed to its cathode

(Eikerling and Kornyshev, 1998); (ii) degradation of Pt in the cathode catalyst layer is a

problem, and (iii) Pt catalyst loading on the cathode contributes to more than 50% of the

cost of the membrane electrode assembly.

Understanding the catalyst layer structure is important for developing a useful perfor-

mance model. Early models considered the catalyst layer as a thin interface between the

porous transport layer and polymer membrane without any structural resolution (Berning

et al., 2002). This assumption ignores any variation of concentration/reaction rates within

the catalyst layer and is therefore not very useful for catalyst layer design because such

an assumption could also lead to erroneous conclusions about the source of performance

loss(Sivertsen and Djilali, 2005). Volume averaged models on the other hand accounted

for the structure of catalyst layer through effective transport properties. The two com-

mon models using the volume averaged approach are the macro-homogenous film model

(Springer et al., 1991) and agglomerate model (Perry et al., 1998). In the macrohomoge-

nous model, the catalyst layer is assumed to be a porous macrohomogenous mixture of

electronic and ionic phases (Springer et al., 1991). Macrohomogenous models incorporated

in multi-dimensional fuel cell model have been used to predict species and reaction rate

distribution within the catalyst layer (Secanell et al., 2007a). They have also been used to

optimize the design of catalyst layer by suggesting appropriate amounts of polymer, carbon

and Pt catalyst to be used in the preparation (Song et al., 2005).

The state-of-the-art understanding of the structure of the catalyst layer has been sum-

marized in a recent review by Karan (2017). Recent works employing x-ray computer

tomography, focus ion beam-scanning electron microscopy and transmission electron mi-

croscopy for characterization of catalyst layers indicate that catalyst layers have pores of
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10-100 nm and composed of 100-150 nm sized aggregates of Pt/C covered by a thin film of

NafionTM (Epting et al., 2012, Singh et al., 2014). This is based on the observed tendency

of carbon to agglomerate bound by polymer film (Siegel et al., 2003). These new develop-

ments in imaging of catalyst layers are now allowing numerical simulation of reaction and

transport in catalyst layers to predict cathode polarization behavior and also to extract

effective transport properties for use in larger scale models. For example, Secanell et al.

(2007) developed a multi variable optimization framework based on the agglomerate model

of catalyst layer to improve cathode design (Secanell et al., 2007b). In another publication,

Epting and Litster (2012) studied the effect of agglomerate diameter distribution on model

predictions and found that predictions could vary as much as 70 % compared to assuming a

single diameter (Epting and Litster, 2012). In another modelling study the critical impor-

tance of ionomer thin film on local transport resistance especially at high current densities

was probed (Yoon and Weber, 2011). The increased resistance to transport in ionomer films

have also been established experimentally (Eastman et al., 2012, Modestino et al., 2013,

Nonoyama et al., 2011). In general, agglomerate models has been successful in capturing

the high current density voltage losses observed during FC operation (Harvey et al., 2008,

Sun et al., 2005). A schematic diagram of the agglomerate structure is given in Figure 1.2

(Sun et al., 2005).

Performance characterization of the cathode catalyst layer is often done through anal-

ysis of the steady state polarization curve as shown in Figure 1.3. Even at open circuit,

the potential of the cell is below the standard Nernst equilibrium value of 1.23 V due to

fuel crossover effects. Furthermore, as the current drawn from the cell increases, there is

additional voltage loss. The voltage loss in the low current density region is dominated

by the activation loss arising from the sluggish oxygen reduction kinetics. In the medium

current density region, ohmic losses dominate. Similarly in the high current density region,

concentration loss arising from transport limitation dominates. Overall the observed perfor-

mance is a result of coupled kinetic and transport effects. The challenge here is to delineate

5



Figure 1.2: Agglomerate structure of PEM cathode catalyst layer. Processes P3 to P8 rep-
resent transport of oxygen through catalyst agglomerate and reaction on platinum surface.
Reprinted from Electrochimica Acta, volume 50, W. Sun, B.A. Peppley and K. Karan, An
improved two-dimensional agglomerate cathode model to study the influence of catalyst
layer structural parameters, 3359-3374, 2005, with permission from Elsevier

which factor affects the performance. Recently Pant et al. (2018) reported a modeling tool

that analyzes changes in the PEM polarization response to determine whether performance

degradation was related to transport or kinetic process.

Performance models developed earlier predicted that voltage losses, observed through

changes in the Tafel slope, could be explained as coming purely from transport limitation of

protons and oxygen to reaction sites in the cathode catalyst layer (Jaouen and Lindbergh,

2003, Jaouen et al., 2002, Perry et al., 1998). There is also a debate of whether the voltage

losses at high current densities are purely transport losses or also due to the oxide-coverage

dependent kinetics for the oxygen reduction reaction. For ORR on polycrystalline Pt, two

different Tafel slopes have been reported a low slope of 60-70 mV/decade in the low current

density region and almost the double of that in the high current density region. Using

FC data, GM researchers in an earlier study (Neyerlin et al., 2006) argued that the true

intrinsic Tafel slope is around 60 mV/dec at 60 ◦C and the transition to higher slopes at

high current density is caused due to mass transport limitation. Hence, they used kinetic
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Figure 1.3: Typical steady state polarization curve. Reprinted from Electrochimica Acta,
volume 50, W. Sun, B.A. Peppley and K. Karan, An improved two-dimensional agglomerate
cathode model to study the influence of catalyst layer structural parameters, 3359-3374,
2005, with permission from Elsevier

data collected using an in-situ fuel cell set up at low current densities (above 0.8 V) and

used it for fitting to a simple Tafel model. In contrast, another study collected kinetic

data using low platinum loaded electrodes at potential as low as 0.7 V and after carefully

accounting for all transport losses, showed that the transition in Tafel slope was real and

hence used a coverage dependent Tafel model for data fitting (Subramanian et al., 2012).

The Tafel slope derived from the coverage dependent model decreases from an intrinsic

value of approximately 120 mV/dec at high current density (low surface coverage) to lower

values as surface coverage increases at higher potentials. In another recent study, a floating

electrode technique utilizing ultra-low loading electrodes were used to collect ORR kinetic

data without mass transport effects and a multistep kinetic model was used to examine the

transition in Tafel slope (Markiewicz et al., 2015).

As highlighted in a critical review of catalyst layer modeling, a majority of the cathode

catalyst layer models employ simplified Butler-Volmer kinetics, which do not consider any
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potential-dependent coverage of reaction intermediates (O and OH) of the ORR on Pt

surface (Weber et al., 2014). On the other hand, recent in-situ XPS studies confirm that

the Pt surface is covered by O and OH species and their abundance varies with potential

(Farkas et al., 2017, Wakisaka et al., 2008). Further, oxide formation and reduction during

cyclic voltammetry (CV) in absence of oxygen is a classical approach for characterization

of Pt catalysts. Furthermore, early work on O2 electrochemistry on Pt also established

the sub-surface oxides are formed at higher potential (Conway et al., 1990). The sub-

surface oxide formation follows a unique class of kinetics wherein the growth rate varies

linearly with logarithm of time (Conway et al., 1990). Another interesting piece of the

O2-Pt electrochemistry is that that the oxide species are also tied to the mechanism of Pt

degradation (Burlatsky et al., 2011, Darling and Meyers, 2003, Rinaldo et al., 2010, Topalov

et al., 2012, Wang et al., 2006). Contrasting views exist regarding the role of oxides in the

dissolution process. For example, it has been considered that platinum dissolution occurs

during the anodic cycle when the passivating oxide film has not been fully formed (Ahluwalia

et al., 2013, Darling and Meyers, 2003, Ogawa et al., 2017). Recently Ogawa et al. (2017)

developed a 3D anodic platinum dissolution/redeposition model during potential cycling

by considering the 3D geometry of carbon support structure and ionomer covered catalyst.

In contrast, It has also been suggested that surface reconstruction of platinum at higher

voltages causes Pt particles detachment during subsequent oxide reduction (Inzelt et al.,

2010). Additionally Topalov et al. (2012, 2014) utilized a flow cell set up and generated time

resolved platinum dissolution data during potential cycling and determined the dissolution

process occurred concurrently with the cathodic cycle. Yet, in other studies it has been

proposed that platinum oxide can dissolve chemically (Rinaldo et al., 2011, Tang et al.,

2010, Wang et al., 2006).

The work done by these authors was used as a starting point for the work presented in

this thesis. The primary focus of this thesis dwells on the development of a mechanistic

framework for the oxygen reduction reaction and water oxidation on platinum catalyst
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occurring in the cathode of PEM fuel cells. It was noted that while separate kinetic models

for ORR and water oxidation existed, a unified mechanistic model that could capture the

characteristics of ORR, CV and oxide growth response was lacking.

1.4 Knowledge gaps and research objectives

Despite several decades of research on oxygen electrochemistry on Pt and a recognition that

oxide species affect two critical phenomena related to fuel cells, ORR and Pt degradation

as well as the phenomena of surface and sub-surface oxide growth, no attempts have been

made to develop a unified model for O2-Pt electrochemistry. Tackling such a problem in a

rich field is a daunting task and forms the basis of the following two key research objectives

of the thesis:

1. To develop a unified kinetic model for ORR, surface oxide growth and sub-surface

oxide growth based on multi-step reaction pathway.

2. To develop a kinetic model for Pt-dissolution based on oxide species

In addition, a third research objective was also formulated in the early stages of the

thesis recognizing that there are few physics-based impedance models to interpret

transport-effects in the catalyst layers.

3. To develop an impedance model that can employ the multi-step kinetic model and

to explore the effect of a key catalyst layer parameter, the ionomer thin film, on the

impedance response.

1.5 Thesis organization

The thesis is presented in the following manner: Chapter 2 presents for the first time a

unified model for O2-Pt electrochemistry. Chapter 3 focuses on the extension of the kinetic
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framework developed in chapter 2 to develop a transient platinum dissolution model. In

chapter 4, a cathode catalyst layer impedance model is developed that would serve as basis

for implementing the kinetic framework. Chapter 5 highlights the main contributions of

this thesis and enumerates directions for future research.
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Chapter 2

O2 electrochemistry on Pt: A

unified multi-step model for

oxygen reduction and oxide growth

A version of this chapter has been published in the journal Electrochimica Acta, O2 elec-

trochemistry on Pt: A unified multi-step model for oxygen reduction and oxide growth, B.

Jayasankar and K. Karan, volume 273, May 2018, 367-378

2.1 Introduction

Oxygen electrochemistry on platinum has direct relevance to polymer electrolyte fuel cells

since platinum remains the benchmark catalyst for both the cathode and the anode. Oxygen

electrochemistry on Pt including the oxygen reduction reaction (ORR) has been a fertile

area of research for several decades. Classically, two different but interlinked phenomena

of oxygen electrochemistry have been studied. One phenomenon is the oxygen reduction

reaction (ORR), which has been studied for both acidic and alkaline media and finds rel-

evance in fuel cells (Damjanovic and Brusic, 1967, Jinnouchi et al., 2011, Markovic et al.,
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1995, 1999, Parthasarathy et al., 1992, Sepa et al., 1981, Wang et al., 2007, Wroblowa

et al., 1976, Yeager, 1984). Here, the discussions are restricted to acidic electrolyte. The

second phenomenon is the oxide growth on platinum investigated via cyclic voltammetry

and potentiostatic experiments in the absence of molecular oxygen (Alsabet et al., 2006,

Birss et al., 1993, Cabrera and Mott, 1949, Conway et al., 1990, Jerkiewicz et al., 2004, Vet-

ter and Schultze, 1972a). The interlink between oxide growth and ORR has been realized

by several groups that observed the attenuation of ORR activity due to oxide growth on

platinum surface (Gasteiger et al., 2005, Huang et al., 2014). The two phenomena can be

represented by the reaction scheme presented in Figure 2.1.

Figure 2.1: Oxygen water electrochemistry on platinum. The subsurface oxide Osub is
considered in water oxidation studies but neglected while discussing ORR mechanism

The ORR has been considered to proceed through either the associative (Jinnouchi et al.,

2011, Nørskov et al., 2004), dissociative (Wang et al., 2007) or peroxide pathways (Wroblowa
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Figure 2.2: ORR mechanism proposed by Wroblowa et al. (1976)

et al., 1976). The mechanism shown in Figure 2.1 is slightly modified from the original

mechanistic pathway (Wroblowa et al., 1976), shown in Figure 2.2. The direct 4e− transfer

to oxygen to form water in Wroblowa mechanism has been replaced by the associative and

dissociative pathways. This peroxide pathway includes the possibility of peroxide formation

due to incomplete reduction. The extent of peroxide formation and its effect on ORR is

an ongoing debate (Chen and Kucernak, 2004, Damjanovic et al., 1967, Markovic et al.,

1995, Paulus et al., 2001). Peroxide formation was observed to commence at low electrode

potential, greater than 0.6 V vs RHE overpotential (Sethuraman et al., 2008). In this work,

the focus is on reactions at higher electrode potentials, therefore the peroxide pathway is not

considered in this work. On the other hand, attention is directed towards the associative and

dissociative pathways of reduction of oxygen to water, which consists of several intermediate

steps. The difference between the two pathways is whether oxygen adsorbs before or during

hydrogenation. There are several unresolved issues related to ORR that include the cause

of Tafel slope doubling, identification of the rate-determining step, determination of the

dominant reaction pathway and an understanding of the role of the reaction intermediates.

For example, both the associative (Jinnouchi et al., 2011, Walch, 2011) and dissociative

pathaway (Wang et al., 2007) have been considered favorable. Similarly, the first electron

transfer step (Damjanovic and Brusic, 1967), or oxygen adsorption (Yeager, 1984) or oxygen

adsorption followed by electron transfer (Parthasarathy et al., 1992) has been assumed to

be the rate-determining step. In recent works, no assumption of rate determining step
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has also been considered that allows for different steps to be rate determining depending

on potential (Wang et al., 2007). Between the two pathways, the intermediate species

considered include Oads, OHads, O2Hads, O2,ads adsorbed species (Jinnouchi et al., 2011,

Nørskov et al., 2004, Ruvinskiy et al., 2011, Walch, 2011, Wang et al., 2007). The role

played by the intermediate species is also not clear. For example, it has been stated that

the oxide species is either a spectator species (Nørskov et al., 2004) or act as surface poison

(blocker) (Uribe et al., 1992) or influence the catalytic activity (Gasteiger et al., 2005, Huang

et al., 2014, Mukerjee et al., 1995) or act both as a site blocker and influence catalytic

activity (Markovic et al., 1999). In recent studies, Density Functional Theory (DFT) has

often been used to determine the feasibility of different reaction pathways (Associative

or dissociative) and the stabilites of reaction intermediates (de Morais et al., 2011, 2015,

Ferreira de Morais et al., 2015, Jinnouchi et al., 2011, Nørskov et al., 2004, Rossmeisl et al.,

2007, Walch, 2011). For example, Nørskov et al. (2004) reported the higher stability of

adsorbed Oads and OHads and the associated rate of transfer of proton to them as the

source of activation overpotential for ORR. Similarly, Jinnouchi et al. (2011) developed a

mean field model considering both the associative and dissociative pathways and estimated

the activation energy barriers for the constituent reactions. They concluded that ORR

proceeds predominantly through the associative pathway on Pt(111). In another DFT

study, activation energies for elementary reactions that constitute ORR were calculated

that enabled the formulation of a kinetic model to simulate PEMFC performance (de Morais

et al., 2011). In all these studies,attention has been focused on determining the identities

and roles of intermediate oxide species from the point of view of ORR. Yet a different

picture emerges when one considers the phenomenon of oxide film growth on platinum in

the absence of oxygen.

The growth of oxide films on platinum in the absence of oxygen has also been studied

for decades. The oxide growth phenomenon is typically studied as the oxidation of water on

platinum. Numerous studies have been conducted to identify the nature and rate of growth
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of oxide species on platinum as a function of potential (Alsabet et al., 2006, Birss et al., 1993,

Cabrera and Mott, 1949, Conway et al., 1990, Jerkiewicz et al., 2004, Vetter and Schultze,

1972a). In the potential range 0.6 V to 1.2 V versus RHE, the products of water oxidation

are either Oads (Jerkiewicz et al., 2004, Vetter and Schultze, 1972a) or both Oads and OHads

(Appleby, 1973, Rai et al., 2008) or O2,ads (Redmond et al., 2014). The characteristic

features of oxide film growth are the logarithmic growth of oxide with time observed in

potentiostatic experiments(Conway et al., 1990) and the characteristic cyclic voltammetry

response that is assumed to result from irreversible processes during platinum oxidation

(Appleby, 1973, Rinaldo et al., 2014). In order to explain the characteristic response during

platinum oxide formation, some amount of surface reconstruction is considered to occur

at the interphase between metal and oxide (Conway et al., 1990, Harrington, 1997, Holby

et al., 2012, Jerkiewicz et al., 2004, Redmond et al., 2014). The surface reconstruction refers

to the formation of sub surface oxide within the platinum lattice (Jerkiewicz et al., 2004) or

buckled oxides (Holby et al., 2012). The sub surface oxide is either OHsub (Conway et al.,

1990) or Osub (Jerkiewicz et al., 2004). These surface reconstruction steps are considered

as post electrochemical steps that cause irreversibility of oxide formation seen during CV.

Thus platinum oxide studies indicate yet another dimension of the oxide character but

this is often not considered when discussing ORR mechanism. A review of kinetic models

for the platinum/oxygen system reveals a similar situation wherein several models have

been proposed to capture ORR and oxide growth phenomena but a unified model that can

simulate both phenomena is lacking.

ORR kinetic models

The simplest expression considered to describe ORR kinetics is the Tafel rate law given by

equation 2.1:

i = io(
PO2

PO2,ref

)γexp(
αηF

RT
) (2.1)
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Where io is the exchange current density at reference oxygen concentration PO2,ref
, PO2

is the actual oxygen concentration, γ is the kinetic reaction order with respect to partial

pressure of oxygen, η is the applied over-potential and α is the charge transfer coefficient.

The proton concentration, the other reactant not shown in the equation, is assumed to be

at reference concentration. Experimentally, the Tafel slope has been observed to transition

from 60 mV/dec (corresponding to α = 1) in low current densities to 120 mV/dec (α =

0.5) at high current densities in acid electrolyte systems, see references within Subramanian

et al. (2012). This doubling of slope means there is a higher voltage loss at higher current

densities, indicative of poor performance. Historically, the doubling of Tafel slope has been

explained in terms of change of adsorption mechanism from Langmuir to Temkin type

(Damjanovic and Brusic, 1967) or in terms of changing surface coverage (Markovic et al.,

1999, Uribe et al., 1992) or due to mass transport effects (Neyerlin et al., 2006). To capture

the effect of surface coverage on Tafel slope transition and maintain the ORR kinetic model

in a Tafel like form, a modified Tafel expression has been used by several groups (Markovic

et al., 1999, Subramanian et al., 2012, Uribe et al., 1992). This expression is shown in

Equation 2.2 (Subramanian et al., 2012):

i = io(1− θ)(
PO2

PO2,ref

)γexp(
αηF

RT
)exp(

−ωθ
RT

) (2.2)

The modified expression as shown in Equation 2 incorporates the site blocking effect of

surface oxides through the term (1 − θ) and also an energetic effect through the term

exp(−ωθRT ) akin to Temkin adsorption. However, in order to use this ORR model the surface

coverage at different potential is needed a priori. Oxide coverage is typically estimated using

the integrated charge method (Liu et al., 2010, Subramanian et al., 2012) and obtained

from cyclic voltammetry of the electrode in the absence of oxygen, during which the water

oxidation on platinum contributes to surface species. It can be expected that in the presence
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of oxygen, as in the case of ORR, the surface coverage may differ from those in the absence

of it. Thus, surface coverage in the presence of oxygen is required but is not available.

In prior work (Subramanian et al., 2012), a simplified approach was adopted assuming

that oxide coverage was independent of oxygen pressure. Whether the oxide coverage in

the absence of oxygen varies from that in its presence and what oxygen containing species

exist on the platinum surface still remains unclear (Kongkanand and Ziegelbauer, 2012,

Wakisaka et al., 2008, Wang et al., 2007). For example, oxide coverage estimated using

electrochemical quartz crystal microbalance (EQCM) suggests that the presence of oxygen

does not increase coverage (Kongkanand and Ziegelbauer, 2012). However, another study

employing x-ray photoelectron spectroscopy concluded that there was an increased oxide

coverage in the presence of oxygen (Wakisaka et al., 2008). It is obvious that the reliability

of predictions of the coverage-dependent ORR kinetic expression shown in equation 2.2

hinges upon the accuracy of the coverage, which is at the least potential dependent and

may be oxygen concentration dependent also.

In contrast to the above models, multi step mechanistic models for ORR have also

been considered (Jinnouchi et al., 2011, Markiewicz et al., 2015, Moore et al., 2013, Wang

et al., 2007). Multi-step models have the ability to simultaneously predict coverage and

kinetic behavior and do not require explicit or external input of coverage as a parameter

in the model. These models are often used to predict the rate determining step in oxygen

reduction reaction and also analyze the cause of double Tafel slope. For example, Wang et al.

(2007) proposed the double trap kinetic model and explained that ORR was limited by the

desorption rate of adsorbed species. At low overpotentials, the surface coverage of oxides,

is high, acting as a site blocker while at high over potentials, desorption barrier reduces

and the Tafel slope becomes a function of the transfer coefficient of desorption reaction.

On the contrary, Holewinski and Linic (2012) were able to show that the transition of Tafel

slope as a function of surface coverage of oxides and H2O species while assuming the initial

reduction of oxygen as the rate determining step.
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Oxide growth models

Historically, oxide growth on electrocatalysts like platinum and gold was based on either

the direct logarithmic rate law (Conway et al., 1990, Vetter and Schultze, 1972a) or the

inverse logarithmic rate law (Cabrera and Mott, 1949). The mechanisms that cause the

characteristic growth of oxide films with time have been based on some sort of rearrangement

of the lattice positions of metal and oxide atoms at the interphase. For example, the inverse

logarithmic rate law was based on the mechanism of surface metal atoms being injected

as ions into the forming oxide film across an interphasial energy barrier (Cabrera and

Mott, 1949). Conway et al. (1990) argued that the inverse rate law is not applicable to

sub monolayer growth of oxides. Hence they proposed a direct logarithmic rate law that

assumed the formation of surface oxide dipoles (PtOH) that subsequenty flipped resulting in

formation of place-exchanged oxide (OHPt). The driving force for the flipping was assumed

to be a function of surface potential. The logarithmic rate law, in its concise form, is given

by the following (Heyd and Harrington, 1992)

j =
dσox
dt

= aoexp(cE)exp(−bσox) (2.3)

where σox is the measured charge density proportional to the amount of oxide at applied

potential E. The terms ao, b and c are fit parameters. Conway et al. (1990) showed that

direct integration of this rate law gives rise to logarithmic growth of oxide. Several groups

utilized this rate law as a basis for predicting oxide growth on platinum (Darling and Meyers,

2003, Heyd and Harrington, 1992). More recently, an oxide growth model that combined

the place exchange process with migration of oxygen vacancies within the growing oxide

film was also developed Baroody et al. (2017).
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Cyclic Voltammetry (CV) models

The characteristic features of cyclic voltammetry response in the platinum oxide formation

and reduction region include the flat plateau curve during the anodic sweep and the narrow

reduction curve with a peak maximum during the cathodic sweep. One of the earliest

models analysed to explain these characteristic features could be traced back to the work of

Appleby (Appleby, 1973). In Appleby’s work, the mechanism of successive electron transfer

steps, first leading to the formation of OHads (with a falling rate constant as OH coverage

increased) and then rapid transition to Oads was proposed to occur during the anodic sweep.

The rate law for the reaction steps in their work was based on Temkin isotherm model. A

more recent example of this approach to model CV behavior is the work of Holby and

Morgan (2012). They assumed the formation of Oads from water oxidation involving a two-

electron transfer reaction without considering any intermediate step. In this model, Holby

and Morgan (2012) ignored the physics of place exchange by not modeling the formation

of place exchanged oxides. However to account for oxide growth beyond one monolayer,

they also assumed the limit of platinum oxides to 2 layers. This idea is captured by the pre

exponential term (1− θ/2) in the rate expression for oxide formation as shown in equation

2.4. The rate of oxide formation is also limited by existing oxide coverage through the

exp(ωθ) term that is akin to Temkin adsorption. Therefore this approach,qualitatively,

resembles the approach of Appleby. Using this approach, Holby and Morgan (2012) were

able to predict the anodic current plateau observed during CV arising from water oxidation

on platinum. However, the authors also noted that the model was not able to predict

correctly the peak current during the subsequent cathodic voltage sweep. The authors

further remarked that perhaps a multi step model would be able to capture this feature

instead of the two-electron transfer reaction assumed in their work.

19



rnetoxide = ν1exp(
−(H2,fit + λθ)

RT
)[(1− θ/2)exp(

−nF (1− β)(Ufit − V + ωθ
nF )

RT
)

−ν2

ν1
(10−2pH)exp(

nF (β)(Ufit − V + ωθ
nF )

RT
) (2.4)

r = k[exp(
−ωθPtO
RT

)exp(
αanFη

RT
)− θPtO

C2
H+

C2
H+,ref

exp(
−αcnFη
RT

)] (2.5)

In contrast to these approaches, Harrington and Heyd (Heyd and Harrington, 1992)

showed that the direct application of place exchange model of Conway et al. (1990) was

able to predict the anodic sweep. Darling and Meyers (2003) utilized this idea and added

a cathodic term to the place exchange model to allow platinum oxides formed from water

oxidation to re convert to water at suitable potentials as shown in the equation 2.5. A key

feature of this rate law is the absence of a pre exponential term to denote surface availability

i.e., (1 − θ), which allows for oxide deposition to occur without getting limited when the

surface coverage reaches unity i.e., θ = 1. One drawback of this approach is that it fails to

explicitly predict the amounts of surface and place exchanged oxides. Only the cumulative

oxide amount is represented by the term θ. More recently, formation of place exchanged

PtO2 with different chemical potential has also been considered to model CV (Redmond

et al., 2014).

From this brief review, it is clear that individual models exist to capture ORR, CV and

oxide growth behaviors. But a unified kinetic model that can capture all of these observed

characteristics is still lacking to the best of our knowledge.

2.2 Objective

The objective of this thesis is to develop a kinetic framework based on multi-step ORR

mechanism that is also able to capture the oxide growth phenomenon. The primary objec-

tive of this work is to develop a single, robust kinetic model that can reproduce at least the
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following three experimental characteristics, namely, (a) polarization behavior (b) logarith-

mic growth of oxide during cyclic voltammetry (CV) and (c) logarithmic growth of oxide

during potential step, e.g. experiments wherein mass change is monitored by EQCM. In

pursuing these objectives, Wang’s double trap mechanism is used as a basis for developing

the kinetic framework. In another publication, Moore et al. (2013) analysed Wang’s double

trap mechanism and modified the model to include water oxidation reaction in calculating

ORR current that was originally neglected by Wang et al. (2007). However, as this thesis

will show, the water oxidation reaction produces interesting current-voltage characteristics

during cyclic voltammetry and logarithmic oxide growth during potentiostatic hold that will

not be captured by even the modified double trap model presented by Moore et al. (2013).

Therefore, further suitable modifications were applied to the model to ensure its predictive

capabilities matched our objectives. Experiments were performed to collect oxide growth

data that were used for model fitting and estimation of parameters. In prior ORR kinetic

modeling works, model parameters were almost always estimated from fitting to polariza-

tion data alone (Moore et al., 2013, Neyerlin et al., 2006, Subramanian et al., 2012, Wang

et al., 2007). In this work, oxide growth data was used in addition to polarization data

for parameter estimation. The rationale behind this was to ensure that the model captures

the mass of oxide on platinum that is observed experimentally at different potentials. This

is important because, multi step models have the capability to predict surface coverage in

addition to current density as a function of potential. While there is no way to measure

true surface oxide coverage experimentally and compare with model predicted coverage, the

oxide coverage mass can be measured. In this work, the QCM system was employed to

measure oxide mass on platinum.
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2.3 Experimental

Oxide growth measurement by quartz crystal microbalance: The Quartz crystal microbal-

ance (QCM) system by Maxtek was used for gravimetric studies. The quartz crystals used

were 1 inch diameter, Pt coated, 5 MHz and AT-cut with a temperature coefficient of 25◦C.

The QCM system has a mass resolution of 4 ng/cm2. The experimental set up was a typi-

cal three-electrode arrangement consisting of Pt gauze counter electrode, Pt crystal working

electrode and Ag/AgCl counter electrode. The electrolyte used was 0.1 M HClO4 prepared

from 70% Veritas double distilled perchloric acid from GFS chemicals. Luggin capillary

was used to measure the potential of working electrode. Throughout the experiments high

purity Ar gas was bubbled through the electrolyte.

The electrochemical active surface area was determined to be 3.2 ± 0.0423 cm2 by

integrating the charge in the hydrogen adsorption region assuming a specific charge of 210

µC/cm2. Potential step experiments were carried out by maintaining the working electrode

potential at 0.43 V vs RHE (oxide free region) for 30 seconds before stepping up to final

potential Ef , held for 120 seconds. The frequency change of the oscillating crystal was

monitored continuously and this information is converted to gravimetric response data

using the Saurbrey equation:

∆m = −C ×∆f (2.6)

Where, ∆m is the mass change corresponding to frequency change ∆f and C is the

Saurbrey constant. The experiment was repeated 5 times for each final potential Ef . The

frequency response is highly sensitive to impurities, external disturbances and variation in

temperature. Established procedures were followed to clean glassware used in the experi-

ment (Jerkiewicz et al., 2004). Capacitance cancellation was also done prior to measuring

frequency response (Kongkanand and Ziegelbauer, 2012). The data from this experiment is
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shown in Appendix A.

2.4 Analysis of double trap model

Figure 2.3: Double trap kinetic mechanism of ORR proposed by Wang et al. (2007)

Wang’s double trap mechanism consists of a set of 4 series-parallel reactions as shown

in Figure 2.3. According to this mechanism, oxygen reacts with Platinum via the electro-

chemical reductive adsorption (RA) step forming OHads or via the chemical dissociative

adsorption (DA) step forming Oads. The adsorbed oxygen can be converted to OH via the

electrochemical reductive (RT) reaction. Finally, the adsorbed OHads gets reduced to H2O

via reductive desorption reaction (RD). The authors did not assume a rate-determining step

and allowed for different reactions to be rate limiting at different potentials. The model

was then fit to ORR data collected from rotating disk electrode in liquid electrolyte and

the free energy barriers for the individual reactions were then obtained from the fit. There

are two key issues to be discussed here. The first pertains to the model predictions of

total coverage in the presence and absence of oxygen. While the model predicts a higher

surface coverage (see figure 2 in Wang et al. (2007)) in the presence of oxygen, the exper-

iments by Kongkanand and Ziegelbauer (2012) suggests otherwise. This discrepancy has

been observed in other studies too (Jinnouchi et al., 2011).

The second issue pertains to the growth of oxide film in the absence of oxygen due to

oxidation of water on platinum (Reverse of reaction RD in the mechanism) and associated
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Figure 2.4: Cyclic voltammetry of Pt electrode in aqueous acidic electrolyte in the absence
of O2. [Predictions: Using the double trap model of Wang et al. (2007) and Moore et al.
(2013). Experimental data from Jerkiewicz et al. (2004)

surface reconstruction as discussed earlier. As Rai et al. (2008) noted, in the absence of

molecular oxygen, the water oxidation reaction represents the electrochemical reaction at

the cathode of PEM. Since water oxidation is inherently modeled in the kinetic mechanism,

it has to be ensured that the characteristics of water oxidation is also captured by the

model. However, as pointed out by Moore et al. (2013), Wang’s (Wang et al., 2007) original

formulation of the double trap mechanism ignored the reverse RD step. Hence Moore

et al. (2013) modified the original double trap model to include the reverse RD step and re

estimated the kinetic parameters in the mechanism. In Figure 2.4 the predicted CV response

using Wang’s double trap model and Moore’s modified double trap model is presented. It

can be seen from the figure that the well established plateau response of polycrystalline
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Figure 2.5: Oxide mass on Pt electrode in aqueous acidic electrolyte in the absence of O2 at
1.1 V vs RHE. [Predictions: Using the double trap model of Wang et al. (2007) and Moore
et al. (2013). Experiment: Data obtained from the EQCM set up in this work

platinum during the anodic sweep above 0.85 V is missing. Similarly Figure 2.5 compares

the potentiostatic weight of oxide on platinum as a function of time predicted by both the

models with experimental data obtained as part of this work. Even without considering the

magnitude mismatch between model and experiment, It can be observed that the models

do not capture the oxide growth trend (known to be logarithmic with time) observed in

the experiment. Specifically, the models predict a quick approach to a steady state oxide

mass while in the experiment oxides continue to grow at en ever decreasing rate. More

recently, a further modification to the double trap kinetics mechanism was proposed to

capture ORR characteristics at even higher overpotentials, lower than 0.6 V cell potential,

through the formation of OOHads intermediate that blocked the surface (Markiewicz et al.,
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2015). Nevertheless the oxide growth phenomenon was not considered again. Developing

a kinetic mechanism that can capture these two key elements of water oxidation as well as

ORR polarization is one of the key aspects of the current work.

2.5 Water oxidation mechanism on platinum

In this section, first, a mechanism for platinum oxide formation and reduction is described

for polycrystalline platinum extended surface in acid electrolyte and corresponding model

expressions are developed. A significant difference is the surface reconstruction steps as-

sumed in this model compared to prior models. Then the mechanism is then extended

further to describe ORR reaction kinetics.

The recurring theme of oxide formation mechanism has been some variant of the reaction

steps RT and RD as described in section 2.4 and serves as the starting point in this work.

The oxidation of water on platinum to form surface adsorbed OHads and Oads species as

shown in equations 2.7 and 2.8 is considered to occur during anodic scan.

Pt+H2O → OHads +H+ + e− (2.7)

OHads → Oads +H+ + e− (2.8)

The mechanism has been viewed as successive one electron transfer steps or a direct 2e−

transfer step to form Oads. The formation of O2,ads has also been considered in the literature.

For example, Rinaldo et al. (2014) considered interaction between OHads on two different

sites to form PtOO on Pt(111). Similarly Redmond et al. (2014) considered the direct

conversion of OHads to form O2,ads on Pt surface and edge sites. These steps are not
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currently included in this work. Formation of surface oxides are modeled through Butler-

Volmer kinetics as shown in equations 2.9 and 2.10.

νRD = kRD(θOHaH+exp(
−β(E − ERD)

kT
)−

θPtexp(
(1− β)(E − ERD)

kT
)exp(−ωRD(θOH + θO)

kT
) (2.9)

νRT = kRT (θOaH+exp(
−β(E − ERT )

kT
)exp(

ωRT θO
kT

)−

θOHexp(
(1− β)(E − ERT )

kT
) (2.10)

Where T refers to temperature, k refers to Boltzmann constant, β refers to reaction sym-

metry factor and the variables θi’s, ki’s, Ei’s and ωi’s refer to surface coverage fractions, rate

constants, equilibrium potentials and Temkin interaction terms respectively. The formation

of oxides is modelled to follow Temkin kinetics which implies that increase in oxide coverage

results in impeding further oxidation. The formation of platinum oxides is probed either

through potential hold experiments which lead to logarithmic growth of oxides or through

potential cycling experiment which lead to the characteristic CV response of Pt in acid elec-

trolyte (Angerstein-Kozlowska et al., 1973, Conway and Gottesfeld, 1973, Tilak et al., 1973,

Vetter and Schultze, 1972a,b): broad anodic plateau and a cathodic reduction peak with

indications of irreversible behavior, i.e., the peak reduction potential is a function of scan

rate. A shift in reduction peak potential to less positive potentials was observed when the

upper potential increased or when time spent at upper potential increased (Jerkiewicz et al.,

2009). These observations led to the assumption that the initial formed oxide undergoes

compositional and structural changes.

With increasing surface Oads, it becomes energetically feasible to form place exchanged

oxide O-Pt. Place exchange step has been considered to occur as a result of surface dipole

rearrangement (Conway et al., 1990) or as a result of electrostatic interactions between

surface oxides. DFT studies (Holby et al., 2012) revealed a hybrid structure consisting of
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both simple place exchanged species with O underneath Pt and buckled PtO. In this work,

we assume a simple place exchange structure with the oxygen atom beneath the Pt. It must

be noted that only Oads is designated to undergo place exchange to form O-Pt. Vetter and

Schultze (1972b) considered the place exchange of OHads to OHPt which undergoes further

oxidation to form OPt. The place exchange step is shown in equation 2.11.

PtO −⇀↽− O − Pt (2.11)

The coverage fraction of place exchanged oxide or sub surface oxide is denoted by θsub in

this work. As the potential is further increased, the place exchanged platinum can undergo

further oxidation at suitable potentials to form O− Pt−OH and O− Pt−O as shown in

reactions 2.12 and 2.13. The coverage fractions of these oxides are denoted by θOHex and

θOex, respectively. The O-Pt-O species can be visualized as PtO2 stripes whose presence is

indicated by DFT studies (Holby et al., 2012).

O − Pt+H2O
−H+−e−−−−−−−⇀↽−−−−−− O − Pt−OH (2.12)

O − PtOH
−H+−e−−−−−−−⇀↽−−−−−− O − Pt−O (2.13)

The rate expressions for the formation of place exchanged oxide described in equation

2.11 is modelled as shown in equation 2.14 below.

νsub = ksubθOexp(−ωsub
θsub + θOHex + θOex

kT
)θPt2 − k−subθsub (2.14)

The rate constant is modelled as ksub = exp(βsubδφkT ). For βsub = 0, the model for place
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exchange is independent of potential while for non zero values the model resembles the

log growth model (Conway et al., 1990). δφ in direct log growth models refers to the

potential drop across the thickness of the oxide film, which is a fraction of the metal -

solution interfacial potential drop. In this work, it is modelled as E − Esub where E is the

applied potential and Esub is the potential at which place exchange commences. This value

is typically reported to be greater than 1.15 V in deaerated solutions (Jerkiewicz et al.,

2004) while lower values of 0.9 V has been reported in the presence of oxygen (Kongkanand

and Ziegelbauer, 2012). The inverse place exchange process is modelled in the mould of

a chemical reaction. A reasonable assumption based on observations in gold electrode

(Angerstein-Kozlowska et al., 1979). Surface diffusion of place exchanged platinum may well

occur and the inverse place exchange process in this case may correspond to re deposition

of platinum at a different site (Harrington, 1997). In this work, the inverse place exchange

is assumed to represent the return of place exchanged platinum to the platinum lattice at

the same location.

The rate expressions for reactions 2.12 and 2.13 are modelled similar to that of reactions

RT and RD and are shown in equations 2.15 and 2.16 respectively.

νRDex = kRDex(θOHexaH+exp(
−β(E − ERDex)

kT
)− θsubexp(

(1− β)(E − ERDex)

kT
))(2.15)

νRTex = kRTex(θOexaH+exp(
−β(E − ERT )

kT
)exp(−ωRTexθOex

kT
)−

θOHexexp(
(1− β)(E − ERT )

kT
) (2.16)

These reactions describe the formation of O-Pt-x stripes. The mechanism described so far

is summarized in Figure 2.6. It is acknowledge that several different types of oxide species

has been proposed to be present on platinum during the oxidation process. At this point

the focus is to develop this framework which can be further appended as the need arises.

In summary, the various assumptions made during the formulation of the mechanism

are listed below
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Figure 2.6: Proposed mechanism for oxide growth and ORR on polycrystalline platinum

1. Oxidation of water on platinum proceeds through successive oxidation steps forming

OHads and Oads adsorbed species. This is a reasonable assumption based on prior

studies (Jerkiewicz et al., 2004, Jinnouchi et al., 2011, Markiewicz et al., 2015, Wang

et al., 2007)

2. Oads surface oxide can undergo place exchange to form O-Pt, that exposes the plat-

inum from one layer below. This exposed platinum can undergo further oxidation to

form O-Pt-OH and O-Pt-O oxide stripes. This is also a reasonable assumption based

on DFT studies wherein a simple place exchange structure with the oxygen atom

beneath the Pt was proposed (Gu and Balbuena, 2007)

3. O-Pt must undergo reverse place exchange to form Oads before it can be reduced to

surface platinum during the cathodic cycle.

This completes the description of the platinum oxide model. In order to keep track of

surface coverages of different oxide species, material balance equations are required. These
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are shown in equations 2.17 to 2.21.

τ
dθOH
dt

= νRT − νRD (2.17)

τ
dθO
dt

= −νRT − νsub (2.18)

τ
dθsub
dt

= νsub + νRDex (2.19)

τ
dθOHex
dt

= νRTex − νRDex (2.20)

τ
dθOex
dt

= −νRTex (2.21)

Where τ refers to the moles of sites per unit surface area of platinum. This is assumed to

be constant and calculated by dividing the hydrogen adsorption charge of 220 µCcm−2
Pt by

the Faraday’s constant.

2.6 Extension to ORR

The kinetic model developed to capture the oxide growth aspects from water oxidation on

platinum was appended with additional reaction steps in order to capture oxygen reduction

reaction within this kinetic framework. One of the shortcomings of the double trap kinetic

model was the oxygen concentration dependency captured in terms of thermodynamic re-

action order. Specifically, the predicted reaction order (Moore et al., 2013, Wang et al.,

2007) was lesser than what is reported experimentally (Markiewicz et al., 2015). In order

to improve this aspect of the model, the kinetic mechanism is reformulated with the disso-

ciative adsorption step (DA) replaced with an associative adsorption (AA) step as shown in

equation 2.22. The surface adsorbed species, O2Hads, from the first step is then assumed to

dissociate into Oads and OHads surface species through a dissociative transition (DT) step

as shown in equation 2.23. The RT and RD steps are the same steps as described in the

previous section. The complete mechanism for ORR is summarized by the steps below.
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O2
H++e−−−−−−⇀↽−−−−− O2Hads (2.22)

O2Hads → Oads +OHads (2.23)

Oads
H++e−−−−−−⇀↽−−−−− OHads (2.24)

OHads
H++e−−−−−−⇀↽−−−−− H2O (2.25)

2.6.1 Kinetic model

The model expressions for reactions RT and RD are as shown in equations 2.9 and 2.10.

The DT step is modelled in the manner of a chemical reaction as shown in equation 2.26.

It is further assumed that the reverse of DT is energetically unfavourable.

νDT = kDT × θO2H (2.26)

The AA step is also modelled using the Butler Volmer approach explained in prior

publications (Moore et al., 2013, Wang et al., 2007) with a coverage dependent term added.

This is shown in equation 2.27.

νAA = j∗[exp(
−∆G∗AA
kT

)aO2aH+θPt − θO2Hexp(
−∆G∗−AA

kT
)] (2.27)
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where

∆G∗AA = ∆G∗oAA + βη + ωAA(θOH + θO) (2.28)

∆G∗−AA = ∆G∗oAA − (1− β)η −∆GrefAA (2.29)

Where, j∗ is the reference pre-factor (Wang et al., 2007), ωAA is the Temkin adsorption

factor, ∆G∗AA and ∆G∗−AA are the energy barriers for forward and reverse reactions, ∆G∗oAA

is the energy barrier at zero overpotential and ∆GrefAA is the adsorption free energy. The

surface coverage dependency of this step is captured through the term ωAA(θO+θOH). The

surface coverage fractions of various species and the kinetic ORR current are calculated

based on mole balance equations below:

τ
dθO2H

dt
= νAA − νDT (2.30)

τ
dθO
dt

= νDT − νRT (2.31)

τ
dθOH
dt

= νDT + νRT − νRD (2.32)

iORR = F ∗ (νRT + νRD + νAA) (2.33)

2.7 Parameter fitting procedure

The kinetic model presented in the previous section has a total of 15 parameters related

to water oxidation through reaction steps RT, RD, place exchange, RDex and RTex. The

sequence of steps undertaken to estimate these parameters is listed here. The rate constant

kRT in equation 2.10 was fixed arbitrarily to a base value. The rate constants of all the other

reaction steps were fixed as a factor of this base value. For example, kRD was estimated to

be 10 times slower than the base value. These factors were based on analysis presented in

prior modelling work (Appleby, 1973) and was used as a guideline. The parameters were
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then estimated manually by matching model predicted CV and oxide growth characteristics

to experimental CV data from Savinova et al. (2004) and EQCM oxide growth data. Note

that the goal of fitting was not to match model predictions with each data point but

rather to ensure characteristic features in the data were captured. These features are

discussed in the results section 2.8. During the course of data fitting, insights on the effect

of some parameters were gained. ωRT affects the broadness of the oxide reduction peak

during potential cycling while ωRTex affects the rate of oxide reduction on place exchanged

platinum. The final estimates of parameters are listed in Table 2.1.

Parameter groups Parameter Parameter estimate

Rate constants (mol cm−2
pt s
−1)

kRD 4.3× 10−9

kRT 4.3× 10−8

ksub 4.3× 10−11

k−sub 4.3× 3× 10−11

kRDex 4.3× 10−11

kRTex 4.3× 10−11

Equilibrium potential V

ERD 0.79
ERT 0.79
Esub 1.2
ERDex 0.98
ERTex 0.98

Interaction energies eV

ωRD 0.46
ωRT 0.07
ωsub 1.4
ωRTex 0.3

Table 2.1: Parameter groups and estimates

Out of the total number of parameters in the ORR model, the parameters for reactions

RT and RD were already estimated as shown in Table 2.1. This leaves 4 other free pa-

rameters related to reactions AA and DT, namely, ∆G∗oAA, ∆GrefAA, ωAA and kDT . Using

a minimum search algorithm in-built in MATLAB, these parameters were estimated by
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minimizing the objective function:

min
∆Gi

J(∆Gi) =
n∑

m=1

(
jexpk − jmodelk

jexpk

)2 (2.34)

Where jexpk refers to experimental ORR data obtained using an RDE system at 298 K

and aqueous 0.1 M perchloric acid electrolyte solution. At high overpotentials, the coverage

of oxides on platinum is negligible. This criteria was used to further refine the successive

estimates obtained during the fitting procedure.

The estimated parameter values are reasonable when compared to other kinetic models

and DFT studies (de Morais et al., 2011, Jinnouchi et al., 2011, Moore et al., 2013, Rai

et al., 2008). For example, the estimated Temkin interaction energy for O2H formation

is 9.6 kJ/mol and this is comparable to 19 kJ/mol estimated through DFT (de Morais

et al., 2011). In addition, for reaction DT, DFT study shows very low activation barrier

for forward reaction and a very high for backward reaction (de Morais et al., 2011).This

supports our assumption in the model wherein we assume reverse of reaction DT to be of

negligible rate. Moreover, If the estimated kinetic rate constants in Table 2.1 are recast

in Arrhenius rate law form, the activation energies in the model vary between 70 kJ/mol

and 80 kJ/mol for reactions RT and RD respectively, which is once again comparable to

DFT value of 88 kJ/mol for reaction RT (de Morais et al., 2011). Finally, the equilibrium

potentials estimated for various reactions are also comparable to values reported in the

literature. For reaction RD, the value of 0.79 V is comparable to 0.75 V reported through

DFT calculations (Jinnouchi et al., 2011). Similarly for reaction RT, the estimated value

of 0.79 V is closer to 0.83 V reported by Rai et al. (2008).

35



Parameter groups Parameter Initial value Final estimate

Group 1
∆G∗oAA 0.391 eV 0.5863 eV

∆GrefAA 0.609 eV 0.2754 eV

Group 2 kDT 0.6 ×10−5 mol cm−2s−1 5 ×10−5 mol cm−2s−1

Interaction energies ωAA 0.4 eV 0.1 eV

Table 2.2: Parameter groups and estimates

2.8 Model results

2.8.1 Cyclic voltammetry

In Figure 2.7, the simulated CV curve is compared with experimental data obtained from

polycrystalline platinum in 0.5 M perchloric acid at room temperature (Savinova et al.,

2004). This particular data set was chosen since oxide growth and polarization data were

also collected in perchloric acid. It can be seen that various elements of the CV response,

namely, anodic peak current and plateau response and cathodic peak current are closely

matched by simulation. The initial anodic peak around 0.8 V, followed by the broad plateau

current which is characteristic of Temkin isotherm. Three anodic peaks OA1, OA2 and OA3

corresponding to formation of Pt4OH, Pt2OH and PtOH were identified in prior works

(Tilak et al., 1973) that correspond to site specific adsorption of OHads on platinum during

early stages of oxidation. A much more detailed model that considers site specific adsorp-

tion could capture these distinct peaks. Beyond 1.2 V, the further slow rise in current

corresponds to place exchange process accompanied by continued oxidation. During the

cathodic cycle, the reduction curve is more or less symmetrical around the peak potential

with both the leading edge and the trailing edge having similar slopes. Nevertheless there

is a mismatch in peak broadness that causes the peak reduction current to be slightly more

than that seen in experiments. The peak broadness was more accurately captured by the

CV model of Redmond et al. (2014). Their model proposed the formation of platinum ox-

ides with differing chemical potential through a single transition complex. This allows the
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Figure 2.7: Top - Simulated CV compared to experimental data (Savinova et al., 2004) at
298 K and 0.1 M H+ concentration; Bottom - Simulated CV with different UPL, 1.4 V,
1.35 V, 1.3 V, 1.25 V, 1.2 V, 1.1 V, 1V

oxide reduction to continue through a larger potential window, thereby having the neces-

sary broadness. From the bottom part of Figure 2.7, it can be observed that the reduction

peak potential is largely independent of UPL. This is true for UPL upto 1.2 V as reported

in prior works (Redmond et al., 2014, Tilak et al., 1973). Beyond UPL of 1.2 V, there is

however, a slight shift of the peak potentials to less positive values as observed in experi-

ments (Jerkiewicz et al., 2009). This shift in peak potential was attributed to the growing

thickness of the oxide layer formed beyond 1.2 V.

The Tafel slope associated with the shift in cathodic peak potential with scan rate has

been reported to be 40 to 50 mV/dec (Appleby, 1973, Tilak et al., 1973). The scan rate
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effect on the reduction peak potential as predicted by the present model is closer to 55

mV/dec which matches closely with experimental value of 40-50 mV/dec. Tafel slopes in

the 40-50 mV/dec range has been attributed to reaction RD being the RDS in the cathodic

scan (Appleby, 1973, Gilroy and Conway, 1968). In the parametric analysis presented by

Appleby (Appleby, 1973), the rate constant kRD was estimated to be an order of magnitude

slower than kRT which is reflected in the rate constant values in Table 1.

2.8.2 Pt Oxide growth

In Figure 2.8, we compare the logarithmic oxide growth predicted by the model and compare

it to available experimental data (Conway et al., 1990, Jerkiewicz et al., 2004, Kongkanand

and Ziegelbauer, 2012). It can be noted that in the potential limits 1.1-1.4 V, the predicted

oxide growth is logarithmic in nature. It can also be noted that for varying potential holds,

the slope of oxide growth does not vary. Both these trends are observed experimentally and

captured well by the model. While the mass predicted by the model is not an exact match

to experimental data, it is within the same magnitude reported experimentally. It can be

noted that there is considerable scatter in literature data as well. In Figure 2.9, the oxide

growth predicted by the model is compared to experimental data obtained from the EQCM

experiments at potentials below 1.1 V vs RHE. Once again the logarithmic growth feature

is captured reasonably well although there is a slight mis-match in actual magnitude. This

is the first CV model that has also been validated against oxide growth trend. In summary,

the platinum oxide model captures the characteristic features of CV and oxide growth to a

reasonable extent. The model fails to capture the shift in oxide reduction peak potential,

particularly with oxides formed beyond 1.2 V. This can be attributed to several factors. For

example, typical platinum surface consists of a mixture of surface and edge sites while all

sites are considered uniform in this work. Similarly the phenomenon of diffusion of oxide

and platinum ions within the oxide film matrix (Cabrera and Mott, 1949) has not been

considered in this work.
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Figure 2.8: Simulated oxide growth (solid line) compared to experimental data (dashed
line): �: Jerkiewicz et al. (Jerkiewicz et al., 2004) �: Conway et al. (Conway et al., 1990)
 : A.Kongkanand et al. (Kongkanand and Ziegelbauer, 2012)

2.8.3 ORR

We now discuss the polarization behaviour, reaction order and surface coverage predictions

from unified model for ORR conditions. In Figure 2.10, polarization behavior computed by

the model fit to the experimental data obtained from a 50% Pt/C thin film rotating disk

electrode (TF-RDE) (1600 rpm) in oxygen saturated 0.1 M HClO4 electrolyte at 298 K is

shown. From the figure, it can be seen that the kinetic model captures the polarization

behavior including the change in Tafel slope at high current densities. The high and low

Tafel slopes are 119 mV/dec below and 63 mV/dec at 0.9 V, respectively. The parameters

estimated using the fitting procedure are shown in Table 2.2. The reaction order with respect

to oxygen partial pressure has two formal definitions namely, kinetic and thermodynamic

reaction order (Neyerlin et al., 2006, Vetter et al., 1967). The thermodynamic reaction

order, defined as ∂iORR
∂CO2

|EIR−free
, measured at a constant potential, has been reported to be

unity at equilibrium potentials in acid electrolyte systems (Damjanovic and Brusic, 1967).
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Figure 2.9: Simulated oxide growth compared to experimental data from EQCM experi-
ments: �: 1.1 V vs RHE,  : 0.95 V vs RHE, �: 0.9 V vs RHE. [Note: The experimental
oxide growth data shown is the average oxide mass. Refer to Appendix A for complete data
set with standard deviation]

In fuel cell systems with NafionTM MEA, the reaction order has a reported value that varies

from 1 (Markiewicz et al., 2015, Parthasarathy et al., 1992) to 0.79 (Neyerlin et al., 2006) to

0.83 (Subramanian et al., 2012). The thermodynamic order reported by Moore et al. (2013)

using the modified double trap kinetic model varies from 0.5 close to zero overpotential,

decreasing to 0.33 at intermediate overpotentials. Moore et al. (2013) also postulated that,

since the double trap kinetic begins with one oxygen atom precursor, this results in the

highest obtainable thermodynamic order of 0.5. On the other hand, Jinnouchi et al. (2011),

who considered an oxygen associative pathway with oxygen molecule precursor obtains an

order equal to one close to zero overpotential.

The primary motivation for developing an associative ORR mechanism was to probe

whether the predicted thermodynamic reaction order would match the experimentally re-

ported values closer to one. The predicted reaction order from the unified model is shown in
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Figure 2.10: Predicted polarization compared to experimental data from 50% Pt/C RDE
(1600 rpm) in 0.1 M HClO4 at 298 K

figure 2.11. It can be noted that the predicted reaction order is indeed closer to 1 at high po-

tentials or low current densities matching the value reported from experiments (Markiewicz

et al., 2015, Parthasarathy et al., 1992).

In a multistep pathway, the thermodynamic reaction order with respect to oxygen is

determined by kinetics of all the reaction steps in the mechanism. An argument can be

made that by slowing down the break up of O2Hads, the effect of oxygen concentration on

predicted current density can be mitigated even if AA was the first step in the mechanism.

Similar arguments can be made for each subsequent reaction step in the pathway. To

illustrate this point, a parameter sensitivity analysis was performed on kDT . The kinetics

of reaction DT determines the kinetics of dissociation of the initial adsorbed species O2Hads.

The effect of decreasing the parameter kDT by an order of magnitude to a value of 5× 10−6
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mol cm−2s−1 on the predicted reaction order is also shown in figure 2.11. As hypothesized,

the predicted reaction order varies from 1 at high potentials or low current densities to 0.6

at low potentials or high current densities in contrast to the baseline case where reaction

order was 1 at all potentials. This analysis also reveals that reaction order data collected

over a range of potential can be used for parameter estimation provided the kinetic data is

collected without mass transfer limitation.

Figure 2.11: Thermodynamic reaction order with respect to O2 concentration as a function
of potential at 298 K. � - Base case parameters; -�- effect of kDT parameter

One advantage of a multistep model is that surface coverage can also be simultaneously

predicted. The coverage as a function of potential predicted by the model is presented

in Figure 2.12. The total coverage predicted by the model has a trend wherein at high

overpotentials below 0.5 V, the surface is covered by O2Hads species, which was also reported

by Markiewicz et al. (2015). In the intermediate potential range from 0.5 V to 0.8 V,
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the model predicts very negligible coverage of oxides, similar to the trend predicted by

Moore et al. (2013) at low potentials who reported negligible presence of both Oads and

OHads. This trend is in contrast to Wang et al. (2007), who reported the presence of

a constant level of surface coverage due to OH species ( 0.45) even at potentials below

0.7 V under similar operating conditions. The results from our model are closer to the

mean field model prediction of Jinnouchi et al. (2011) who also reported OHads coverage

of 0.05 based on Density Functional Theory calculations. In high potential region (low

overpotential), another key difference in the surface coverage trend emerges. The difference

is, the dominant species predicted in this work is Oads similar to that predicted by prior

models (Markiewicz et al., 2015, Wang et al., 2007), whereas Moore et al. (2013) predicted

OHads as the dominant species. However, this finding here agrees well with the experimental

studies of Jerkiewicz et al. (2004) who reported the presence of Oads and not OHads.

2.9 Conclusions

A unified Pt-oxygen electrochemical kinetic model aimed at describing three key kinetic phe-

nomena - oxygen reduction reaction, platinum oxide cyclic voltammetry and oxide growth -

on polycrystalline platinum surface in acidic media has been presented. Using double-trap

reaction scheme as a starting point, our model was first developed to capture CV and oxide

growth characteristics for oxide formation on platinum from water oxidation. The model

was extended to include an associative adsorption step for simulating ORR data. The pre-

dictions from the unified Pt-oxygen electrochemical kinetic model was compared against

experiment data. The platinum oxide model was validated against cyclic voltammetry and

potentiostatic oxide growth data.

A mean field approach to kinetic modelling has been presented in this work without

considering the effect of diffusion and migration of species through the double layer or

on catalyst surface. For absolutely accurate description of kinetics, in addition to surface
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Figure 2.12: Predicted oxide coverage as a function of potential at aO2=1, T = 298 K and
aH+ = 0.1

diffusion of species, a large number of kinetic parameters as well as structural parameters

including Pt particle size distribution and distribution of surface and edge sites for each

particle size would be needed. In addition, the kinetic and energy barriers at different

platinum facets, for example on Pt(111), could be determined through DFT studies for

different reaction steps presented in this work (de Morais et al., 2011). The mean field

model presented here could be augmented further by considering the stochastic nature of

the overall process and applying, for example, a Monte Carlo approach to capture model

predictions (Quiroga and Franco, 2015).
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Chapter 3

Model for cathodic dissolution of

platinum

3.1 Introduction

Platinum nano-particles supported on high surface area carbon dispersed in NafionTM form

the basis of catalyst layers in PEM fuel cells. Catalyst degradation results in lost surface

area of platinum available for electrochemical reactions and manifests as voltage loss during

galvanostatic operation. Degradation is widely considered to occur as a result of one or

several of the following processes (Shao-Horn et al., 2007):

• Carbon corrosion that leads to platinum particle detachment resulting in lost electrical

contact. The detached particle can migrate to other locations in the catalyst layer

and coalesce,

• 2-D Ostwald ripening: refers to migration of smaller nanoparticles on carbon support

and subsequent coalescence to form bigger particles leading to loss in specific platinum

area and

• 3 D Ostwald ripening: refers to the process of electrochemical/chemical dissolution of
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platinum to form ions, transport of ions in the NafionTM phase and redeposition of

ions on bigger catalyst particles or migrate to form platinum band in the membrane.

Dhanushkodi et al. (2014a) performed accelerated stress test experiments on cathode

MEA at different temperatures and reported SEM images of the MEA cross section

that clearly showed platinum band within the membrane. The location of the band

has been identified to be a function of crossover rates of oxygen and hydrogen (Bi

et al., 2007, Dhanushkodi et al., 2014a).

While either modes of degradation can be active depending on the catalyst structural

parameters like particle size (Yu et al., 2014) and operating conditions (Schlögl et al.,

2012), identical location transmission electron microscopy (ILTEM) studies have shown

that electrochemical/chemical dissolution of platinum is an active pathway (Meier et al.,

2012, Perez-Alonso et al., 2011, Zana et al., 2013). In addition, based on prior modelling

studies, the kinetic rate constant associated with carbon corrosion and platinum dissolution

appear to be of the same order of magnitude (Dhanushkodi et al., 2014b, Urchaga et al.,

2015). This suggests that understanding the platinum dissolution mechanism is crucial.

Numerous experimental and modeling studies have been conducted to understand the

mechanism of platinum dissolution in acidic media (Ahluwalia et al., 2013, Cherevko et al.,

2016, Darling and Meyers, 2003, 2005, Furuya et al., 2015, Holby et al., 2009, Matsumoto

et al., 2011, Mitsushima et al., 2008, Onochi et al., 2012, Rinaldo et al., 2010, 2011, Sugawara

et al., 2012, Wang et al., 2006, Yadav et al., 2009). It is commonly observed that potential

cycling accelerates platinum dissolution compared to potential hold (Kinoshita et al., 1973,

Sugawara et al., 2011, Uchimura and Kocha, 2007, Zhang et al., 2013). The effect of pH was

also probed on platinum dissolution and it was determined that the process of dissolution

was enhanced in more acidic solutions (Mitsushima et al., 2008, Topalov et al., 2014). The

dissolution process also occurs concurrently with platinum oxide formation. The oxides

either passivate the surface or to act as a precursor species that undergoes dissolution.
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During potential hold or cycling experiments above 0.85 V vs RHE it has been shown that

some form of oxide film covers the platinum surface. Historically, the nature of the oxide

film has been debated (Birss et al., 1993, Conway et al., 1990, Heyd and Harrington, 1992,

Jerkiewicz et al., 2004). The oxide film can result either from water oxidation or from

dissolved oxygen. Jerkiewicz et al. (2004) have shown, through EQCN and AES studies,

that above 0.85 V and below 1.1 V a chemisorbed Ochem film forms. At potentials higher

than 1.1 V vs RHE it has also been shown that place exchange between platinum and

oxygen occurs leading to the formation of surface PtO lattice (Jerkiewicz et al., 2004). The

kinetics of oxide film formation is likely to affect the mechanism of platinum dissolution. The

interplay between oxide film formation and platinum dissolution is not clearly understood.

Few reports suggest that platinum dissolution occurs during the anodic sweep when the

passivating oxide film has not been fully formed (Darling and Meyers, 2003). Inzelt et al.

(2010) have argued that surface reconstruction of platinum at higher voltages when oxide

film is prevalent could be responsible for Pt particles detachment during subsequent oxide

reduction. There is yet another view that the formed platinum oxide can also dissolve

chemically (Rinaldo et al., 2011, Tang et al., 2010, Wang et al., 2006). The key point to

be noted from this discussion is that platinum degradation is oxide species mediated and

understanding oxide formation kinetics is crucial.

3.1.1 Platinum dissolution models

Modelling platinum degradation has been reported in very few publications in the litera-

ture. The dissolution, transport and redeposition processes during potential cycling have

been modelled (Burlatsky et al., 2011, Darling and Meyers, 2003, 2005, Rinaldo et al.,

2010). The focus in these studies have been to predict ECSA loss, evolution of particle

radius distribution and location of the redeposited platinum in the membrane under var-

ious operating conditions. In these platinum dissolution models, the approach has been

to cast the process as a competition between electrochemical dissolution of bare platinum
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and passivation of surface due to oxide film formation (Ahluwalia et al., 2013, Darling and

Meyers, 2003, 2005, Holby et al., 2009). Further, in these studies, platinum dissolution was

considered to occur during the anodic scan when the oxide film formation lags behind and

the exposed metal surface electrochemically dissolves. In contrast, the modelling work of

Rinaldo et al. (Rinaldo et al., 2010, 2011) considered the chemical dissolution of platinum

oxides. This modeling approach was utilized to analyze the evolution of platinum parti-

cle radius distribution during degradation experiments. However in these studies, whether

platinum dissolution occurs during anodic or cathodic cycle was not distinguished. In a fuel

cell, dissolved platinum are transported and redeposit in the NafionTM membrane during

experiments and the location of redeposition has been found to be a function of crossover

hydrogen (Cheng et al., 2011). However this phenomenon is not the focus of the current

work.

The starting point for modelling platinum dissolution is the work of Darling and Meyers

(Darling and Meyers, 2003, 2005). Darling and Meyers proposed the following sequence of

reactions that could be used to describe Pt degradation kinetics:

Pt −⇀↽− Pt2+ + 2e− (3.1)

Pt+H2O −⇀↽− PtO + 2H+ + 2e− (3.2)

PtO + 2H+ −⇀↽− Pt2+ +H2O (3.3)

The anodic dissolution of platinum is an electrochemical step that becomes viable when

the electrode potential becomes more oxidizing beyond 1 V vs RHE. A fundamental rate

expression for this mode of dissolution was expressed as a Butler-Volmer type relationship

(Darling and Meyers, 2003) as shown below:
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VAD = kAD(1− θO)[exp(
βanF (U − U1)

RT
)− CPt2+

CPt2+ref

exp(−βcnF (U − U1)

RT
)] (3.4)

The (1 − θO) term implies that both platinum dissolution and plating can only occur

on bare surface. In order to account for the fact that fuel cell electrode catalyst are nano

particles, the reference potential U1 in Equation 3.4 was shifted using the Kelvin equation

(Darling and Meyers, 2003):

U1 = Uo − ∆µPt
2F

(3.5)

∆µPt =
σPtMPt

rPtρPt
(3.6)

This shift in potential implies that as radius of Pt particles reduce, there is a downward shift

in reference potential U1. This implies that the onset of anodic dissolution will occur at a

potential well below that expected for an extended surface of platinum. This particle size

dependency has also been modelled through Gibb’s Thompson relationship that specifies

the cohesive energy as a function of particle size (Rinaldo et al., 2010):

kAD(r) = k∞exp(
2βγPtV̄pt
RT

1

r
) (3.7)

Where k∞ specifies the rate of anodic dissolution at an extended surface and γPt denotes

the platinum surface tension. The water oxidation step in the mechanism shown in equation

3.2 is responsible for surface oxide coverage. The kinetics of this step has been of interest

for decades, with one of the earliest models published by Conway et al. (1990). The theory

of growth of surface oxides was proposed by Conway and a suitable logarithmic growth

model of oxides with time was developed. Darling and Meyers (Darling and Meyers, 2003)
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adopted this approach and also added an additional cathodic term in the rate expression to

allow for the establishment of equilibrium oxide coverage. Rate equation 3.8 was proposed:

VWO = kWO[exp(
−ωθPtO
RT

)exp(
βanF

RT
)(U − U2)

−θPtO
C2
H+

C2
H+,ref

exp(
βcnF

RT
)(U − U2)] (3.8)

In the final chemical dissolution step, the oxide film is assumed to dissolve taking platinum

in to the electrolyte. The equilibrium of this dissolution step was thought of as the reason

for observed invariant concentration of Pt2+ ions in the 1.3 to 1.4 V region because at these

potentials complete passivation of Pt surface is expected (Wang et al., 2006). The rate of

this chemical reaction was modelled as Equation 3.9

VCD = kCD(θPtOC
2
H+ −

CPt2+

Keqbm,CD
) (3.9)

Rinaldo et al. (2011) further modified this rate expression to include particle size effect

on rate constant kCD as shown in Equation 3.10.

kCD = kdiss(θO(E))exp(
2βγPtV̄Pt
RTr

) (3.10)

Darling and Meyers (2003) estimated the rate constant parameters by fitting the model

to cyclic voltammetry (CV) and electrochemical active surface area (ECSA) loss data. They

assumed an arbitrary low value for kCD since they reasoned it was not an electrochemical

step and hence cannot be estimated from current measurements. Darling and Meyers (2003)

also noted that at low potentials platinum is stable due to low equilibrium concentration of
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Pt2+ ions while at high potentials they are passivated due to surface oxide film. In contrast,

Rinaldo et al. (2010) considered chemical dissolution to be the most important dissolution

mode. They showed that the experimentally observed electrochemical surface area loss

reported by several groups (Ferreira et al., 2005, Shao et al., 2006) can be explained by

considering the chemical dissolution step alone. More recently Urchaga et al. (2015) applied

a platinum degradation framework that included platinum dissolution and redeposition,

coagulation and particle detachment mechanisms to interpret experimental data on ECSA

loss during potential cycling. The data was used to estimate rate constants corresponding

to dissolution, redeposition, coagulation and particle detachment kinetics. Nevertheless no

mechanistic insights into platinum dissolution was discussed.

Recent experimental findings suggest that platinum dissolution occurs during the ca-

thodic part of potential scan (Topalov et al., 2012, 2014). It was also reported that dissolu-

tion behavior is dependent on the creation of certain platinum oxides and that dissolution

is not governed by equilibrium among multiple reactions. Topalov et al. (2012) proposed

the idea that sub surface oxides weaken the platinum bond and lead to dissolution.

None of the previous platinum dissolution models could predict this unique dissolution

characteristics that have been observed experimentally. In this work, a platinum oxide

model based on surface reconstruction due to sub surface oxide is presented. This model

lends itself to the development of a platinum dissolution model based on sub surface oxide

dissolution. In other words, the basis for the dissolution model is the formation and removal

of platinum surface and sub surface oxides during potential scan. This is the focus of this

work.
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3.2 Dissolution mechanism

The mechanism of formation of various surface and sub surface oxide species during potential

cycling is summarized once again from equations 3.11 to 3.15.

Pt+H2O → OHads +H+ + e− (3.11)

PtOH → Oads +H+ + e− (3.12)

PtO → O − Pt (3.13)

O − Pt+H2O → O − Pt−OH +H+ + e− (3.14)

O − PtOH → O − Pt−O +H+ + e− (3.15)

Due to low coordination of place exchanged platinum, we assume that it can undergo

dissolution before it can get passivated by further oxidation. The transient nature of plat-

inum dissolution was attributed to the fact that these place exchanged oxides are passivated

by oxidation to form O-Pt-O stripes (Topalov et al., 2014). Hence the anodic dissolution

process is viewed as a competition between dissolution and passivation. Similarly, during

the cathodic scan, reduction of passivating oxides exposes place exchanged platinum for

further dissolution. The cathodic dissolution process is viewed as a competition between

dissolution and passivation by reverse place exchange. The chemical dissolution of place

exchanged oxides O-Pt and O-Pt-OH is considered in this work. Chemical dissolution of

place exchanged oxide was also identified by Xing et al. (2013) to be one of the possible

reactions through which platinum dissolves. The dissolution steps are shown in Equations

3.16 and 3.17
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Figure 3.1: Pt surface and sub-surface oxides

O − Pt+ 2H+ → Pt2+ +H2O (3.16)

O − Pt−OH + 3H+ + e− → Pt2+ + 2H2O (3.17)

The proton concentration dependency implied by the reactions above is reasonable based

on experimental observations presented by Mitsushima et al. (2008). The corresponding

dissolution reaction rates are modelled as shown in equations 3.18 and 3.19

νCD1 = kCD1θss (3.18)

νCD2 = kCD2θOHex (3.19)

where kCDi is the rate constant expressed in mol cm−2
Pt s
−1. At this point, the proton

concentration dependency of the reaction rate is assumed to be implicit in the definition of

the rate constants kCDi .

In summary, the various assumptions made during the formulation of the mechanism,
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as listed in chapter 2 are once again shown below:

1. Oxidation of water on platinum proceeds through successive oxidation steps forming

OHads and Oads adsorbed species.

2. Oads surface oxide can undergo place exchange to form O-Pt, that exposes the plat-

inum from one layer below. This exposed platinum can undergo further oxidation to

form O-Pt-OH and O-Pt-O oxide stripes.

3. O-Pt must undergo reverse place exchange to form PtO before it can be reduced to

surface platinum during the cathodic cycle.

In order to keep track of surface coverages of different oxide species, material balance equa-

tions are required. These are shown in equations 3.20 to 3.24.

τ
dθOH
dt

= νRT − νRD (3.20)

τ
dθO
dt

= −νRT − νsub (3.21)

τ
dθsub
dt

= νsub + νRDex − νCD1 (3.22)

τ
dθOHex
dt

= νRTex − νRDex − νCD2 (3.23)

τ
dθOex
dt

= −νRTex (3.24)

Where τ refers to the moles of sites per unit surface area of platinum. This is assumed

to be constant and calculated based on hydrogen adsorption charge of 220 µCcm−2
Pt . The

sum total of surface and sub-surface coverages should be equal to one. The mass rate of

platinum dissolved during potential scan is kept track of through equation 3.25.

˙mPt = MPt ∗ (νCD1 + νCD2) (3.25)
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Where MPt is the molecular weight of platinum and ˙mPt is the mass flux expressed in g

cm−2
Pt s
−1

3.3 Model results

The parameters of the platinum oxide model were retained from the previous chapter and

is shown once again in table 3.1.

Parameter groups Parameter Parameter estimate

Rate constants (mol cm−2s−1)

kRD 4.3× 10−9

kRT 4.3× 10−8

ksub 4.3× 10−11

k−sub 4.3× 3× 10−11

kRDex 4.3× 10−11

kRTex 4.3× 10−11

Equilibrium potential V

ERD 0.79
ERT 0.79
Esub 1.2
ERDex 0.98
ERTex 0.98

Interaction energies eV

ωRD 0.46
ωRT 0.07
ωsub 1.4
ωRTex 0.3

Table 3.1: Parameters for the platinum oxide model

3.3.1 Platinum dissolution during cycling

To simulate platinum dissolution, CV cycles with lower potential limit (LPL) fixed at 0.2 V

and upper potential limit (UPL) varying between 1 and 1.4 V in 50 mV increments with a

scan rate for each cycle at 10 mV/sec were generated. During each cycle, the corresponding

platinum dissolution flux was also simulated. Figure 3.2 shows both potential and platinum

mass flux variation for the duration of the cycles. From the figure the following features

of dissolution can be observed: Predominant dissolution occurs during the cathodic cycles
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while compared to anodic cycles. This is in agreement with the data presented by Topalov

et al. (2012). It can also be seen that the magnitude of dissolution during the cathodic

scan directly depends on the UPL while anodic dissolution is independent of UPL. These

features were also seen in experiments. The reasoning behind these observed features are

as follows. During the anode scan, a same amount of place exchanged platinum sites are

available for dissolution during each cycle irrespective of UPL (Topalov et al., 2012). Major

proportion of the place exchanged sites are then quickly passivated by further oxidation.

Higher the UPL, higher the amount of passivated place exchanged sites which are only

exposed for dissolution during the subsequent reduction scan. These features are further

illustrated by looking at the un-passivated oxide coverage fractions during potential scan as

shown in Figure 3.3.

Figure 3.2: Simulated potential and platinum dissolution flux versus time for different UPL.
Inset shows similar trend in dissolution from experiment (Topalov et al., 2012)
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Figure 3.4 shows the dissolution flux plotted against potential for different UPL. The

smaller peaks observed above 1 V correspond to anodic dissolution and the taller peaks

observed below 1 V correspond to cathodic dissolution. Only when the potential is decreased

below 1 V, the passivating O-Pt-O species undergoes reduction and exposes O-Pt and O-Pt-

OH that are susceptible to dissolution. This can explain why when the LPL was increased

beyond 0.9 V in experiments, no appreciable Pt dissolution was observed (Topalov et al.,

2014). The second observation is that, irrespective of UPL, the initial rates of cathodic

dissolution collapse to one branch until the respective peak rates are reached. Then as

potential is further reduced during the scan, the dissolution flux reduces after passivation

by reverse place exchange or consumed by Pt dissolution according to equation 3.16.

Figure 3.3: Simulated potential and sum of θsub + θOHex coverages for different UPL

To obtain the mass of platinum dissolved per cycle, the area under the dissolution curves
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Figure 3.4: Mass spectrometric voltammogram during potential cycling for different UPL.
The arrows indicate direction of potential scan

in Figure 3.4 are integrated. The integrated mass of platinum per cycle is presented as a

function of UPL in Figure 3.5 and compared with experimental data presented by Topalov

et al. (2012). Once again simulation matches the general trend in data. The value of

the rate constants of dissolution kCD1 and kCD2 estimated in the simulation to match the

experimental data was 10−11 mol cm−2
Pt s
−1 which is in the range reported by other studies

(Kinoshita et al., 1973, Rand and Woods, 1972).

3.4 Potentiostatic dissolution of platinum

So far, platinum dissolution has been discussed in the context of potential cycling system

comprising a flow through system wherein the redeposition of the dissolved platinum species
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Figure 3.5: Dissolved platinum per cycle, from 0.2 V LPL to UPL, plotted against upper
potential limit compared to experimental data (Topalov et al., 2012)

has not been a factor. In a batch system, the dissolved platinum species can undergo

redeposition with its own redeposition kinetics. Figure 3.6 depicts the concentration of

platinum obtained in a potentiostatic experiment wherein the electrode potential was held

constant was 72 hours (Wang et al., 2006). An interesting characteristic of the variation

of concentration with potential is the decrease in the concentration beyond 1.1 V. The

authors interpreted this observation in terms of surface oxide coverage limiting the exposed

platinum sites that would otherwise dissolve based on the mechanism below:

Pt = Pt2+ + 2e− (3.26)

59



The modelling framework developed in this work lends itself to a similar interpretation

of experimental data with the difference being the oxide species that undergoes dissolution.

Based on the dissolution mechanism hypothesized in equations 3.16 and 3.17, potentiostatic

dissolution of platinum is simulated using the value of dissolution rate constants estimated

from potential cycling data. The simulated trend is compared to experimental data as

shown in Figure 3.6 under the ’base case’ legend. At low potentials below 1 V, the predicted

dissolution is orders of magnitude higher than that observed experimentally. This suggests

that perhaps redeposition of dissolved platinum could be considered in the model. Above

1 V (or higher potentials), because the model predicts very little presence of unstable

sub surface oxides, the predicted dissolution is orders of magnitude smaller than what is

observed. This suggests that perhaps another mechanism of platinum dissolution exists.

A sensitivity analysis on the value of dissolution rate constants reveals that for a value of

4e−14 mol cm−2
Pt s
−1, the predicted dissolution matches experimental data at low potentials

without even considering any redeposition kinetics. Interestingly, the order of magnitude

of the rate constant now closely matches the value predicted from experiment (Wang et al.,

2006). Nevertheless at higher potential, beyond 1.0 V, the model prediction is still poor.

Another feature observed in the experimental data is the potential, 1.1 V vs RHE, at

which platinum concentration reaches a maximum. Interestingly in the model predicted

trend, this potential is a function of the equilibrium potential for the reactions 3.14 and

3.15. As the equilibrium potential for oxide formation shifts to higher values, the potential

at which maximum dissolved platinum concentration is predicted also shifts higher. In other

words, since the equilibrium potential for passivating oxide formation is higher, dissolution

of oxides below that potential continues to occur.

3.4.1 General Discussion

So far in this work, the dissolution product has been assumed to be Pt(II) ions. In the

literature there is evidence for the presence of both Pt(II) and Pt(IV) ions in dissolution
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Figure 3.6: Potentiostatic dissolution of platinum in a batch system. Experimental data
obtained from Wang et al. (2006)

experiments. A review of candidate dissolution reactions that can produce Pt(IV) ions is

discussed by Xing et al. (2013). Extending the dissolution model to PEM catalyst layer will

involve accounting for catalyst particle size and transport of platinum ions. In experiments,

Pt particles have been found deposited in the PE membrane after degradation cycles. If

the dissolution product is indeed Pt(II) cation, then in a CL these ions have moved in the

direction opposite to the electric field suggesting diffusion based transport dominating over

migration. However this has to be verified. Conversely, if the dissolution product is an

anion species then both diffusion and migration will be additive transport mechanisms. For

example, a DFT study (Ishimoto et al., 2011)predicted the energetically favorable species

coming off the platinum particle to be an anion formed through OHads intermediate. These

issues show a glimpse of the challenges that lie ahead in building a comprehensive dissolution
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model.

3.5 Conclusions

This is the first platinum dissolution model that can capture the characteristic dissolution

signals observed in potential cycling experiments. These characteristic signals include pre-

dominant dissolution during the cathodic part of potential scan that increases with increase

in UPL while a smaller dissolution flux independent of UPL observed during the anodic

part of potential scan. This dissolution model has been built on platinum oxide induced

surface reconstruction mechanism. In addition to predicting the dissolution phenomenon,

the platinum oxide model was also validated against cyclic voltammetry and potentiostatic

oxide growth data. When the transient model was applied to predict potentiostatic dis-

solution, the model predictions showed some discrepancy compared to experimental data.

This suggested that species other than the place exchanged platinum could be involved in

dissolution during long potential holds. A comprehensive model that can capture steady

state and transient dissolution trends is required before it can be incorporated in a PEM

performance model.
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Chapter 4

Catalyst layer impedance model

A version of this chapter was published in J. Electrochem. Soc., On the determination

of PEM fuel cell catalyst layer resistance from impedance measurement in H2/N2 cells,

D.Malevich, B.R. Jayasankar, E. Halliop, J.G. Pharaoh, B.A. Peppley and K. Karan,

2012 volume 159, issue 12, F888-F895

4.1 Introduction

The objective of this work is to develop a catalyst layer impedance model that would serve

as a basis to incorporate multistep ORR kinetics and platinum degradation models in order

to predict both beginning of life and end of life performance. In view of this, a review of

relevant background information is provided in this chapter.

4.2 Transient impedance models

Electrochemical impedance spectroscopy (EIS) is an important performance diagnostic tool

that gives more information about the system than a steady state polarization diagnostic.

EIS, by virtue of it being a transient (unsteady state) analysis, has the ability to distinguish

the contributions of individual processes to the overall fuel cell process. During an AC

63



impedance test, a perturbation signal of either current/voltage is applied to the cell and

the output of voltage/current is measured respectively. The current-voltage information is

obtained over a range of frequency of the perturbing signal. The information thus obtained

can be used to calculate the impedance of the cell at different frequencies. This impedance

information when presented on a Nyquist plot distinguishes processes having different time

constants. Thus information on mass transport processes, kinetic processes, presence of

multistep reactions, presence of a physical process such as adsorption etc. can be obtained.

There are numerous publications that report experimental impedance results with a good

review given by Yuan et al. (2007) but the focus in this work will be on impedance models.

Impedance models of PEM fuel cell systems found in the literature can be broadly

classified into two groups: (1) Equivalent circuit models and (2) Phenomenological models.

The former type gives little insight into the physical phenomena occurring in a fuel cell.

Electrical circuit elements like resistors and capacitors are combined in a circuit whose

current-voltage relationship closely matches that of the fuel cell system. The focus of this

work is restricted to the latter class of phenomenological models.

Phenomenological models can be traced back to the work of (Springer and Raistrick,

1989). In the impedance model developed by Springer et al. (1996), with the catalyst layer

assumed to be a thin macro homogenous film, the following diagnostic elements of the

impedance response were reported:

1. If the cathode kinetics dominates performance loss in catalyst layer, then the impedance

response consists of a single semicircular loop that decreases in diameter with increas-

ing cathodic overpotential

2. Proton conductivity limitation in the catalyst layer manifested as a 45 degree branch

in the high frequency region of the impedance response

3. The appearance of a second low frequency semicircle in the impedance response at high

current densities was reported due to transport limitations in the porous transport
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layer. This feature though only appeared in air cathodes and not in oxygen cathodes.

Some of these characteristic features are also shown in Figure 4.1. However the structural

Figure 4.1: Characteristic cathode impedance response predicted using Guo and White
(2004) model. Reprinted with permission from J. Electrochem. Soc., 151, E133-E149
(2004). Copyright 2004, The Electrochemical Society

resolution of the catalyst layer as consisting of agglomerates was not known at that time.

This development prompted the modelling of impedance response which included the effect

of agglomerates. For example, Perry et al. (1998) and Jaouen and Lindbergh (2003) de-

veloped a steady state model for porous electrodes assuming the agglomerate structure for

the catalyst layer but neglected ionomer film around the agglomerate. Gas phase transport

was also not considered in this work. The authors reported transport limited performance

arising due to oxygen diffusion in the agglomerate or ionic conduction or a combination of

both. These transport limitation were shown to manifest themselves as a doubling of Tafel

slope under steady state while causing the doubling of diameter of the impedance loop under

unsteady state conditions. In a later work Bultel et al. (2005) included gas phase transport

as an extension to the impedance model developed by Jaouen and Lindbergh (2003). Guo
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and White (2004) also developed an impedance model as an extension of Jaouen and Lind-

bergh (2003) model, considering both multicomponent gas phase transport in catalyst layer

and gas diffusion layer and agglomerate dynamics (Guo and White, 2004). The diagnostic

features observed in all of these works were similar to that of Springer et al. (1996). In

all of the models described so far, oxygen reduction kinetics was represented by Tafel law.

Franco et al. (2007) developed a multi-scale transient model of the catalyst layer where

oxygen reduction kinetics was modelled as a multi step reaction but multicomponent gas

phase transport was neglected. Besides these mainstream diagnostic impedance features, a

few authors (Antoine et al., 2001, Makharia et al., 2005, Roy et al., 2007, Schneider et al.,

2008) have reported observing a low frequency inductive loop in the impedance response of

a PEMFC. A number of theories have been proposed to explain the low frequency inductive

loop feature. Roy et al. (2007) proposed a platinum degradation model that they showed

accounted for the inductive feature at low frequency. Antoine et al. (2001) attributed the

feature to species adsorption during electrochemical reaction after they observed the po-

tential independence of the low frequency inductive loop. Hence a non electrochemical step

like adsorption was proposed. Schneider et al. (2008) reported observing the feature while

performing experimental studies with changing humidity conditions in the PEMFC. They

concluded that the low frequency feature can be attributed to hydration step of the ionomer

when their studies showed that the inductive loop was observed during drying conditions.

In none of the prior models, the effect of ionomer film around the agglomerate on the

impedance response was modelled. Experiments have shown transport limitations of proton

and oxygen in thin ionomer films (Eastman et al., 2012, Modestino et al., 2013, Nonoyama

et al., 2011). The polymer film has also been shown to cause transport limitations in the

high current density region of polarization curve (Yoon and Weber, 2011).
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Figure 4.2: Characteristic impedance response of H2/N2 system: Circles represent exper-
imental data and the solid line represents predicted response using the transmission-line
model (Malevich et al., 2012)

Impedance in H2/N2 feeding mode

As a diagnostic tool EIS has also been used to estimate catalyst layer ionic resistance

(Lefebvre et al., 1999, Saab et al., 2002). In this diagnostic set up hydrogen is flown on the

anode side while nitrogen is flown on the cathode side during impedance measurement. In

the H2/N2 gas feeding mode, hydrogen from the anode side crosses over to the cathode side

(test electrode) across the polymer membrane and is oxidized at the cathode. The protons at

the cathode now migrate back across the membrane to the anode side and result in hydrogen

evolution. Impedance data must be collected at a bias potential sufficiently high to ensure

operation under limiting current density, which is controlled by the hydrogen crossover

rate, to determine catalyst layer ionic resistance. In this operating condition, during the

impedance measurement, the current response to cyclic perturbation in voltage is associated

not with the charge-transfer process, i.e. the HOR but with the charging/discharging of the
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double layer at the test electrode. The H2-fed electrode is assumed to be non-polarizable

due to the fast HOR kinetics while the the N2-fed electrode is considered to behave as a

blocking or ideally polarizable electrode (Yuan et al., 2007). Using a transmission line model

to describe this set up, the predicted impedance response has been shown to be similar to

the response shown in Figure 4.2. The important features in the Nyquist plot are the 45

degree high frequency line and a low frequency vertical line. It has also been shown in theory

that from such a plot one can extract the catalyst layer resistance from the low frequency

vertical line intercept with the real axis, i.e. 1
3Rcatalystlayer is equal to the difference between

the intercept of the vertical line at low frequency and the high frequency intercept(Lefebvre

et al., 1999). However in experiments deviations in both the 45 degree line and vertical line

have been observed (Cimenti et al., 2010, Malevich et al., 2012). The deviation of the high

frequency response from 45 degree was proposed to be due to non uniform distribution of

ionomer in the catalyst layer leading to distributed conductive and capacitive elements in

the catalyst layer (Ikeda et al., 2009). Cimenti et al. (2010) also proposed that the observed

deviations could be due to hydrogen crossover or capacitive dispersion at Pt/nafion interface.

However a systematic modelling study is lacking to study the effect of spatially distributed

conductivity and capacitance on the impedance response. Similarly only equivalent circuit

models as shown in the top of Figure 4.2 are used for analyzing the impedance response of

this system. One advantage of equivalent circuit models is the ease with which they can

be built and used for data analysis. One disadvantage of these models is that conclusions

have to be based on a finite number of circuit elements due to software limitations while it

is desirable to ensure that the conclusions do not change if the number of circuit elements

is changed. A physics based modelling approach can alleviate this concern.

The primary objectives for the work presented in this chapter are (i) to develop a

cathode impedance model assuming the agglomerate structure of the catalyst layer with

a thin ionomer film enveloping the agglomerates and (ii) to study the effect of distributed

proton conductivity and capacitance on the impedance response in the H2/N2 feed mode.
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4.3 Modeling approach

In this section, specific methods used in this work to develop impedance diagnostic models

are discussed. The first step in the development of an impedance model is a porous electrode

model.

4.3.1 Porous electrode model

Consider the 1-D modelling domain as shown in figure 4.3 that consists of both the cathode

catalyst layer and the porous transport layer. A porous electrode model was developed

assuming the catalyst layer to consist of spherical agglomerates. The spherical agglomerates

were further assumed to be enveloped by a thin layer of ionomer film as shown in figure

4.3. In addition, isothermal and isobaric conditions were assumed to exist through out the

catalyst and porous transport layers and the gas phase was assumed to be saturated with

water vapor at all times. In this work, the following transport and kinetic processes that

Figure 4.3: Modelling domain

occur in the cathode catalyst layer of a PEM fuel cell are modelled:

1. Multicomponent species transport in the gas phase in both the catalyst layer and

porous transport layer

2. The dissolution of oxygen from the gas phase into Nafion at the pore-agglomerate

boundary
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3. The transport of oxygen from the agglomerate boundary into inner regions

4. The transport of protons across the catalyst layer in the ionomer phase

5. The transport of electrons across the catalyst layer in the electronic phase

6. Finally the reduction reaction of oxygen at catalyst sites within agglomerates

4.3.2 Gas phase transport

For gas phase transport, material balance of component species yields the following mole

balance equations shown in equations 4.1 to 4.3.

εcCg
dxO2

dt
= −dNO2

dz
− jO (4.1)

εcCg
dxN
dt

= −dNN

dz
(4.2)

εcCg
dxW
dt

=
dNW

dz
+ jW (4.3)

where xi denotes mole fraction of components, Ni denotes component flux, Cg refers to total

gas phase concentration, εc denotes fraction of pore space, jO is the rate of consumption of

oxygen and jW is the rate of production of water. Each of the flux terms (NO2 , NN andNW )

were coupled through Stefan Maxwell equation 4.4 assuming isothermal and isobaric con-

ditions. This approach has been used by several groups in the literature (Guo and White,

2004, Springer et al., 1996).

dxi
dz

= −
j=N∑

j=1,j 6=i

1

CDij
(xjNi − xiNj) (4.4)

Gas phase transport in the porous transport layer is modelled in the same way as the

catalyst layer except jO and jW are zero in the this layer and the porosity εc is adjusted

accordingly.
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Under isothermal and isobaric conditions, assuming the air composition is dilute with

respect to oxygen and water vapor (xO2 , xw → 0), Fick’s law has been to used to model flux

of oxygen (Song et al., 2005):

NO2 = −CDO2,N2∇xO2 (4.5)

Similarly, the effect of Knudsen diffusion has also been considered in the description of gas

phase flux as shown in equation 4.6 (Weber and Newman, 2005).

∇xi =

j=N∑
j=1,j 6=i

1

CDij
(xjNi − xiNj)−

1

CDKi

Ni (4.6)

In this formulation, it is assumed that Knudsen and convective transport occur in parallel

but this idea has been criticized in the literature (Kerkhof and Geboers, 2005). Recently

Weber and Newman (2006) proposed a formulation shown in equation 4.7 to account for

pressure drop in addition to multicomponent and Knudsen effects during gas phase transport

through pores.

∇xi = −
j=N∑

j=1,j 6=i

1

CDij
(xjNi − xiNj)−

1

CDKi

Ni −
xi
RT

(Vi −
Mi

ρ
)∇P (4.7)

Besides these formulations, a number of publications deal with two phase flow of gas and

liquid water through catalyst layer pores (Wang et al., 2001), but this is not a focus of this

work.

4.3.3 Oxygen transport in catalyst agglomerate

In agglomerate models, the oxygen from the gas phase is assumed to dissolve in the polymer

phase of agglomerate and diffuse to inner regions of it (Guo and White, 2004). The dissolved

concentration at the agglomerate boundary is assumed to be in equilibrium with the gas

71



phase concentration through Henry’s law (Guo and White, 2004, Sun et al., 2005). The

diffusion of oxygen into the agglomerate is modelled as shown in Equation 4.8 (Guo and

White, 2004, Jaouen and Lindbergh, 2003):

Deff

r2

∂

∂r
r2∂Co

∂r
−RORR = εa

∂Co
∂t

(4.8)

This is a result of mass balance of oxygen with a volumetric consumption term RORR related

to oxygen reduction kinetics. To account for porosity and tortuosity of the diffusion path,

the effective diffusion coefficient of oxygen in ionomer phase is related to binary diffusion

via the Bruggeman relation Deff = Doε
1.5
a (Guo and White, 2004, Jaouen and Lindbergh,

2003, Sun et al., 2005) where εa is the volume fraction of ionomer in the agglomerate and Do

is the diffusion coefficient of oxygen in ionomer. It is worthy to point out that the interior

of the agglomerate may also be flooded with water instead of ionomer and the physics of

such an agglomerate is discussed by Wang et al. (2004).

In this work, the agglomerates are assumed to be enveloped by a thin film of ionomer. A

mass balance for oxygen in spherical coordinates gives the description of oxygen transport

in a catalyst agglomerate as shown in equation 4.9:

Deff

r2

∂

∂r
r2∂Co

∂r
− λ×RORR = εa

∂Co
∂t

(4.9)

RORR = KaAaCoexp(
−2.3η

b
) (4.10)

where λ equals one inside the agglomerate and equals zero in the ionomer film, εa is the

fraction of ionomer in the agglomerate, Co is the concentration of oxygen and the rate of

oxygen reduction reaction, RORR, is modelled using Tafel kinetics. Ka is the rate constant

of ORR, Aa is the effective platinum surface area, η is the applied overpotential and b is

the Tafel slope.
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4.3.4 Transport of Protons and electrons

Transport of charged species within the catalyst layer is usually modelled using Ohm’s law

(Jaouen and Lindbergh, 2003) as shown in equations 4.11 and 4.12.

ip = −κp
dφp
dz

(4.11)

ie = −κe
dφe
dz

(4.12)

Where ip and ie are the protonic and electronic current, φp is the protonic phase potential,

φe is the electronic phase potential and κp and κe are the protonic and electronic electrical

conductivity respectively. This treatment is further extended by defining the overpotential η

as the difference between the electronic phase and ionic phase potentials across the catalyst

layer (η = φelec. − φprotonic). In several models the electronic phase potential has been

assumed to be constant since the conductivity of the electronic phase is much higher than

the conductivity of ionic phase (Guo and White, 2004, Jaouen and Lindbergh, 2003). Within

the catalyst layer, the oxygen reduction reaction consumes protons and there is a transition

from ionic to electronic current corresponding to the rate of oxygen reduction reaction.

Utilizing this, a charge balance equation is derived of the form shown in equation 4.13

(Jaouen and Lindbergh, 2003)

Cdl
dη

dt
= κ

d2η

dz2
− 4FjO (4.13)

where Cdl is the double layer capacitance and κ is the proton conductivity in Nafion.

4.3.5 Extension to cathode impedance model

To generate the impedance response, each of the state variables xi’s, η and Co in equations

4.1,4.2,4.3,4.13 and 4.9 are expressed as a sum of steady state value and a small amplitude
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perturbation (Guo and White, 2004). For example η is expressed as:

η = η + real(∆ηexp(iωt)) (4.14)

Then the ensuing differential equations were solved using the boundary conditions as shown

in table 4.1. A detailed derivation and analytical solutions for oxygen concentration varia-

tion within a catalyst agglomerate is provided in Appendix B. The solution obtained was

used to calculate the the perturbation in current generated due to perturbation in applied

overpotential and impedance was calculated as shown in equation 4.15.

impedanceZ =
∆ηapp
∆icell

(4.15)

∆icell =

∫ L

0
4F∆jO + Cdliω∆ηdz (4.16)

where the perturbation current ∆icell was calculated as the sum of faradaic and capacitive

currents as shown in equation 4.16. In the next section, the methodology to develop an

Variable B.C. 1 B.C. 2

xO2 xO2,ss=xb at z = Lb
dxO2,ss

dz =0 at z = 0

∆xO2 ∆xO2=0 at z = Lb
d∆xO2
dz =0 at z = 0

Co Co=HcCgxO2,ss at r =Ra + δ
dCo,ss

dr =0 at r = 0

∆Co ∆Co=HcCg∆xO2 at r =Ra + δ d∆Co
dr =0 at r = 0

η η=ηapp at z = 0 dη
dz=0 at z = L

∆η ∆η=∆ηapp at z = 0 d∆η
dz =0 at z = L

Table 4.1: Boundary conditions for the cathode impedance model
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impedance model for the H2/N2 system will be discussed.

4.3.6 Impedance model for H2/N2 system

The modelling domain consists of the polymer electrolyte membrane and the cathode cat-

alyst layer. A rough schematic of the domain is shown in Figure 4.4. The cathode catalyst

layer is assumed to have a homogenous film structure. The anode is assumed to act as both

the reference and counter electrode.

Figure 4.4: Rough Sketch of modeling domain

Modeled Processes

1. Hydrogen diffusion from the anode side through the membrane to the cathode catalyst

layer

2. Hydrogen oxidation to protons in the cathode catalyst layer

3. Proton transport from the cathode catalyst layer back through the membrane.

In the first step we develop a steady state model of the system. A mass balance on

hydrogen dissolved in the membrane and the ionomer network in the cathode catalyst layer
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yields the following equations for hydrogen transport:

DH2

d2CH
dz2

= 0 (z = 0, L) (4.17)

nFDH2

d2CH
dz2

− Ia = 0 (z = L,L+ d) (4.18)

with the boundary conditions

B.C.1 = CH = CoH , z = 0 (4.19)

B.C.2 =
dCH
dz

= 0 , z = L+ d (4.20)

Where DH2 is the diffusion coefficient of hydrogen, n is the number of electrons, F is the

Faraday’s constant and CH is the concentration of hydrogen. The gas phase concentration

of hydrogen on the anode side of the membrane is assumed to be a constant at all times. It

is further assumed that Henry’s law holds true while evaluating the dissolved equilibrium

concentration of hydrogen in the membrane. Hence concentration CoH at boundary 1 is

determined from CoH = HcCH2,gas with Hc obtained from Mann et al. (2006). Boundary

condition 2 implies complete oxidation of hydrogen in the cathode catalyst layer.

The transport of protons is assumed to follow Ohm’s law and hence a charge balance in

the membrane and the catalyst layer gives:

O.(κ
dφp
dz

) = 0 (z = 0, L)

O.(κ
dφp
dz

) + Ia = 0 (z = L,L+ d)

The source term Ia used in the equations above denotes electrochemical oxidation of hy-

drogen in the cathode catalyst layer and is modelled as:
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Ia = aAio,ref
CH
CHref

(exp(
η

ba
)− exp(−η

bc
)) (4.21)

where Aa is the platinum surface area per unit electrode volume in the cathode catalyst

layer, io,ref is the reference exchange current density defined at reference concentration

CHref
, ba is the anodic slope and bc is the cathodic slope. The overpotential η is the

difference between the electronic phase and ionic phase potentials η = φe − φp. It is

assumed that electronic conductivity is high and hence the electronic phase potential is

constant through out the catalyst layer. Rewriting the transport equation of protons in

terms of overpotential gives:

O.(κ
dη

dz
) = 0 (z = 0, L) (4.22)

−O.(κdη
dz

) + Ia = 0 (z = L,L+ d) (4.23)

These equations are solved with the boundary conditions:

B.C.1 = η = ηo , z = 0 (4.24)

B.C.2 =
dη

dz
= 0 , z = L+ d (4.25)

The boundary conditions imply a constant applied potential at one end while no flux of

protons in to the cathode PTL at the other end. This completes the development of a

steady state model. To derive the impedance model, a small perturbation in voltage of the

form η = ηss + real(∆ηexp(jωt)) is applied. Since the applied perturbation is small it can

be assumed that variations in other state variables are linear and can also be expressed in

a similar form, i.e. X = Xss + ∆Xexp(jωt) (Guo and White, 2004). The final impedance

model equations to be solved can be obtained as:
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DH2

d2∆CH
∂z2

= ∆CHjω (z = 0, L) (4.26)

O.(κ
d∆η

dz
) = 0 (z = 0, L) (4.27)

DH2,eff
d2∆CH
∂z2

= εionomer∆CHjω +
∆(Ia)

nF
(z = L,L+ d) (4.28)

O.(κ
d∆η

dz
) = εionomerCdl∆ηjω + ∆(Ia) (z = L,L+ d) (4.29)

with the boundary conditions

B.C.1 = ∆CH = 0 , z = 0 (4.30)

B.C.2 = ∆η = ∆ηapp , z = 0 (4.31)

B.C.3 =
d∆CH
dz

= 0 , z = L+ d (4.32)

B.C.4 =
d∆η

dz
= 0 , z = L+ d (4.33)

The perturbation in faradaic current ∆Ia can be obtained from a linear approximation using

Taylor series expansion of Equation 4.21 and is given by:

∆(Ia) = Aa
io,ref
CHref

(∆CH(exp(
η

ba
)− exp(−η

bc
)) + CH∆η(

exp( ηba )

ba
+
exp(−ηbc )

bc
))

Finally impedance is calculated as the ratio

Z =
∆ηapp
∆icell

(4.34)

with ∆icell obtained from the integral:

∆icell =

∫ L+d

L
εionomerCdl∆ηjω + ∆(Ia)dz (4.35)

78



4.4 Results and discussion

4.4.1 Beginning of life steady state polarization behaviour

Figure 4.5: Polarization response predicted by the model for three different ionomer film
thickness at 1 atm gas phase pressure, 80◦C and RH=80% . The points marked with an
oval denote the potential at which impedance response was simulated in Figure 4.7

The porous electrode model described in section 4.3.1 was used to simulate beginning

of life cathode polarization as shown in Figure 4.5. The characteristic polarization features,

namely the activation loss, ohmic loss and transport loss regions are captured by the model.

Similar to the model developed by Sun et al. (2005), the catalyst agglomerate was assumed

to be enveloped by an ionomer film in this work. The steady state polarization predicted

by the porous electrode model as a function of agglomerate ionomer film thickness is also

presented in Figure 4.5. Increasing the film thickness introduces additional resistance to

transport of oxygen to reaction sites and this leads to increasing voltage loss at high current

densities.
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4.4.2 Beginning of life cathode impedance response

The development of cathode impedance model including the agglomerate film is one of the

contributions in this work. The purpose of this work was to examine whether the mass

transport resistance associated with oxygen transport in thin ionomer film manifests as a

low-frequency arc in the impedance. As discussed in section 4.2, prior impedance models

attributed the low frequency arc to limitations in gas phase transport that can arise from

flooding (Guo and White, 2004, Springer et al., 1996). The motivation was to verify if mass

transport loss in the ionomer film could have a similar effect.

Figure 4.6: Impedance response variation with varying thickness of ionomer film at 1 atm
gas phase pressure, 80◦C,RH=80%, ω=0.1 Hz to 100kHz and ηss=0.3 V. Increase in film
thickness results in increase in polarization resistance

Impedance simulations were carried out at different ionomer film thickness as shown
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in Figure 4.6. Increasing the film thickness, reduces the oxygen concentration at the film-

agglomerate boundary and introduces additional resistance to the transport of oxygen to

reaction sites. This effect manifests as an increase in the polarization resistance given by

the diameter of the impedance semicircle.

Parameter Description Value Source

Aa Effective platinum surface area 1× 105 cm2
Pt

cm3 calculated

DH2 Diffusion coefficient of hydrogen in Nafion 5.6× 10−6 cm2

sec (Broka and Ekdunge, 1997)

κ Proton conductivity of ionomer 0.3286× 10−1 S
cm assumed

CHref
Concentration of hydrogen in solution phase 0.4684× 10−5 mol

cm3 (Neyerlin et al., 2007)

ioref exchange current density 0.135 Amp
cm2Pt

(Neyerlin et al., 2007)

T Temperature 80◦ ◦C assumed
R.H. Relative humidity 80 % assumed
Ra Radius of catalyst agglomerate 200 nm assumed

Ka Rate constant for ORR 1.267× 10−9cm3mol−1s−1cm−2
Pt Calculated

Do Diffusion coefficient of oxygen in ionomer 2.987× 10−6cm2s−1 (Guo and White, 2004)
εa Volume fraction of ionomer in agglomerate 0.3 assumed

Table 4.2: Parameter estimates used in simulation

Next the effect of applied overpotential on the impedance response is shown in Figure 4.7.

In this figure, the impedance axes are normalized by multiplying with steady state current

density at each overpotential and dividing by the normal tafel slope used in the ORR kinetic

model (Guo and White, 2004). In this representation the diameter of the impedance curve

(on the real axis) is directly proportional to the apparent tafel slope observed in the steady

state polarization curve shown in Figure 4.5. The characteristic low frequency arc predicted

by the model at high overpotential signifying gas phase mass transport has been reported

before. (Guo and White, 2004)

4.4.3 Impedance response for the H2/N2 feed mode

As discussed in section 4.2, impedance response of the H2/N2 system is used to extract

catalyst layer resistance. It was also pointed out that a physics based modelling study

was lacking to analyze the deviation from ideal impedance response. A physics based

impedance model for the H2/N2 feed mode was developed as described in section 4.3.6 to
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Figure 4.7: Impedance response variation with applied overpotential at 1 atm gas phase
pressure, 80◦C, ω=0.1 Hz to 100kHz and RH=80%. The normalized impedance axes is
calculated via: Znormalised=Z × Iss

b , where Iss refers to steady state current density and b
refers to normal tafel slope

82



study the impact of spatial variation of ionic conductivity and double layer capacitance on

the impedance response. The results from this model are presented below.

Case of spatially varying ionic conductivity and capacitance

To determine if deviations in the impedance spectra from expected theoretical trends can

be caused by spatial variations of capacitance and resistance in the cathode catalyst layer,

cases with linearly varying conductivity and capacitance are simulated. Linear distributions

are considered in direction from membrane to PTL. The end points of capacitance/ con-

ductivity distribution for the linearly varying case are decided such that the average of the

capacitance/conductivity distribution equals the uniformly distributed case. For example,

using capacitance as an example, the linear variation is given by Equation 4.36.

Cdl,avg =

∫ d
0 Cdl(z)dz∫ d

0 dz
(4.36)

The influence of spatial variations of capacitance and resistance in the cathode catalyst

layer on the impedance spectra are shown in Figures 4.8 and 4.9. It can be observed from

the plots that the 45 degree high frequency and the vertical low frequency characteristics are

retained for the various cases. Therefore distribution of conductivity is not responsible for

deviation of high frequency response from 45 degrees. However the distributions in capac-

itance and conductivity cause the overestimation or underestimation of the low frequency

vertical line intercept with the real axis. For the case of linearly distributed capacitance it

can be observed that when a higher value of capacitance is present near the membrane-PTL

interface the value of the intercept with the real axis decreases and vice versa. This would

in turn result in over or under estimation of effective catalyst layer ionic resistance.
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Figure 4.8: Simulated impedance at ηss = 0.2v and ω=0.1 Hz to 1000 Hz for equally
distributed capacitance 200 F

cm3 , linearly increasing capacitance from 150 F
cm3 to 250 F

cm3

and linearly decreasing capacitance from 250 F
cm3 to 150 F

cm3 .The end points of capacitance
distribution for the linearly varying case are decided such that the average of the capacitance
distribution equals the capacitance value of uniformly distributed case
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Figure 4.9: Simulated impedance at ηss = 0.2v and ω=0.1 Hz to 1000 Hz for equally dis-
tributed conductivity 0.0328 S

cm , linearly increasing conductivity from 0.0228 S
cm to 0.04228

S
cm and linearly decreasing conductivity from 0.04228 S

cm to 0.0228 S
cm . The end points of

conductivity distribution for the linearly varying case are decided such that the average of
the conductivity distribution equals the conductivity value of uniformly distributed case
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Deviation from 90◦ line

Theoretically, at low frequencies the 90◦ line is due to pure charging of capacitive elements in

the catalyst layer while the faradaic part of the current has reduced to zero, being limited

by hydrogen crossover. In other words, the perturbation in voltage does not cause any

more increase in hydrogen oxidation due to hydrogen supply to the catalyst layer having

already reached its limit at the steady state overpotential ηss = 0.2 V. Experimentally,

however, a deviation from 90◦ is often noticed and this could be due to hydrogen crossover

not being limited. With the use of a physical model, it becomes possible to examine

the contribution of capacitive and faradaic currents to the impedance response separately.

Figure 4.10 shows this comparison where the impedance spectra at nominal conditions

account for both capacitive and faradaic currents. At low frequencies it can be observed

that the nominal impedance deviates slightly from 90◦ slope. The impedance response

where the faradaic current is discounted (∆Ia = 0 in Equation 4.35) for has a 90◦ slope,

as expected theoretically.

4.5 Futurework

In the performance models discussed above, the kinetics of ORR was modelled using a

Tafel rate law. The model were developed with a view of implementing the multistep ORR

kinetics in place of Tafel kinetics and this remains part of work to be competed in the future.

In addition, implementation of platinum degradation model would allow the performance

model to predict beginning and end of life performances.
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Figure 4.10: Simulated impedance at ηss = 0.2 V and ω=0.1 Hz to 1000 Hz showing the
contribution of faradaic current to the impedance response
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Chapter 5

Conclusions and future work

5.1 Thesis Contributions

The thesis work has resulted in original scientific contributions in the field of electrochem-

istry with direct implications for fuel cell design and modeling. The thesis presents two new

kinetic models pertaining platinum electrochemistry and one new transport/kinetic model

for impedance of H2/N2 in a fuel cell. These individual works have been published in the

following journals.

• O2 electrochemistry on Pt: A unified multi-step model for oxygen reduction and oxide

growth, B. Jayasankar and K. Karan. Electrochimica Acta, volume 273, May 2018,

367-378

• On the Determination of PEM Fuel Cell Catalyst Layer Resistance from Impedance

Measurement in H2/N2 Cells, D.Malevich, B. Jayasankar, E. Halliop, J.G. Pharaoh,

B.A. Peppley and K. Karan. J. Electrochem. Soc. 2012 volume 159, issue 12, F888-

F895

The main conclusions and significance of the three papers are summarized in the fol-

lowing paragraphs.
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Unified multi-step model for oxygen reduction and oxide growth: The unified

multi-step model of oxygen reduction and oxide growth is, to the best of my knowledge, the

first attempt to provide a single reaction kinetics model that can describe two commonly

employed electrochemical characterization techniques for Pt catalyst: cyclic voltammetry

(CV) and oxygen reduction reaction. In addition, the framework was expanded to incor-

porate sub-surface oxide growth by place exchange. Although individual models for each

of these phenomena have been modeled with varying extents of complexity, no one had

attempted to describe them using a single kinetic model framework. Thus, the unified

model represents a significant scientific contribution. The unified kinetic model can be used

describing cathode kinetics when modeling fuel cell polarization curve or to model cyclic

voltammetry response of Pt catalyst being tested in a liquid electrolyte in a laboratory.

This is the first kinetic model that has been validated against three different sets of ex-

perimental data: ORR, oxide growth and transient CV data. Cyclic voltammetry and oxide

growth data were collected from a variety of published sources in addition to complemen-

tary experimental data collected using the EQCM set up. The kinetic model successfully

predicts experimentally observed features of the polarization curve including the transition

in the Tafel slope from 119 mV/dec high current densities to 63 mV/dec at 0.9 V. This

transition in the slope coincides with negligible surface oxide coverage on platinum below

0.8 V and a dominant Oads phase above 0.8 V. The dominant oxide species predicted by

the model, Oads, matches experimental studies of Jerkiewicz et al. (2004a).

In addition, the thermodynamic reaction order with respect to oxygen concentration,

as predicted by the model, is one, which also matches experimentally reported values

(Markiewicz et al., 2015, Parthasarathy et al., 1992). Based on model predictions, the

Associative Adsorption step was verified as being crucial to obtain the experimentally ob-

served thermodynamic reaction order with respect to oxygen concentration. In the past the

oxide-dependent kinetic models were of the form that could not capture the CV features

and there was always a question about the validity of such models. Thus, the new unified
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kinetic model resolves this dilemma.

The kinetic model successfully predicts the characteristic features of CV response arising

from water oxidation on platinum in the absence of oxygen. These features include the

initial oxide formation peak around 0.8 V and a broad current plateau that extends up to

the upper potential limit (UPL) during the anodic part of the cycle. During the cathodic

cycle, the model predicts an oxide reduction peak centred symmetrically around a reduction

peak potential. The model predicts a reduction peak potential that is independent of the

UPL unto 1.2 V and shifts to less positive potentials beyond 1.2 V UPL, features which are

also observed in experiments (Jerkiewicz et al., 2009). Finally, the kinetic model predicts

the growth of oxide on platinum during potential hold as a function of logarithm of time, as

reported from experiments (Conway et al., 1990, Jerkiewicz et al., 2004, Kongkanand and

Ziegelbauer, 2012). One of the important insights gained from the kinetic model was that

to predict characteristic CV behaviour and oxide growth arising from water oxidation in

the absence of oxygen, Temkin kinetics model for reaction steps RT (Reductive Transition)

and RD (Reductive Desorption) was identified as being necessary. In addition, surface

reconstruction was determined to be necessary to allow for oxide coverage to go beyond

monolayer.

The primary focus of this thesis was on the development of a comprehensive mecha-

nistic framework that described several electrochemical reactions of oxygen and water on

platinum. A multistep reaction framework that included place exchange of platinum oxide

and formation of O-Pt-O stripes was hypothesized as shown in Figure 2.6.

Kinetic model for platinum dissolution: Building on the kinetic framework for

oxygen electrochemistry on Pt, a kinetic model for Pt dissolution was developed. The

significance of the model is that prior platinum dissolution models were either based on

dissolution of bare platinum surface and modelled as an anodic process or based on chemical

dissolution of platinum oxides (Darling and Meyers, 2003, Rinaldo et al., 2010) and could not

predict the transient platinum dissolution features observed experimentally during potential
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cycling (Topalov et al., 2012). Specifically, the new model can simulate the constant and

lower platinum dissolution flux during the anodic scan that is independent of the upper

potential (UPL) and a higher dissolution flux during the cathodic scan that increases with

increase in UPL. Based on the platinum oxide kinetic framework that was developed earlier

in this work, the chemical dissolution of place exchanged oxide species, O-Pt and O-Pt-OH,

was hypothesized. Based on this hypothesis and the estimation of a single rate constant for

the chemical dissolution reaction, observed experimental trends were matched qualitatively

and quantitatively with model predictions.

The model is able to successfully predict that the predominant platinum dissolution

occurs during the cathodic cycles compared to the anodic cycles. The model also provided

the insight that the magnitude of dissolution during the cathodic scan directly depends on

the UPL but the anodic dissolution is independent of UPL. These features are in agreement

with the data presented by Mayrhofer et al. (Topalov et al., 2012). The observed features

are a result of interplay between the rates of formation of dissolution susceptible place

exchanged oxides, O-Pt and O-Pt-OH, and their passivation through forma ion of stable

O-Pt-O oxide. Consequently the rates and equilibrium potentials related to the formation

of these oxides emerged to be important. For example, when the model predictions were

compared to experimental potentiostatic dissolution data (Wang et al., 2006), the potential

at which dissolved platinum concentration reached a maximum was found to be related to

the equilibrium potentials for the formation of O-Pt-OH and O-Pt-O oxides.

One of the key significance of the developed transient Pt dissolution model is that it

can be applied to any potential cycling step; triangular, sinusoidal, square, or trapezoidal.

Although not examined in the thesis, differences in Pt dissolution between the various po-

tential cycles can be theoretically analyzed. This could guide new protocols for accelerated

stress testing of Pt-based catalyst.

Catalyst layer impedance model: The CL impedance model was also developed

as part of this thesis with an original intention of incorporating the kinetic framework

91



developed above but importantly to use it as a diagnostic tool for CL transport character-

ization. The agglomerate structure of the catalyst layer was adopted with a thin ionomer

film envelope around catalyst agglomerates. For the first time, analytical expressions to

estimate oxygen concentration variation within catalyst agglomerate at steady state and

transient conditions were derived. Model predictions showed that with increasing thickness

of ionomer film, the low frequency response of the spectrum was affected as an increase in

the impedance loop diameter.

Another original contribution was the development of a model for simulating the impedance

response for H2/N2 cells commonly employed to estimate effective protonic conductivity in

the catalyst layer (Lefebvre et al., 1999). Analyses of experimental data is typically per-

formed by equivalent circuit model. The developed impedance model is first one which

is physics-based explicitly considering transport and kinetics. Useful insight was gained

from the model. The model predictions showed the shortcoming of this approach wherein

the effective protonic conductivity could be over or underestimated due to distributions in

capacitance or conductivity.

5.2 Future work

Some of the key issues pertaining to the ORR and platinum dissolution kinetic models that

can be addressed in the future are:

• In the ORR kinetic framework, oxide growth was modelled assuming the oxides were

immobile. When the thickness of film grows, it is known that some migration of oxide

and metal ion within the film also occurs. The transport of these ions could also prove

to be crucial in the dissolution process.

• The model parameters were estimated through a recursive approach by fitting model

predictions to steady state ORR data and transient CV data successively. If parameter

estimates related to any of the reaction steps in the multistep framework become
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available through experiments or DFT calculations, it would serve as further data

for model validation. In addition, a detailed parametric sensitivity analysis could be

performed to potentially reduce the number of parameters in the model.

• The dissolution model in this thesis was limited to Pt planar electrode. A compre-

hensive dissolution model that is applicable to cathode catalyst layer should include

carbon support corrosion, migration of platinum on carbon support whereby smaller

platinum particles coalesce into bigger particles and Pt particle radius dependent dis-

solution. Furthermore, Pt particle radius evolution can be utilized to predict change

in electrochemical active surface area. For example, based on the chemical dissolution

model presented in this thesis, the evolution of platinum particle radius can be tracked

from mass balance as shown below:

drPt
dt

= −MPt

ρPt
∗ (νCD1 + νCD2) (5.1)

Where rPt is the radius of platinum particle, MPt is the molecular weight of platinum,

ρPt is the density of platinum and νCD1 and νCD2 are the rates of chemical dissolution.

• Although the platinum dissolution model captured transient dissolution well, some

short comings were identified when compared to equilibrium dissolution data. In

addition, issues surrounding the experimentally observed migration of platinum ions

from cathode catalyst layer and forming PTIM was noted. Future modelling effort

could address this issue and offer alternative hypothesis.
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Matthias Arenz. Probing degradation by il-tem: The influence of stress test conditions on
the degradation mechanism. Journal of The Electrochemical Society, 160(6):F608–F615,
2013. doi: 10.1149/2.078306jes. URL http://jes.ecsdl.org/content/160/6/F608.

abstract.

Hao Zhang, Herwig Haas, Jingwei Hu, Sumit Kundu, Mike Davis, and Carmen Chuy.
The impact of potential cycling on pemfc durability. Journal of The Electrochemical
Society, 160(8):F840–F847, 2013. doi: 10.1149/2.083308jes. URL http://jes.ecsdl.

org/content/160/8/F840.abstract.

110



Appendix A

EQCM data

Figure A.1: Oxide mass measurement during potential step from 0.43 V to Ef vs RHE in
0.1 M HClO4 purged with argon on a polycrystalline planar Pt electrode. One standard
deviation error bars are also shown.
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Appendix B

Cathode impedance model

The detailed derivation for the cathode impedance model discussed in section 4.3 is provided
here.

B.0.1 Obtaining steady state oxygen concentration variation Co in ag-
glomerate

In the first step, the steady state concentration profile of oxygen within an agglomerate
is obtained. To obtain the profile, a mass balance on oxygen within the agglomerate is
made. Oxygen diffuses into from the surface of agglomerate while they are consumed by
the oxygen reduction reaction. A mass balance equation in spherical coordinates gives:

D

r2

d

dr
r2dCo

dr
− λ×RORR = 0 (B.1)

RORR = KaAaCoexp(
−2.3η

b
) (B.2)

with the conditions

λ = 1 (0, Ra) (B.3)

λ = 0 (Ra,Ra+ δ) (B.4)

D = Deff (0, Ra) (B.5)

D = Do (Ra,Ra+ δ) (B.6)

The thickness of the ionomer film around an agglomerate is denoted by δ. Do and Deff

are the diffusion and effective diffusion coefficients respectively of oxygen in ionomer phase
related via the Bruggeman relation Deff = Doε

1.5
a (Jaouen and Lindbergh, 2003) where

εa is the volume fraction of nafion in the agglomerate. Since no reaction take place when
oxygen diffuses through the thin ionomer film surrounding the agglomerate λ = 0 for this
region. The above set of equations can be solved with the following boundary conditions

112



B.C.1 : r = Ra+ δ, Co = HCgxO2 (B.7)

B.C.2 : Continuity of Co at r = Ra (B.8)

B.C.3 : Continuity of
dCo
dr

at r = Ra (B.9)

B.C.4 : r = 0,
dCo
dr

= 0 (B.10)

Boundary condition 1 assumes a constant concentration of oxygen at the surface of the
agglomerate while condition 4 implies symmetry of profile at the centre. The entire solution
is obtained analytically and is given by:

Co(r) = Coδ
Ra

r

sinh(φr)

sinh(φRa)
(0, Ra) (B.11)

Co(r) = C1 +
C2

r
(Ra,Ra+ δ) (B.12)

C1 =
HCgxO2,ss

1 + L1

(Do− L1
Ra

)(Ra+δ)

(B.13)

C2 =
L1C1

(Do − L1
Ra

)
(B.14)

Coδ = C1 + C2/Ra (B.15)

L1 = DeffRa(1− φRacoth(φRa)) (B.16)

φ =

√
AaKa

Deff
exp(−2.3η

2b
) (B.17)

where η is the steady state overpotential that is constant within a given agglomerate.

B.0.2 Obtaining amplitude of oxygen concentration variation ∆Co in ag-
glomerate (unsteady state)

When a perturbation signal is applied during the impedance test, the concentration of
oxygen in the agglomerate varies with both time and space. Hence an unsteady state
equation has to be solved to obtain the oscillating concentration. To obtain the amplitude
of oxygen concentration variation, the steady state Equation B.1 is written in the unsteady
domain as

D

r2

∂

∂r
r2∂Co

∂r
− λ×KaAaCoexp(

−2.3η

b
) = εa

∂Co
∂t

(B.18)

In the above equation a substitution for terms η andCo is made according to the law
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X = Xss + ∆Xexp(iωt). By utilizing a Taylor series expansion, the second term on the
L.H.S. can be linearised and the equation can be written as

Deff

r2

d

dr
r2d∆Co

dr
−K1∆Co = −K2

sinh(φr)

r
(B.19)

K1 = εajω +AaKaexp(−
2.3η

b
) (B.20)

K2 = AaKa∆η
2.3CδRa

bsinh(φRa)
(B.21)

An analytical solution is again obtained which gives the profile of ∆Co(r). The boundary
conditions are similar to that of the steady state case:

B.C.1 : r = Ra+ δ,∆Co = HCg∆xO2 (B.22)

B.C.2 : Continuity of Coa at r = Ra (B.23)

B.C.3 : Continuity of
dCoa
dr

at r = Ra (B.24)

B.C.4 :
d∆Co
dr

= 0 at r = 0 (B.25)

Boundary condition 1 implies the gas phase concentration does not change appreciably to
a small fluctuating potential ∆η.

∆Co(r) =
C3

r
exp(

√
N1r) +

C4

r
exp(−

√
N1r)(Ra, Ra + δ) (B.26)

∆Co(r) =
exp(θr)

r
(C1 + u) +

exp(−θr)
r

(C2 + v)(0, Ra) (B.27)

u = − K2

4Doθ
[
exp(φ− θ)r

φ− θ
+
−exp(φ+ θ)r

φ+ θ
(B.28)

v = ;
K2

4Doθ
[
exp(φ+ θ)r

φ+ θ
− exp(θ − φ)r

θ − φ
(B.29)

θ =

√
K1

Do
(B.30)

N1 =
εajω

Do
(B.31)

C1 = −C2 (B.32)

C3 = (Ra+ δ)exp(−
√

(N1)(Ra + δ))∆xO2Cg (B.33)

−C4exp(−2
√

(N1)(Ra + δ))
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C4 =
C2(−2sinh(θRa)) + K2sinh(φRa)

Do(θ2−φ2)
− (Ra+ δ)exp(−

√
(N1)(Ra + δ))∆xO2Cgexp(

√
(N1)Ra)

exp(−
√

(N1)Ra)(1− exp(−2
√

(N1)δ))
(B.34)

(B.35)

The concentration profiles Co(r) and ∆Co(r) are used to calculate the faradaic current
produced in one agglomerate. These are given by the expressions:

Ia = 4πnFDeffRaCoδ(1− φRacoth(φRa)) (steady state) (B.36)

∆Ia = 4πnFAaKaexp(−
2.3η

b
)

∫ Ra

0
(∆Co −

2.3

b
Co∆η)r2dr (B.37)

where ∆Ia is the small perturbation in the faradaic current due to perturbation ∆η.

B.0.3 Obtaining variation of overpotential across the catalyst layer η

The overpotential η is defined as the difference between the electronic phase and ionic phase
potentials across the catalyst layer (η = φelec. − φionic). The electronic phase potential is
assumed to be constant since the conductivity of the electronic phase is much higher than the
conductivity of ionic phase. The ionic phase potential is determined by the concentration
of protons. Within the catalyst layer, the oxygen reduction reaction consumes protons and
there is a transition from ionic to electronic current corresponding to the rate of oxygen
reduction reaction. Therefore the flux of protonic current is equal to the volumetric Faradaic
current density under steady state.

diprotonic
dz

=
Faradaic current

unit volume
(B.38)

Assuming an ohm’s law type constitutive relation between current and potential (iproton =

−κdφionic

dz ) in the ionic phase we get,

κ
d2η

dz2
=

Faradaic current

unit volume
(B.39)

The faradaic current density term is obtained by calculating the current produced per
agglomerate multiplied with the number of agglomerates per unit volume of electrode. This
can be derived from the steady state concentration profile of oxygen within an agglomerate.
The variation of overpotential at steady state, denoted by η, can then be derived as:

κ
d2η

dz2
= ρaIa (B.40)

ρa =
3(1− εc)

4πR3
a

(B.41)
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where ρa is the number density of agglomerates per unit volume of catalyst layer.

B.0.4 Obtaining variation of overpotential across the catalyst layer ∆η

Using the same approach as before, the unsteady state variation of overpotential during the
application of a perturbation signal can be derived. The final model equation is given by:

κ
d2∆η

dz2
= ∆(ρaIa) + Cdliω∆η (B.42)

with the first term on the RHS of the above equation being the faradaic current term and the
second term being the capacitive current. The faradaic term is linked to the concentration
profile of oxygen through the term:

∆(ρaIa) = −ρa4πnFAaKaexp(−
2.3ηss
b

)

∫ Ra

0
(∆Co −

2.3

b
Co,ss∆η)r2dr

The RHS in the above equation is a linearised version of Equation B.2. The integral can
be computed analytically since both Coss and ∆Co profiles have been derived analytically.
The steady and unsteady state equations for ηss and ∆η is solved together in MATLAB
with the following boundary conditions:

B.C.1 : z = 0, ηss = ηapp (B.43)

B.C.2 : z = 0,∆η = ∆ηapp (B.44)

B.C.3 : z = L,
dηss
dz

= 0 (B.45)

B.C.4 : z = L,
d∆η

dz
= 0 (B.46)

Finally, the solution enables to calculate ∆icell and impedance as,

∆icell =

∫ L

0
∆(ρaIa) + Cdliω∆ηdz (B.47)

impedanceZ =
∆ηapp
∆icell

(B.48)
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