
CONFIDENTIAL 

In Situ Modeling of Chemical Membrane 

Degradation in Polymer Electrolyte Fuel Cells 

by 

Ka Hung Wong 

M.Phil, The Hong Kong Polytechnic University, 2012 

B.Sc., The Chinese University of Hong Kong, 2007 

Thesis Submitted in Partial Fulfillment of the 

Requirements for the Degree of  

Doctor of Philosophy 

in the  

School of Mechatronic Systems Engineering 

Faculty of Applied Sciences 

 Ka Hung Wong 2015 

SIMON FRASER UNIVERSITY 

Summer 2015



CONFIDENTIAL 

ii

Approval 

Name: Ka Hung Wong 

Degree: Doctor of Philosophy (Mechatronic Systems Engineering) 

Title: In Situ Modeling of Chemical Membrane Degradation 
in Polymer Electrolyte Fuel Cells 

Examining Committee: Chair: Gary Wang 
 Professor 

Erik Kjeang 
Senior Supervisor 
Assistant Professor 

Michael Eikerling 
Supervisor 
Professor 

Ned Djilali 
Supervisor 
Professor 

Majid Bahrami 
Internal Examiner 
Associate Professor 
School of Mechatronic Systems 
Engineering 

Kunal Karan 
External Examiner 
Associate Professor 
Chemical and Petroleum Engineering 
University of Calgary 

Date Defended/Approved: June 23rd, 2015 



CONFIDENTIAL 

iii

Partial Copyright Licence 



CONFIDENTIAL

iv 

Abstract 

Chemical membrane degradation is a major limiting factor for polymer electrolyte fuel cell 

(PEFC) durability and lifetime. While the effects of chemical membrane degradation are 

characterized in the literature, the underlying mechanism is not fully understood. This 

motivates the development of a comprehensive in situ chemical membrane degradation model 

addressed in this work to determine the linkages between the membrane electrolyte assembly 

(MEA) macroscopic phenomena, in situ operating conditions, and the temporal membrane 

degradation process. Chemical membrane degradation through OH radical attack on the 

membrane, where the radical is produced by decomposition of hydrogen peroxide in the 

presence of contaminants such as Fe2+, is comprehensively investigated. A redox cycle of iron 

ions is discovered within the MEA which sustains the Fe2+ concentration in the membrane and 

results in the most severe chemical degradation at open circuit voltage (OCV). The cycle is 

suppressed at lower cell voltages leading an exponential decrease in Fe2+ concentration in the 

membrane and associated membrane degradation rate, which suggests that intermediate cell 

voltage operation would efficiently mitigate chemical membrane degradation and extend the 

fuel cell lifetime. 

Effectiveness of membrane additives (e.g., ceria) in mitigating the  membrane degradation is 

explored. At high cell voltages, abundant Ce3+ ions are available in the membrane to quench 

hydroxyl radicals which is the primary mitigation mechanism observed at OCV conditions. 

However, the mitigation is suppressed at low cell voltages, where electromigration drives Ce3+ 

ions into the cathode catalyst layer (CL). Without an adequate amount of Ce3+ in the 

membrane, the hydroxyl radical scavenging is significantly reduced. Moreover, the modeling 

results reveal that proton starvation may occur in the cathode CL due to local Ce3+ 

accumulation and associated reductions in proton conductivity and oxygen reduction kinetics. 

Significant performance tradeoffs in the form of combined ohmic and kinetic voltage losses are 

therefore evident. A lower initial Ce3+ concentration is demonstrated to mitigate voltage losses 

without compromising membrane durability at high cell voltages. However, the harmful Fe2+ 

concentration in the membrane increases with the Ce3+ concentration, which suggests that 

ceria-supported MEAs can experience higher rates of degradation than baseline MEAs at low 

cell voltages. Strategic MEA design is recommended in order to ensure membrane durability at 

low cell voltages. 
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Chapter 1. 

Introduction 

1.1. Objective 

The objective of this work is to develop an in situ chemical membrane 

degradation model for an operating polymer electrolyte fuel cell (PEFC). This in situ 

model targets on modeling the chemical membrane degradation and exploring its 

coupling effects in a standard membrane electrolyte assembly (MEA) which consists of 

membrane, catalyst layer (CL), and gas diffusion layer (GDL). The developed 

degradation model also aims to provide a platform in evaluating the effectiveness of 

advanced materials design and fuel cell operation on mitigation of membrane 

degradation. 

The work presented in this thesis belongs to the modeling component of the 

Automotive Partnership of Canada (APC) funded project aiming to develop next 

generation heavy duty fuel cell (NG-HDFC) technology with enhanced durability and 

reliability (www.apc-hdfc.ca). The project focuses on the durability issue of 

perfluorosulfonic acid (PFSA) ionomer membranes, which are generally use in hydrogen 

PEFCs to separate the two electrodes in the MEA. Although PFSA membranes have 

high proton conductivity at low temperatures, relatively low reactant permeation, and 

superior electrical insulation leading to high fuel cell performance, the ionomer 

membrane can be degraded in the fuel cell environment which reduces its stability and 

limits its lifetime [1, 2]. Chemical and mechanical degradation are the primary 

mechanisms leading membrane failure that resulted from lifetime limiting hydrogen leaks 

across the MEA. In the project, chemical membrane degradation is investigated by 
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various experimental and modeling methodologies. Based on the developments from 

these investigations and existing knowledge in the literature, an underlying chemical 

membrane degradation mechanism is developed and is incorporated into a state-of-the-

art MEA fuel cell performance model to achieve an in situ modeling platform for chemical 

membrane degradation as presented in this thesis. As a modeling task in the NG-HDFC 

project, the in situ modeling platform is applied to generate a set of metrics to represent 

the chemical degradation fingerprints, including the changes in ion exchange capacity 

(IEC), fluoride release rate, membrane thinning, open circuit voltage (OCV) decay, and 

reduction in proton conductivity. These metrics are used to quantify the rate of chemical 

membrane degradation. The degradation model is also a modeling element which can 

be integrated with the mechanical membrane degradation model and the statistical 

ionomer aggregation model developed in the project to form a more general membrane 

durability model in which chemical, mechanical, and coupled degradation modes can be 

addressed. Key phenomena related with membrane stabilizing additives are included in 

the proposed model. Their behaviours and interactions between other fuel cell 

components under an in situ operating fuel cell are explored and examined which 

generate a portfolio of results that can be applied in selecting next generation stabilizing 

additives for fuel cell.  

Notable significant efforts have been made in characterizing and understanding 

the chemical membrane degradation in PEFC which indicate the degradation 

mechanism involves formation of hydrogen peroxide and oxygen radicals and radical 

attack on the membrane. However, full understanding cannot be achieved without 

considering these degradation processes in operating hydrogen PEFCs. The role of this 

thesis in fuel cell durability research is to establish an in situ chemical membrane 

degradation model in which the chemical degradation processes of membrane in 

operating fuel cell are simulated. The developed model attempts to explore the missing 

but important mechanisms in chemical membrane degradation. In order to make this 

objective clear, an introduction on fuel cell technology is given in Section 1.2, followed by 

an overview on fuel cell degradation in Section 1.3. Finally, a detailed review on the 

modeling of chemical membrane degradation is given in Section 1.4. 
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1.2. Introduction on Polymer Electrolyte Fuel Cell 
Technology 

Fuel cells are electrochemical devices that continuously convert the chemical 

energy of a fuel and oxidant directly into electricity.  

The possible applications of fuel cell technology include portable, stationary, and 

transport applications. Currently, hydrogen PEFCs are the leading alternatives to heat 

engines in transport applications because they can operate at low temperatures 

(<100°C) [3]. PEFCs use a thin and solid PFSA ionomer membrane as a polymer 

electrolyte to separate the fuel and oxidant. The ionomer membrane is sandwiched 

between two thin and porous electrodes which consist of CL and GDL. GDL is a 

macroporous substrate with various additive materials such as microporous layer (MPL) 

and polytetrafluoroethylene (PTFE) to manage water transport within PEFCs. CL has a 

more complex structure with ionomer and carbon inter-connected networks and 

distributed platinum (Pt) as a catalyst to enhance the oxygen reduction reaction (ORR). 

Both GDL and CL are highly porous to provide good reactant transport to and product 

removal from the catalyst.  

In the anode CL, hydrogen is oxidized to generate electrons and protons. Protons are 

transported from anode CL to cathode CL through an ionically conductive but electrically 

insulting PFSA ionomer membrane. Simultaneously, electrons are transported from 

anode CL to cathode CL via external circuit. In the cathode CL, oxygen is 

electrochemically reduced by recombining with protons and electrons from anode CL [3]. 

The reduction has a slow kinetic, and therefore platinum is incorporated to enhance the 

kinetic. The use of platinum also allows PEFCs to operate at a low temperature, which 

makes PEFCs having a rapid response with respect to changes in power output. 

The feasibility of PEFC technology in transport applications has been widely 

demonstrated in various fuel cell electric bus (FCEB) projects around the world [4]. 

FCEBs have been shown to be more fuel efficient compared to diesel buses. Moreover, 

using hydrogen as a fuel, FCEBs has zero emission at the point of use. PEFCs are also 
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applicable in light vehicles; several automobile companies such as Hyundai [5] are 

launching fuel cell electric vehicles based on PEFC technology in 2015. Recently, 

Ballard Power Systems has successfully demonstrated the world's first PEFC powered 

electric tram in China (http://www.ballard.com). Although PEFC technology has been 

well demonstrated in various transport applications, several technical barriers have to be 

addressed to achieve complete commercialization of PEFC technology. The main 

challenges include PEFC durability and stability, and initial capital cost of PEFC power 

modulus [1, 2]. For example, the current Ballard HD-6 fuel cell module offers 12000 

hours lifetime with 5-year warranty [4]. However, the Department of Energy and the 

Department of Transportation's Federal Transit Administration set a target of 25000 

hours durability for fuel cell propulsion system. In PEFCs, safe operation of fuel cell 

stacks is heavily relied on the low gas permeability of ionomer membrane, but 

microscopic pinholes and divots that allow reactant permeation have been observed in 

the degraded MEAs from FCEBs [4]. The reactant permeation can cause performance 

losses and result in direct combustion of hydrogen and oxygen at pinholes or divots 

which generates local hot spots which can decompose the ionomer [1, 2]. Eventually, a 

significant amount of leak of reactants is generated to cause fuel cell failure. As a result, 

membrane degradation has a more significant impact on the fuel cell lifetime with 

respect to MEA cracking than other degradations take place in other MEA components 

such as CL and GDL, which are related with fuel cell performance losses.  

1.3. Overview of Degradation Mechanisms in MEA 

1.3.1. CL and GDL Degradations 

In CLs, high electrochemical active surface area (ECSA) per volume has been 

achieved by applying high-surface-area carbon supported Pt catalyst. However, ECSA 

can be reduced during fuel cell operations. The loss of ECSA is attributed to Pt 

dissolution, coarsening of Pt particles, and corrosion of carbon support [6, 7]. Pt 

dissolution is enhanced by high cell voltages, low pH values, high temperatures, and 

transient voltage conditions [8] which suggest Pt dissolution is more significant at 
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cathode CL. The dissolved Pt can either deposit on the surface of larger Pt particles 

leading to particle growth (coarsening of Pt particle) or transport across the membrane 

and precipitate in the membrane or anode CL by reacting with hydrogen [6, 7, 9]. Carbon 

corrosion is found to be sensitive cell voltage, and the corrosion is accelerated at high 

cell voltages [6, 7]. Therefore, carbon corrosion is believed to be more significant at the 

cathode CL during usual fuel cell operations. The corrosion reduces the amount of 

carbon support in CLs which directly increases electrical resistance and reduces the 

ECSA in CLs. 

The main roles of the GDL are to allow reactant transport from fuel cell gas 

channel to the active surface in the CL and transfer electrons between the CL and 

bipolar plates for continuously supporting the electrochemical reactions. The GDL is also 

responsible for facilitating water vapor and liquid water transports in fuel cell to maintain 

effective reactant transport. Hydrophobic material is usually added in the GDL to prevent 

the blockages of pores due to water flooding at high current densities. The MPL is 

inserted between the GDL macroporous substrate and CL to remove the excess water 

and maintain an adequate amount of water in the CL and membrane [10]. An adequate 

amount of water in fuel cell is critical to fuel cell performance. However, the wetting 

properties in the GDL can change due to loss of the hydrophobic material and surface 

oxidation of the carbon fiber, which reduces the stability of the fuel cell performance [6, 

11].  

Although the GDL and CL do degrade in the fuel cell environment and lead 

degradation in the fuel cell performance, these degradation processes are out of the 

scope for this thesis and are not considered in the development of the degradation 

model. 

1.3.2. Membrane Degradation 

This section covers thermal, mechanical, and chemical degradations in PFSA 

membrane. Detailed discussion on chemical degradation including the mitigation 

strategies is provided.  
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Thermal Degradation 

PFSA membrane can experience thermal decomposition at temperature above 

200°C. About this temperature, sulfonic acid groups begin to decompose due to C-S 

bond cleavage which leads the formation of sulfur dioxide, OH radical and carbon-based 

radical on the chain [7]. Degradation can propagate along the degraded chain when the 

temperature is further elevated [1, 7]. On the other hand, PFSA membrane is relatively 

robust at typical fuel cell operating temperature  because of the strong C-F bond and the 

shielding effect induced by the electronegative fluorine atoms the backbone [1, 7], and 

hence thermal degradation is possibly not the initiating reaction to cause fuel cell 

failures. .  

Mechanical Degradation 

The fuel cell operating condition changes with respect to the varying power 

demand in heavy duty transport applications, which result in cyclic membrane swelling 

and contraction due to hygrothermal variations. Since the membrane is confined within 

the MEA, the swelling and contraction impose mechanical stress on the membrane [12]. 

The stress generated can possibly cause permanent plastic membrane degradation in 

catalyst coated membranes (CCM) because of the elastic-viscoplastic behavior of CCMs 

[13, 14]. Fatigue process in the membrane due to cyclic stress has been analyzed and 

simulated, and these studies suggested that the fatigue process can finally lead 

membrane fracture [15, 16].   Creep (time dependent deformation under constant 

applied stress) can also result in mechanical damage on the membrane and CCM [17]. 

Interestingly, temperature is found to be more dominant than relative humidity in both 

creep behaviour and fatigue process of the membrane [16, 17], and this may suggest 

the mechanical degradation is more severe at fuel cell conditions than at room 

conditions. However, the membrane degradation at fuel cell conditions is further 

compounded by the chemical degradation which can dramatically deteriorate the 

physicochemical and mechanical properties of the membrane [13, 18, 19, 20]. 
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Chemical Degradation Mechanism and its Mitigation Strategies 

Chemical membrane degradation is considered to be caused by radical attack on 

the membrane during fuel cell operation [21, 22, 23, 24, 25]. This hypothesis is 

corroborated  by  the in situ detection  of  hydroxyl  (⋅OH),   hydroperoxyl  (⋅OOH),   and 

hydrogen  (H⋅)  radicals  and  degraded ionomer species comprising oxygen and carbon 

centered radicals by utilizing an electron spin resonance (ESR) spectrometer [26, 27] or 

a fluorescence probe [28]. The hydroxyl radical can be generated in the membrane and 

is considered to be the “usual suspect” responsible for the chemical degradation [22, 29] 

and to initiate the formation of the hydroperoxyl and hydrogen radicals [29].  

In hydrogen PEFC, the presence of the hydroxyl radical is highly related with the 

hydrogen peroxide, which was detected in the effluent water collected during OCV 

accelerated stress test (AST) [30]. The formation of hydrogen peroxide has been 

observed when oxygen was reduced at Pt or Pt/C catalyst in the hydrogen-rich 

environment (voltage < 0.2 V) via two-electron ORR [31, 32]. The estimated diffusion 

length of hydrogen peroxide is in the centimeter range that indicates hydrogen peroxide 

can diffuse through the entire membrane [29]. When there are contaminants such as 

Fe2+ and Cu+ in the membrane, hydroxyl radical can be formed upon the decomposition 

of hydrogen peroxide [30, 33]. Among these metal contaminants, the Fe2+ ion is found to 

have the highest impact on the rate of chemical degradation [34]. This finding is also 

consistent with the ex situ Fenton's test [35] in which an increased formation of fluoride 

ions and hydroxyl radicals was observed in Fe2+-exchanged membranes compared with 

as-received and platinum(Pt)-dispersed membranes. Indeed, a higher Fe2+ ion 

concentration has stronger impact on the degradation rate as revealed by the 

decomposition of CF2 in the polymer backbone detected by means of X-ray 

photoelectron spectroscopy [36].  

In the Pt-dispersed membrane, hydroxyl radical is suggested to be formed from 

the decomposition of hydrogen peroxide on the Pt surface or the reaction of dissolved 

oxygen and hydrogen upon the Pt surface [37, 38]. However, the mechanism of hydroxyl 

radical formation via Pt in the membrane is still contentious; for example, the direct OH 
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radical formation from dissolved oxygen in the membrane is not likely to happen [39]. 

Moreover, mitigating effects on the membrane degradation have been observed when Pt 

band is formed in the membrane [19, 40]. The dual role of the Pt is suggested to depend 

on the Pt particle size and particle density in the membrane which determine the rate of 

radical formation and decomposition [38]. The Pt catalyst property could depend on the 

local equilibrium condition at Pt in the membrane [41]. Overall, it is important to capture 

the local distribution and transport phenomena of membrane contaminants such as Pt 

and iron in the chemical degradation model. Pt is in general absent in fresh MEAs. 

However Pt can migrate from CLs to membrane, which is a common consequence of CL 

degradation. Deposition of Pt in the membrane is a complicated process involving 

dissolution of Pt, transport of Pt ion or Pt complex, Pt reduction by dissolved hydrogen in 

the membrane, and growth of Pt particle. Hence, the Pt distribution, size, and form in the 

membrane are highly related with the fuel cell materials and operating conditions, which 

are expected to have influences on the dual role of the Pt in chemical membrane 

degradation. Iron contaminant is commonly present in fuel cell materials due to fuel cell 

fabrication and may also enter the MEA during fuel cell operation. However, their exact 

forms and positions in the MEA during operation are generally unknown.   

The first proposed chemical degradation mechanism for PFSA membrane is 

hydroxyl radical attack on H-containing end groups terminated the main chain of the 

ionomer which can be formed during the membrane manufacturing [21, 42, 43]. One of 

the most common end groups considered in the degradation process is the carboxylic 

acid end group, RfCOOH. The proposed degradation proceeds via unzipping reaction 

including sequential reactions which are initiated by hydroxyl radical attack at the 

carboxylic acid end groups [21, 42, 43]. When the carboxylic acid end group is attacked 

by hydroxyl radical, a hydrogen is abstracted from the acid end group to form a 

perfluorocarbon radical and release a carbon dioxide and water as described in Eq. (1). 

The perfluorocarbon radical, RfCF2 ⋅ , can react with hydroxyl radical to give a 

perfluoroalcohol, RfCF2OH, which can be decomposed to an acid fluoride, RfCOF, and a 

hydrogen fluoride (Eq. (2)). The acid fluoride can be hydrolyzed to form a new carboxylic 

acid end group and release another hydrogen fluoride presented in Eq. (3). The 

unzipping reaction can continue provided that CF2 group is present in the degraded main 
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chain. This chemical membrane degradation has been discussed and modeled [29, 43, 

44]. However, more recent studies focused on side chain degradation [25, 45, 46, 47, 

48, 49] that has become more important in developing mitigation strategies for chemical 

membrane degradation since the carboxylic acid group concentration of recent industry 

standard membranes is significantly reduced [50]. 

RfCF2COOH + ⋅ OH → RfCF2 ⋅ +CO2 + H2O (1) 

RfCF2 ⋅ + ⋅ OH → RfCF2OH → RfCOF + HF (2) 

RfCOF + H2O → RfCOOH + HF (3) 

The side chain degradation due to hydroxyl radical attack has two possible 

initiating regions, carbon-sulphur (C-S) bond and ether bond cleavages were suggested 

in the literature. C-S bond cleavage was proposed in the literature [24, 46, 48] and 

supported by density functional theory (DFT) calculations [46, 48]. However, ether bond 

cleavage was shown to be more favorable in other DFT calculations [45] and supported 

by several experiments [18, 25, 49]. The side chain unzipping reaction in recent 

chemically stabilized PFSA membranes has been demonstrated to be initialized from 

hydroxyl radical attack on the ether bond in the OCF2 group (αOCF2) which is closer to 

the ionic head groups [25, 49]. Hydroxyl radical can further attack the degraded side 

chain after cleaving the ether bond in αOCF2 group leading to the unzipping of the side 

chain [49]. This stepwise degradation can propagate along the side chain until main 

chain scission occurs by hydroxyl radical attack of the OCF2 group near the main chain 

[24, 43, 51]. The carboxylic acid groups formed after the main chain scission event 

further degrade via the well-established main chain unzipping reaction [43, 50]. The 

additional material loss contributed by main chain degradation was recently confirmed 

experimentally [18]. 

Recently, hydrogen radical attack at the CF bond in the tertiary carbon where the 

side chain is attached to the main chain has been observed in ex situ experiment [49]. 
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Since hydroxyl radical has the higher redox potential [2] and higher concentration in fuel 

cell system [29] than hydrogen radical, the side chain degradation in PFSA membrane is 

predominant due to the hydroxyl radical attack on the ether bond. 

Considering the dominant role of hydroxyl radicals in the chemical membrane 

degradation, radical scavenging is proposed to mitigate the chemical damage by 

quenching the radicals before they attack the ionomer. Metal cations such as Ce3+ and 

Mn2+ are proposed to quench the radicals in the membrane [23, 52]. Introduction of 

either Ce3+ or Mn2+ cations in the electrode or in the membrane significantly reduces the 

chemical membrane degradation rate indicated by the dramatic reductions in fluoride 

release rate and in OCV decay rate [23]. Moreover, Ce3+ is found to be about four times 

more effective than Mn2+ at reducing fluoride release rate when they have the same 

concentration [23]. 

Another promising membrane additive to quench ⋅OH in fuel cells is ceria (CeO2), 

which has been shown to effectively protect the ionomer membrane under OCV AST or 

ex situ Fenton's durability test conditions [23, 53, 54, 55, 56, 57, 58]. Ceria in general 

can dissolve in acidic aqueous environments provided that the electrochemical potential 

is not too high (below 1.76 V) according to the Pourbaix diagram for cerium [59]. Due to 

the high proton concentration ( 𝑐𝐻+ ≈  1800  mol m-3) and relatively low operating

potentials (0 – 1 V) of PEFCs, ceria dissolves and forms a Ce3+/Ce4+ redox couple in the 

ionomer phase when it is incorporated in the CLs or membrane [57, 60]. The Ce3+ ion 

can react with ⋅OH and oxidize to the Ce4+ ion, while the Ce4+ ion can be reduced to the 

Ce3+ ion by reacting with hydrogen peroxide or hydrogen [21]. However, the distribution, 

transport, and formation/consumption of cerium ions within a fuel cell would be very 

challenging to measure quantitatively within an operating fuel cell [61]. The experimental 

limitations can be compensated by using fuel cell modeling methodologies to analyze 

the chemical membrane degradation and mitigation in ceria supported MEA. Although 

ceria additive can mitigate membrane degradation at OCV conditions, it has also been 

shown to compromise the fuel cell performance [62]. The performance drop is believed 

to have the same origin as the effects caused by cationic contaminants (such as iron 

and copper ions). Their performance effect is associated with reduced proton 
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concentration and conductivity in the membrane [63, 64, 65] since ceria can dissolve into 

the ionomer phase and bond to the sulfonic acid end group. The voltage losses 

predicted for ceria-supported MEAs are expected to counteract the durability benefits 

and may possibly even outweigh the motivation for the use of radical scavengers unless 

care is taken to analyze the interactions between membrane stability and MEA 

performance. 

 Effects of Chemical Degradation 

Accelerated stress test (AST) is designed to elevate the chemical membrane 

degradation in an operating PEFC by elevating the cell temperature, cell voltage, and 

inlet oxygen partial pressure or reducing the relative humidity of the inlet gases [18, 19, 

30, 66]. Various diagnostic methods are then applied on the AST degraded samples to 

characterize the effects of chemical membrane degradation.  

Fluoride loss has been widely observed in the AST degraded samples and is 

considered to be an important indicator of chemical membrane degradation [18, 19, 30]. 

The fluoride loss is originated from the hydrogen fluoride and fluorine-containing 

fragments formed during the chemical degradation. The degradation possibly occurs in 

both side chain and main chain of the ionomer as suggested by the numerous fluoride 

loss observed in the recent OCV AST [18]. Membrane thinning is another indicator of 

chemical membrane degradation which is prevalent in the AST degraded samples [18, 

19]. In general, the membrane thickness loss is in good agreement with the cumulative 

fluoride loss [18, 19].  

The chemical membrane degradation also causes OCV decay [18, 19, 30]. The 

OCV drop starts with a milder decay rate, and the decay rate is significantly increased at 

the end of the AST. The growth in the OCV drop is highly consistent with the increase in 

the hydrogen leak which suggests the increased hydrogen leak would be the major 

cause of OCV drop in the degraded MEA [18, 30] even though the OCV drop may also 

be compounded by the degradation of platinum catalyst [30].  
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The mechanical properties of AST degraded samples have been investigated by 

conducting tensile traction tests [18, 19, 66]. The fracture strain is dramatically reduced 

in the degraded samples, for instance, the fracture strain decreases from ~160% at the 

beginning of the life (BOL) to ~20% at the end of the life (EOL) [19]. The loss of ductile 

behavior in the degraded samples reduces their capacities to resist the damage due to 

the plastic deformation of the membrane and increases the possibility of forming fatal 

damages such as pinholes. Although there is active role of chemical degradation on 

membrane mechanical properties, the underlying mechanism has not been established 

[67].  

1.4. Modeling of Chemical Membrane Degradation 

PEFC performance modeling has been significantly developed in the past two 

decades to optimize fuel cell components, design advanced water and heat 

management strategies etc [68] that can improve fuel cell efficiency. On the other hand, 

there are relatively few models published up to date to address chemical membrane 

degradation, although degradation models are important to identify and understand the 

major degradation mechanisms and to propose adequate mitigation strategies for 

membrane degradation. 

Kinetic models [29, 43, 51, 69] have been developed to investigate ionomer 

degradation processes under a specific environment which is not linked with the 

operating fuel cell conditions. Xie et al. [43] developed a kinetic model to describe two 

ionomer degradation processes with two different initiating regions, main chain defects 

followed by main chain unzipping and side chain cleavage followed by side chain 

unzipping mechanisms, and their effects on carboxylic acid group concentration and 

fluoride release. Although this is the pioneer kinetic model on ionomer degradation, 

radical formation which determines the aggressive radical concentration in the ionomer 

phase was not included. Gubler et al. [29] modeled the ⋅ OH, H ⋅ , and ⋅ OOH 

concentrations by considering a set of chemical reactions including the radical formation 

from the decomposition of hydrogen peroxide in the presence of cationic contaminant, 
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e.g., Fe2+, radical reactions with hydrogen, oxygen, water, and hydrogen peroxide, and 

chemical attack on PFSA ionomer. The model concluded that the Fenton's reaction is an 

important source for ⋅OH. However, the model focused on the ionomer degradation 

induced by the carboxylic acid end group while the degradation induced by side chain 

cleavage supposed to be more dominant in stabilized PFSA ionomer membrane was 

ignored. This inspired Ghelichi et al. [51] to develop a more general ionomer degradation 

model to describe the degradation in stabilized PFSA type membranes including short 

side chain membrane. Their model suggests the side chain cleavage has a strong 

impact on main chain backbone scission and generates new degradable end groups on 

backbone which indicates that the membrane durability is highly related with the side 

chain stability in fuel cell environment. The kinetic models mentioned so far target the 

⋅OH formation and its attack on the ionomer, but kinetic model can actually be extended 

to discuss the mitigating effect induced by cerium ions which is widely observed under 

OCV AST or ex situ Fenton's durability conditions [53, 54, 55, 56, 57, 58, 70]. Gubler et 

al. [69] modeled the cerium ion mitigation processes by examining the chemical reaction 

rates between the Ce3+/Ce4+ redox couple and radicals in the membrane and concluded 

that the mitigation effect is based on the rapid ⋅OH quenching facilitated by Ce3+. 

Macroscopic effects such as transport phenomena in MEA components cannot 

be included in the kinetic models. Therefore the interrelations between fuel cell 

conditions and designs and degradation processes cannot be fully addressed which 

limits the applicability of kinetic based membrane degradation models. MEA degradation 

models based on conservation laws to account for the role of transport phenomena in 

membrane degradation have been developed [38, 44, 71] which focuses on various 

aspects of transport phenomena on chemical membrane degradation. The models 

developed by Shah et al. [44] and Coulon et al. [71] incorporate hydrogen peroxide 

formation via Fenton's reaction and its transport phenomenon to provide a spatial 

hydrogen peroxide distribution along the through plane direction and sequentially 

calculate the radical formation based on the local hydrogen peroxide concentration. 

Shah et al. [44] focused on analyzing the role of hydrogen peroxide and radical in 

membrane degradation processes, and studied the degradation rate primarily in relation 

to the kinetics of both peroxide/radical formation and radical attack. On the other hand, 
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Coulon et al. [71] aimed to model the impact of membrane degradation on the cell 

potential and membrane proton conductivity. Unlike Fenton metal ions such as iron ion 

which mainly accelerate chemical membrane degradation [34], Pt in the membrane 

(PITM) demonstrates a dual role in membrane durability, i.e., catalyst to generate [37] or 

quench [40] ⋅OH. A detailed Pt pathway of radical formation is developed by Gummalla 

et al. [38] to address this dual properties of PITM by suggesting there is a nonlinear 

relationship between the Pt particle size and spacing in the membrane and the radical 

formation/quenching. Overall, the details of ionomer degradation processes were 

generally ignored and simplified degradation mechanisms rather than experimentally 

supported degradation mechanisms were considered. Recent experimental results [18, 

25, 49] suggest the chemical degradation processes on the chemically stabilized PFSA 

ionomer involves sequential reactions which are activated by the ether bond cleavage in 

side chain. Simplified degradation mechanisms cannot fully address the impact of 

membrane degradation on the macroscopic membrane properties, for instance, the 

membrane thickness, degraded ionomer species concentrations, fluoride release rate 

etc [18]. Moreover, the transport and reaction phenomena of the metal contaminants 

were generally neglected in simulations, despite of their importance in chemical 

membrane degradation. 

Chemical membrane degradation can significantly reduce membrane lifetime and also 

deteriorate the fuel cell performance. The performance decay due to chemical 

membrane degradation has been observed in terms of OCV decay and reduction in 

membrane proton conductivity [18, 19]. However, only the model developed by Coulon 

et al. [71] attempts to address the reduction in membrane proton concentration resulted 

from the side chain cleavage. Moreover, one of the most promising mitigation strategies 

which is the incorporation of radical quenching additives such as ceria CeO2 into MEA 

have been shown to compromise the fuel cell performance [62], e.g., the voltage loss in 

fresh BOL ceria-supported MEA can be up to 30 millivolts at current density of 1 A cm2. 

The performance drop is believed to have the same origin of the effects caused by 

cationic  contaminants (such as iron and copper ions) which is associated with reduced 

proton concentration and conductivity in the membrane [63, 64, 65] since ceria can 

dissolve into the ionomer phase and bond to the sulfonic acid end group. In this context, 
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several cationic contaminant models have been developed to explore this type of 

degradation [72, 73, 74, 75]. Weber et al. [73] investigated the potassium ion transport in 

membrane in a hydrogen-pump setup.  The simulation suggests the current densities 

are limited because the sulfonic acid groups are occupied by the cationic contaminants. 

The steady-state cationic contaminant model developed by Kienitz et al. [72] also 

suggests the current density is limited due to high contamination level. Greszler et al. 

[74] incorporated the Nernst equation to calculate the voltage loss due to the reduction in 

proton concentration in the ionomer membrane and suggested the proton concentration 

difference that develops between the anode and cathode plays an important role in the 

performance decay in the contaminated membranes. Serincan et al. [75] included the 

cation transport phenomena in the entire CCM and applied it to analyze the fuel cell 

performance when cationic contaminant continuously enters into membrane from the air 

stream or the fuel stream. However, no in situ models that describe the effects of ceria 

additive on the fuel cell performance have been published to date. Additionally, these 

models cannot be directly applied to study cerium ion transport and its impact on fuel cell 

performance since none of them simultaneously address the initial embedded ceria in 

the membrane during MEA fabrication, resulting in a fixed amount of cerium ions in the 

MEA, and the cerium ion transport in the CLs resulting in a significant cerium 

accumulation in the ionomer phase of the cathode CL [62]. 

1.4.1. Challenges in Modeling of Chemical Membrane Degradation  

Modeling of chemical membrane degradation is challenging due to its complexity. 

The first difficulty is the wide range of time scales, species lifetimes, and species 

concentrations involved in the model. For instance, the time scale for membrane to 

reach its equilibrium state in humidified air is in the 100-1000 s range [76], while the time 

scale for membrane to reach its EOL state can be in the 10000 hour range [7]. The 

knowledge of the underlying degradation mechanism is also limited. As an example, the 

radical formation process in Pt-dispersed membrane has not been fully understood [41]. 

Therefore, simple and empirical relations are usually implemented in the existing 

degradation models. Calibration and validation are also vital in PEFC modeling, 

however, in situ measurement of hydrogen peroxide, OH radical, degraded ionomer 
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species, degraded ionomer morphology, and parameters related with chemical 

membrane degradation are always challenging.  Hence, parametric studies are usually 

conducted in the existing simulations to screen the chemical membrane degradation at 

different operating conditions and model parameters. 



CONFIDENTIAL 

17 

Chapter 2. Summary of Contributions 

In this chapter, a summary of contributions is given. More details about the 

contributions are discussed in the articles attached in Appendices A to D. 

2.1. Macroscopic In Situ Modeling of Chemical Membrane 
Degradation in Polymer Electrolyte Fuel Cells 

A framework for simulating in situ chemical membrane degradation within an 

operating fuel cell is developed. The model simultaneously addresses the PFSA ionomer 

membrane degradation processes and transport-reaction phenomena of ⋅ OH and 

hydrogen peroxide, which are generally scrutinized separately in kinetic models [29, 43, 

51, 69] and MEA models [38, 44, 71] of membrane degradation. The results simulated in 

the model are published in the paper attached in Appendix A [77]. 

2.1.1. Model Formulation and Assumptions 

Assumptions 

The model is 1-D MEA model, in which the important through-plane transport 

phenomena are considered. In-plane transport phenomena, for example, the current 

distribution under gas channel and plate land, are not considered. Isothermal model is 

assumed, and the effects of temperature distribution on chemical membrane 

degradation are neglected. Although liquid water transport is necessary for predicting 

fuel cell performance in low cell voltages, the interaction between liquid water transport 

and chemical membrane degradation is poorly understand and is thus neglected in the 

model. The chemical degradation is considered in the membrane, while the ionomer 

degradation in the CLs is neglected in the model since there is no clear evidence for 
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ionomer degradation in CLs [18]. In the model, we assume there is no Pt dissolution and 

migration in the CLs. Hence, the PITM and its consequences on chemical membrane 

degradation are neglected in the model. Continuous boundary conditions are assumed 

between all MEA interfaces and no contact resistances is assumed.   

Modeling Domain 

The developed model focuses on the ionomer degradation in the membrane but 

not in the CLs, because no evidence was found for the ionomer degradation in the CLs 

in the recent ASTs [18, 19, 40]. However, the CLs have to be included to account for the 

electrochemical reactions and transport phenomena that are involved in the membrane 

degradation, for example, hydrogen peroxide formation due to two-electron oxygen 

reduction reaction (ORR). Moreover, GDLs have to be included in order to address the 

transport phenomena within the membrane and CLs. Therefore, a macroscopic 

computational fluid dynamics (CFD)-based MEA model is adopted in this work to model 

the in situ chemical membrane degradation in hydrogen PEFCs. 

Species of interest 

In the present model, gas and electron transport is considered in GDLs and CLs, 

and transport in the ionomer phase is considered in the CLs and membrane. The 

species considered in the ionomer phase includes: dissolved hydrogen, oxygen, water, 

and hydrogen peroxide, and protons. In the membrane, hydroxyl radical, hydrogen 

radical, hydroperoxyl radical, side chain end groups (RfSO3), and degraded ionomer 

species (RfαO ⋅, RfβO ⋅, RfCOOH, HF, CF2) are considered, and their concentrations are 

simulated. Description of transport phenomena (transport of mass) are based on the law 

for conservation of mass in combination with the constitutive relations which describe the 

transports of the species. Water transport in the ionomer phase is described by diffusion 

and electro-osmotic drag [78]. Diffusion is considered to the main transport mechanism 

for non-charged species. More details about the model formulation and governing 

equations are given in Appendix A. 
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Ionomer Degradation Model 

The ionomer membrane degradation model is developed based on the 

observations in recent experimental results in the NG-HDFC project [18, 25, 49]. Side 

chain cleavage is considered to initiate the overall chemical degradation processes of 

the chemically stabilized PFSA ionomer membrane. Further degradation on side chain is 

considered as an unzipping process, and continuous side chain unzipping could result in 

main chain degradation which is described as main chain fragmentation. In order to 

describe the evolution of the ionomer structure during the degradation, side chain end 

group (RfSO3) and degraded ionomer species ( RfαO ⋅ , RfβO ⋅ , RfCOOH , HF , CF2 ) 

concentrations simulated in the model are considered to be time dependent, which 

means the transient term of those species (
𝜕𝑐𝑖

𝜕𝑡
) is included in the governing equations. 

Those concentrations are then used to calculate metrics of degradation processes which 

can be characterized, and membrane morphology change due to membrane 

degradation is neglected. The metrics includes the membrane thickness, cumulative 

fluoride release, OCV, and membrane proton resistance.  

2.1.2. Model Validation 

The model is implemented into COMSOL, and the simulated results are 

demonstrated to be independent with respect to mesh size. Then, the model is applied 

to simulate membrane degradation in the case of a recently published COCV AST in the 

NG-HDFC project [18]. The COCV AST combines chemical and mechanical membrane 

degradation by means of a steady state OCV-hold phase to accelerate chemical 

degradation and periodic wet/dry cycles to apply mechanical stress [18]. A full range of 

diagnostic methods were applied to provide consistent and comprehensive information 

with respect to the membrane degradation process. This dataset is utilized here for 

systematic validation and demonstration of the model. The inlet hydrogen, oxygen, and 

water vapor concentrations, and temperature used in the simulation are based on the 

operating conditions applied in the COCV AST [18], and they are 60.2 mol m-3, 21.3 mol 

m-3, 15.3 mol m-3, and 368.15 K, respectively. Other parameters used in the model are 

given in Appendix A.  
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In general, the simulated results match the experimental trends obtained in the 

recent AST dataset [18] as shown in the article attached in Appendix A. The simulation 

of ionomer molecular structure is congruous with the experimentally observed ionomer 

degradation: the end of the side chain is cleaved first, followed by the side chain 

unzipping and release of the side chain and main chain CF chemical groups. 

Specifically, the simulated degradation rates of the degraded ionomer groups are 

compatible with the degradation rates observed in nuclear magnetic resonance (NMR) 

results [18], which is important for estimating the evolution of the macroscopic 

membrane properties with respect to fuel cell operating conditions. Membrane thinning 

and cumulative fluoride release are also calculated, and the results suggest the main 

chain degradation induced by the side chain degradation have to be considered to 

account for the enormous amount of material loss formed in AST measurements [18]. 

The model is utilized to calculate the evolution of OCV as a function of chemical 

membrane degradation. The OCV is calculated by considering the oxidation of hydrogen 

at the cathode side resulted by the hydrogen crossover from the anode side to the 

cathode side. The simulated OCV decay is approximately linear primarily attributed to 

the increase in hydrogen crossover rate due to membrane thinning. This indicates that 

the model can capture the effect of membrane thinning on crossover and its induced 

effect on the fuel cell OCV. However, since the present model is 1-D and developed to 

simulate global chemical membrane degradation, it does not capture in-plane spatial 

variations in degradation rates nor mechanical degradation responsible for the localized 

membrane damage (pinholes, cracks, etc.) featured in the experimental results in the 

AST experiment [18]. Physical membrane damage can trigger convective flux of 

hydrogen gas across the membrane that greatly exceeds the potential rates of pure 

diffusion and imposes a sizable reduction in the measured OCV, as observed in the 

COCV AST. Moreover, Pt degradation in the CL is feasible at OCV conditions [7], and its 

effects on OCV drop is neglected in the model.  

The simulated evolution of membrane ionic resistance during the in situ 

degradation is calculated, and the calculation is based on the change of the volume 

fraction of the hydrophilic domain in the membrane and is presented in Appendix A.  The 
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simulated result is compared to measured high frequency impedance data, which is 

dominated by membrane ionic resistance but also includes contributions from other 

components. The calculated resistance is shown to increase slightly during the 

preliminary stages of degradation known to be dominated by side chain degradation 

followed by a gentle decrease due to membrane thinning. A one-to-one comparison 

between the calculated resistance and the measured impedance cannot be made in this 

case without a detailed knowledge on the changes in membrane hydrophilic network 

after the chemical degradation, which is an important study and is currently investigated 

in the NG-HDFC project [12, 79]. Changes in the membrane morphology and 

microscopic charge density distribution in the ionomer, induced by the membrane 

degradation, alternate the water and proton transports. New models that describe water 

and proton transport phenomena in the degraded PFSA membrane are therefore 

required, which can be applied to link the chemical membrane degradation to the 

performance loss of the MEA.   

2.1.3. Model Challenges and Opportunities 

The developed model assumes the reaction rate in the membrane is second 

order reaction in which the rate depends on the concentrations of two first order 

reactants. However, the sensitivity of this system of reactions upon membrane structure 

has not been fully examined. Further NMR experiments and more results are required to 

determine the reaction orders of ionomer degradation processes. Several parameters 

are highly related with the degradation rates, for instance, the oxygen diffusivity in the 

ionomer phase, the rate of decomposition of hydrogen peroxide by Fe2+ and etc. The 

sensitivity analysis of these parameters can be conducted by applying the developed 

model to estimate their adequate ranges and to quantify their relative importance. 

Further experiments can be conducted for determining the temperature and water 

content dependence of the parameters with higher priorities. Moreover, the influences of 

chemical membrane degradation on these parameters should be addressed, which is 

considered as a future work.  
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Binary friction membrane model (BFM2) [80] is applied in the developed model to 

calculate the water diffusivity and proton conductivity in the membrane. BFM2 was 

developed in order to provide more consistent water and proton transport over the entire 

range of water contents and at different temperatures for a BOL membrane. Hence, the 

influences of membrane morphological changes due to chemical degradation were not 

addressed in BFM2. A new model for coupled proton and water transport in the 

degraded membrane is required.  

Thin-film catalyst model is applied in the model to calculate the HOR, 2e ORR, 

and 4e ORR in the catalyst layers. The reactant concentration in the gas phase is 

applied to calculate the electrochemical reaction rate. In the anode catalyst layer, the 

oxygen concentration in the ionomer phase sharply drops near the CCL and membrane 

interface, while the oxygen concentration in the gas phase is more uniform than in the 

ionomer. Therefore, a better prediction can be achieved by using the oxygen 

concentration in the ionomer phase to calculate the ORR rate in the anode catalyst 

layer.  

. 

2.2. Mitigation of Chemical Membrane Degradation in Fuel 
Cells: Understanding the Effect of Cell Voltage and Iron 
Ion Redox Cycle 

In the previous section, the transport-reaction phenomena of membrane 

contaminant are not considered, and the concentration of the contaminant is assumed 

constant. The 1-D model developed in the previous section is extended to include the 

transport-reaction phenomena of Fe2+/Fe3+, and the role of transport-reaction 

phenomena of Fe2+/Fe3+ is investigated. The results simulated in this model are 

published in the paper attached in Appendix B [81]. 
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2.2.1. Membrane Contaminants and Additives 

Hydroxyl radicals can be generated from decomposition of hydrogen peroxide 

caused by cationic contaminants such as Fe2+ and Cu+ [30, 34]. Among these 

contaminants, the ferrous ion (Fe2+) is found to have the highest impact on the rate of 

chemical degradation [34]. Therefore, iron ions (ferrous/ferric ion couple) are first 

considered in the chemical membrane degradation model developed and presented in 

the journal paper attached in Appendix B. 

Due to the mobility of iron ions and high ionic conductivity of the membrane, ion 

migration is an important transport mode expected to depend on the cell voltage. 

Therefore, Nernst-Planck equation is adopted here to describe the transport phenomena 

of iron ions in the ionomer phase: 

𝐽𝑖 =  −𝐷𝑖∇𝑐𝑖 − 𝑢𝑖𝑧𝑖𝑐𝑖𝐹∇𝜙𝑒 , (1) 

where the first term represents diffusion due to the concentration gradient and the 

second term represents migration due to the ionomer potential gradient across the 

electrolyte. Convective ion transport due to dissolved water crossover in the electrolyte 

is neglected. In addition, the iron redox chemistry which involves the electrochemical 

oxidation and reduction at the active surface area of Pt in CLs are considered and 

governed by Butler-Volmer kinetics. 

The total initial amount of the iron ion is around 30 ppm, which is conserved 

during the simulation. The simulated degradation rate is a function of the initial amount 

of the iron ion, and faster degradation is simulated as the initial amount is increased. 
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2.2.2. PFSA Ionomer Degradation 

The PFSA ionomer degradation model applied in this section is developed based 

on the previous model used in Appendix A. Continuous backbone unzipping resulting in 

the loss of small side chain fragments is considered to advance the previous model. The 

details of the model such as the kinetic equations and the parameters used in the model 

are presented in the paper attached in Appendix B.  

2.2.3. Open Circuit Voltage 

A standard AST protocol for chemical membrane degradation was established by 

the US Department of Energy (DOE) [82]. Fuel cell is usually operated at OCV or high 

cell voltage which can significantly promote the chemical degradation [18, 83]. Although 

the dramatic degradation rates observed in this test have been tentatively attributed to 

the high gas crossover under OCV conditions [1], the mechanisms involved have not 

been fully established. In the present work, the in situ chemical degradation process 

under OCV condition in the NG-HDFC project is first examined in terms of the ferrous 

ion, ferric ion, and hydrogen peroxide concentrations which are involved in hydroxyl 

radical formation. Other inlet operating conditions used in the simulation are also based 

on the conditions applied in the COCV AST [18]. 

In hydrogen PEFCs, the Fe2+ ion can be electrochemically generated from Fe3+ 

via the ferric/ferrous redox reaction at the anode CL, where the potential is near zero 

which is considerably negative of the redox potential for promoting the reduction of Fe3+ 

to Fe2+. On the other hand, the Fe2+ ion is expected to be electrochemically oxidized to 

Fe3+ when exposed to high potentials on the cathode (the simulated cathodic potential is 

around 1 V when the cell is held at OCV). This situation gives rise to a Fe2+/Fe3+ ion 

concentration gradient across the membrane. In the anode CL where Fe3+ is reduced, a 

near-zero Fe3+ concentration and a high Fe2+ concentration are obtained. Meanwhile, 

Fe2+ is oxidized in the cathode CL, resulting in a near-zero Fe2+ concentration and a high 

Fe3+ concentration. The dominant presence of Fe3+ in cathode CLs has been reported 

[84]. 
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When the cell is held at OCV, ion migration due to the ionomer potential gradient 

is negligible, and hence diffusion is the dominant mode of ion transport between anode 

and cathode CLs that drives Fe2+ from anode to cathode and Fe3+ from cathode to 

anode. The Fe2+ ion is formed in the anode CL and diffuses into the membrane where it 

may react with H2O2, ⋅ OOH, and ⋅OH along its path to the cathode. In the simulation, 

Fe2+ is not fully reacted in the membrane and can reach the cathode CL for oxidation. 

Similarly, the Fe3+ ion formed in the cathode CL diffuses into the membrane and 

onwards to the anode as indicated by the insignificant consumption rate in the 

membrane. Therefore, almost all Fe3+ formed in the cathode CL reaches the anode CL 

where it is reduced back to Fe2+. Since zero fluxes are assumed at the MPL and CL 

interfaces, a redox cycle of iron is established n the MEA due to the conservation of 

species and charge. This demonstrates the decisive effect of the Fe2+/Fe3+ redox 

reaction on the distribution of Fe2+/Fe3+ in the MEA and the importance of including the 

Fe2+/Fe3+ redox chemistry. This iron ion redox cycle preserves a relatively high ferrous 

ion concentration in the membrane, which leads to the most severe chemical membrane 

degradation through the Fenton mechanism. This result provides fundamental evidence 

for the empirical rationale of using OCV conditions to accelerate the chemical membrane 

degradation in various ASTs [18, 82]. 

Besides the ferrous ion, hydrogen peroxide is also required for hydroxyl radical 

formation, and hence its concentration is also simulated. The anodic potential is near 

zero which is favorable for hydrogen peroxide formation due to two-electron ORR [85]. 

Therefore, a higher H2O2 concentration in the membrane near the anode CL is obtained. 

With the higher concentrations of Fe2+ and H2O2, hydroxyl radicals are preferentially

formed in the membrane near the anode CL, and hence the chemical degradation and 

associated reduction in sulfonic acid group concentration is faster near the anode CL, as 

confirmed experimentally in a recent reinforced membrane AST in the NG-HDFC project. 

2.2.4. Below Open Circuit Voltage 

Since iron ions are mobile and positive charge species, their distribution inside 

the PEFC are found highly sensitive to the applied cell voltage and play an important 
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role in the overall degradation process. When the cell voltage is held under OCV, an 

ionomer potential gradient across the cathode CL, membrane, and anode CL is formed 

due to the regular electrochemical reactions in hydrogen PEFCs. The obtained ionomer 

potential decreases from the anode CL to the cathode CL which results in migration of 

positively charged species, including protons, Fe2+ ions, and Fe3+ ions, from the anode 

CL to the cathode CL across the membrane. The Fe3+ ion migration towards the cathode 

CL counteracts its diffusive transport and thereby results in a smaller Fe3+ flux towards 

the anode CL. Hence, Fe3+ is found to accumulate at the cathode CL. The smaller Fe3+ 

flux towards the anode CL also limits the iron ion reduction in the anode CL. Because 

the Fe2+/Fe3+ redox reaction is the dominant source of Fe2+ in the MEA, this situation 

suppresses the Fe2+ formation in the redox cycle of iron which gives rise to a lower 

fraction of Fe2+ in the membrane when compared to the OCV condition. For example, 

there is a dramatic decrease (-93%) in membrane Fe2+ ion concentration when the cell 

voltage is decreased from OCV to 0.7 V which is a consequence of the increased ion 

migration flux as identified previously. When the cell voltage is below 0.7 V, the 

concentration is further decreased to less than 5% of the value at OCV due to the iron 

ion accumulation in the cathode CL. These results demonstrate that the cell voltage has 

a significant effect on the Fe2+ concentration in the membrane. 

The simulated degradation rate exhibits an exponential decay that is similar in 

nature to the underlying exponential decay in Fe2+ concentration, although the decay 

rate is further compounded by the moderate reduction in hydrogen peroxide 

concentration. When the cell voltage is decreased from OCV to 0.7 V, the membrane 

transitions from a severe degradation state to a modest degradation state (10-fold 

reduction in fluoride loss at 0.7 V) which is chiefly attributed to the critical reduction in the 

Fe2+ present in the membrane. This finding is consistent with and provides a theoretical 

understanding of the exponential dependence between degradation rate and current 

density observed experimentally during in situ testing [86]. As the cell voltage is further 

decreased below 0.7 V, the simulated degradation rate is essential negligible since there 

is insignificant Fe2+ in the membrane to catalyze the formation of hydroxyl radicals. 
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The degradation profile is also found dependent to the strength of iron ion redox 

cycle. When the redox cycle is strong, more ferrous ions are accumulated in the 

membrane near the anode CL leading hydroxyl radicals are preferentially formed there. 

On the other hand, when the strength of redox cycle is reduced at lower cell voltages, 

more ferrous ions are located in the membrane near the cathode CL. This results in the 

shift of faster degradation zone from the anode to the cathode side. 

2.2.5. Further Discussion 

The underlying ion migration in PEFCs is expected to have similar effects on the 

distribution of other membrane contaminants, for instance, Cu+/Cu2+ couple, which also 

promote the Fenton reaction [34]. The standard electrode potential of Cu+/Cu2+ couple is 

0.159 V, which is higher than the cell potential at the anode CL (similar to the case in 

iron ion couple). It is expected that an ion redox cycle is formed at the higher cell 

voltages which maintains a relatively high Cu+ for membrane degradation. The strength 

of the cycle is also expected to be reduced in the low cell voltages due to the ion 

migration. Overall, the degradation related with Cu+/Cu2+ couple is expected to have 

similar cell voltage dependence to Fe2+/Fe3+ couple, i.e., the degradation rate reduces 

with decreasing cell voltage. Therefore, the mitigation effect due to reduced cell voltage 

suggested in this section is expected to be generally applicable for PEFC operation. 

In the model, constant Fe2+/Fe3+ mobility is applied. Since the mobility can 

depend on the temperature, water content, and Fe2+/Fe3+ concentration in the 

membrane, it is important to conduct a sensitivity analysis on the mobility to determine 

its role in iron ion transport in the membrane and in the chemical membrane 

degradation. 
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2.3. In situ modeling of chemical membrane degradation 
mitigation in ceria-supported fuel cells 

Cerium ions are considered to be one of the most effective ⋅OH scavengers, and 

thus they are used to protect the membrane from chemical degradation due to ⋅OH 

attack. Although it is known that cerium ions can prevent chemical membrane 

degradation at OCV conditions [57], its effectiveness during fuel cell duty operation has 

not been evaluated. Therefore, chemical mitigation induced by the cerium additives are 

simulated based on the conditions applied in the COCV AST under various cell voltages, 

and the details of the results are reported in the paper attached in Appendix C. In this 

section, a brief presentation is given. 

2.3.1. Open Circuit Voltage  

Radical scavenging is proposed to mitigate the chemical damage by quenching 

the radicals before they attack the ionomer membrane. One of the most promising 

additives to quench ⋅OH in fuel cells is CeO2, which can effectively protect the ionomer 

membrane under OCV conditions [53, 55, 56, 57]. 

The cumulative fluoride release in the baseline and ceria-supported MEAs as a 

function of operational time at OCV based on the proposed model is simulated. The 

simulated results are compared and evaluated against measured data from COCV AST 

experiments [57]. The proposed model successfully simulates the significant mitigating 

effect found in the ceria-supported MEA, which is illustrated by the coinciding fluoride 

emission trends of the simulated and experimental data in both baseline and ceria-

supported MEAs. 

In the ceria-supported MEA, the ⋅OH formation rate is 14% lower than that in the 

baseline MEA because of the hydrogen peroxide quenching provided by Ce4+. 

Unfortunately, this difference is not significant enough for resolving the enormous 

reduction in the membrane degradation rate, and hence the lower ⋅OH formation rate 

could not be the primary mitigating mechanism produced by the ceria additive. 
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Instead, it is found that the chemical stabilization mechanism is highly related 

with the suppression of ionomer damage due to ⋅OH attack. In the baseline MEA, the 

damage rate is almost two orders of magnitude higher than in the ceria-supported MEA 

because about 93% of the ⋅OH reacts with the ionomer. On the other hand, once ceria is 

introduced in MEA, only 1% of ⋅OH attacks the ionomer due to almost all ⋅OH formed are 

quenched by Ce3+ before they can attack the membrane. The fast ⋅OH scavenging by 

Ce3+ therefore represents the principal mitigating mechanism provided by the ceria 

additive. 

In hydrogen PEFCs, electrochemical reduction of Ce4+ via the Ce3+/Ce4+ redox 

reaction is favorable at the anode and cathode CLs. Hence, Ce4+ can be efficiently 

reduced in the anode and cathode CLs by hydrogen and water, respectively [23]. As a 

result, Ce3+ is the dominant oxidation state in the CLs. In the membrane, it is found that 

Ce4+ can effectively be reduced back to Ce3+ by hydrogen peroxide which is continuously 

generated in the MEA via the two-electron ORR. Overall, Ce3+ is predominant in MEA. 

2.3.2. Below Open Circuit Voltage 

During duty operation, fuel cells are normally operated below OCV in order to 

generate power for practical purposes. The cell voltage is therefore an important 

parameter for evaluating the chemical stabilization of the membrane. The effectiveness 

of the ceria additive on mitigating chemical degradation under practical fuel cell 

operating voltages is thus explored in this section. 

In the baseline MEA, the simulated fluoride emission rate (FER) decreases with 

decreasing cell voltage which is attributed to the reduced magnitude of the iron redox 

cycle and hydrogen peroxide concentration within the MEA leading to a lower ⋅OH 

formation rate. Generally, the ceria-supported MEA has a lower simulated FER than the 

baseline MEA. Interestingly, the FER increases when the cell voltage decreases from 

OCV to 0.6 V and then levels off, which is in stark contrast to the decreasing FER trend 

of the baseline. The FER differential between the ceria-supported and baseline MEAs is 

thus descending rapidly with decreasing cell voltage from OCV to 0 V, which suggests 
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that the ceria additive provides the strongest mitigation at OCV, but its strength cannot 

be sustained when the cell voltage is held below OCV. 

The simulated scavenging ratio decreases significantly when the cell voltage is 

reduced from OCV, revealing that fewer ⋅OH are quenched by Ce3+. More ⋅OH are then 

available to attack the ionomer in the membrane. When the cell voltages is below OCV, 

Ce3+ still prevails in the membrane because Ce4+ can be effectively reduced to Ce3+ by 

hydrogen peroxide in the membrane or via the redox reaction in both CLs. Since zero 

fluxes are assumed at the MPL and CL interfaces, the total amount of Ce3+ is therefore 

stable in the MEA with respect to changes in cell voltage. On the same token, the 

reduction in the total amount of Ce3+ due to oxidation or leakage is found to not be an 

appropriate mechanism for the drop in ⋅OH scavenging rate. 

The significant reduction in the mitigation effectiveness and the increased FER 

observed in the ceria stabilized MEA are in fact highly related to the Ce3+ distribution in 

the MEA rather than the total amount of Ce3+ present. When the cell is held at OCV, 

there is no current or ionomer potential gradient across the MEA. Ion migration due to 

the ionomer potential gradient is therefore negligible, and diffusion is the dominant mode 

of cerium ion transport between anode and cathode CLs. Diffusion drives Ce3+ from high 

concentration to low concentration, and hence a uniform equilibrium distribution in the 

MEA is formed. The stable Ce3+ supply in the membrane secures the ⋅OH scavenging 

which results in the strongest mitigation observed at OCV. 

When the fuel cell is operated at cell voltages below OCV, an ionomer potential 

gradient across the MEA is formed by the regular electrochemical reactions in hydrogen 

PEFCs. The obtained ionomer potential decreases from anode to cathode. As Ce3+ is a 

positively charged species, it migrates from the anode CL to the cathode CL across the 

membrane. This Ce3+ ion migration leads to considerable Ce3+ accumulation in the 

cathode CL. 

When the cell voltage is reduced from OCV to 0.5 V, the ionomer potential 

gradient across the membrane increases dramatically due to the faster HOR and four-
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electron ORR. The resulting potential gradient drives more Ce3+ from the membrane to 

the cathode CL, and thereby the Ce3+ concentration in the membrane is largely reduced. 

Without enough Ce3+ in the membrane, the influence of ⋅OH scavenging is diminished , 

and thereby the mitigation effectiveness indicated by the ratios of the FER and 

membrane thinning rate of the baseline MEA to those of the ceria-supported MEA are 

largely suppressed. For example, a ten-fold reduction in mitigation effectiveness is 

simulated under low cell voltages (V < 0.7 V). Therefore, a close correlation between the 

observed trends in reduced mitigation effectiveness and the reduced Ce3+ concentration 

in the membrane is found at these cell voltages. 

A near zero Ce3+ membrane concentration is obtained when the cell voltage is 

held at 0.5 V, which suggests that further reductions in cell voltage may have limited 

effect. Indeed, the Ce3+ membrane concentration almost levels off even when the cell 

voltage is further decreased from 0.5 V to 0 V. The corresponding mitigation effect at low 

cell voltages is thus relatively constant and insignificant compared to the cases at high 

cell voltages. Fortunately, the overall rates of chemical degradation at these cell voltages 

are substantially lower than those at OCV conditions as discussed in the previous 

section. Therefore, although the mitigation effects are insignificant, the FERs are 

considerably lower than those at OCV conditions without ceria additive. 

2.4. Simulation of Performance Tradeoffs in Ceria 
Supported Polymer Electrolyte Fuel Cells 

Ceria-supported MEAs can effectively protect the membrane at OCV conditions; 

however, performance tradeoffs have been observed experimentally with the use of 

membrane additives [62]. In this section, a comprehensive, transient in situ membrane 

durability model for ceria-supported MEAs is developed and applied to investigate the 

fundamental mechanisms of the performance tradeoffs. A brief summary is presented in 

this section, and the details of the simulation results are given in Appendix D. 
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2.4.1. Model Assumptions 

The model simulating the mitigating effect of ceria-supported MEA is the previous 

section is extended to capture the proton diffusion. In order to solve all the species of 

interest in the model, principle of electroneutrality is assumed. Moreover, the change in 

ionomer structure due to cerium ion exchange is neglected.  

2.4.2. Beginning of Life (BOL) MEA Performance 

Lower fuel cell performance in ceria-supported MEA is found from 0.9 V to 0.6 V, 

which represents the usual operating cell voltages in fuel cell applications in which 

kinetic and ohmic losses are dominant. The simulated voltage loss is compared to the 

experimental results [62], and the simulated result successfully predicts the magnitude of 

the voltage loss within a few millivolts and captures the increasing trend of the voltage 

loss with operating current density. The results confirm that the ceria additive has 

negative impact on fuel cell performance, and that the impact becomes more severe at 

higher current densities. 

When the cell voltage is held below OCV (the simulated OCV is ~1.0 V), an 

ionomer potential gradient across the cathode CL, membrane, and anode CL is formed 

due to the regular electrochemical reactions in hydrogen PEFCs. The obtained ionomer 

potential decreases from the anode CL to the cathode CL, which results in migration of 

positively charged species, including protons, Ce3+/Ce4+ ions, and Fe2+/Fe3+ ions, from 

the anode CL to the cathode CL across the membrane. Since transport of Ce3+ ions 

across the MPL-CL interfaces is neglected, Ce3+ is accumulated at the cathode CL. As 

the cell voltage decreases, e.g., from 0.8 V to 0.6 V, the ion migration becomes more 

dominant because the ionomer potential gradient increases due to the enhanced HOR 

and four-electron ORR. The simulated Ce3+ accumulation at the cathode CL 

consequently becomes more severe at lower cell voltages. Due to the electroneutrality 

condition, i.e., 𝑐H+ + 3 𝑐Ce3+ ≃  𝑐SO3
, the increase in Ce3+ concentration results in a three

times more significant reduction in proton concentration (Δ 𝑐H+  ≃  − 3 Δ 𝑐Ce3+). Hence, a
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notable reduction in local proton concentration is observed in the cathode CL when the 

Ce3+ concentration is high, as in the case of 0.6 V. 

The proton starvation leads to low four-electron ORR rate and low proton 

conductivity in the cathode CL which results in sizable kinetic and ohmic performance 

losses for the ceria-supported MEA. In general for the ceria-supported MEAs, the 

obtained proton conductivity in the cathode CL is lower than in the anode CL and 

membrane, which is also supported by the high cathode CL ionic resistance measured 

experimentally [62]. The low conductivity is attributed to the low proton concentration 

because of the Ce3+ accumulation, since the proton conductivity is proportional to the 

proton concentration according to the Nernst-Planck equation [75]. As the cell voltage is 

decreased from 0.8 to 0.6 V, the decay in proton concentration counteracts the increase 

in water content, leading to a reduction in proton conductivity. The poor proton 

conductivity results in an additional ohmic resistance in the ceria-supported MEA, and 

the corresponding ohmic loss is increased with current density. 

The rate of the four-electron ORR is not uniform across the cathode CL with the 

peak ORR rate is obtained near the CL-membrane interface in the baseline MEA. The 

higher ORR rate is due to the more negative overpotential because of the more positive 

ionomer potential near the CL-membrane interface. When the ceria additive is 

introduced into the MEA, the ORR rate becomes more uneven. The lack of protons near 

the cathode CL-MPL interface hinders the ORR rate because the proton, which is 

required for the four-electron ORR, is absent in the ionomer phase even though the 

oxygen concentration and overpotential are comparable to the baseline MEA. In order to 

generate the same current density as for the baseline MEA, a lower cathode potential is 

required to achieve a more negative overpotential to compensate for the effect of proton 

starvation. This is the source of the kinetic loss that contributes to the performance 

tradeoff. 
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2.4.3. Membrane Durability and Fuel Cell Performance 

The voltage losses predicted for ceria-supported MEAs are expected to 

counteract the durability benefits and may possibly even outweigh the motivation for the 

use of radical scavengers unless care is taken to analyze the interplay between 

membrane stability and MEA performance. The MEA performance decay due to the 

presence of ceria additive is mainly attributed to the cerium accumulation in the cathode 

CL under nonzero current densities. This accumulation could potentially be mitigated by 

increasing the ionomer loading in the CL or decreasing the ceria additive loading in the 

MEA. In this section, the effects of the ionomer and ceria additive loadings on the 

performance and durability combination are therefore addressed. 

In general, the simulated results indicate that the negative performance impact 

can be partially mitigated when the ionomer loading is increased or the ceria additive 

amount is decreased in the BOL MEA. The obtained improvements are attributed to the 

reduction in local Ce3+ concentration in the cathode CL. For example, when the initial 

Ce3+ loading is reduced from 100 to 25 mol m-3, it is clear that the Ce3+ accumulation is 

also reduced. The corresponding proton conductivity in the ionomer phase of the 

cathode CL is increased when the initial cerium ion concentration is reduced from 100 to 

25 mol m-3. The reduction in Ce3+ concentration also increases the ORR rate in the 

cathode CL, which leads to a reduction in the kinetic voltage loss. 

An increase in the ionomer loading of the cathode CL reduces the Ce3+ 

accumulation in the cathode CL because higher ionomer loading can reduce the local 

concentration. Hence the diminished simulated proton conductivity of the cathode CL 

increases with increasing ionomer volume fraction. Moreover, with less cerium ion 

interference at the cathode, the kinetic voltage loss associated with the ORR is also 

reduced. 

The initial Ce3+ concentration and ionomer loading could be optimized to mitigate 

the performance decay observed in the ceria-supported MEAs. For the optimization of 

the initial Ce3+ concentration, the most critical concern is the mitigation effectiveness of 
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the chemical membrane degradation, which may otherwise cause lifetime-limiting 

hydrogen leaks across the membrane [57]. The cumulative fluoride loss is therefore 

simulated as a function of initial Ce3+ concentration under accelerated conditions for 

chemical membrane degradation at OCV [57]. As expected, the results demonstrate that 

the fluoride release rate increases with decreasing Ce3+ concentration. Fortunately, the 

fluoride release is less sensitive at higher concentrations which was also observed with 

ceria-supported MEAs subjected to the ex situ Fenton's durability test [54]. For example, 

when the initial concentration of cerium ion decreases from 50 mol m-3 to 25 mol m-3, the 

total fluoride loss increases by 0.29 mol m-2 which is almost 10x higher than the increase 

of fluoride loss when the concentration decreases from 100 mol m-3 to 75 mol m-3. This 

property of the ceria additive makes it feasible to reduce the additive loading while still 

achieving a desirable mitigation of chemical membrane degradation. For instance, 

approximately 40x reduction in the fluoride emission rate can be achieved with a mere 

initial Ce3+ concentration of 50 mol m-3. 

As a potential power source, however, fuel cells are normally operated below 

OCV to provide power during duty operation. The mitigation effectiveness is therefore 

more important under realistic operating conditions than for idle OCV conditions. The 

cumulative fluoride release of MEAs with various initial cerium ion loadings is hence 

simulated at 0.8 V. In general, the fluoride release is less sensitive to the initial Ce3+ 

concentration when compared to the OCV condition. This suggests that the performance 

tradeoff can be minimized without compromising membrane durability by reducing the 

initial Ce3+ concentration from 100 to 50 mol m-3, which was also observed to be 

acceptable under the more stressful OCV condition. On the other hand, the durability 

mitigation effectiveness of ceria is slightly reduced at 0.8 V compared with the 

effectiveness simulated at OCV. The reduction in effectiveness is related with the cerium 

ion accumulation in the cathode CL which results in a lower Ce3+ concentration in the 

membrane that reduces the ⋅OH quenching rate, as discussed in the previous section. 

Moreover, the proton starvation near the cathode CL-MPL interface reduces the current 

density due to the kinetic and ohmic losses. This results in less negative ionomer 

potential in CCL with increasing the ceria loading. Since the overpotenial for Fe2+/Fe3+ 

couple is calculated by: 𝜂 = 𝜙s −  𝜙e − 0.695, where 𝜙s and 𝜙e are local potential of solid 
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carbon and ionomer, the calculated overpotential becomes more negative with 

increasing ceria loading which is favor for Fe3+ reduction. Therefore, the amount of 

harmful Fe2+ increases with ceria loading, which results in a higher remaining Fe2+ 

concentration in the membrane. The simulated results indicate that the addition of 100 

mol m-3 ceria can effectively double the iron ion concentration in the membrane under 

these conditions. 

When the cell voltage is further reduced to 0.6 V, the cerium ion accumulation at 

the cathode CL becomes more significant due to the enhanced ORR, in which the 

current densities increased from ~0.23 A cm-2 at 0.8 V to 0.85 - 1.0 A cm-2 at 0.6 V under 

the present conditions. This effect magnifies the influence of the ceria loading on the 

ionomer potential gradient and the Fe2+ concentration in the membrane. The ceria 

induced increase in Fe2+ concentration in the membrane is notable, in contrast to the 

baseline MEA without ceria which had essentially zero iron ion concentration in the 

membrane at this cell voltage. This alters the chemical membrane degradation rates 

quantified by the simulated fluoride release, even to the extent where a ceria-supported 

MEA may have a higher degradation rate than the ceria-free baseline MEA. At this cell 

voltage, the baseline MEA is therefore deemed to have the best overall durability and 

performance combination since it has a membrane durability equivalent to the MEA with 

50 mol m-3 ceria without the associated performance tradeoffs. 

Overall, the simulated results demonstrate that an optimized ceria loading can 

successfully provide MEA durability management at high cell voltages in terms of 

enhanced membrane durability and MEA performance stability. However, this approach 

becomes more convoluted at low cell voltages. The role of the cathode CL is more 

critical at low cell voltages because of cerium ion accumulation, which suggests that 

both performance and durability issues should be addressed simultaneously in the 

engineering design of the cathode CL. Based on the present simulation results, joint 

optimization of the ionomer volume fraction in the cathode CL and the ceria additive 

loading could be feasible in order to enhance the overall MEA durability across the entire 

range of cell voltages. 
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Chapter 3. Conclusions and Future Research 

The work presented in this thesis addresses perfluorosulfonic acid (PFSA) 

membrane degradation by developing an in situ chemical degradation model in 

hydrogen polymer electrolyte fuel cells (PEFCs). The model is developed under the 

support of recent experimental findings suggesting PFSA ionomer degradation through a 

series of linked chemical degradation events during operation of PEFCs. The net action 

of the overall degradation mechanism is simulated using a 1-D membrane electrode 

assembly (MEA) based modeling framework that allowed multiscale coupling between 

microscopic phenomena such as radical attack and ionomer degradation processes and 

macroscopic attributes such as transport phenomena of iron ions and cerium ions, which 

are significantly related with membrane degradation and mitigation strategies. The 

model demonstrates the capability to simulate the evolution of ionomer molecular 

structure and various degradation metrics in good overall agreement with measured 

degradation rates in AST, which is indicated by the thinning rate of the membrane, the 

fluoride release rate, and the reduction in sulfonic acid group in the membrane.  

Interrelated effects of damaging cations (e.g., Fe2+/Fe3+) and assisting cations 

(e.g., Ce3+/Ce4+) transport-reaction phenomena on the chemical membrane degradation 

and mitigation strategies are generally neglected in the membrane degradation 

research. Their roles in membrane degradation are investigated by applying the 

developed model and shown to play key roles in the overall degradation process. The 

state and distribution of reactive iron ions inside the PEFC are found to highly sensitive 

to the applied cell voltage. An iron ion redox cycle is generated in the MEA to preserve a 

relatively high Fe2+ concentration in the membrane at high cell voltages such as open 

circuit voltage (OCV). The magnitude of the redox cycle is shown to be strongest which 

probably lead to the most severe chemical membrane degradation through the OH 

radical formation due to the decomposition of hydrogen peroxide by Fe2+ in the 
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membrane at OCV conditions. When the cell voltage is reduced, the redox cycle is 

weakened because of the ion migration suppressing the iron ion reduction in the anode 

CL through the iron ion accumulation in the cathode CL. The resulted Fe2+ concentration 

in the membrane is therefore decreased exponentially as the cell voltage is reduced. 

Without this active metal-ion catalyst, the harmful hydroxyl radical formation is greatly 

suppressed, which elucidates the mitigating effect of reduced cell voltage on the 

chemical membrane degradation. The simulated tenfold reduction in the cumulative 

fluoride release suggests that intermediate cell voltage operation provides a practical 

mitigation strategy for chemical membrane degradation through the Fenton mechanism, 

which is common and cannot be effectively eliminated in PEFCs. 

The in situ chemical stabilization mechanism of ceria-supported MEAs in 

hydrogen PEFCs was investigated. The majority state of the cerium ions are found to be 

the desired Ce3+ oxidation sate, which is a combined result of hydrogen peroxide 

supported regeneration of Ce3+ in the membrane and electrochemical regeneration of 

Ce3+ in CLs by hydrogen (in anode) and water (in cathode). These continuously 

regenerations mitigate the overall chemical degradation in ceria stabilized MEAs by 

supplying Ce3+; however, they are not stabilized in the membrane across the entire 

range of cell voltages. When the cell voltage is held at high cell voltages, Ce3+ is more 

uniformly distributed in the ionomer phase of the MEA and thus maintains a high Ce3+ 

concentration in the membrane. Despite the high Fe2+ concentration in the membrane at 

high cell voltages, abundant Ce3+ ions are available in the membrane to quench OH 

radical leading an effective protection of the membrane. When the cell voltage is 

decreased, most of the Ce3+ migrate into the cathode CL due to the ion migration, and 

the remaining Ce3+ concentration in the membrane is found to decrease exponentially. 

Without an adequate amount of Ce3+ in the membrane, the protection is significantly 

reduced at low cell voltages due to the suppression in the OH radical scavenging. The 

simulated ten-fold reduction in mitigation effectiveness is found under low cell voltages 

(V < 0.7 V).  

The tradeoff between the membrane durability and fuel cell performance in ceria-

supported MEAs was analyzed by extending the developed model to include proton 
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diffusion and effects of proton distribution in MEAs on PEFCs. The cathode CL of ceria-

supported MEAs is found to experience proton starvation due to cerium ion migration 

across the membrane. The inadequate supply of protons in the ionomer phase of the 

cathode CL reduces the proton conductivity as well as the oxygen reduction reaction 

kinetics, which contributes to the performance tradeoff in terms of ohmic and kinetic 

voltage losses. Increased ionomer volume fraction in the cathode CL and reduced Ce3+ 

concentration in the MEA are found to be effective strategies to reduce the performance 

tradeoffs in ceria stabilized MEAs. Overall durability management is shown to be 

possible at high cell voltages by optimizing the ceria loading in the MEA; however, at low 

cell voltages additional steps must be taken to achieve a useful combination of 

membrane durability and cathode CL performance stability in order to address proton 

starvation in the cathode CL without compromising membrane durability. The drops in 

FC performance due to cerium ion accumulation in the cathode CL at low cell voltages 

suggests that the membrane durability and CL performance stability ought to be jointly 

addressed by optimization of the MEA design. 

3.1. Challenges and Opportunities 

The developed membrane durability model is based on MEA performance model 

in order to associate with the transport phenomena in PEFCs. The most recent 

developments in MEA performance model can be adopted and applied to improve the 

predicted capability of the present model. Mesoscale modeling of MEA components 

such as GDL substrate and CL provides a better understanding on the morphology of 

those media. For example, stochastic microstructural modeling [87, 88] and 3-D image 

based morphological characterization [89] have been applied to reconstruct and 

characterize a realistic 3-D structure of carbon fiber paper based GDL substrate in 

PEFCs. A reconstruction of CL is also achieved based on 3-D dual-beam FIB/SEM 

characterization [90]. Those recent developments provide a practical dataset of transport 

parameters for PEFCs which can be adopted in the developed model for achieving 
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realistic distribution of reactants and water (dissolved water, liquid water, and water 

vapor) in PEFCs, and sequentially realistic current density distribution in MEAs. 

Several assumptions applied in the model could be relaxed in order to achieve a 

better predicted capacity. For instance, heat transfer and two-phase water transport can 

be included to describe temperature and liquid water saturation variations which can 

have important influences in the rate of local electrochemical reactions in the CLs and 

the rate of local chemical reactions in the membrane. The present model focuses on the 

chemical membrane degradation in a fresh MEA in which the radical formation is 

originated from the Fenton reaction. However, the radical formation from the Pt in the 

membrane could be important in CL degraded MEAs. However, the exact distribution 

and form of Pt in the membrane during MEA operation have not yet been fully 

addressed. Developing a model to account for Pt transport in MEA could be useful in 

determining the role of Pt in chemical membrane degradation.  

The present model is 1-D and developed to simulate global chemical membrane 

degradation, it does not capture in-plane spatial variations in degradation rates nor 

mechanical degradation responsible for the localized membrane damage (pinholes, 

cracks, etc.) featured in the experimental results [18, 19]. For example, the variations in 

current distribution and ionomer potential gradient due to non-uniformity of membrane 

and CLs thicknesses and non-uniformity of reactant distribution in gas channel and land 

could result in variation of local degradation rates. This suggests the present model 

should be extended to 2-D/3-D in order to include in-plane spatial dimensions which 

makes the integration of finite element based mechanical models [14, 15] feasible to 

simulate the distribution of mechanical stress in the membrane as a function of dynamic 

change in operating conditions.  

The present model is validated with experimental data and focuses on the 

influences of cell voltage on membrane chemical degradation; however, it is also 

important to explore the range of model validity by simulating and analyzing a 

comprehensive set of operating conditions, for instance, temperature, oxygen 

concentration, and relative humidity.  
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Recent in-situ accelerated stress test data suggest that coupled chemical and 

mechanical degradation is the dominant degradation process during membrane fracture 

initiation and propagation which leads to in-situ membrane failures [18]. Without a 

coupled durability modeling approach to integrate the chemical and mechanical 

degradation processes, it is very challenging to accurately predict the lifetime of the 

MEA. However, there is still a considerable gap in the scientific literature on the 

development of coupled membrane durability models. Modeling of the coupling effects of 

chemical and mechanical degradation would be a significant future work.  
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Macroscopic In-Situ Modeling of Chemical Membrane
Degradation in Polymer Electrolyte Fuel Cells
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Chemical membrane degradation is a major limiting factor for polymer electrolyte fuel cell (PEFC) durability and lifetime. While the
main degradation mechanisms are established in the literature, the in-situ trends of their action are often only known qualitatively.
This motivates the development of a comprehensive in-situ chemical membrane degradation model addressed in this work. The
numerical algorithms developed are strategically designed to be compatible with state-of-the-art computational membrane electrolyte
assembly (MEA) performance models; here, we emphasize the integration of the developed degradation model into a 1-D MEA
transport-reaction model to determine the linkages between the MEA macroscopic phenomena, in-situ operating conditions, and the
temporal membrane degradation process. Concentrations of hydrogen peroxide, radical, and degraded ionomer species are modeled
to interrogate the evolution of ionomer molecular structure with respect to the chemical membrane degradation. The proposed
degradation mechanism includes the initiation and propagation of side chain degradation culminating in main chain scission and
fragmentation, and demonstrates a good agreement with the most recent experimental findings. The integrated MEA model is further
applied to simulate the macroscopic effects of chemical membrane degradation characterized in a recent accelerated stress test.
Comparisons between the numerical and experimental results are discussed.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.0031409jes] All rights reserved.
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Perfluorosulfonic acid (PFSA) ionomer membranes are the indus-
try standard electrolyte material in low temperature polymer elec-
trolyte fuel cells (PEFCs). The high fuel cell performance achieved
with these materials is attributed to their thin-film structure with high
proton conductivity at low temperatures, superior electrical insulation,
and relatively low reactant permeation. However, despite of its chem-
ically stable perfluorinated main chain, the ionomer membrane can
undergo various forms of degradation in the fuel cell environment,1,2

which is one of the main technical challenges to achieve the durabil-
ity standards required for PEFCs commercialization.3 Highly durable
membranes and advanced technologies targeted at membrane lifetime
and reliability improvements are therefore essential.

The durability of PFSA ionomer membranes is primarily con-
strained by chemical and mechanical degradation processes.1,2 When
confined in the membrane electrode assembly (MEA), mechanical
stress is generated by the changes in membrane water sorption in-
duced by hygrothermal fluctuations.4,5 Although pure mechanical fail-
ures are possible for membranes subjected to repeated hygrothermal
cycles,1,2 the chemical degradation is a primary factor that dramati-
cally weakens membrane physicochemical properties, which has been
observed in accelerated stress tests (ASTs).6-8

Reactions of highly reactive radicals with the PFSA ionomer
molecular structure is generally considered to be the initial progress of
chemical membrane degradation in PEFCs.9-13 This hypothesis is cor-
roborated by the in-situ detection of hydroxyl (OH·), hydroperoxyl
(OOH·), and hydrogen (H·) radicals and degraded ionomer species
comprising oxygen and carbon centered radicals by utilizing an elec-
tron spin resonance (ESR) spectrometer14,15 or a fluorescence probe.16

The hydroxyl radical is the “usual suspect” responsible for the chem-
ical degradation10,12 and can initiate the formation of hydroperoxyl
and hydrogen radicals.12 Hydroxyl radicals can be generated from de-
composition of hydrogen peroxide via transition metal cations, e.g.,
Fe2+,17 and from the reaction of hydrogen and oxygen on the surface
of platinum.11 Radical attack on the carboxylic acid end group on the
main chain has been discussed and modeled.12,18,19 However, more
recent studies focused on side chain degradation13,20-24 that has be-
come more important in developing mitigation strategies for chemical
membrane degradation since the carboxylic acid group concentration
of recent industry standard membranes is significantly reduced.25

Two possible initiations of side chain degradation, C-S bond and
ether bond cleavages, were suggested in the literature. C-S bond cleav-
age was proposed in the literature11,21,23 and supported by density
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functional theory (DFT) calculations.21,23 However, ether bond cleav-
age was shown to be more favorable in other DFT calculations20 and
supported by several experiments.13,24 Moreover, side chain unzipping
initialized from ether bond cleavage was recently reported based on
nuclear magnetic resonance (NMR) results of membranes subjected
to the ex-situ Fenton’s test.13

The PEFC modeling capabilities developed over the past several
decades have become a powerful tool for analysis of the interrelated
and complex phenomena occurring during operation.26,27 However,
only a few models developed to date18,19,27-30 have considered the
chemical membrane degradation, despite its critical role in the design
cycle of durable membrane and fuel cell technologies. Xie et al. devel-
oped a chemical kinetic model to study the characteristics of the side
chain cleavage and the main chain carboxylic acid unzipping reactions
in order to quantitatively distinguish them.18 A transient degradation
model was developed by Shah et al. to study the evolution of hydrogen
peroxide, hydroxyl radical, and carboxylic acid group concentrations
under various operating conditions and types of degradation mecha-
nisms (i.e., with or without side chain degradation).19 Gummalla et al.
focused on the hydroxyl radical decomposition and generation on
platinum as a function of platinum size and spacing in order to study
the role of platinum in the membrane during chemical membrane
degradation.28 Kunda et al. developed an empirical model to relate
the cumulative fluoride release and the open circuit voltage (OCV)
drop with the chemical membrane degradation.29 Coulon et al. estab-
lished a feedback between the proton conductivity and the sulfonic
acid group concentration in the chemically degraded membrane.30

However, despite the importance and complexity of the chemical
membrane degradation,1,2 simplified mechanisms based on a single
chemical reaction between the ionomer (the side chain group) and
the hydroxyl radical were generally considered in previous models.
In contrast, recent experimental reports8,13 suggest that the membrane
degradation process involves the initiation and unzipping along the
side chain. Therefore, a more comprehensive mechanism of the chem-
ical membrane degradation ought to be included.

The objective of the present work is to develop a 1-D macro-
scopic MEA model with a comprehensive membrane degradation
algorithm for simulation of the in-situ macroscopic effects of chem-
ical membrane degradation. The degradation algorithm is based on
the experiential findings in Refs. 8 and 13 that are generally neglected
or simplified in previous PEFC degradation models. In this context,
complete predictions of the evolution of ionomer molecular struc-
ture and macroscopic properties, hydrogen peroxide, and hydroxyl
radicals with respect to the degradation initiation and propagation are
achieved. The simulated ionomer molecular structure is compared and
validated with recent experimental results.8 Moreover, the numerical
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Figure 1. Schematic of the computational domain, including membrane, catalyst layers (CLs), and gas diffusion layers (GDLs; consisting of a macroporous
substrate and a microporous layer). The x-axis represents the through-plane direction and starts at the cathode gas channel (GC) and GDL interface. Gas and
electron transport is considered in GDLs and CLs, and transport in the ionomer phase is considered in the CLs and membrane. Chemical degradation is considered
in the membrane.

algorithms developed in the model are designed to be compatible with
state-of-the-art computational MEA and fuel cell performance models
in order to provide a linkage among macroscopic phenomena, in-situ
operating conditions, and the membrane degradation. The model is
further applied in a 1-D MEA domain to simulate the macroscopic
effects of chemical membrane degradation on membrane thinning,
fluoride release rates, ionic resistance, and open circuit voltage during
accelerated stress test (AST) of PEFCs.8 A comparison of numerical
and experimental results is provided, and the overall capabilities of
the model are discussed.

Model Formulation and Governing Equations

The present modeling framework is based on in-situ chemical
degradation of non-reinforced PFSA ionomer membranes. The degra-
dation model involves the radical formation, the mechanisms of mem-
brane degradation, and their effects on the membrane physicochem-
ical properties. The ionomer degradation in the catalyst layers is not
considered in the present model because no evidence was found for
ionomer degradation in the catalyst layers in our accelerated stress
tests.7,8 In order to simulate degradation in a realistic fuel cell envi-
ronment, the degradation model is integrated into a 1-D MEA per-
formance model. The MEA model describes the macroscopic trans-
port phenomena governed by the conversation equations of mass
and species which are generally described by a diffusion-reaction
system.26 The system of equations is solved in a computational do-
main comprising of membrane, catalyst layers (CLs), and gas diffusion
layers (GDLs) with separate macroporous substrate and micro-porous
layer (MPL) subdomains, as illustrated schematically in Figure 1. The
x-axis represents the through-plane direction and starts at the cathode
gas channel (GC) and GDL interface. The MEA dimensions and phys-
ical parameters used in the model are listed in Table I. All MEA layers
are normalized by thickness. Three distinct phases are considered in
the model: the gas phase and solid phase in GDLs and CLs, and the
ionomer phase in CLs and membrane. The schematic also indicates
the various species and transport phenomena considered in the model.

Radical formation.— In PEFCs, hydrogen peroxide (H2O2) can
be formed electrochemically via the two-electron oxygen reduction

reaction (ORR) in the CLs:31

O2 + 2H+ + 2e− → H2O2 E2e = 0.695 V. [1]

The H2O2 formed at the electrodes may diffuse into the membrane
and decompose into OH· via the Fenton’s reaction mechanism in the
presence of ferrous iron, Fe2+:17

Fe2+ + H2O2 + H+ → Fe3+ + OH· + H2O. [2]

The common presence of ferrous iron traces in fuel cell membranes is
usually a result of contamination during fabrication and/or operation.
The mechanism of the contamination and the role of other, secondary
types of radicals (e.g., hydroperoxyl and hydrogen radicals) are be-
yond the scope of the present article.

Mechanisms of membrane degradation.— The PFSA ionomer
consists of a polytetrafluoroethylene (PTFE) backbone decorated with
sulfonic acid side chains, as depicted in Figure 2, using Nafion as an
example. The basic ionomer properties are listed in Table II. A pure
PTFE backbone is assumed in the model, provided that main chain

Table I. Structural and physical parameters used in the model.

Parameter Symbol Value (Unit)

Thickness of:
GDL macroporous substrate LGDL 250 (μm)
MPL subdomain LMPL 25 (μm)
CL LCL 10 (μm)
BOL Membrane LM,0 30 (μm)
Porosity of:
GDL macroporous substrate εGDL 0.7842

MPL subdomain εMPL 0.6542

CL εCL 0.443

Ionomer fraction in membrane εM 0.344

Faraday’s constant F 96485 (C mol−1)
Gas constant R 8.314 (J K−1 mol−1)
Molar volume of water Vw 1.8 × 10−5 (m3 mol−1)45

Molar mass of Fe MFe 0.056 (kg)
Water concentration cw 5.56 × 104 (mol m−3)
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Figure 2. The molecular structure of Nafion (n0 = 6.5 for an equivalent
weight (EW) around 1.1 kgmol−1).

defects have been effectively eliminated by ionomer manufacturers.25

Therefore, the membrane degradation is assumed to be dominated
and initiated by side chain degradation. The side chain degradation
mechanism applied in the model is consistent with recent experimen-
tal results,8,13 and the details are summarized in Figures 3 and 4.
First, the OH· radical attacks the side chain ether bond in the αOCF2

group to form an oxygen centered radical that is labeled as RfαO· in
Figure 3:

RfSO−
3 + OH· → RfαO· + HOCF2CF2SO−

3 , [3]

where it is assumed four hydrogen fluoride are released from the degra-
dation of HOCF2CF2SO−

3 . Further side chain unzipping degradation
on the RfαO· triggered by three hydroxyl radicals11 forms another
oxygen centered radical labeled as RfβO· in Figure 3:

RfαO· + 3OH· → RfβO· + CF3· + 3HF + 2CO2. [4]

Main chain scission is also feasible in stabilized PFSA ionomer
membranes, as evidenced by characterization of degraded material
samples subjected to hydrogen peroxide vapor test.32 One appropriate

Table II. Ionomer parameters used in the model.

Parameters Symbol Value (Unit)

Nafion properties:
Dry membrane density ρM 1980 (kg m−3)39

BOL equivalent weight EW0 1.093 (kg mol−1)
BOL average number 2n0 13
of CF2 per SO3

BOL molar volume of ionomer VM,0 EW0/ρM (m3 mol−1)
Average molecular weight of:
RfSO3 MRf SO3 1.093 (kg mol−1)
RfαO· MR f αO· 0.913 (kg mol−1)
RfβO· MR f βO· 0.747 (kg mol−1)
CF2 group MCF2 0.05 (kg mol−1)
(CF2)nCOOH M(CF2)nCOOH nMCF2+0.045 (kg mol−1)
Main chain fragment MMC 0.75 (kg mol−1)

mechanism for main chain scission is the proceeding degradation of
the backbone induced by the side chain degradation,11,18 as described
by:

RfβO· + 2H2O + OH· → 2−(CF2)n0
COOH + 3HF, [5]

in which the backbone is cleaved and two carboxylic acid end groups,
–COOH, are formed. Although the side chain positioning along the
main chain is determined by the copolymerization process, it is rea-
sonable to assume that the side chains are uniformly distributed such
that each carboxylic acid group is flanked by n0 CF2 groups after the
main chain scission event, where 2n0 represents the average number
of main chain CF2 groups per side chain in the pristine ionomer. The
carboxylic acid groups created by this mechanism can be further at-
tacked by hydroxyl radicals, as described by the well-established main
chain unzipping reaction:18,25

−(CF2) j COOH + 2OH· → CO2 + 2HF + −(CF2) j−1COOH, [6]

Figure 3. Schematic of the side chain degradation mechanism due to hydroxyl radical attack. Side chain cleavage is initiated by hydroxyl radical attack at the
second ether group in the side chain (a), followed by stepwise propagation along the side chain (b). Main chain scission occurs by hydroxyl radical attack of the
βO· intermediate ionomer species (c). The carboxylic acid groups formed after the main chain scission degrades via the unzipping reaction (d).
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Figure 4. Symbolical illustration of the main chain mass loss due to main
chain fragmentation induced by recurrent side chain degradation.

in which the number of carboxylic acid groups is conserved while the
number of the CF2 groups is reduced.

The degradation mechanism considered in Figure 3 mainly induces
mass and fluorine losses from the side chain. However, as the degra-
dation progresses, widespread main chain scission events induced by
side chain degradation in multiple locations may also result in the
loss of small main chain fragments from the membrane. This process,
in which the ionomer breaks up into smaller fragments, is illustrated
symbolically in Figure 4. Main chain fragmentation triggers addi-
tional material loss when the fragments become sufficiently small to
be released out of the membrane.

The in-situ evolution of membrane physicochemical properties is
calculated in terms of the chemical membrane degradation mechanism
illustrated in Figures 3 and 4. The total dry weight of the degraded
membrane per unit volume can be expressed to capture the total ma-
terial removed from the membrane:

Wtotal =
∑

i

ci Mi − cMC MMC

[7]
i = RfSO3, RfαO·, RfβO·, and (CF2)nCOOH,

where ci and Mi represent the concentration and molecular weight of
the ionomer species i .

The average molecular weights of the RfSO3, RfαO·, and RfβO·
species are constant according to their molecular structures depicted
in Figure 3, with corresponding data listed in Table II. The aver-
age molecular weight of the −(CF2)nCOOH species, M(CF2)n COOH,
depends on the average number of CF2 groups, described by:

n = cCF2

c(CF2)n COOH
, [8]

where cCF2 is the concentration of CF2 groups. The material loss due
to main chain scission is captured by the last term in Eq (7), where
cMC and MMC denote the concentration and average molecular weight
of the main chain fragments released from the membrane.

Equivalent weight (EW) is defined as the ratio between the total
dry weight of the membrane per unit volume and the concentration of

sulfonic acid groups:

EW = Wtotal

cRf SO3

. [9]

The ion exchange capacity (IEC), which is the reciprocal of EW, is
highly correlated with the proton conductivity and water diffusivity
because of its significant influence on the volume fraction of the hy-
drophilic domain in the membrane. The hydrophilic domain formed by
the sulfonic acid groups and water enables proton and water transport
in the humidified membrane.33 The volume fraction of the hydrophilic
domain is defined as the total volume of sorbed water divided by the
total volume of the humidified membrane, which is a function of water
content (λ) and IEC as shown by:33

εw = λVw

λVw + VM
, [10]

where Vw is the molar volume of water and VM is the molar volume of
ionomer that equals 1/IECρM where ρM is the density of dry ionomer.
The dissolved water diffusivity and proton conductivity, denoted by
Dw,M and σp, are related to the volume fraction through a power law
dependency according to percolation theory:33-35

σp ∝ Dw,M ∝ (εw − εw,th)q [11]

in which the water and protons are mobile only if the volume fraction
exceeds the threshold volume fraction, εw,th.

Governing equations in the gas phase.— The conservation of
species equation governing the gas phase transport phenomena is
briefly expressed as a reaction-diffusion equation:26

∇ · (−Deff
i,G∇ci,G

) = Si,G, [12]

in which subscript G represents the gas phase. Gas diffusion is as-
sumed to be the dominant mechanism as the convection in the through-
plane direction is minimal and can be neglected. The correlations be-
tween the effective diffusivity, Deff

i,G, and the bulk diffusivity, Di,G, in
the GDLs36,37 and CLs are given by:

Deff
i,G

Di,G
=

⎧⎪⎪⎨
⎪⎪⎩

0.407 in GDL macroporous substrate

0.18 in MPL subdomain

ε1.5
G in CL,

[13]

where εG is the porosity. The bulk diffusivity can be approximated by
the binary diffusivity, and its calculation is shown in Table III.

Table III. Constitutive relationships and parameters associated with calculation of gas diffusivity.

Description Symbol Expression (Unit)

HF diffusivity DHF 2.6 × 10−5(m2 s−1)46

H2O2 diffusivity DH2O2 1.88 × 10−5(m2 s−1)47

Binary diffusivity in anode Di,H2 3.2042 × 10−4 T 1.75√1/Mi +1/MH2

P
(
v

1/3
i +v

1/3
H2

)2 (m2 s−1)48

Binary diffusivity in cathode Di,N2 3.2042 × 10−4 T 1.75√1/Mi +1/MN2

P
(
v

1/3
i +v

1/3
N2

)2 (m2 s−1)48

Total pressure P
∑

i ci RT
Molar mass of:
H2 MH2 0.002 (kg mol−1)
O2 MO2 0.032 (kg mol−1)
N2 MN2 0.028 (kg mol−1)
water vapor Mw 0.018 (kg mol−1)
Diffusion volume of:
H2 vH2 7.0748

O2 vO2 16.648

N2 vN2 17.948

water vapor vw 12.748

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 142.58.186.243Downloaded on 2014-08-14 to IP 

57

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 161 (9) F823-F832 (2014) F827

Table IV. Variables defined and used in the membrane binary friction model (BFM2).34, 35

Description Variable Expression (Unit)

Proton conductivity σp
(εw−εw,th)1.5cw F2

RT λ
D1M(D12λ+D2M)

D12λ+D1M(λ−1)+D2M
(S m−1)

Water diffusivity Dw,M
(εw−εw,th)1.5cw

cSO3 λ
D2M D12

D12λ+D1M(λ−1)+D2M
(m2 s−1)

Electro-osmotic drag coefficient nd
D2M

D12+D2M/λ

Effective diffusion coefficient of:
species-species D12 6.5 × 10−9 exp

( 1800
303 − 1800

T

)
(m2 s−1)

species-medium D1M 0.084D12λ
0.77 (m2 s−1)

species-medium D2M 0.3D12λ
0.77 (m2 s−1)

Threshold porosity εw,th
1.65Vw

1.65Vw+VM,0

Governing equations in the ionomer phase.— In PEFCs, proton
conduction, dissolved water diffusion, and electro-osmotic drag are
the dominant mechanisms that govern the proton and water transport
phenomena in the ionomer phase of the membrane and CLs:26

∇ · (−σeff
p ∇φp

) = Sp and [14]

∇ · (−Deff
w,McRf SO3∇λ + nd Jp

) = Sw,M, [15]

in which Jp = −σeff
p ∇φp is the proton flux in the membrane. In

these equations, the protonic potential, φp, and the water content,
λ, in the ionomer phase are solved. The binary friction membrane
model (BFM2) introduced by Fimrite et al.34,35 is applied to calculate
the proton conductivity, water diffusivity, and electro-osmotic drag
coefficient. The variables defined and used in BFM2 are listed in
Table IV.

In the CLs, the effective proton conductivity and diffusivity of
the ionomer phase species, σeff

p and Deff
w,M, are calculated using the

Bruggeman approximation, i.e.:

σeff
p

σp
= Deff

w,M

Dw,M
= ε1.5

M [16]

where εM is the volume fraction of the ionomer phase.
Diffusion is the dominant transport mechanism for hydrogen, oxy-

gen and hydrogen peroxide species in the ionomer phase. Therefore,
the governing equation can be written as:

∇ · (−Deff
i ∇ci

) = Si , [17]

where ci , Deff
i and Si are the concentration, effective diffusivity, and

source of species i . The diffusivities of the all ionomer phase species
are tabulated in Table V.

The model is strategically designed to capture the transient evo-
lution of the concentration and distribution of the hydroxyl radical,
ionomer species, and hydrogen fluoride associated with the chemical
degradation, i.e., distribution of cOH·, cRf SO3 , cRfαO·, cRfβO·, c(CF2)n COOH,

Table V. Diffusivities of species in the ionomer phase.

Symbol Value (m2 s−1)

DH2,M 4.1 × 10−7 exp (−2602/T )49

DO2,M 3.1 × 10−7 exp (−2768/T )50

DH2O2,M 1.5 × 10−10

DHF,M 1.5 × 10−10

DOH,M 0
DRf SO3,M 0
DRfαO·,M 0
DRfβO·,M 0

D(CF2)n COOH,M 0
DMC,M 0
DCF2,M 0

cMC, cCF2 , and cHF, which is essential to adequately simulate the degra-
dation rate and membrane properties at various stages of membrane
life. The transient term, ∂ci/∂t , is thus included in the diffusion-
reaction equation:

∂

∂t
ci + ∇ · (−Deff

i ∇ci

) = Si . [18]

The diffusivity of OH· is assumed to be zero because of its short
lifetime. Zero diffusivity is also assumed for ionomer species that
are bonded to the polymer chain, including cRf SO3 , cRfαO·, cRfβO·,
c(CF2)n COOH, cMC, and cCF2 . Only the hydrogen fluoride, carbon dioxide,
and other tiny species formed during the chemical membrane degra-
dation diffuses from the membrane to the CL and ultimately exits the
MEA.

Governing equation in the solid carbon phase.— Electron conduc-
tion in GDL substrates and CLs can be described by:

∇ · (−σeff
s ∇Vs

) = Ss, [19]

where Vs is the potential of the solid phase (carbon/graphite). The
through-plane electronic conductivity of graphite, σs, is 1250 S m−119

while the value in the porous media is calculated by using the Brugge-
man approximation.

Reaction kinetics.— The hydrogen oxidation reaction (HOR) and
four-electron ORR are the regular electrochemical reactions occurring
in the anode and cathode, respectively, and their reaction rates can be
described by the Butler-Volmer kinetics:26

rHOR =aiHOR,0
cH2,G

cH2,ref

[
exp

(
FηHOR

2RT

)
−exp

(
− FηHOR

2RT

)]
, [20]

r4e = ai4e,0
cO2,G

cO2,ref

[
exp

(
Fη4e

RT

)
− exp

(
− Fη4e

RT

)]
. [21]

The kinetics of hydrogen peroxide formation via the two-electron
ORR, as shown in Eq. 1, can also be calculated using the Butler-
Volmer equation,19 depending on the nature of the CL:38

r2e = −ai2e,0
cO2,G

cO2,ref

(
cH+

cH+,ref

)2

exp

(
− Fη2e

2RT

)
, [22]

where the proton concentration, cH+ , is calculated by the density and
equivalent weight of the ionomer in the CLs:39

cH+ = ρM

EW0
= 1980 + 32.4λ

(1 + 0.0648λ) EW0
. [23]

Moreover, hydrogen peroxide reduction can occur at the platinum
surface in the CLs via:

H2O2 + 2H+ + 2e− → 2H2O EH2O2d = 1.76 V, [24]

with Butler-Volmer kinetics:40

rH2O2d = 2aiH2O2d,0
cH2O2

cH2O2,ref
sinh

(
αH2O2 FηH2O2d

RT

)
. [25]
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Table VI. Parameters associated with calculation of reaction
kinetics.

Parameter Symbol Value (Unit)

Local overpotential ηi Vs − φ+ − Ei (V)
Active species surface area a 104 (m2)
Exchange current density of:
HOR iHOR,0 105 (A m−2)
4e ORR i4e,0 1 (A m−2)
2e ORR i2e,0 10−2 (A m−2)
H2O2 reduction iH2O2d,0 10−5 (A m−2)
Reference concentration of:
H2 cH2,ref 40.88 (mol m−3)
O2 cO2,ref 40.88 (mol m−3)
H2O2 cH2O2,ref 40.88 (mol m−3)
Transfer coefficient of:
H2O2 reduction αH2O2 0.32 at anode (0.7 at cathode)
Reaction rate of:
Eq. 2 kfenton 63 × 10−3 (mol−1 s−1)12

Eq. 3 k1 3.7 × 103 (mol−1 s−1)22

Eq. 4 k2 3 × 104 (mol−1 s−1)
Eq. 5 k3 8.5 × 104 (mol−1 s−1)
Eq. 6 kunzip 103 (mol−1 s−1)12

Equilibrium potential for:
4e ORR E4e 1.23 − 0.9 × 10−3 (T-298.15) (V)
2e ORR E2e 0.695 (V)
HOR EHOR 0 (V)
H2O2 reduction EH2O2 1.76 (V)

Ferrous ion concentration cFe2+ [Fe] ρM
MFe2+ (mol m−3)

Fe2+ concentration for AST [Fe] 6 (ppm)

The kinetics of the chemical reactions associated with the radical
formation and attack on the membrane are given by:

rfenton = kfentoncH2O2 cFe2+ , [26]

r1 = k1cRf SO3 cOH·, [27]

r2 = k2cRfαO·cOH·, [28]

r3 = k3cRfβO·cOH·, [29]

runzip = kunzipc(CF2)n COOHcOH·, [30]

in which rfenton, r1, r2, r3, and runzip represent the reaction rates of
Eqs. 2–6, respectively. All parameters used in calculating the chemical
kinetics are listed in Table VI.

Interfacial mass transport.— The interfacial transport of hydro-
gen, oxygen, water vapor, hydrogen peroxide and hydrogen fluoride
between the ionomer and gas phases is also accounted for by the
model. The rate of interfacial mass transport is assumed to be propor-
tional to the difference between the actual ionomer phase concentra-
tion, ci,M, and the ionomer phase concentration in equilibrium with
respect to the gas phase concentration, ci,eq, as described by:

ri,MG = ki,MG

(
ci,M − ci,eq

)
. [31]

All variables and parameters used in the modeling of interfacial mass
transport are listed in Table VII.

Source terms.— In the model, the source terms, Si , in the governing
equations include the production and consumption due to reactions
and interfacial mass transport. All the source terms considered are
summarized in Table VIII. The source terms of the ionomer species
associated with the chemical membrane degradation are determined
according to the detailed mechanisms shown in Figures 3 and 4. It is as-
sumed that all fluorides released during the degradation are in the form
of hydrogen fluoride. The carboxylic acid group is conserved provided
the backbone CF2 group concentration is greater than the threshold
value, and therefore the Heaviside step function, H (cCF2n COOH −cCF2 ),
is required to capture this effect.

Boundary conditions.— The boundary conditions are summarized
in Table IX. The inlet hydrogen, oxygen, and water vapor concen-
trations, i.e., cH2,inlet, cO2,inlet, and cw,inlet, respectively, are calculated
according to the operating conditions presented in Ref. 8. Hydrogen
peroxide and hydrogen fluoride concentrations in the gas phase are
assumed to be zero at the gas channel and GDL interfaces. Zero flux is
assumed at the CL and MPL interfaces (x = 2 and 4) for the dissolved
species in the ionomer phase. For the remaining ionomer species that
participate in the membrane degradation, no boundary conditions but
initial conditions are required, provided that these species are fixed
inside the membrane. The initial concentrations are:

ci,0=
{

0 i =OH·,RfαO·,RfβO·,(CF2)nCOOH,CF2, and MC

ρM/EW0 i = RfSO3

[32]

Results and Discussion

The proposed 1-D macroscopic MEA model with its underlying in-
situ chemical membrane degradation algorithm is applied to simulate
membrane degradation in the case of a recently published cyclic open
circuit voltage (COCV) accelerated stress test (AST).8 The COCV
AST combines chemical and mechanical membrane degradation by
means of a steady state OCV-hold phase to accelerate chemical degra-
dation and periodic wet/dry cycles to apply mechanical stress. A full
range of diagnostic methods were applied to provide consistent and

Table VII. Variables and parameters associated with calculation of interfacial mass transport.

Parameter Symbol Expression (Unit)

Mass transfer coefficient ki,MG 1.3(s−1) i = w

1000(s−1) otherwise

Equilibrium concentration ci,eq
ci,GRT/Hi (mol m−3) for H2 and O2,

cRfSO3λeq (mol m−3) for vapor

Henry’s constant of H2 HH2 0.2584 × 104 exp
( 170

T

)
(Pa m3 mol−1)51

Henry’s constant of O2 HO2 1.348 × 105 exp
( −666

T

)
(Pa m3 mol−1)52

Henry’s constant of HF HHF 4.149 × 108 exp
( −7400

T

)
(Pa m3 mol−1)53

Henry’s constant of H2O2 HH2O2 6.83 × 107 exp
( −7379

T

)
(Pa m3 mol−1)54

Equilibrium water content λeq 0.043 + 17.81aw − 39.85a2
w + 36a3

w
55

Water vapor activity aw cw,G RT/Pw,sat

Saturation pressure Pw,sat −2846.4 + 411.24(T − 273.15) − 10.544(T − 273.15)2 + 0.16636(T − 273.15)3 Pa56
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Table VIII. Summary of the source terms considered in the governing equations.

ACL Membrane CCL

SH2,G
−rHOR

2F + rH2,MG 0 −rHOR
2F + rH2,MG

SH2,M −rH2,MG 0 −rH2,MG

SO2,G rO2,MG + r2e
2F 0 r4e

4F + r2e
2F + rO2,MG

SO2,M −rO2,MG 0 −rO2,MG

Sw,M −rw,MG 0 r4e
2F − rw,MG

Sw,G rw,MG 0 rw,MG

Sp rHOR + r2e 0 r4e + r2e + rHOR

SH2O2,G rH2O2,MG 0 rH2O2,MG

SH2O2,M
rH2O2d

2F − r2e
2F − rH2O2,MG −rfenton

rH2O2d
2F − r2e

2F − rH2O2,MG

SHF,G rHF,MG 0 rHF,MG

SHF,M −rHF,MG 4r1 + 6r2 + 3r3 + 2runzip + 2MMC
MCF2

r3 −rHF,MG

Ss −r2e − rHOR - −r4e − r2e − rHOR

SOH 0 rfenton − r1 − 3r2 − r3 − 2runzip 0

SRf SO3 0 −r1 0
SRfαO· 0 r1 − r2 0
SRfβO· 0 r2 − r3 0

S(CF2)nCOOH 0 2r3 − H
(
cCF2n COOH − cCF2

)
runzip 0

SCF2 0 13r3 − runzip 0
SMC 0 r3 0

SHF 0 4r1 + 6r2 + 3r3 + 2runzip + 2MMC
MCF2

r3 0

Table IX. Summary of the boundary conditions applied in the simulations.

Variables x = 0 x = 1 x = 2 x = 3, 4 x = 5 x = 6 x = 7

cO2,G cO2,inlet Continuous Continuous No Flux Continuous Continuous No Flux
cH2,G No Flux Continuous Continuous No Flux Continuous Continuous cH2,inlet
cw,G cw,inlet Continuous Continuous No Flux Continuous Continuous cw,inlet
cH2O2,G 0 Continuous Continuous No Flux Continuous Continuous 0
cHF,G 0 Continuous Continuous No Flux Continuous Continuous 0
cH2,M - - No Flux Continuous No Flux - -
cO2,M - - No Flux Continuous No Flux - -
cH2,M - - No Flux Continuous No Flux - -
λ - - No Flux Continuous No Flux - -
cH2O2,M - - No Flux Continuous No Flux - -
cHF,M - - No Flux Continuous No Flux - -
Vs No Flux Continuous Continuous - Continuous Continuous 0

comprehensive information with respect to the membrane degrada-
tion process.8 This dataset is utilized here for systematic validation
and demonstration of the present model. The scope of this article is
limited to chemical degradation, while the mechanical degradation
will be included in forthcoming publications.

During the COCV AST operation, hydrogen peroxide is expected
to be primarily formed at the anode from crossover oxygen. The
anodic potential is near zero which is considerably negative of the
equilibrium potential of the two-electron ORR and provides a high
overpotential (driving force) for hydrogen peroxide formation. On the
other hand, when the cell voltage is held at OCV, the simulated ca-
thodic potential is around 0.945 V which is lower than the standard
potential of four-electron ORR due to the hydrogen crossover. How-
ever, this value is still substantially positive of the standard potential
of the two-electron ORR. Therefore, the peroxide formation at the
cathode is negligible compared to the corresponding rate at the anode
which is at a much more favorable potential for two-electron ORR.39,40

This situation gives rise to a hydrogen peroxide concentration gradi-
ent across the membrane and associated transport by diffusion from
anode to cathode which are demonstrated by the simulated hydrogen
peroxide concentration profile as shown in Figure 5. When diffusing
hydrogen peroxide meets ferrous ions in the membrane, it is decom-
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Figure 5. Simulated hydrogen peroxide concentration across the cathode CL
(2 < x < 3), membrane (3 < x < 4), and anode CL (4 < x < 5).
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Figure 6. Simulated loss in sulfonic acid group concentration and correspond-
ing increases in degraded ionomer species concentrations during the acceler-
ated stress test.

posed to harmful OH· radicals that immediately attack the ionomer
and thereby cause chemical membrane degradation.

The simulated concentrations of degraded ionomer species in the
membrane are shown in Figure 6, which demonstrates the progression
of the side chain degradation. Since all degraded ionomer species are
derived from an original ionomer with a complete side chain, the loss
in sulfonic acid group concentration provides an early indicator of
the severity of the chemical membrane degradation. Consequently,
the loss in sulfonic acid group concentration equals the sum of all de-
graded ionomer species concentrations divided by their corresponding
stoichiometries. The results also suggest that most of the intermediate
degraded ionomer species, i.e., RfαO· and RfβO·, are not stable in
the present environment and degrade further to the carboxylic acid
ionomer species, (CF2)nCOOH, which is the terminal species formed
according to the side chain degradation mechanism by the main chain
scission event. Notably, however, main chain degradation may pro-
ceed further, as will be discussed later.

The simulated evolution of the ionomer molecular structure is
compared to experimental data in Figure 7. The concentrations are
normalized by the initial sulfonic acid group concentration for graph-
ical clarity. The experimental data were obtained by solid state 19F
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Figure 7. Simulated and measured ionomer species concentration as a func-
tion of AST operating time.

NMR measurements on partially degraded membrane samples pro-
duced and extracted during in-situ AST operation.8 Chemical shifts
of different chemical groups containing fluorine in the ionomer were
calibrated with respect to trichlorofluoromethane (CFCl3) as an ex-
ternal standard with resonance at 0 ppm and sodium hexafluorosil-
icate (Na2SiF6) as a secondary external standard with resonance at
151.45 ppm. Then, spectral deconvolution was used to quantify the
in-situ evolutions of the chemical groups, RfSO3, CF(s), and CF(m),
at various locations of the ionomer by comparing the samples before
and after the COCV AST tests. According to the ionomer molecular
structure shown in Figure 2, CF(s) and CF(m) groups represent the
side chain CF and main chain CF chemical groups, respectively. In
the simulation, their numerical values are calculated by:

cCF(s) = cRf SO3 + cRfαO·
[33]

cCF(m) = cRf SO3 + cRfαO· + cRfβO·.

In general, the simulation is congruous with the experimentally ob-
served ionomer degradation: the end of the side chain is cleaved first,
followed by the side chain unzipping and release of the side chain and
main chain CF chemical groups. Specifically, the simulated degrada-
tion rates of the three different ionomer groups are compatible with
the degradation rates observed in the NMR results, which is important
for estimating the evolution of the macroscopic membrane properties
with respect to fuel cell operating conditions.

In the overall chemical membrane degradation mechanism, the
mass losses from side chain cleavage and unzipping, carboxylic acid
group unzipping, and main chain fragmentation contribute to the dry
weight reduction manifested in the measured membrane thinning and
fluoride release data.8 The dry membrane thickness can be calculated
from the dry weight of the degraded membrane by assuming a constant
membrane density during degradation, i.e.,

LM = Wtotal

EWcRf SO3

LM,0, [34]

where LM,0 is the initial dry membrane thickness. The simulated evo-
lution of membrane thickness is illustrated in Figure 8, in which the
experimental membrane thickness measured by scanning electron mi-
croscope (SEM) is also shown. The linear approximation of the simu-
lated membrane thinning rate is 0.0041t , which results in a predicted
total thinning (i.e., thickness reduction) of 53% at the end of life.
The simulation quantitatively matches the experimental data, where
significant membrane thinning was observed in the degraded MEA
samples. In the modeling calculations, however, the individual effect
of the main chain fragmentation, which is proposed to be included
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Figure 8. Simulated and measured membrane thickness as a function of AST
operating time.
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Figure 9. Simulated and measured cumulative fluoride release as a function
of AST operating time.

in the overall membrane degradation mechanism, cannot be clearly
shown. Therefore, the simulation of membrane thinning is repeated
without main chain fragmentation and compared against the previous
results in Figure 8. In this case, the simulated thinning rate is reduced
to 0.00134t - merely one-third of the previously simulated and mea-
sured rates even though the mass losses due to side chain cleavage
and unzipping, and carboxylic acid group unzipping are considered.
Notably, the predicted thickness evolution highly underestimates the
membrane thinning when the main chain fragmentation is ignored,
thereby justifying the use of the overall degradation mechanism pro-
posed in this work.

The predicted cumulative fluoride release (CFL) is calculated by
the time integral of the HF source term in the membrane:

CFL =
∫∫

SHF dx dt. [35]

Experimentally, the fluoride release rate was measured in the efflu-
ent water from the stack.8 The obtained numerical and experimental
cumulative fluoride release is depicted in Figure 9. The simulated flu-
oride release shows a good agreement with experimental data across
the majority of the degradation process; however, a slight deviation
is observed near the end of life, beyond 100 hours of AST opera-
tion. This deviation is likely caused by the increasing hydrogen leaks
across the membrane and reduced driving force for chemical mem-
brane degradation8 which is not captured in the present model. The
fluoride release originating from the side chain and the carboxylic acid
group unzipping is also calculated and shown in the figure. Without
considering the main chain fragmentation, the calculated fluoride re-
lease underestimates the fluorine loss in the membrane. This confirms
that main chain fragmentation contributes a significant portion of the
mass loss observed in the AST.

The simulated evolution of membrane ionic resistance during
the in-situ degradation process is shown in Figure 10. The simu-
lated results are compared in this figure to measured high frequency
impedance data, representing the combined ohmic resistance per cell
in the AST stack, which is dominated by membrane ionic resistance
but also includes contributions from other components.8 The calcu-
lated resistance is shown to increase slightly during the preliminary
stages of degradation known to be dominated by side chain degrada-
tion followed by a gentle decrease due to membrane thinning. These
trends are qualitatively similar to the trends observed in the measured
impedance, although a one-to-one comparison cannot be made in this
case. It is noteworthy that despite the dramatic loss of sulfonic acid
groups (40% loss after 7 AST cycles) expected to reduce the proton
conductivity of the membrane, the rates of membrane thinning and
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Figure 10. Comparison of simulated membrane ionic resistance and measured
high frequency cell impedance as a function of AST operating time.

mass loss appear to be more significant and lead to reduced rather
than increased ionic resistance as the degradation propagates from
side chain to main chain.8

The model is also utilized to calculate the evolution of open cir-
cuit voltage (OCV) as a function of chemical membrane degradation,
with results presented in Figure 11. The simulated OCV decay is
approximately linear with a decay rate of 0.17 mVh−1 primarily at-
tributed to the increase in hydrogen crossover rate due to membrane
thinning. Specifically, the simulated crossover rate is inversely pro-
portional to the simulated membrane thickness, i.e., 1/ (1 − 0.0041t).
This indicates that the model can capture the effect of membrane
thinning on crossover and its induced effect on the fuel cell OCV.
However, since the present model is 1-D and developed to simulate
global chemical membrane degradation, it does not capture in-plane
spatial variations in degradation rates nor mechanical degradation re-
sponsible for the localized membrane damage (pinholes, cracks, etc.)
featured in the experimental results.8 Physical membrane damage can
trigger convective flux of hydrogen gas across the membrane that
greatly exceeds the potential rates of pure diffusion and imposes siz-
able reductions in measured OCV, as observed in the COCV AST.
Recently, an ex-situ Fenton’s test indicates a nonlinear dependence
of chemical membrane degradation on mechanical stressors41 which
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Figure 11. Simulated and measured open circuit voltage (OCV) decay during
AST operation.
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suggests a coupling of chemical and mechanical degradation. Simula-
tion of mechanical degradation and combined chemical and mechan-
ical degradation is subject to further work and will be communicated
in future publications by our group.

Conclusions

An in-situ chemical membrane degradation model was developed
under the auspices of recent experimental findings suggesting perfluo-
rosulfonic acid (PFSA) ionomer degradation through a series of linked
chemical degradation events during operation of polymer electrolyte
fuel cells. The net action of the overall degradation mechanism was
simulated using a 1-D membrane electrode assembly (MEA) based
modeling framework that allowed multiscale coupling between molec-
ular and macroscopic attributes and direct comparison with the diag-
nostics conducted in recent accelerated stress tests. The model demon-
strated the capability to simulate the evolution of ionomer molecular
structure and physicochemical membrane properties in good overall
agreement with experimental data. Specifically, the effects of chemi-
cal membrane degradation on ionomer species concentrations, mem-
brane thinning, fluoride release rates, ionic resistance, and open circuit
voltage were successfully predicted by the model. The modeling anal-
ysis supports a complex chemical membrane degradation mechanism
initiated by side chain cleavage and propagation toward main chain
scission and fragmentation that unlocks the ability of the model to
simulate macroscopic properties and trends that are difficult or impos-
sible to measure during operation. For example, the model is capable
of capturing local degradation rates due to spatial variations in hydro-
gen peroxide, radical, and ionomer species concentrations along the
through-plane direction in the membrane and can adequately resolve
their linkages with the chemical membrane degradation and real-time
operating conditions. Due to its generality, the present model can
be applied to examine different membrane degradation mitigation
strategies and may be suitably modified to consider other types of
ionomer membranes. Although the present model is implemented
with a 1-D formulation, it can also be extended to capture in-plane
degradation variations by 2-D/3D extensions combined with MEA
performance simulations.
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Mitigation of Chemical Membrane Degradation in Fuel
Cells: Understanding the Effect of Cell Voltage and Iron
Ion Redox Cycle
Ka Hung Wong and Erik Kjeang*[a]

Introduction

In low-temperature polymer electrolyte fuel cells (PEFCs), per-
fluorosulfonic acid (PFSA) ionomer membranes are currently
the industrial standard material for the electrolyte component.
The high performance of fuel cell achieved using these PFSA
electrolytes is attributed to their high proton conductivity at
low temperatures, superior electrical insulation, relatively low
reactant permeation, and thin-film structure with high me-
chanical stability. However, the ionomer membrane can under-
go various forms of degradation in the fuel cell environment,
which largely deteriorates its advantages and limits the dura-
bility and lifetime of PEFCs.[1,2] Chemical membrane degrada-
tion is a primary factor that dramatically weakens the physico-
chemical properties of the membrane and initiates the overall
degradation processes.[3, 4] Combined with mechanical stress in-
duced by hygrothermal fluctuations in the membrane elec-
trode assembly (MEA),[5–9] physical damage has been observed
and shown to cause lifetime-limiting hydrogen leaks across the
membrane.[4,10]

Reactions of highly reactive radicals with the PFSA ionomer
molecular structure is generally considered to be the initial
progress of chemical membrane degradation in PEFCs.[11–15]

This hypothesis is corroborated by the in situ detection of hy-
droxyl (COH), hydroperoxyl (COOH), and hydrogen (HC) radicals
and degraded ionomer species comprising oxygen- and
carbon-centered radicals utilizing an electron spin resonance
(ESR) spectrometer[16,17] or a fluorescence probe.[18] The hydrox-
yl radical is the “usual suspect” responsible for the chemical
degradation[12,14] and can initiate the formation of hydroperox-

yl and hydrogen radicals.[14] Hydroxyl radicals can be generated
from decomposition of hydrogen peroxide caused by metal
contaminants.[19,20] Among these contaminants, the FeII ion is
found to have the highest impact on the rate of chemical deg-
radation.[21] This finding is also consistent with the ex situ Fen-
ton’s test in which an increased formation of fluoride ions and
hydroxyl radicals was observed in FeII-exchanged membranes
compared with as-received and Pt-dispersed membranes.[22]

Indeed, a higher FeII ion concentration has a stronger impact
on the degradation rate as revealed by the decomposition of
CF2 in the polymer backbone detected by means of X-ray pho-
toelectron spectroscopy.[23]

In fuel cell membranes, the presence of iron traces is usually
a result of contamination during fabrication and/or opera-
tion,[24] and the stable form of iron can be in either of the fer-
rous (FeII) or ferric (FeIII) ion forms according to the Pourbaix di-
agram of iron.[25] The balance between the two oxidation
states of iron plays an important role in hydroxyl radical forma-
tion.[14] Unfortunately, the concentration, transport, and forma-
tion/consumption of ferric/ferrous ions inside a fuel cell are dif-
ficult or impossible to measure quantitatively (e.g. , by X-ray
fluorescence spectroscopy). Modeling the transport and reac-
tions of iron ions and their effect on chemical membrane deg-
radation can complement the experimental findings to provide
insights on the fundamental understanding and mitigation
strategies. In literature, although hydroxyl radical formation
caused by FeII is generally considered, iron ion transport and
redox chemistry are neglected in existing membrane degrada-
tion models.[14,26–28] To better understand the role of iron ions
in PEFCs, a comprehensive, transient in situ membrane degra-
dation model is developed in this work, which accounts for
the iron ion transport (diffusion and migration), iron ion redox
chemistry, and chemical membrane degradation through hy-
droxyl radical attack. The model is then applied to scrutinize

Chemical membrane degradation through the Fenton’s reac-
tion is one of the main lifetime-limiting factors for polymer-
electrolyte fuel cells. In this work, a comprehensive, transient
membrane degradation model is developed to capture and
elucidate the complex in situ degradation mechanism. A redox
cycle of iron ions is discovered within the membrane electro-
lyte assembly, which sustains the FeII concentration and results
in the most severe chemical degradation at open circuit volt-

age. The cycle strength is critically reduced at lower cell voltag-
es, which leads to an exponential decrease in FeII concentra-
tion and associated membrane degradation rate. When the cell
voltage is held below 0.7 V, a tenfold reduction in cumulative
fluoride release is achieved, which suggests that intermediate
cell voltage operation would efficiently mitigate chemical
membrane degradation and extend the fuel cell lifetime.
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the realistic iron distribution
inside the MEA with respect to
operating conditions of the fuel
cell. A special focus of this work
is to utilize the obtained model
to elucidate the enigmatic effect
of the cell voltage on the chemi-
cal membrane degradation.[4,29]

Based on the simulated results,
mitigation of chemical mem-
brane degradation is also dis-
cussed.

Model Formulation and
Governing Equations

The modeling framework used
herein was targeted for chemical
degradation of PFSA ionomer
membranes in hydrogen PEFCs.
The degradation model was ex-
tended from the recently estab-
lished in situ chemical membrane
degradation model[28] to involve
the transport and redox reactions of the FeII/FeIII ions and provide
more comprehensive descriptions on the radical reactions and the
mechanisms of membrane degradation. To simulate the degrada-
tion in a realistic fuel cell environment, a 1D MEA performance
model was derived and solved in the computational domain illus-
trated schematically in Figure 1. The domain represents a standard
MEA consisting of a membrane, catalyst layers (CLs), and gas diffu-
sion layers (GDLs) with separate macroporous substrate and micro-
porous layer (MPL) subdomains. The x-axis represents the through-
plane direction and starts at the cathode gas channel (GC) and
GDL interface (x=0). All MEA layers were normalized by thickness;
the MEA dimensions and physical parameters used in the model
are listed in Table 1. Three distinct phases were considered in the
model: the gas phase and solid phase in GDLs and CLs and the
ionomer phase in CLs and membrane. The various species and
transport phenomena in all MEA layers are also indicated in the
schematic. Transport phenomena are governed by the conserva-
tion of mass, species, and charge:[28]

@

@t
ecið Þ þ r � Ji ¼ Si ð1Þ

In Equation (1), ci, Ji, and Si represent the concentration, flux, and
source of species i in the given phase, respectively, and e denotes
the volume fraction of the given phase.

Membrane degradation mechanism

The typical PFSA ionomer contained a polytetrafluoroethylene
(PTFE) backbone decorated with sulfonic-acid side chains, as de-
picted in Figure 2, using Nafion as an example. The basic ionomer
properties are listed in Table 2. A pure PTFE backbone was as-
sumed in the model because main chain defects have been effec-
tively eliminated by ionomer manufacturers.[37] Therefore, the
membrane degradation is assumed to be induced by side chain
degradation due to hydroxyl radical attack, which is supported by
recent experimental findings.[4,15] The mechanism was extended

from the degradation model presented in a previous publication[28]

and is summarized in Figure 3.

First, side chain cleavage was initiated by hydroxyl radical attack at
the second ether group, aOCF2, in the side chain to form an
oxygen-centered radical, RfaOC. Stepwise degradation propagated
along the side chain through the unzipping reaction until main

Figure 1. Schematic of the computational domain, including membrane, CLs, and GDLs (consisting of a macropo-
rous substrate and a microporous layer). The x-axis represents the through-plane direction and starts at the GC
and GDL interface. Gas and electron transport is considered in GDLs and CLs, and transport in the ionomer phase
is considered in the CLs and membrane. Chemical degradation is considered in the membrane.

Table 1. Structural and physical parameters used in the model.

Parameter Symbol Value

Thickness [mm]
GDL macroporous substrate LGDL 250
MPL subdomain LMPL 25
catalyst layer LCL 15
beginning of life (BOL) membrane Lm,0 30

Porosity
GDL macroporous substrate eGDL 0.78[30]

MPL subdomain eMPL 0.65[30]

catalyst layer eCL 0.4[31]

ionomer fraction in membrane em 0.3[32]

Molar mass [gmol�1]
hydrogen MH2

2
oxygen MO2

32
nitrogen MN2

28
water vapor Mw 18

Diffusion volume
hydrogen vH2

7.07[33]

oxygen vO2
16.6[33]

nitrogen vN2
17.9[33]

water vapor vw 12.7[33]

Molar volume of water [m3mol�1] Vw 1.8�10�5 [34]

Water concentration [molm�3] cw 5.56�104

Faraday’s constant [Cmol�1] F 96485
Gas constant [JK�1mol�1] R 8.314
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chain scission occurred by hydroxyl radical attack of the bOC inter-
mediate ionomer species.[13, 38] The carboxylic acid groups formed
after the main chain scission further degraded through the well-es-
tablished main chain unzipping reaction (Reaction 4 in
Table 3).[35, 38] Continuous backbone unzipping could result in the
loss of small side chain fragments as in Figure 3e. As the degrada-
tion progresses, widespread main chain scission events induced by
side chain degradation in multiple locations might also result in
the loss of main chain fragments from the membrane (Figure 3 f).
The additional material loss contributed by main chain degradation

was recently confirmed experimentally.[4] The overall mechanism of
membrane degradation can be summarized as a series of chemical
equations, which are represented by Reactions 1–4 listed in
Table 3. The corresponding reaction kinetics is given by Equa-
tions (2)–(5):

r1 ¼ k1 qcRfSO3
cCOH ð2Þ

r2 ¼ k2 qcRf aOC cCOH ð3Þ
r3 ¼ k3 qcRf bOC cCOH ð4Þ
r4 ¼ k4 qcRfCOOH cCOH ð5Þ

where q accounts for the impact of membrane swelling on the
concentration of dissolved ionomer species.[26]

Iron ion transport

Iron (ferric/ferrous) ions are charged species, and hence their fluxes
in the ionomer phase can be described by the Nernst–Planck equa-
tion:[39,40]

Ji ¼ �Di rci�ui zi ci Frfm ð6Þ

where the first term represents the
ionic diffusion due to the concen-
tration gradient and the second
term represents the ion migration
due to the gradient of ionomer
potential, fm. In Equation (6), zi de-
notes the charge number of spe-
cies i, and the diffusivity, Di, and
mobility, ui, of species i are related
by the Nernst–Einstein relation,
Di=uiRT. The FeII ion mobility was
assumed to be similar to other di-
valent ions, that is, 1.25�
10�13 smolkg�1, and the FeIII ion
mobility was 1.83�
10�14 smolkg�1.[41] Convective ion
transport due to water crossover
was neglected.

Figure 2. The molecular structure of Nafion (the average number of CF2�CF2
in the main chain, n0, is 6.5 for an equivalent weight (EW) of roughly
1.1 kgmol�1).

Table 2. Ionomer parameters used in the model.

Parameter Symbol Value Unit

Nafion properties
dry membrane density 1m 1980[35] [kgm�3]
BOL equivalent weight EW0 1.093 [kgmol�1]
BOL average number of CF2 per SO3 2n0+1 14

BOL molar volume of ionomer Vm,0
EW0

1m

[m3mol�1]

BOL backbone concentration cbackbone, 0 20[36] [molm�3]

Average molecular weight [gmol�1]
RfSO3 MRfSO3

1093
RfaOC MRfaOC 913
RfbOC MRfbOC 747
CF2 group MCF2 50
COOH MCOOH 45

Table 3. Overview of the chemical and electrochemical reactions consid-
ered in the model.

Label Reaction

1 RfSO3+ COH!RfaOC+HOCF2CF2SO3

2 RfaOC+3 COH!RfbOC+CF3+3HF+2CO2

3 RfbOC+2H2O+ COH!2RfCOOH+3HF
4 �(CF2)2n0COOH+2n0 COH!2n0CO2+4n0HF+�COOH
5 FeII+H2O2+H+!FeIII+ COH+H2O
6 FeIII+H2O2!FeII+ COOH+H+

7 FeII+ COOH+H+!FeIII+H2O2

8 FeIII+ COOH!FeII+H+ +O2

9 FeII+ COH+H+!FeIII+H2O
10 COH+H2!HC+O2

11 HC+O2!COOH
12 FeIII+e�!FeII E0=0.77 V
13 2H+ +2e�!H2 E0=0 V
14 O2+4H+ +4e�!2H2O E0=1.23 V
15 O2+2H+ +2e�!H2O2 E0=0.695 V
16 H2O2+2H+ +2e�!2H2O E0=1.76 V

Figure 3. Schematic of the membrane degradation mechanism caused by hydroxyl radical attack. Side chain cleav-
age is initiated by hydroxyl radical attack at the second ether group in the side chain (a), followed by stepwise
propagation along the side chain (b). Main chain scission occurs by hydroxyl radical attack of the bOC intermediate
ionomer species (c). The carboxylic acid groups formed after the main chain scission event degrades through the
chain-unzipping reaction (d). Continuous backbone unzipping induces e) side chain and f) main chain fragments.
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The chemical reactions involving iron ions in the membrane and
CLs are shown in Table 3. Reaction 5 in Table 3 is known as the
Fenton’s reaction describing the metal-ion-catalyzed decomposi-
tion of hydrogen peroxide into radical species in the membrane.
Reactions 6–9 in Table 3 are the reactions between iron ions, hy-
drogen peroxide, and radical species formed in the membrane.
The kinetics of Reactions 5–9 are given by Equations (7)–(11):

r5 ¼ k5 q cFeII cH2O2
ð7Þ

r6 ¼ k6 q cFeIII cH2O2
ð8Þ

r7 ¼ k7 q cFeII cCOOH ð9Þ
r8 ¼ k8 q cFeIII cCOOH ð10Þ
r9 ¼ k9 q cFeII cCOH ð11Þ

The hydroperoxyl radical involved in the reactions formed based
on reactions between hydroxyl radical, hydrogen, and oxygen as
listed in Table 3 (Reactions 10 and 11).[14] The role of the secondary
types of radicals (i.e. , hydroperoxyl and hydrogen radicals) in the
chemical membrane degradation was neglected because they are
much less reactive compared to the hydroxyl radical, which has
the highest redox potential among these radicals.[2]

Reaction 12 represents the electrochemical reaction for the FeII/FeIII

redox couple that can be either reduced or oxidized at the CLs.
The kinetics of this reaction [Eq. (12)] are described by the Butler–
Volmer equation:[42,43]

r12 ¼ a k12 F
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cFeII cFeIII

p
exp

F h12

2 RT

� �
� exp

�F h12

2 RT

� �� �
ð12Þ

Parameters and variables used in calculating the chemical kinetics
are listed in Table 4.

Gas species transport

Diffusion was assumed to be the dominant mechanism for gas-
phase transport as the convection in the through-plane direction is
minimal and can be neglected. The diffusive flux is given by:

Ji ¼ �Di
eff rci ð13Þ

where Di
eff denotes the effective diffusivity, which is related to the

diffusivity Di by:
[47,48]

Deff
i ¼

0:407Di

0:18Di

etgDi

8><
>:

in GDLmacroporous substrate

inMPL subdomain

in CL

ð14Þ

where eg is the porosity and the Bruggeman approximation,[26,28]

that is, t=1.5, was applied. The calculation of the diffusivity is
tabulated in Table 5.
The hydrogen oxidation reaction (HOR) and four-electron oxygen
reduction reaction (ORR), Reactions 13 and 14 in Table 3, are the
regular electrochemical reactions occurring in PEFCs, and their re-
action rates can be described by the Butler–Volmer kinetics
[Eqs. (15) and (16)]:[28]

r13 ¼ a i13;0
cH2 ;eq

cH2 ;ref
exp

F h13

2 RT

� �
� exp

�F h13

2 RT

� �� �
ð15Þ

r14 ¼ a i14;0
cO2 ;eq

cO2 ;ref
exp

F h14

RT

� �
� exp

�F h14

RT

� �� �
ð16Þ

The gas species (hydrogen, oxygen, water vapor, hydrogen perox-
ide, and hydrogen fluoride) can dissolve in the ionomer phase,
which can be described by interfacial mass transport. The rate of
the transport is formulated as Equation (17):

ri, mg ¼ ki, mðci, m�ci, eqÞ ð17Þ

in which ci, eq represents the ionomer phase concentration in equi-
librium with respect to the gas phase concentration according to
Henry’s law. Readers are referred to a previous publication[28] for
the variables and parameters used in modeling the interfacial mass
transport.

Table 4. Parameters associated with calculation of reaction kinetics.

Parameter Symbol Value

Local overpotential [V] hi fs�fm�Ei, eq
Volumetric specific surface
area [m�1]

a 104

Effect of membrane swelling q
14ðVm, 0 þ lVWÞ
lðVm, 0 þ 14VWÞ

Exchange current density [Am�2]
Reaction 13 (HOR) i13,0 105

Reaction 14 (4e� ORR) i14,0 40
Reaction 15 (2e� ORR) i15,0 50
Reaction 16 i16,0 10�7

Reference concentration [molm�3]
hydrogen cH2,ref 40.88
oxygen cO2,ref 40.88
hydrogen peroxide cH2O2,ref 40.88

Transfer coefficient (reaction 16) a16 0.32[44]

H2O2 selectivity cH2O2

1980þ 32:4l
1167:4 EWð1þ 0:0648lÞ

� �2 ½45�

Reaction rate constant [m3mol�1 s�1]
Reaction 1 k1 3.7�103 [46]

Reaction 2 k2 3.75�104

Reaction 3 k3 7.5�104

Reaction 4 k4 5.8�103

Reaction 5 k5 6.3�10�2 [14]

Reaction 6 k6 4�10�8 [14]

Reaction 7 k7 1.2�103 [14]

Reaction 8 k8 20 [14]

Reaction 9 k9 2.5�105 [14]

Reaction 10 k10 4.3�104 [14]

Reaction 11 k11 1.2�107 [14]

Reaction 12 k12 10�7 [ms�1]
Process (f) kmc 0.035 [molm�3 s�1]

Nernst potential [V]

Reaction 12 (Fe ion couple) E12,eq 0.77+ ln
cFeIII
cFeII

� �

Reaction 13 (HOR) E13,eq 0
Reaction 14 (4e� ORR) E14,eq 1.23�0.9�10�3(T�298.15)
Reaction 15 (2e� ORR) E15,eq 0.695
Reaction 16 E16,eq 1.76

Transfer coefficient (reaction 16) a16 0.32[44]

H2O2 selectivity cH2O2

1980þ 32:4l
1167:4 EWð1þ 0:0648lÞ

� �2
½45�
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Ionomer species transport

Almost all ionomer phase species (except protons, water mole-
cules, and the FeII/FeIII couple) are
governed by diffusive transport ;
thus, their fluxes are also de-
scribed by Equation (13). Their dif-
fusivities in the membrane are
shown in Table 5 whereas the
values in the CLs were calculated
by using the Bruggeman approxi-
mation.[26,28]

In PEFCs, proton conduction, diffu-
sion of dissolved water in the ion-
omer phase, and electro-osmotic
drag are the dominant mecha-
nisms governing proton [Eq. (18)]
and water transport [Eq. (19)] phe-
nomena in the ionomer phase of
the membrane and CLs:[52]

Jp ¼ �seff
p r�m ð18Þ

Jw ¼ �Deff
w cRfSO3

rlþ ndJp ð19Þ

Here, nd is the electro-osmotic
drag coefficient, and Jp and Jw are
the proton and water flux in the
ionomer phase. In these equa-

tions, the ionomer potential, fm, and the water content, l, in the
ionomer phase are solved. The binary friction membrane model
(BFM2) introduced by Fimrite et al. and Carnes et al.[53, 54] was ap-
plied to calculate the proton conductivity, water diffusivity, and
electro-osmotic drag coefficient. Readers are referred to the previ-
ous publication[28] for the variables used in BFM2. In the CLs, the
effective proton conductivity and water diffusivity of the ionomer
phase species, sp

eff and Dw
eff, were calculated using the Bruggeman

approximation.[26,28]

Hydrogen peroxide can form via the two-electron ORR (Reaction 15
in Table 3) especially at low potentials and relative humidity,[45] and
its kinetics can also be calculated using the Butler–Volmer equation
[Eq. (20)]:[26]

r15 ¼ a i15;0
cO2 ;eq

cO2 ;ref
cH2O2

exp � F h15

RT

� �
ð20Þ

where cH2O2
denotes the selectivity of hydrogen peroxide forma-

tion, which was measured experimentally.[45] On the other hand,
hydrogen peroxide reduction (Reaction 16 in Table 3) can occur at
the platinum surface in the CLs [Eq. (21)]:[44]

r16 ¼ 2 a i16;0
cH2O2

cH2O2 ;ref
sinh

a16 F h16

RT

� �
ð21Þ

Electron transport

Electron conduction in GDLs and CLs can be described by Equa-
tion (22):

I ¼ �ss
eff rfs ð22Þ

where I and fs are the current and the potential of the solid phase
(carbon/graphite), respectively. The through-plane electronic con-
ductivity of graphite, ss, is 1250 Sm�1[26] whereas the values in the
porous media are calculated by using the Bruggeman approxima-
tion.[26,28]

Table 5. Constitutive relationships and parameters associated with calcu-
lation of diffusivity.

Description Expression

Gas-phase diffusivity [10�5m2 s�1]
DHF 2.6[49]

DH2O2
1.88[50]

Di, H2 32:042T1:75

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Mi

þ 1
MH2

r

P v
1
3
i þ v

1
3
H2

� �2
[33]

Di, N2 32:042T1:75

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Mi

þ 1
MN2

r

P v
1
3
i þ v

1
3
N2

� �2
[33]

P [Pa]
P
i

ciRT

Ionomer-phase diffusivity [m2s�1]
DFeII

FeIII uFeII

FeIII

RT

DH2
4.1�10�7exp � 2602

T

� �
[51]

DO2
3.1�10�7exp � 2768

T

� �
[51]

DH2O2
Dw (water diffusivity)

DHF 1.5�10�10

DOH 0
DRfSO3

0
DRfaO

C 0
DRfbO

C 0
DRfCOOH 0
DCF2 0

Table 6. Summary of the source terms considered in the governing equations.

Source term ACL[a] Membrane CCL[b]

SH2,g �r13
2 F+ rH2,mg – r13

2 F+ rH2,mg

SH2,m �rH2,mg �r10 �rH2,mg

SO2,g
r15
2 F+ rO2,mg – r14

2 F+
r15
2 F+ rO2,mg

SO2,m �rO2,mg r8+ r10�r11 �rO2,mg

Sw,g rw,mg – rw,mg

Sw,m �r16
F �rw,mg �r3+ r5+ r9 �r14

2 F�r16
F �rw,mg

Sp r13+ r15+ r16 �r5+ r6�r7+ r8�r9 r13+ r14+ r15+ r16
SH2O2,g rH2O2,mg - rH2O2,mg

SH2O2,m �r15
2 F+

r16
2 F�rH2O2,mg �r5�r6+ r7 �r15

2 F+
r16
2 F�rH2O2,mg

SHF,g rHF,mg – rHF,mg

SHF,m �rHF,mg 4 r1+6 r2+3 r3+4n0 r4+4n0 rmc+

11 rsc, RfSO3
+7 rsc, RfaOC+ rsc,RfbOC

�rHF,mg

Ss r12+ r13+ r15+ r16 – r12+ r13+ r14+ r15+ r16
SCOH – �r1�3 r2�r3�4n0 r4+ r5�r9�r11 –
SHC – r10�r11 –
SCOOH – r6�r7�r8+ r11 –
SRfSO3

– �r1�rsc, RfSO3
–

SRfaOC – r1�r2�rsc,RfaOC –
SRfbOC – r2�r3�rsc,RfbOC –
SRfCOOH – 2 r3�rsc,RfCOOH�2 rmc –
SCF2 – �r3�2n0 r4�2n0 rmc –

[a] Anode catalyst layer. [b] Cathode catalyst layer
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Source terms

In the model, the source terms, Si, in the governing equations in-
cluded the generation and consumption caused by reactions and
interfacial mass transport. All the source terms considered are sum-
marized in Table 6. The source terms of the ionomer species associ-
ated with chemical membrane degradation were determined ac-
cording to the detailed mechanisms shown in Figure 3. It was as-
sumed that all fluorine released during the degradation was in the
form of hydrogen fluoride. The rate of the loss of side chain frag-
ments, rsc,i, is related to the backbone-unzipping rate given by
Equation (23):

rsc;i ¼
cir4P

i ci
; i ¼ Rf SO3; RfaO

�; RfbO
�; RfCOOH ð23Þ

while the rate of the loss of main chain fragmentation, rmc, is inver-
sely proportional to the average length of the backbone in the
membrane [Eq. (24)]:

rmc ¼ kmcH cRfCOOH
	 
 cRf COOH

2 þ cbackbone;0
cCF2

ð24Þ

where cbackbone,0 and H are the initial concentration of the backbone
in the membrane and the Heaviside step function, respectively.

Initial and boundary conditions

The boundary conditions are summarized in Table 7. Hydrogen per-
oxide and hydrogen fluoride concentrations in the gas phase were
assumed to be zero at the gas channel and GDL interfaces. Zero
flux was assumed at the CL and MPL interfaces (x=2 and 4) for
the species dissolved in the ionomer phase. The inlet hydrogen,
oxygen, and water vapor concentrations, that is, cH2, inlet, cO2, inlet, and
cw, inlet, respectively, were calculated according to the operating con-
ditions used in the accelerated stress test (AST).[4]

For the ionomer species involved in the membrane degradation,
the initial concentrations are shown in Equation (25):

ci;0 ¼

1m=EW0

141m=EW0

0:2625 ð� 15ppmÞ
0

8>>>><
>>>>:

i ¼ RfSO3

i ¼ CF2

i ¼ FeII; FeIII

all other ionomer species

ð25Þ

Results and Discussion

The transient in situ membrane degradation model developed
in this work is a modified version of a 1D macroscopic MEA-
based reaction-transport model, which was previously validat-
ed for chemical membrane degradation.[4] The model’s capabil-
ity to simulate the evolution of ionomer molecular structure
and physicochemical membrane properties was demonstrated,
and the obtained results, for example, membrane thinning and
total fluoride release, were in overall good agreement with ex-
perimental data.[28] Herein, the revised model was applied to
simulate the role of iron ion transport and redox chemistry in
membrane degradation. Due to the mobility of iron ions and
high ionic conductivity of the membrane, ion migration is an
important transport mode expected to depend on the cell
voltage. In addition, the iron redox chemistry also depends on
potential. The combined effects of iron ion reaction and trans-
port on the membrane degradation were thus scrutinized in
terms of the applied cell voltage. In addition, the sensitivity of
the membrane degradation rates with respect to cell voltage
was also simulated to provide insights on improving MEA du-
rability.

Iron ion transport and reaction during membrane
degradation

Open circuit voltage

A standard AST protocol for chemical membrane degradation
was established by the US Department of Energy (DOE).[55] In
the protocol, open circuit voltage (OCV) operation is one of
the stressors that can significantly promote chemical degrada-
tion.[4,29] Although the dramatic degradation rates observed in
this test have been tentatively attributed to the high gas cross-
over under OCV conditions,[1] the mechanisms involved have
not been fully established. Herein, the in situ chemical degra-
dation process under OCV is first examined in terms of the fer-
rous ion, ferric ion, and hydrogen peroxide concentrations in-
volved in hydroxyl radical formation. These concentrations
across the cathode CL, membrane, and anode CL are simulated
and illustrated in Figure 4.

In hydrogen PEFCs, the FeII ion can be electrochemically
generated from FeIII through the ferric/ferrous redox reaction
(in Table 3). The local potential at the anode CL, fs, is near
zero, which is considerably lower than the redox potential for
promoting the reduction of FeIII to FeII, in which FeIII gains an
electron by oxidizing hydrogen. On the other hand, the FeII ion
is expected to be electrochemically oxidized to FeIII when ex-
posed to high potentials at the cathode by donating an elec-
tron to the oxygen reduction. The simulated cathodic potential
is around 1 V when the cell is held at OCV. The simulated value
is lower than the standard electrode potential of the four-elec-
tron ORR due to hydrogen crossover but still positive of the
FeII/FeIII redox potential to promote the oxidation of FeII to FeIII

at the cathode CL. This situation gives rise to a FeII/FeIII ion
concentration gradient across the membrane. In the anode CL
where FeIII is reduced, a near-zero FeIII concentration and

Table 7. Summary of the boundary conditions applied in the simulations
(cont.=continuous).

Variable x=0 x=1 x=2 x=3&4 x=5 x=6 x=7

cO2,g cO2, inlet cont. cont. no flux cont. cont. 0
cH2,g 0 cont. cont. no flux cont. cont. cH2, inlet

cw,g cw, inlet cont. cont. no flux cont. cont. cw, inlet
cH2O2,g 0 cont. cont. no flux cont. cont. 0
cHF,g 0 cont. cont. no flux cont. cont. 0
cH2,m – – no flux cont. no flux – –
cO2,m – – no flux cont. no flux – –
L – – no flux cont. no flux – –
cH2O2,m – – no flux cont. no flux – –
cHF,m – – no flux cont. no flux – –
cFeII,m – – no flux cont. no flux – –
cFeIII,m – – no flux cont. no flux – –
fs no flux cont. cont. – cont. cont. 0
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a high FeII concentration are obtained, as shown in Figure 4. In
addition, FeII is oxidized in the cathode CL, resulting in a near-
zero FeII concentration and a high FeIII concentration. The pres-
ence of predominantly FeIII in cathode CLs has been reported
elsewhere.[56]

When the cell is held at OCV, ion migration due to a potential
gradient in the ionomer is negligible, and hence diffusion is
the dominant mode of ion transport between anode and cath-
ode CLs that drives FeII from anode to cathode and FeIII from
cathode to anode. The FeII ion is formed in the anode CL and
diffuses into the membrane where it may react with H2O2,
COOH, and COH along its path to the cathode. The calculated
consumption rate of FeII in the membrane, that is,R
4
3 Lm;0ðr5 þ r7 þ r9Þdx, is, however, smaller than that in the
cathode CL, as illustrated in Figure 5. This indicates that FeII is
not fully reacted in the membrane and can reach the cathode
CL for oxidation. Similarly, the FeIII ion formed in the cathode
CL diffuses into the membrane and onwards to the anode as
indicated by the insignificant consumption rate in the mem-
brane (Figure 5). Therefore, almost all FeIII formed in the cath-
ode CL reaches the anode CL where it is reduced back to FeII.

As zero fluxes are assumed at the MPL and CL interfaces,
a redox cycle of iron is formed in the MEA due to the conser-
vation of species and charge. This demonstrates the decisive
effect of the FeII/FeIII redox reaction on the distribution of FeII/
FeIII in the MEA and the importance of including the FeII/FeIII

redox chemistry, which was generally neglected in previous
membrane degradation models.[14,26–28] Moreover, the FeIII ion
has an oxidation number of +3, which is expected to have
a stronger affinity to the sulfonic acid sites than the other iron
ions with an oxidation number of +2, which gives rise to
a lower mobility and diffusivity of FeIII in the ionomer phase.[41]

This results in a higher concentration gradient for FeIII than for
FeII as well as a higher overall concentration (Figure 4).

In addition to the ferrous ion, hydrogen peroxide is also re-
quired for hydroxyl radical formation, and hence its concentra-
tion is also simulated and shown in Figure 4. The anodic po-
tential is near zero, which is favorable for hydrogen peroxide
formation through the two-electron ORR.[45] Therefore, a higher
H2O2 concentration in the membrane near the anode CL is ob-
tained. With the higher concentrations of FeII and H2O2, hy-
droxyl radicals are preferentially formed in the membrane near
the anode CL, and hence the chemical degradation and associ-
ated reduction in sulfonic-acid-group concentration is faster
near the anode CL (Figure 6).

0.9 V

When the cell voltage is held at 0.9 V, which is about 0.1 V
lower than the simulated OCV at t=0, an ionomer potential
gradient across the cathode CL, membrane, and anode CL is
formed due to regular electrochemical reactions in hydrogen
PEFCs. As illustrated in Figure 7, the obtained ionomer poten-
tial decreases from the anode CL to the cathode CL, which re-
sults in migration of positively charged species (including pro-
tons, FeII ions, and FeIII ions) from the anode CL to the cathode
CL across the membrane. The FeIII ion migration towards the
cathode CL counteracts its diffusive transport and thereby re-
sults in a smaller FeIII flux towards the anode CL. Hence, FeIII is
found to accumulate at the cathode CL, as illustrated in

Figure 4. Simulated iron ions and hydrogen peroxide concentrations across
the cathode CL (2<x<3), membrane (3< x<4), and anode CL (4<x<5) at
t=0 when the cell is held at OCV.

Figure 5. Simulated reaction rates of FeII and FeIII in the MEA when the fuel
cell is held at OCV.

Figure 6. Simulated sulfonic-acid-group concentration in the cathode CL
(2<x<3), membrane (3<x<4), and anode CL (4<x<5) as a function of
degradation time at OCV.
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Figure 8. FeIII is the prevalent oxidation form of iron in the
cathode CL because of the high cathode potential, which is
positive of the standard FeII/FeIII redox potential. The smaller

FeIII flux towards the anode CL also limits the iron ion reduc-
tion in the anode CL. Because the FeII/FeIII redox reaction is the
dominant source of FeII in the MEA, this situation suppresses
the FeII formation in the redox cycle of iron, which gives rise to
a lower fraction of FeII in the membrane compared to the OCV
condition. This analysis demonstrates the importance of con-
sidering ion migration during fuel cell operation at potentials
below OCV.

Hydrogen peroxide is electrochemically generated at the
anode CL, where the simulated overpotentials are similar be-
tween the cases when the cell is held at OCV and 0.9 V. There-
fore, the obtained hydrogen peroxide concentrations in these
two cases are comparable (Figures 4 and 8), which suggests
that the impact of hydrogen peroxide on the chemical mem-
brane degradation is constant in this voltage range and that
the FeII/FeIII distribution in the MEA controls the overall degra-
dation rate. With the lower FeII concentration in the membrane

at 0.9 V, 57% reduction in the chemical membrane degrada-
tion rate is determined in terms of the rates of sulfonic-acid-
group concentration reduction, membrane thinning, and cu-
mulative fluoride loss, as shown in Figure 9. The simulation
demonstrates a strong relationship between the iron ion trans-
port and chemical membrane degradation when the cell is
held at high voltages.

0.7 V

As the cell voltage is further reduced to 0.7 V, representing
a more practical fuel cell operating voltage, the ion migration
becomes more dominant because the ionomer potential gradi-

Figure 7. Simulated potential in the ionomer phase across the cathode CL
(2<x<3), membrane (3<x<4), and anode CL (4<x<5) at t=0 when the
cell voltage is held at 0.9 V.

Figure 8. Simulated iron ions and hydrogen peroxide concentrations across
the cathode CL (2<x<3), membrane (3< x<4), and anode CL (4<x<5) at
t=0 when the cell voltage is held at 0.9 V.

Figure 9. Simulated membrane degradation at OCV, Vcell=0.9 V, and
Vcell=0.7 V. a) Average sulfonic-acid-group concentration. b) Average cumu-
lative fluoride loss. c) Average membrane thinning.
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ent increases to about 0.18 V due to the enhanced HOR and
four-electron ORR. The FeIII migration flux has a similar magni-
tude but opposite direction to its diffusion flux, resulting in
a near-zero net FeIII flux across the membrane. Without the FeIII

flux to the anode CL, the formation of FeII on this electrode
cannot be sustained, which is demonstrated by the zero FeII

concentration in the anode CL shown in Figure 10, even
though a negative overpotential, fs�fm�E12,eq, is calculated. In

this situation, the internal redox cycle of iron discovered at
high cell potentials in the MEA is suppressed. In the cathode
CL, an equilibrium between FeII and FeIII is obtained as indicat-
ed by the near-zero simulated overpotential, fs�fm�E12, eq;
their concentrations are determined by the Nernst relation
[Eq. (26)]:

cFeIII
cFeII

¼ exp
F
RT

E12;eq � 0:77
	 
� �

ð26Þ

in which E12,eq obtained is around 0.86, resulting in a higher
FeIII concentration.

Due to the strong ion migration toward the cathode, the
majority of the FeII/FeIII ions are accumulated in the cathode
CL, which is illustrated by the concentration peak in Figure 10.
This effect results in very low FeII/FeIII concentrations in the
membrane and anode CL; for example, the average FeII ion
concentration is now merely 0.01 molm�3 in the membrane.
Therefore, the membrane degradation is considerably less
severe (Figure 9) when the cell is held at 0.7 V compared to
the previous cases at OCV and 0.9 V even though there is still
a sufficient supply of hydrogen peroxide from the anode CL, as
indicated in Figure 10. Moreover, due to ion migration, the dis-
tribution of FeII is more asymmetric compared to H2O2. This re-
sults in a higher chemical degradation rate near the cathode
CL as indicated by the simulated sulfonic-acid-group concen-
tration shown in Figure 11, which is opposite to the case at
OCV (Figure 6). The non-uniform chemical degradation induced
by the iron ion distribution is thus demonstrated to depend

on the applied cell voltage and shift from the anode region to
the cathode region as the cell voltage is reduced.

Cell voltage and membrane durability

The overall sensitivities of the hydrogen peroxide and ferrous
ion concentrations to the applied cell voltage are evaluated
and plotted in Figures 12 and 13, respectively. In the anode CL,
the rate of two-electron ORR is related to the cell voltage and
oxygen concentration. When the cell voltage is decreased from
OCV, the four-electron ORR kinetics (in the cathode CL) increas-
es because of its overpotential, which leads to a more negative
ionomer potential and a smaller oxygen concentration at the
anode CL–membrane interface. The hydrogen peroxide forma-
tion through two-electron ORR is, therefore, decreased. How-
ever, the overall effect of the cell voltage on the two-electron
ORR rate is limited and a moderate decrease in hydrogen per-
oxide formation is observed (Figure 13). In contrast, the FeII

concentration in the membrane has an exponential depend-
ence on the cell voltage as shown in Figure 12. There is a dra-
matic decrease (�93%) in FeII ion concentration when the cell
voltage is decreased from OCV to 0.7 V, which is a consequence
of the increased ion migration flux as identified previously.

Figure 10. Simulated iron ions and hydrogen peroxide concentrations across
the cathode CL (2<x<3), membrane (3< x<4), and anode CL (4<x<5) at
t=0 when the cell voltage is held at 0.7 V.

Figure 12. Simulated average FeII concentration in the membrane as a func-
tion of cell voltage at t=0.

Figure 11. Simulated sulfonic-acid-group concentration across the mem-
brane (3<x<4) as a function of degradation time at 0.7 V.
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When the cell voltage is below 0.7 V, the concentration is fur-
ther decreased to less than 5% of the value at OCV due to the
iron ion accumulation in the cathode CL. These results demon-
strate that the cell voltage has a much stronger effect on FeII

concentration than on hydrogen peroxide concentration in the
membrane.

According to Reaction 5 in Table 3, the hydroxyl radical for-
mation rate in the membrane is proportional to the product of
the FeII and hydrogen peroxide concentrations. The overall
chemical membrane degradation rate is thus a function of the
same concentrations. The degradation rate can be quantita-
tively represented by the reduction of sulfonic-acid-group con-
centration in the membrane, thickness reduction, and cumula-
tive fluoride loss, which are evaluated and shown in Figure 14.
At the highest levels of both FeII and hydrogen peroxide con-
centrations the membrane experiences the most severe degra-
dation when the cell voltage is held at OCV. This result pro-
vides fundamental evidence for the empirical rationale of
using OCV conditions to accelerate the chemical membrane
degradation in various ASTs.[4,29, 55] As expected from the con-
centration analysis, the degradation rate exhibits an exponen-
tial decay that is similar in nature to the underlying exponen-

tial decay in FeII concentration, although the decay rate is fur-
ther compounded by the moderate reduction in hydrogen per-
oxide concentration. When the cell voltage is decreased from
OCV to 0.7 V, the membrane transitions from a severe to
a modest degradation state (tenfold reduction in fluoride loss
at 0.7 V), which is chiefly attributed to the critical reduction in
the FeII presence in the membrane. This finding is consistent
with and provides a theoretical understanding of the exponen-
tial dependence between degradation rate and current density
observed experimentally during in situ testing.[29] As the cell
voltage is further decreased to below 0.7 V, the simulated deg-
radation rate is essentially negligible because there is insignifi-
cant FeII in the membrane to catalyze the formation of hydrox-
yl radicals.

In PEFCs, iron contamination is common and cannot be ef-
fectively eliminated because it can be introduced through
MEA/system materials,[24] be present in fuel and oxidant, and
has a high affinity to the sulfonic-acid groups in the mem-
brane.[41] Moreover, hydrogen peroxide formation through
two-electron ORR, an intermediate step of ORR, is always possi-
ble in PEFCs.[57] Fortunately, the dependence of the FeII/FeIII ion
distribution on the cell voltage suggests that the concentration
of harmful FeII can be minimized by operating PEFCs at inter-
mediate cell voltages (i.e. , voltages below 0.7 V predicted in
the model), which are commonly applied in automotive appli-
cations. Without this active catalyst, the hydroxyl radical forma-
tion through Reaction 5 in Table 3 is substantially reduced
even though hydrogen peroxide is formed and present in the
cell, and thus the membrane durability is significantly en-
hanced as the main chemical membrane degradation mecha-
nism is suppressed. The underlying ion migration in PEFCs is
expected to have similar effects on the distribution of other
cations, which may also catalyze the hydroxyl radical forma-
tion. Therefore, the mitigation strategy suggested here is ex-
pected to be generally applicable for PEFC operation.

Conclusions

Interrelated effects of iron ion transport and redox chemistry
on the chemical membrane degradation in polymer electrolyte
fuel cells (PEFCs) are established using a comprehensive, transi-
ent in situ membrane degradation model. The state and distri-
bution of mobile and reactive iron ions inside the PEFC are
found to be highly sensitive to the applied cell voltage and
shown to play a key role in the overall degradation process.
When the cell is held at open circuit voltage, an iron ion redox
cycle is generated in the membrane electrolyte assembly to
preserve a relatively high FeII concentration in the membrane,
which leads to the most severe chemical membrane degrada-
tion through the Fenton mechanism. As the cell voltage is re-
duced, ion migration dramatically weakens the iron ion redox
cycle. The iron ion reduction is suppressed in the anode cata-
lyst layer, and most of the iron ions are accumulated in the
cathode catalyst layer where an equilibrium between the FeII/
FeIII concentrations is attained. The FeII concentration in the
membrane is thereby shown to decay exponentially as the cell
voltage is reduced. Without this active metal-ion catalyst, the

Figure 13. Simulated average hydrogen peroxide concentration in the mem-
brane as a function of cell voltage at t=0.

Figure 14. Simulated degradation rates in terms of normalized sulfonic-acid-
group concentration loss, reduction in thickness, and cumulative fluoride
loss in the membrane as a function of cell voltage.
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harmful hydroxyl radical formation is greatly suppressed,
which elucidates the mitigating effect of reduced cell voltage
on the chemical membrane degradation. The simulated tenfold
reduction in the cumulative fluoride release suggests that in-
termediate cell voltage operation provides a practical mitiga-
tion strategy for chemical membrane degradation through iron
ion contamination and hydrogen peroxide formation, which
are common and cannot be effectively eliminated in PEFCs.
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Membrane stability controlled by iron
ion dynamics : An essential, yet previ-
ously missing link in the fundamental
understanding of chemical membrane
degradation in polymer electrolyte fuel
cells is presented. An iron ion redox
cycle is discovered within the mem-
brane and catalyst layers during fuel cell
operation. This redox cycle is shown to
be the underlying mechanism for the
cell potential dependency of the chemi-
cal degradation of the membrane,
which can be mitigated by operation at
intermediate cell voltages.
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mitigation in ceria-supported fuel cells
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Abstract

Ceria-supported membrane electrode assemblies (MEAs) have recently been

proposed to address chemical membrane degradation in polymer electrolyte

fuel cells. Although ceria is known to effectively protect the membrane at

open circuit voltage (OCV) conditions, its effectiveness has not been demon-

strated for cell voltages below OCV and associated conditions relevant for

field operation. In the present work, a comprehensive, transient in situ chem-

ical degradation model for ceria stabilized MEAs is developed and applied

to investigate the mitigation effectiveness of ceria additive. At high cell volt-

ages, abundant Ce3+ ions are available in the membrane to quench hydroxyl

radicals which is the primary mitigation mechanism observed at OCV condi-

tions. However, the mitigation is suppressed at low cell voltages, where elec-

tromigration drives Ce3+ ions into the cathode catalyst layer (CL). Without

an adequate amount of Ce3+ in the membrane, the hydroxyl radical scav-

enging is significantly reduced, leading to a ten-fold reduction in mitigation
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effectiveness at cell voltages below 0.7 V. The simulated results also sug-

gest that significant ceria precipitation may occur in the cathode CL due

to the increased local Ce3+ concentration at low to medium cell voltages.

Ceria-supported MEAs may therefore experience higher rates of chemical

membrane degradation at low cell voltages than at OCV.

Keywords: fuel cell, durability, mitigation, cerium oxide, degradation,

modeling

1. Introduction

Hydrogen powered polymer electrolyte fuel cells (PEFCs) generally use

perfluorosulfonic acid (PFSA) ionomer membranes to separate the two elec-

trodes in the membrane electrode assembly (MEA). Their high proton con-

ductivity at low temperatures, relatively low reactant permeation, and su-

perior electrical insulation lead to high fuel cell performance. However, the

ionomer membrane can be degraded in the fuel cell environment which re-

duces its stability and limits its lifetime [1, 2]. Chemical degradation initiates

the overall degradation processes [3, 4] and further damages the membrane

when combined with mechanical stress, strain, and fatigue induced by hy-

grothermal fluctuations in the MEA [5, 6, 7, 8, 9]. The resulting physical

damage in the forms of cracks and holes eventually causes hydrogen leaks

across the membrane which is considered one of the main lifetime limiting

failure modes in fuel cells [4, 10].

The primary chemical degradation in PEFCs is caused by reactions of

2
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reactive radicals with the PFSA ionomer membrane [11, 12, 13, 14, 15]. For

instance, hydrogen peroxide (H2O2) can be generated via the two-electron

oxygen reduction reaction (ORR) resulting in hydroxyl radical (·OH) for-

mation due to decomposition of hydrogen peroxide in the presence of metal

contaminants [16, 17]. The hydroxyl radical formed is highly reactive and can

attack the ionomer membrane in terms of side chain cleavage and unzipping

[12, 14, 15, 18, 19] which is responsible for the deteriorated physicochemical

properties observed in degraded membranes. Radical scavenging is therefore

proposed to mitigate the chemical damage by quenching the radicals before

they attack the ionomer membrane. One of the most promising additives to

quench ·OH in fuel cells is ceria (CeO2), which can effectively protect the

ionomer membrane under open circuit voltage (OCV) accelerated stress test

(AST) or ex-situ Fenton’s durability conditions [20, 21, 22, 23, 24, 25, 26, 27].

When ceria (cerium oxide) is incorporated in the MEA, it dissolves and

forms a Ce3+/Ce4+ redox couple in the ionomer phase according to the Pour-

baix diagram for cerium [28]. The multivalent nature of the redox couple al-

lows the cerium ions to alternate between the two oxidation states: Ce3+ and

Ce4+. The Ce3+ ion can react with ·OH and oxidize to the Ce4+ ion, while the

Ce4+ ion can be reduced to the Ce3+ ion by reacting with hydrogen peroxide.

This Ce3+ regeneration is considered to be essential for the sustainable mit-

igation of chemical membrane degradation observed during AST conditions

[20, 22, 24, 25, 26, 27]. However, this hypothesis is difficult to confirm experi-

mentally. The distribution, transport, and formation/consumption of cerium
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ions within a fuel cell would be very challenging to measure quantitatively

within an operating fuel cell. For instance, while the ratio of Ce3+ : Ce4+ has

been measured in H2SO4 solution, it cannot represent the true ratio inside

a fuel cell [29]. The experimental challenges and limitations of in situ mea-

surements raises the importance of developing reliable fundamental models

in order to analyze the mitigation processes under realistic conditions and

complement the experimental findings.

Modeling of the cerium ion mitigation processes was recently pioneered

by Gubler et al. by means of an ex situ kinetic simulation [30]. The model

examined the chemical reaction rates between the Ce3+/Ce4+ redox couple

and radicals in the membrane and concluded that the mitigation effect is

based on the rapid ·OH quenching facilitated by Ce3+. However, no in situ

models that describe this phenomenon have been published to date. The

overall objective of the present work is therefore to develop and validate a

comprehensive, transient in situ membrane model that describes the com-

plete set of chemical/electrochemical reactions and transport phenomena of

relevance for ceria induced mitigation of chemical degradation. The proposed

model considers the reaction-transport phenomena of H2O2 and other dis-

solved species in the ionomer (e.g., dissolved hydrogen and oxygen) which

are expected to be important in simulating the membrane ·OH concentration.

For this reason, a full MEA based numerical framework [18, 19] is adopted,

which has been used previously to describe the in situ chemical degrada-

tion process in regular, non-supported membrane during realistic fuel cell
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operating conditions, and applied here for ceria-supported MEAs.

2. Model Formulation and Governing Equations

The present modeling framework primarily targets the chemical stabiliza-

tion of PFSA ionomer membranes achieved in ceria-supported MEAs. The

influences of the Ce3+/Ce4+ redox system on chemical degradation by hy-

droxyl radical (·OH) attack are analyzed in terms of the reaction-transport

phenomena of the Ce3+/Ce4+ couple in the MEA. The baseline chemical

degradation algorithms developed and validated in our previous work [18, 19]

are modified and applied for this purpose. The algorithms provide a com-

prehensive description of the in situ molecular degradation of PFSA ionomer

membranes and the role of Fenton’s reagent (iron ion and hydrogen peroxide)

in the degradation process. The details of the governing equations used in

modeling the molecular degradation and the transport phenomena of the gas

phase species (hydrogen, oxygen, water vapor, hydrogen peroxide and hy-

drogen fluoride), ionomer phase species (dissolved water, hydrogen peroxide,

hydrogen fluoride, ·OH, hydrogen radical, hydroperoxyl radical, Fe2+, and

Fe3+), and electrons are described in our previous publications [18, 19]. In the

present work, we emphasize the reaction-transport phenomena of Ce3+/Ce4+

and their influences on the chemical membrane degradation.

The governing equation used in the model is based on the reaction-

transport formulation generally applied in PEFC modeling for conservation
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of species [18, 19]:

∂

∂t
(εci) +∇ · Ji = Si, (1)

where ci, Ji, and Si represent the concentration, flux, and source of species i in

the given phase, respectively, and ε denotes the volume fraction of the given

phase. It describes the conservation laws in a one-dimensional computational

domain comprising of a standard MEA shown in Fig. 1. The MEA domain

features a membrane flanked by catalyst layers (CLs) and gas diffusion layers

(GDLs) with separate macroporous substrate and micro-porous layer (MPL)

subdomains. The x -axis represents the through-plane direction and starts

at the cathode gas channel (GC) and GDL interface (x = 0). All MEA

layers are normalized by thickness, and the MEA dimensions and physical

parameters used in the model are listed in Table 1. Three distinct phases

are considered in the model: the gas phase and solid phase in GDLs and

CLs, and the ionomer phase in CLs and membrane. The various species and

transport phenomena in all MEA layers are also indicated in the schematic.

2.1. Reaction-Transport Phenomena of Ce3+/Ce4+

Cerium ions (Ce3+/Ce4+) are considered as charged species dissolved in

the ionomer phase with fluxes governed by the Nernst-Planck equation [34,

35]:

Ji = −Di∇ci − uiziciF∇ϕe, (2)

6
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Figure 1: Schematic of the computational domain, including membrane, cata-
lyst layers (CLs), and gas diffusion layers (GDLs; consisting of a macroporous
substrate and a microporous layer). Chemical degradation is considered in
the membrane. Gas and electron transport is considered in the GDLs and
CLs, and transport in the ionomer phase is considered in the CLs and mem-
brane. Cerium precipitate is considered in the pores of the CLs.

Table 1: Structural and physical parameters used in the model.

Parameter Symbol Value (Unit)

Thickness of:
GDL macroporous substrate LGDL 250 (µm)
MPL subdomain LMPL 25 (µm)
CL LCL 15 (µm)
BOL Membrane Lm,0 30 (µm)
Porosity of:
GDL macroporous substrate εGDL 0.78 [31]
MPL subdomain εMPL 0.65 [31]
CL εCL 0.4 [32]
Ionomer fraction in CLs εe 0.3 [33]
Faraday’s constant F 96485 (C mol−1)
Gas constant R 8.314 (J K−1 mol−1)

7
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where the first term represents diffusion due to the concentration gradient and

the second term represents migration due to the ionomer potential gradient,

ϕe. In Eq. (2), zi denotes the charge number of species i, and the self-

diffusivity, Di, and mobility, ui, of species i are related by the Nernst-Einstein

relation, Di = uiRT . The ionic mobility of Ce3+ and Ce4+ is assumed to be

10−14 and 10−15 s mol kg−1, respectively. Convective ion transport due to

water crossover is neglected.

The chemical and electrochemical reactions of the Ce3+/Ce4+ redox cou-

ple considered in the model are:

Ce4+ +H2O2 → Ce3+ + ·OOH+H+ (3)

Ce3+ + ·OOH+H+ → Ce4+ +H2O2 (4)

Ce3+ + ·OH+H+ → Ce4+ +H2O (5)

Ce4+ + ·OOH → Ce3+ +O2 +H+ (6)

Ce4+ + e− → Ce3+ E0 = 1.44 V (7)

Reaction 3 shows the reaction between cerium ion and hydrogen peroxide.

Reactions 4 to 6 are the reactions between cerium ions and radical species

formed in the ionomer membrane. The kinetics of reactions 3 to 6 are given
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by:

r1 = k1θcCe4+cH2O2 (8)

r2 = k2θcCe3+cO·OH (9)

r3 = k3θcCe3+c·OH (10)

r4 = k4θcCe4+cO·OH, (11)

where θ accounts for the impact of membrane swelling on the concentration

of dissolved ionomer species [19, 36]. Reaction 7 presents the electrochemical

reaction for the Ce3+/Ce4+ redox system at the CLs. In hydrogen PEFCs,

the operating conditions favor cerium ion reduction because of its high elec-

trochemical potential (1.44 V). The kinetics of this reaction are described

by the Butler-Volmer equation [37, 38]:

r5 = ai5,0F
√
cCe3+cCe4+

[
exp

(
Fη5
2RT

)
− exp

(
−Fη5
2RT

)]
. (12)

Details of parameters and variables used in calculating the chemical kinetics

are listed in Table 2.

Cerium migration within the MEA was previously observed experimen-

tally in the literature [27, 39]. Lim et al. [27] determined the distribution of

cerium in ceria-supported MEAs by neutron activation analysis (NAA). The

measured results indicated that cerium can migrate from the CLs into the

membrane, which resulted in a higher cerium concentration in the membrane.

9
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Table 2: Parameters associated with calculation of reaction kinetics

Parameter Value (Unit)

Local overpotential, ηi ϕs − ϕe − Ei,eq (V)
Volumetric specific surface area, a 104 (m−1)

Effect of membrane swelling, θ
14(Vm,0+λVw)
λ(Vm,0+14Vw)

Exchange current density of reaction
7, i5,0

1 (A m−2)

Reaction rate of [30]:
reaction 3, k1 103 exp

(
58000
R

(
1

298 − 1
T

))
(mol−1 s−1)

reaction 4, k2 2.1× 102 exp
(
58000
R

(
1

298 − 1
T

))
(mol−1 s−1)

reaction 5, k3 3× 105 exp
(
58000
R

(
1

298 − 1
T

))
(mol−1 s−1)

reaction 6, k4 2.7× 103 exp
(
58000
R

(
1

298 − 1
T

))
(mol−1 s−1)

Nernst potential for reaction 7, E7,eq 1.44 + ln (cCe4+/cCe3+) (V)

Rate of precipitation, kCe,p 2× 10−7 s−1

Rate of dissolution, kCe,d 2× 10−6 s−1

Stewart et al. [39] used X-ray fluorescence (XRF) spectroscopy to determine

the cerium profile across the MEA. Their results also suggested that cerium

can migrate across the membrane. However, the cerium was finally accu-

mulated in the anode and cathode CLs, with only a marginal amount of

cerium remaining in the membrane. The inconsistent experimental findings

may potentially be attributed to the different ceria loadings with the in-

termetallic interaction between cerium and platinum [39, 40]. The cerium

loading used by Stewart et al., 6.92 µg cm−2, is approximately 7x lower

than that used by Lim et al. experiment. At this small amount of cerium

loading, the intermetallic interaction may dominant the cerium transport in

the catalyst layers, which leads a higher concentration in the catalyst lay-

ers. On the other hand, the high cerium loading used by Lim et al. [27]

provides plenty of mobile cerium ions even though a certain portion of the
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cerium ions becomes immobile due to the intermetallic interaction. Besides

the intermetallic interaction, ceria is believed to be immobile due to other

mechanism. Ceria is believed to dissolve in the ionomer phase because of its

acidic environment. Depending on the cerium ion concentration and solu-

bility in the ionomer these ions may exchange existing cations and thereby

reduce the local proton concentration and acidity of the ionomer. Accord-

ing to the Pourbaix diagram for cerium [28], the level of ceria dissolution

decreases with increasing pH and ceria precipitation is possible when the

environment is not sufficiently acidic. Therefore, the reduction in proton

concentration due to cerium ion exchange on the sulfonic acid end group

could favor for ceria precipitation in which cerium ion is precipitated, i.e.,

2Ce3++6H2O → 2Ce(OH)3+6H+ → Ce2O3 + 3H2O+ 6H+, and cerium(III)

oxide can further be hydrolyzed to ceria. In the present model, the effect due

to intermetallic interaction is neglected, and ceria precipitation is modeled

and described as a phase change phenomenon with the rate calculated as:

rCe,ms = kCe,pcCe3+/4+ (cCe3+/4+ − cCe,sat) q

− kCe,dcCeO2 (cCe3+/4+ − cCe,sat) (1− q) , (13)

where this formulation is an analogue of condensation and evaporation in two-

phase flow [41]. In Eq. (13), kCe,p and kCe,d represent the rate of precipitation
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Table 3: Summary of the source terms considered in the governing equations

CLs Membrane

SCe3+ r3 − r4 − r5 + r6 − r7 − rCe3+,ms r3 − r4 − r5 + r6
SCe4+ −r3 + r4 + r5 − r6 + r7 − rCe4+,ms −r3 + r4 + r5 − r6
SCeO2 rCe3+,ms + rCe4+,ms -

and dissolution, respectively. The switching function, q, is defined as:

q =
1 + |cCe3+/4+ − cCe,sat|/ (cCe3+/4+ − cCe,sat)

2
, (14)

such that it is one when the cerium ion concentration is greater than the

cerium ion saturation concentration, cCe,sat, and otherwise zero. In the model,

the source terms, Si, in the governing equations include the generation and

consumption due to reactions and interfacial mass transport. The source

terms for cerium ions are summarized in Table 3.

The cerium ions can initially be assumed to be evenly distributed through-

out the ionomer phase of the MEA, since ceria dissolution has been observed

after fuel cell conditioning [27, 39]. Moreover, the dissolved Ce4+ is elec-

trochemically reduced to Ce3+ at both anode and cathode due to the high

electrochemical potential of the Ce3+/Ce4+ couple [21]. It is therefore as-

sumed that cerium exists solely in the Ce3+ form at the beginning of the
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simulation:

cCe3+,0 = 93.3 mol m−3 (15)

cCe4+,0 = 0 (16)

cCeO2,0 = 0. (17)

The initial cerium ion concentration is equivalent to 1.1 wt% cerium oxide

relative to the polymer mass in the membrane, which is the typical concentra-

tion for CeO2-Nafion composite membrane [20, 22, 24, 25]. Cerium washout

from the MEA is neglected, and therefore zero fluxes are assumed at the CL

and MPL interfaces.

3. Results and Discussion

The proposed MEA model is first validated with experimental data and

applied to scrutinize the in situ chemical stabilization mechanism in a ceria-

supported MEA subjected to the aggressive cyclic OCV AST condition [27].

However, during duty operation, fuel cells are normally operated below OCV

in order to generate power for practical purposes. The cell voltage is there-

fore an important parameter for evaluating the chemical stabilization of the

membrane. The effectiveness of the ceria additive on mitigating chemical

degradation under practical fuel cell operating voltages is then explored. Fi-

nally, the influences of ceria precipitation on the cerium distribution and

chemical mitigation in the ceria-supported MEA are also simulated.
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3.1. Open Circuit Voltage

In order to judge the stabilization mechanism, a baseline MEA which is

a standard MEA without ceria additive is set as a benchmark. The chemical

degradation process in the baseline and ceria-supported MEAs can be de-

scribed in terms of the reaction-transport phenomena which are simulated in

this work. The obtained results are then used to investigate the mitigation

effect provided by the ceria additive and describe the underlying stabilization

mechanism.

Chemical degradation of PFSA ionomer membranes involves radical in-

duced ionomer side chain cleavage and unzipping and main chain scission,

unzipping, and fragmentation [4, 18, 19, 42]. Fluoride species are released

from the ionomer during the various steps of the degradation processes. Since

the emitted fluorides can be traced and collected during fuel cell operation,

fluoride emission measurement is widely adopted to quantify the level of

chemical degradation in the membrane [4, 10]. Fig. 2 shows the simulated

cumulative fluoride release in the baseline and ceria-supported MEAs as a

function of operational time at OCV based on the proposed model. The sim-

ulated results are compared and evaluated against measured data from cyclic

OCV AST experiments [27]. The proposed model successfully simulates the

mitigating effect found in the ceria-supported MEA, which is illustrated by

the coinciding fluoride emission trends of the simulated and experimental

data in both baseline and ceria-supported MEAs. In the simulation, it takes

about 870 hours for the cumulative fluoride release to reach 0.113 mol m−2
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in the ceria-supported MEA. On the other hand, the baseline MEA is able to

emit as much fluoride in merely 20 hours, and its cumulative fluoride release

reaches 1.15 mol m−2 at 130 hours. The simulated fluoride emission rate

(FER) which equals the cumulative fluoride release divided by the time is

68 times lower in the ceria-supported MEA than in the baseline MEA. This

calculated result is in good agreement with the experimental result, in which

the FER of the baseline MEA is 59 times that of the ceria-supported MEA.
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Figure 2: Measured and simulated cumulative fluoride release in the baseline
and ceria-supported MEAs as a function of operational time at OCV.

The dramatic reduction of the membrane degradation observed in the

ceria-supported MEA depends on the progression of hydroxyl radicals (·OH),

which are responsible for the chemical decay of the ionomer [4, 18, 42]. Given
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that ·OH can be formed from hydrogen peroxide through Fenton’s reaction

[15, 43], a reduced supply of hydrogen peroxide would lead to a lower ·OH

formation rate and thereby alleviate the membrane degradation.

In the ceria-supported MEA, the ·OH formation rate is 8.6×10−7 mol m−2 s−1

which is 14% lower than that in the baseline MEA (10−6 mol m−2 s−1) be-

cause of the hydrogen peroxide quenching provided by Ce4+ (Reaction 3).

Unfortunately, this difference is not significant enough for resolving the enor-

mous reduction in the membrane degradation rate, and hence the lower ·OH

formation rate could not be the primary mitigating mechanism produced by

the ceria additive.

Instead, the chemical stabilization mechanism is highly related with the

suppression of ionomer damage due to ·OH attack. The damage rates, cal-

culated as the sum of all reaction rates between ·OH and ionomer including

both side and main chains, are calculated and depicted in Fig. 3. In the base-

line MEA, the damage rate is almost two orders of magnitude higher than

in the ceria-supported MEA because about 93% of the ·OH reacts with the

ionomer. This damage ratio is calculated by: fdamage = rdamage/roverall, where

rdamage represents the damage rate, and roverall represents the sum of all ·OH

reaction rates. On the other hand, once ceria is introduced in MEA, the dam-

age ratio descends to only 1.53% revealing that ·OH attack is negligible. This

minuscule damage ratio could be explained by the scavenging ratio which is

defined as the fraction of ·OH quenched: fscavenging = r5/roverall. Under AST

OCV conditions, the scavenging ratio is around 98%, indicating that almost
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all ·OH formed are quenched by Ce3+ (Reaction 5) before they can attack

the membrane. The fast ·OH scavenging by Ce3+ therefore represents the

principal mitigating mechanism provided by the ceria additive.
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Figure 3: Simulated ·OH reaction rates in the membrane under OCV condi-
tion.

In hydrogen PEFCs, electrochemical reduction of Ce4+ via the Ce3+/Ce4+

redox reaction (labeled as Reaction 7) is favorable. The local potentials at

OCV conditions at the anode and cathode CLs are around zero and 1 V,

respectively, which are considerably negative of the standard electrochemical

potential of the Ce3+/Ce4+ redox couple (i.e., 1.44 V [30]). Hence, Ce4+ can

be efficiently reduced in the anode and cathode CLs by hydrogen and water,

respectively [21]. As a result, Ce3+ is the dominant oxidation state which
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entails more than 99% of the cerium ions in the CLs. In the membrane,

there are two chemical reactions (Reactions 4 and 5) which oxidize Ce3+ to

Ce4+. Reaction 5, which executes the mitigation of chemical degradation,

only contributes a small portion of the total Ce3+ oxidation in the mem-

brane which is indicated by the two orders of magnitude lower reaction rate

shown in Fig. 4. Indeed, the vast majority of Ce3+ (> 99%) is oxidized to

Ce4+ via reaction 4 by hydroperoxyl radical (·OOH) which is a secondary

radical formed in the membrane due to the reactions between ·OH and dis-

solved hydrogen and oxygen [19]. Fortunately, Ce4+ can be reduced back

to Ce3+ by hydrogen peroxide (Reaction 3) which is continuously generated

in the MEA via the two-electron ORR. The Ce3+ regeneration is observed

to predominantly takes place in the membrane via the H2O2 pathway rather

than in the CLs via the redox reaction. Therefore, Ce4+ transport to the CLs

and subsequent reduction to Ce3+ is not required to ensure Ce3+ presence in

the membrane where it maintains effective membrane protection during the

otherwise aggressive OCV condition.

3.2. Cell Voltages Below OCV

The in situ reaction-transport simulations are repeated at different cell

voltages and the obtained FERs are plotted in Fig. 5. In the baseline MEA,

the FER decreases with decreasing cell voltage which is attributed to the

reduced magnitude of the iron redox cycle and hydrogen peroxide concentra-

tion within the MEA leading to a lower ·OH formation rate. Further details
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Figure 4: Simulated cerium ion reaction rates in the membrane under OCV
condition.

about the underlying reason for the effect of cell voltage on the degradation

rate of the baseline MEA are provided in our previous publication [19]. Gen-

erally, the ceria-supported MEA has a lower FER than the baseline MEA,

as shown in Fig. 5. Interestingly, the FER increases when the cell voltage

decreases from OCV to 0.6 V and then levels off, which is in stark contrast

to the decreasing FER trend of the baseline. The FER differential between

the ceria-supported and baseline MEAs is thus descending rapidly with de-

creasing cell voltage from OCV to 0 V, which suggests that the ceria additive

provides the strongest mitigation at OCV, but its strength cannot be sus-

tained when the cell voltage is held below OCV.
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Figure 5: Simulated fluoride emission rates in the baseline and ceria-
supported MEAs as a function of cell voltage.

The increasing FER of the ceria stabilized MEA at low cell voltages com-

pared to the rate at OCV is first analyzed by calculating the damage and

scavenging ratios that quantify ·OH attack and radical scavenging. These

metrics are plotted as a function of cell voltage in Fig. 6. The scavenging

ratio decreases significantly when the cell voltage is reduced from OCV, re-

vealing that fewer ·OH are quenched by Ce3+. More ·OH are then available to

attack the ionomer in the membrane, and this results in a growth of the dam-

age ratio when the cell voltage is decreased from OCV. Ce3+ still prevails in

the membrane, because Ce4+ can be effectively reduced to Ce3+ by hydrogen

peroxide in the membrane or via the redox reaction in both CLs. Since zero
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fluxes are assumed at the MPL and CL interfaces, the total amount of Ce3+

is therefore stable in the MEA with respect to changes in cell voltage. On

the same token, the reduction in the total amount of Ce3+ due to oxidation

or leakage is not an appropriate mechanism for the drop in ·OH scavenging

rate.
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Figure 6: Simulated damage and scavenging ratios as a function of cell volt-
age.

The significant reduction in the mitigation effectiveness and the increased

FER observed in the ceria stabilized MEA are in fact highly related to the

Ce3+ distribution in the MEA rather than the total amount of Ce3+ present.

When the cell is held at OCV, there is no current or ionomer potential gra-

dient across the MEA. Ion migration due to the ionomer potential gradient
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is therefore negligible, and diffusion is the dominant mode of cerium ion

transport between anode and cathode CLs. Diffusion drives Ce3+ from high

concentration to low concentration, and hence a uniform equilibrium distri-

bution in the MEA is formed, as shown in Fig. 7. The stable Ce3+ supply

in the membrane secures the ·OH scavenging which results in the strongest

mitigation observed at OCV.
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Figure 7: Simulated distribution of cerium(III) ions in the ceria-supported
MEA under different cell voltages after one hour of operation (t = 1).

When the fuel cell is operated at cell voltages below OCV, an ionomer

potential gradient across the MEA is formed by the regular electrochemical

reactions in hydrogen PEFCs, i.e., the hydrogen oxidation reaction (HOR)

at the anode CL and the four-electron ORR at the cathode CL. The obtained
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ionomer potential decreases from anode to cathode and attains its minimum

at the cathode CL and MPL interface (x = 2). As Ce3+ is a positively

charged species, it migrates from the anode CL to the cathode CL across the

membrane. This Ce3+ ion migration leads to considerable Ce3+ accumulation

in the cathode CL, as shown in Fig. 7.

When the cell voltage is reduced from OCV to 0.5 V, the ionomer poten-

tial gradient across the membrane increases dramatically due to the faster

HOR and four-electron ORR. The resulted potential gradient drives more

Ce3+ from the membrane to the cathode CL, and thereby the Ce3+ concen-

tration in the membrane is largely reduced, as illustrated in Fig. 7. Without

enough Ce3+ in the membrane, the influence of ·OH scavenging is diluted, and

thereby the mitigation effectiveness indicated by the ratios of the FER and

membrane thinning rate of the baseline MEA to those of the ceria-supported

MEA are largely suppressed, as shown in Fig. 8. For example, a ten-fold

reduction in mitigation effectiveness is simulated under low cell voltages (V

< 0.7 V). Therefore, a close correlation between the observed trends in re-

duced mitigation effectiveness and the reduced Ce3+ concentration in the

membrane is found at these cell voltages.

A near zero Ce3+ membrane concentration is obtained when the cell volt-

age is held at 0.5 V, which suggests that further reductions in cell voltage

may have limited effect. Indeed, the Ce3+ membrane concentration almost

levels off even when the cell voltage is further decreased from 0.5 V to 0

V. The corresponding mitigation effect at low cell voltages is thus relatively
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constant and insignificant compared to the cases at high cell voltages, as

shown in Fig. 8. Fortunately, the overall rates of chemical degradation at

these cell voltages are substantially lower than those at OCV conditions [19].

Therefore, although the mitigation effects are insignificant, the FERs are

considerably lower than those at OCV conditions without ceria additive.

3.3. Ceria Precipitation

Ceria precipitation is possible when the fuel cell is operated at cell volt-

ages below OCV because of cerium ion migration and accumulation in the
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cathode CL that reduce the acidity of the ionomer phase. Fig. 9 describes

the dynamics of ceria precipitation by showing Ce3+ and ceria concentra-

tions at different operating hours, i.e., t = 1, t = 5, and t = 100. When

the cell is held at 0.8 V, the developed ionomer potential gradient drives

Ce3+ towards the cathode CL and MPL interface (x = 2). Since the ionomer

potential strictly decreases from the anode CL and MPL interface (x = 5),

the resulted Ce3+ concentration in the ionomer phase of the MEA is a grad-

ually increasing function of x ranging from 2 (anode CL-MPL interface) to 5

(cathode CL-MPL interface). Therefore, the cathode CL can be divided into

two regions: a saturated region and an unsaturated region. In the saturated

region, the Ce3+ concentration exceeds the saturation concentration of the

ionomer such that ceria precipitation occurs. On the other hand, precipita-

tion does not occur in the unsaturated region because the Ce3+ concentration

is below saturation. The position at which the cathode CL is divided into

the saturated and unsaturated regions is denoted as the saturation front and

can be defined mathematically as xsf = argmin |cCe3+ (x)− cCe,sat|. Similarly,

the cathode CL can be separated into two regions by the ceria distribution:

a ceria region and a non-ceria region. The ceria region represents the part of

the CL that contains ceria precipitate, while the non-ceria region represents

the part of the CL that only contains cerium ions but no ceria precipitate.

The boundary that separates the two regions is termed the ceria front, i.e.,

xcf .

Once ceria precipitation occurs due to ionomer saturation of Ce3+, the
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Figure 9: Simulated cerium(III) ion and ceria concentration distributionsin
the MEA as a function of time at 0.8 V

amount of Ce3+ is reduced in the saturated region, which shifts the saturation

front closer to x = 2 than the ceria front. The ceria precipitate located

between the two fronts is now in the unsaturated region, and the precipitation

reaction is reversed. Therefore the precipitate dissolves back into Ce3+ which

becomes mobile in the ionomer. The mobile Ce3+ redistributes in the MEA

and again accumulates towards x = 2 according to the ionomer potential.

This dissolution consumes the ceria precipitate near the ceria front, which

thereby shifts the ceria front towards x = 2. On the other hand, the ceria in

the narrowed saturated region maintains its precipitate form, and new ceria

precipitate is formed because the local Ce3+ is saturated. The resulted ceria
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concentration therefore continues to increase, and a higher peak is obtained,

as shown in Fig. 9. The described precipitation and dissolution cycle results

in a gradual shift in the saturation and ceria fronts, as illustrated by the Ce3+

and ceria concentration profiles at t = 1, t = 5, and t = 100 seen in Fig. 9

and results in a large, well-defined ceria precipitation peak at equilibrium

after sufficient time at steady state, which is possibly related with cerium

washout.

The ionomer potential plays a fundamental role in the ceria precipitate

formation which is therefore a function of the cell voltage. Ce3+ and ceria

concentration distributions in the MEA after 10 hours of operation at differ-

ent cell voltages are simulated and plotted in Fig. 10. When the cell voltage

is reduced from 0.9 to 0.5 V, the considerable increase in the ionomer po-

tential gradient leads to a significant increase in the Ce3+ concentration in

the cathode CL due to the ion migration from the membrane and anode. As

the precipitation rate is proportional to the difference between the instan-

taneous Ce3+ concentration and its saturation concentration, the formation

rate of ceria precipitate is elevated, resulting in a dramatic increase in ceria

concentration, as illustrated in Fig. 10(a). The near zero Ce3+ concentration

in the membrane at low cell voltages (V < 0.5 V) limits the further growth

in the precipitation rate. The simulated ceria concentration profiles under

low cell voltages are therefore nearly identical, as shown in Fig. 10(b), due

to the comparable formation rates.

Ceria precipitation suppresses the chemical stabilization mechanism in
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Figure 10: (a) Cerium(III) ion and (b) ceria concentration distributions in
the MEA after 10 hours of operation (t = 10) at different cell voltages.
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the ceria-supported MEA, which is demonstrated by the higher FER plotted

in Fig. 11(a). Ceria precipitation removes the Ce3+ and limits the growth

of the Ce3+ concentration at the cathode CL, and thereby the Ce3+ con-

centration is lower with precipitation than without precipitation, which is

illustrated in Fig. 10. The back diffusion of Ce3+ from the cathode CL to the

anode CL is diminished, and less Ce3+ is driven into the membrane by the

diffusive transport, as indicated by the lower Ce3+ membrane concentration

in Fig. 11(b). As a consequence, ceria precipitation greatly eliminates the

benefits of ceria at cell voltages below 0.5 V by comparing the FERs in the

ceria precipitated and baseline MEAs, as illustrated Fig. 11(a).

4. Conclusions

The in situ chemical stabilization mechanism of ceria-supported MEAs

in hydrogen PEFCs is analyzed using a comprehensive, transient membrane

degradation and mitigation model. The vast majority of the cerium ions

are found to be in the desired Ce3+ oxidation state, which is a result of

hydrogen peroxide supported regeneration of Ce3+ in the membrane. This

regeneration mitigates the overall chemical degradation in ceria stabilized

MEAs; however, it cannot secure the effectiveness of the ionomer membrane

protection across the entire range of cell voltages experienced during fuel

cell operation. When the cell voltage is held at OCV, Ce3+ is uniformly

distributed in the ionomer phase of the MEA and thus maintains a high Ce3+

concentration in the membrane which leads to an effective protection of the
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Figure 11: Simulated (a) fluoride emission rate and (b) cerium(III) ion mem-
brane concentrations of ceria-supported MEAs with and without ceria precip-
itation, shown as a function of cell voltage. The simulated fluoride emission
rate in the baseline MEA is shown in (a) for comparison.
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membrane via ·OH quenching. Therefore, the ceria additive is particularly

effective at high cell voltages where the degradation rates are the highest.

When the cell voltage is decreased, the protection is significantly reduced.

Most of the Ce3+ migrate into the cathode CL due to the ionomer potential

gradients across the MEA, and the remaining Ce3+ concentration in the

membrane is found to decrease exponentially as the cell voltage is reduced.

The ·OH scavenging is dramatically suppressed without an adequate amount

of Ce3+ in the membrane, resulting in a ten-fold reduction in mitigation

effectiveness under low cell voltages (V < 0.7 V). Interrelated effects of ceria

precipitation in the CLs on the stabilization mechanism are also observed. It

is found that ceria precipitation would further reduce the Ce3+ concentration

in the membrane and may potentially eliminate the benefits of ceria at cell

voltages below 0.5 V.
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Simulation of Performance Tradeoffs in Ceria

Supported Polymer Electrolyte Fuel Cells

Ka Hung Wong∗ and Erik Kjeang†∗

Abstract

Ceria-supported membrane electrode assemblies (MEAs) can effec-

tively protect the membrane at open circuit voltage conditions; how-

ever, performance tradeoffs have been observed experimentally with

the use of membrane additives. In the present work, a comprehen-

sive, transient in situ membrane durability model for ceria-supported

MEAs is developed and applied to investigate the fundamental mech-

anisms of the performance tradeoffs. The modeling results reveal that

proton starvation may occur in the cathode catalyst layer due to local

Ce3+ accumulation and associated reductions in proton conductiv-

ity and oxygen reduction kinetics. Significant performance tradeoffs

in the form of combined ohmic and kinetic voltage losses are there-

fore evident and shown to increase with current density. Reduced
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ceria additive loading and increased cathode ionomer volume fraction

are proposed as potential mitigation strategies to reduce the voltage

losses caused by proton starvation. A lower initial Ce3+ concentration

is demonstrated to reduce voltage losses without compromising mem-

brane durability at high cell voltages. However, the harmful Fe2+

concentration in the membrane increases with the Ce3+ concentra-

tion, which suggests that ceria-supported MEAs can experience higher

rates of degradation than baseline MEAs at low cell voltages. Strate-

gic MEA design and optimization is recommended in order to ensure

membrane durability at low cell voltages.

1 Introduction

In low temperature polymer electrolyte fuel cells (PEFCs), perfluorosulfonic

acid (PFSA) ionomer membranes are the industry standard electrolyte mate-

rial used to maintain effective fuel cell operation. PFSA ionomer membranes

are advanced thin-film structures with superior ionic conductivity, electri-

cal insulation, and resistance toward reactant permeation. Despite of its

mechanically and chemically stable perfluorinated main chain, the ionomer

membrane still undergoes various forms of degradation in fuel cell environ-

ments [1, 2]. Membrane failures that lead to lifetime limiting hydrogen leaks

across the membrane electrolyte assembly (MEA) are generally observed in

the presence of combined chemical and mechanical stress [3, 4].

Generation of water and heat in the cathode catalyst layer (CL) during
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fuel cell operation leads to significant water content and temperature gra-

dients in the MEA as well as considerable temporal dynamics during load

changes. Additionally, both water and heat can be transferred across the

membrane in both directions between the anode and cathode CLs. Hence,

the membrane experiences regular variations in internal hygrothermal con-

ditions that induce swelling and contraction, and mechanical stress due to

confinement within the MEA [5]. Although pure mechanical failures are pos-

sible for membranes subjected to 105 repeated hygrothermal cycles [6, 7],

the lifetime limiting hydrogen leaks are believed to be initiated by chemical

membrane degradation. The physicochemical and mechanical properties of

the membrane are dramatically deteriorated when the MEA is subjected to

the conditions in which chemical membrane degradation is evaluated, further

exacerbating the rate to failure [3, 4, 8, 9].

In PEFCs, hydrogen peroxide (H2O2) can be generated via the two-

electron oxygen reduction reaction (ORR) at the anode and cathode CLs

provided that the electrode potentials are sufficiently low (< 0.695 V). When

metal contaminants such as Fe2+ and Cu+ are present, hydrogen peroxide

can decompose to hydroxyl radicals (·OH) [10, 11, 12]. The hydroxyl radicals

formed are highly reactive and can attack the ionomer membrane in terms

of molecular side chain cleavage and unzipping [12, 13, 14, 15, 16, 17, 18, 19]

which is responsible for the deteriorated physicochemical properties observed

in degraded membranes [20].

Considering the dominant role of hydroxyl radicals in the chemical mem-
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brane degradation, radical scavenging is proposed to mitigate the chemical

damage by quenching the radicals before they attack the ionomer. One of

the most promising additives to quench ·OH in fuel cells is ceria (CeO2),

which has been shown to effectively protect the ionomer membrane under

open circuit voltage (OCV) accelerated stress test (AST) or ex situ Fenton’s

durability test conditions [21, 22, 23, 24, 25, 26, 27]. Ceria in general can

dissolve in acidic aqueous environments provided that the electrochemical

potential is not too high (below 1.76 V) according to the Pourbaix diagram

for cerium [28]. Due to the high proton concentration (cH+ ≈ 1800mol m−3)

and relatively low operating potentials (0 − 1 V) of PEFCs, ceria dissolves

and forms a Ce3+/Ce4+ redox couple in the ionomer phase when it is incorpo-

rated in the CLs or membrane [27, 29]. The multivalent nature of the redox

couple allows the cerium ions to alternate between the two oxidation states:

Ce3+ and Ce4+, which is considered a critical asset for sustainable chemical

protection of the ionomer membrane from radical attack [22]. The Ce3+ ion

can react with ·OH and oxidize to the Ce4+ ion, while the Ce4+ ion can be

reduced to the Ce3+ ion by reacting with hydrogen peroxide or hydrogen

[13]. However, the distribution, transport, and formation/consumption of

cerium ions within a fuel cell would be very challenging to measure quanti-

tatively within an operating fuel cell [30]. The experimental challenges and

limitations of in situ measurements suppress the technical progress in devel-

oping an effective CeO2 based durable MEA. On the other hand, modeling

platforms which predict the chemical membrane degradation and mitigation
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provide an adequate tool for this purpose.

Kinetic models [15, 19, 31, 32] have been developed to investigate ionomer

degradation processes under a specific environment which is not linked with

the operating fuel cell conditions. Shah et al. [33], Coulon et al. [34],

Gummalla et al. [35], and Wong et al. [18] developed MEA degradation

models based on conservation laws to account for the transport phenomena

of an operating fuel cell and their effect on membrane degradation. In these

models, hydroxyl radical formation via hydrogen peroxide decomposition on

Fe2+ (Fenton’s reaction) [18, 33, 34] or on the surface of platinum deposited

in the membrane [35] was assumed. However, the transport and reaction

phenomena of the metal contaminants were generally neglected in the sim-

ulations. The role of the transport-reaction phenomena of Fe2+/Fe3+ was

first investigated using the model developed by Wong and Kjeang [12]. The

modeling investigations suggested that the concentration of the harmful and

mobile Fe2+ in the membrane decays exponentially when the cell voltage is

reduced, which elucidated the mitigating effect of reduced cell voltage on the

chemical membrane degradation. Only two models developed to date have

considered the use of radical scavengers [32, 36]. Gubler et al. [32] modeled

the cerium ion mitigation process by means of an ex situ kinetic simulation

and concluded that the mitigation effect is based on the rapid ·OH quenching

facilitated by Ce3+. Wong and Kjeang [36] developed an in situ MEA model

to include the transport-reaction phenomena of mobile Ce3+/Ce4+ and their

interrelated effects on the mitigation mechanisms. The model showed that
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while the mitigation effectiveness is high at high cell voltages, it is substan-

tially reduced at low cell voltages where ion migration drives Ce3+ ions from

the membrane into the cathode CL.

Although ceria additive can mitigate membrane degradation at OCV con-

ditions, it has also been shown to compromise the fuel cell performance [37].

The performance drop is believed to share the same performance degradation

mechanism with other cations contamination (such as iron and copper ions)

which is associated with reduced proton concentration and conductivity in

the membrane [38, 39, 40] since ceria can dissolve into the ionomer phase

and bond to the sulfonic acid end group. In this context, several cation con-

tamination models have been developed to explore this type of degradation

[41, 42, 43, 44]; however, no in situ models that describe the effects of ceria

additive on the fuel cell performance have been published to date. These

models cannot be directly applied to study cerium ion transport and its im-

pact on fuel cell performance since none of them simultaneously address the

initial embedded ceria in the membrane during MEA fabrication, resulting in

a fixed amount of cerium ions in the MEA, and the cerium ion transport in

the CLs resulting in a significant cerium accumulation in the ionomer phase

of the cathode CL [36, 37].

The overall objective of the present work is to develop a comprehen-

sive, transient in situ MEA model to simultaneously describe both mem-

brane durability enhancements and performance tradeoffs in ceria-supported

MEAs. For this purpose, a full MEA based numerical framework [12, 18, 36]
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is adopted, which has been used previously to describe the in situ membrane

degradation and migration effects in ceria-supported MEAs, and applied here

for simulating the induced fuel cell performance tradeoffs. The developed

model is further applied to investigate strategies to reduce such performance

tradeoffs without compromising membrane durability. Overall, the proposed

model is intended to provide a flexible modeling framework for addressing

the overall MEA durability which is a combination of membrane durability

and CL stability.

2 Model Formulation and Governing Equa-

tions

The present modeling framework primarily targets both durability enhance-

ments and performance tradeoffs which are experimentally observed in ceria-

supported MEAs. In our previous work [36], the reaction-transport phenom-

ena of Ce3+/Ce4+ including the reactions between cerium ions and radicals in

the membrane were integrated into an in situ MEA membrane degradation

model [12, 18]. This baseline modeling platform was used to investigate the

mitigation effectiveness of ceria additive under various cell voltages [36]. To

capture the performance tradeoffs, the baseline model is extended to include

proton diffusion and the principle of electroneutrality for simulating the pro-

ton concentration in the ionomer phase. The obtained proton concentration

is then used to determine the proton conductivity of the ionomer and the
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electrochemical reaction rates in the CLs.

The details of the governing equations used in modeling the ionomer

degradation processes and the transport phenomena of the gas phase species

(hydrogen, oxygen, water vapor, hydrogen peroxide and hydrogen fluoride),

ionomer phase species (dissolved water, hydrogen peroxide, hydrogen fluo-

ride, hydroxyl radical, hydrogen radical, hydroperoxyl radical, Fe2+, Fe3+,

Ce3+, and Ce4+), and electrons are described in our previous publications

[12, 18, 36]. In the present work, we emphasize the reaction-transport phe-

nomena of Ce3+/Ce4+ and their influences on the membrane durability and

fuel cell performance.

The key governing equation used in the model is based on conservation

of species generally applied in PEFC modeling [12, 18, 36]:

∂

∂t
(εci) +∇ · Ji = Si, (1)

where ci, Ji, and Si represent the concentration, flux, and source of species i

in the given phase, respectively. Since gas diffusion layers (GDLs) and CLs

are porous media, the volume fraction of the given phase, ε, is introduced.

Eq. (1) is assumed to be applicable in all layers in the standard MEA domain

shown in Fig. 1. The MEA domain includes a membrane flanked by CLs and

GDLs with separate macroporous substrates and micro-porous layer (MPL)

subdomains. The dimension considered in the model is the through-plane

direction (x− axis), which starts at the cathode gas channel (GC) and GDL

8

124



interface (x = 0) and reaches across the seven-layer MEA to the opposite,

anode GC-GDL interface (x = 7). Three different phases are considered in

the model: the gas phase and solid phase in GDLs and CLs, and the ionomer

phase in CLs and membrane. The various species and transport phenomena

in all MEA layers are indicated in the schematic. To simplify the simulation,

all MEA layers are normalized by thickness. The MEA dimensions and other

physical parameters used in the model are tabulated in Table 1.

2.1 Cerium Ion Transport

Proton (H+), cerium ions (Ce3+/Ce4+), and iron ions (Fe2+/Fe3+) are pos-

itively charged species dissolved in the ionomer phase with fluxes governed

by the Nernst-Planck equation [42, 44]:

Ji = −Di∇ci − uiziciF∇ϕe, (2)

where the first term represents diffusion due to the concentration gradient

and the second term represents migration due to the ionomer potential gra-

dient across the electrolyte. Convective ion transport due to dissolved water

crossover in the electrolyte is neglected. In order to solve for the six vari-

ables of interest (the five cations concentrations and the ionomer potential),

electroneutrality is required:

∑
i

zici = cSO3 , (3)
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where i includes all cations considered in the model, and cSO3 represents the

sulfonic acid end group concentration in the ionomer phase.

In Eq. (2), zi denotes the charge number of species i. The self-diffusivity,

Di, and mobility, ui, of species i are related by the Nernst-Einstein relation,

i.e., Di = uiRT . The ionic mobility of Ce3+, Ce4+, Fe2+, and Fe3+ is assumed

to be 10−14 [36], 10−15 [36], 1.25×10−13 [12], and 1.83×10−14 [38] s mol kg−1,

respectively.

The proton mobility is related with the proton conductivity by σH+ =

uH+cH+z2H+F 2, where the proton conductivity is calculated by using the bi-

nary friction membrane model (BFM2) [45, 46]. Readers are referred to the

previous publication [18] for the variables used in BFM2.

The hydrogen oxidation reaction (HOR) and four-electron ORR are the

regular electrochemical reactions occurring in the anode and cathode, re-

spectively, and their reaction rates can be described by the Butler-Volmer

kinetics [44, 47]:

rHOR = aiHOR,0
cH+

cH+,0

cH2,G

cH2,ref

[
exp

(
FηHOR

2RT

)
− exp

(
−FηHOR

2RT

)]
, (4)

r4e = ai4e,0
cH+

cH+,0

cO2,G

cO2,ref

[
exp

(
Fη4e
RT

)
− exp

(
−Fη4e

RT

)]
, (5)

where a is the volumetric specific surface area of the electrode, i0 is the

exchange current density, and cH+ is the proton concentration with reference

value denoted by cH+,0. The factor, cH+/cH+,0, is introduced to account for

the activation loss related to the proton starvation in the CLs [43, 44]. The
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overpotential, ηi, is calculated by:

ηi = ϕs − ϕe − Ei,eq, (6)

in which ϕs is the local electrode potential, ϕe is the local ionomer potential

across the electrolyte, and Ei,eq is the equilibrium potential for the given

electrochemical reaction. The parameters used in calculating the HOR and

four-electron ORR are tabulated in Table 2.

The cerium ions can initially be assumed to be evenly distributed through-

out the ionomer phase of the MEA, since ceria migration from the CLs to the

membrane has been observed after fuel cell conditioning [27, 29]. Moreover,

the dissolved Ce4+ is electrochemically reduced to Ce3+ at both anode and

cathode by hydrogen and water due to the high electrochemical potential of

the Ce3+/Ce4+ couple [22, 36]. It is therefore assumed that cerium exists

solely in the Ce3+ form in the membrane at the beginning of the simulation:

cCe3+,0 = 100 mol m−3 (7)

cCe4+,0 = 0. (8)

The initial cerium ion concentration is equivalent to 0.3 µ mol Ce cm−2 or

∼0.9 wt% loading [37]. Cerium washout from the MEA is neglected, and

therefore zero fluxes are assumed at the CL and MPL interfaces.
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3 Results and Discussion

The proposed MEA model is first applied to simulate the performance trade-

offs in ceria-supported MEAs with different ionomer loadings in the cathode

CL at the beginning of life (BOL) [37], followed by a detailed analysis on

the mechanisms that cause the tradeoffs. Then, a brief section is given to

discuss the overall MEA durability by means of simulating both membrane

durability and fuel cell performance in ceria-supported MEA.

3.1 BOL MEA Performance

The BOL fuel cell polarization curves with and without ceria additives are

simulated and plotted in Fig. 2 for two different ionomer loadings. Lower

fuel cell performance in ceria-supported MEA is found from 0.9 V to 0.6 V,

which represents the usual operating cell voltages in fuel cell applications in

which kinetic and ohmic losses are dominant. The performance tradeoff due

to the ceria additive can be represented by a voltage loss defined as the cell

voltage difference between the baseline (without ceria additive) and ceria-

supported MEAs at the same current density. The simulated voltage loss is

compared to the experimental results [37] in Fig. 3. The simulated result

successfully predicts the magnitude of the voltage loss within a few millivolts

and captures the increasing trend of the voltage loss with operating current

density. The results confirm that the ceria additive has negative impact on

fuel cell performance, and that the impact becomes more severe at higher
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current densities.

In hydrogen PEFCs, the local potentials at anode and cathode CLs are

negative of the standard electrochemical potential of the Ce3+/Ce4+ redox

couple (i.e., 1.44 V [32]). The Ce4+ ions can therefore be electrochemically

reduced in the anode and cathode CLs by hydrogen and water, respectively

[22]. Ce4+ can also be reduced to Ce3+ by hydrogen peroxide which is con-

tinuously generated in the MEA via the two-electron ORR [36]. As a result,

Ce3+ is the dominant oxidation state in the MEA, and almost zero Ce4+ con-

centration is obtained. This outcome with the vast majority of the cerium

ions are in the desired Ce3+ oxidation state is one of the conditions for ef-

ficient membrane protection in ceria-supported MEAs [32, 36]. Moreover,

the average concentrations of cation contaminants in the membrane such as

Fe2+ and Fe3+ (∼1 mol m−3) is two orders of magnitude lower than the Ce3+

concentration (∼100 mol m−3). Therefore, Ce3+ is the main charged species

susceptible to exchange the protons attached to the sulfonic acid end groups

in ceria-supported MEAs.

When the cell voltage is held below OCV (the simulated OCV is ∼1.0

V), an ionomer potential gradient across the cathode CL, membrane, and

anode CL is formed due to the regular electrochemical reactions in hydrogen

PEFCs. As illustrated in Fig. 4, the obtained ionomer potential decreases

from the anode CL to the cathode CL which results in migration of pos-

itively charged species, including protons, Ce3+/Ce4+ ions, and Fe2+/Fe3+

ions, from the anode CL to the cathode CL across the membrane. Since
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transport of Ce3+ ions across the MPL-CL interfaces is neglected, Ce3+ is

accumulated at the cathode CL as revealed in Fig. 5. As the cell voltage de-

creases, e.g., from 0.8 V to 0.6 V, the ion migration becomes more dominant

because the ionomer potential gradient increases due to the enhanced HOR

and four-electron ORR. The simulated Ce3+ accumulation at the cathode

CL consequently becomes more severe at lower cell voltages, as illustrated

in Fig. 5. Due to the electroneutrality condition, i.e., cH+ + 3cCe3+ ≃ cSO3 ,

the increase in Ce3+ concentration results in a three times more significant

reduction in proton concentration (∆cH+ ≃ −3∆cCe3+). Hence, a notable

reduction in local proton concentration is observed in the cathode CL when

the Ce3+ concentration is high, as in the case of 0.6 V shown in Fig. 5.

The proton starvation leads to low four-electron ORR rate and low proton

conductivity in the cathode CL which results in sizable kinetic and ohmic per-

formance losses for the ceria-supported MEA. In the baseline MEA, higher

water content is obtained in cathode CL due to the water formation and

the electro-osmotic drag. Hence, the simulated proton conductivity in the

ionomer phase decreases from the cathode CL to the anode CL, as shown

in Fig. 6. On the other hand, the high water content cannot sustain the

proton conductivity in the cathode CL when ceria additive is present in the

MEA. In general for the ceria-supported MEAs, the obtained proton con-

ductivity in the cathode CL is lower than in the anode CL and membrane,

as indicated in Fig. 6, which is also supported by the high cathode CL ionic

resistance measured experimentally [37]. The low conductivity is attributed
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to the low proton concentration because of the Ce3+ accumulation, since the

proton conductivity is proportional to the proton concentration according to

the Nernst-Planck equation [44]. As the cell voltage is decreased from 0.8 to

0.6 V, the decay in proton concentration counteracts the increase in water

content, leading to a reduction in proton conductivity. Therefore, the pro-

ton conductivity at the MPL-CL interface decreases from 5.5 to 0.22 S m−1

when the cell voltage is reduced (cf., Fig. 6). The poor proton conductivity

results in an additional ohmic resistance in the ceria-supported MEA, and

the corresponding ohmic loss is increased with current density.

The rate of the four-electron ORR is not uniform across the cathode CL.

As illustrated in Fig. 7, the peak ORR rate is obtained near the CL-membrane

interface in the baseline MEA. The higher ORR rate is due to the more

negative overpotential, ϕs−ϕe−E4e,eq, because of the more positive ionomer

potential near the CL-membrane interface, as shown in Fig. 4. When the ceria

additive is introduced into the MEA, the ORR rate becomes more uneven

(Fig. 7). The lack of protons near the cathode CL-MPL interface hinders the

ORR rate because the proton, which is required for the four-electron ORR,

is absent in the ionomer phase even though the oxygen concentration and

overpotential are comparable to the baseline MEA. In order to generate the

same current density as for the baseline MEA, a lower cathode potential,

ϕs, is required to achieve a more negative overpotential to compensate for

the effect of proton starvation. This is the source of the kinetic loss that

contributes to the performance tradeoff.
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The magnitude of the kinetic loss due to proton starvation can be esti-

mated from the Nernst equation, i.e., ∆ϕs ≈ RT/F∆ ln cp [43]. The strong

positive correlation between the proton concentration and ORR rate implies

that the ORR rate profile across the cathode CL is similar to the distribu-

tion of protons, although the profile is further compounded by the increase

in ionomer potential.

3.2 Membrane Durability and Fuel Cell Performance

The voltage losses predicted for ceria-supported MEAs are expected to coun-

teract the durability benefits and may possibly even outweigh the motivation

for the use of radical scavengers unless care is taken to analyze the interac-

tions between membrane stability and MEA performance. The MEA per-

formance decay due to the presence of ceria additive is mainly attributed to

the cerium accumulation in the cathode CL under nonzero current densities.

This accumulation could potentially be mitigated by increasing the ionomer

loading in the CL or decreasing the ceria additive loading in the MEA. In

this section, the effects of the ionomer and ceria additive loadings on the

performance and durability combination are therefore addressed.

In general, the simulated results in Figs. 3 and 8 indicate that the negative

performance impact can be partially mitigated when the ionomer loading is

increased or the ceria additive amount is decreased in the BOL MEA. The

obtained improvements are attributed to the reduction in local Ce3+ concen-

tration in the cathode CL shown in Fig. 9. When the initial Ce3+ loading is
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reduced from 100 to 25 mol m−3, it is clear that the Ce3+ accumulation is

also reduced. The corresponding proton conductivity in the ionomer phase

of the cathode CL illustrated in Fig. 10 is increased when the initial cerium

ion concentration is reduced from 100 to 25 mol m−3. The reduction in Ce3+

concentration also increases the ORR rate in the cathode CL, as shown in

Fig. 11, which leads to a reduction in the kinetic voltage loss.

An increase in the ionomer loading of the cathode CL is expected to

have a similar effect as the proposed reduction in initial Ce3+ loading which

reduces the Ce3+ accumulation in the cathode CL because higher ionomer

loading can store more cerium ions such that the local concentration is di-

luted. Hence, as illustrated in Fig. 10, the simulated proton conductivity

of the cathode CL increases with increasing ionomer volume fraction. As

the effective proton conductivity in the cathode CL is calculated using the

Bruggeman approximation [33], the ohmic loss due to ionomer resistance in

the elevated ionomer loading MEA is further reduced. Moreover, with less

cerium ion interference at the cathode, the kinetic voltage loss associated

with the ORR is also reduced (Fig. 11).

The initial Ce3+ concentration and ionomer loading could be optimized

to mitigate the performance decay observed in the ceria-supported MEAs.

For the optimization of the initial Ce3+ concentration, the most critical con-

cern is the mitigation effectiveness of the chemical membrane degradation

which may otherwise cause lifetime-limiting hydrogen leaks across the mem-

brane [27]. The cumulative fluoride loss is therefore simulated as a func-
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tion of initial Ce3+ concentration under accelerated conditions for chemical

membrane degradation at OCV [27]. As expected, the results provided in

Fig. 12(a) demonstrate that the fluoride release rate increases with decreas-

ing Ce3+ concentration. Fortunately, the fluoride release is less sensitive at

higher concentrations which was also observed with ceria-supported MEAs

subjected to the ex situ Fenton’s durability test [23]. For example, when the

initial concentration decreases from 50 mol m−3 to 25 mol m−3, the total

fluoride loss increases by 0.29 mol m−2 which is almost 10x higher than the

increase of fluoride loss when the concentration decreases from 100 mol m−3

to 75 mol m−3. This property of the ceria additive makes it feasible to reduce

the additive loading while still achieving a desirable mitigation of chemical

membrane degradation. For instance, approximately 40x reduction in the

fluoride emission rate can be achieved with a mere initial Ce3+ concentration

of 50 mol m−3).

As a potential power source, however, fuel cells are normally operated

below OCV to provide power during duty operation. The mitigation ef-

fectiveness is therefore more important under realistic operating conditions

than for idle OCV conditions. The cumulative fluoride release of MEAs with

various initial cerium ion loadings is hence simulated at 0.8 V, with results

shown in Fig. 12(b). In general, the fluoride release is less sensitive to the ini-

tial Ce3+ concentration when compared to the OCV condition. This suggests

that the performance tradeoff can be minimized without compromising mem-

brane durability by reducing the initial Ce3+ concentration from 100 to 50
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mol m−3, which was also observed to be acceptable under the more stressful

OCV condition. On the other hand, the durability mitigation effectiveness

of ceria is slightly reduced at 0.8 V compared with the effectiveness simu-

lated at OCV. The reduction in effectiveness is related with the cerium ion

accumulation in the cathode CL which results in a lower Ce3+ concentration

in the membrane that reduces the ·OH quenching rate, as discussed in our

previous publication [36]. Moreover, the proton starvation near the cathode

CL-MPL interface reduces the local ORR rate, and consequently reduces the

local ionomer potential gradient, as illustrated in Fig. 13. Therefore, the ion

migration of harmful Fe2+ toward the cathode CL is also reduced, which re-

sults in a higher remaining Fe2+ concentration in the membrane. This effect

is depicted in Fig. 14(a), indicating that the addition of 100 mol m−3 ce-

ria can effectively double the iron ion concentration in the membrane under

these conditions.

When the cell voltage is further reduced to 0.6 V, the cerium ion accu-

mulation at the cathode CL becomes more significant due to the enhanced

ORR in which the current densities increased from ∼0.23 A cm−2 at 0.8 V to

0.85-1.0 A cm−2 at 0.6 V under the present conditions. This effect magnifies

the influence of the ceria loading on the ionomer potential gradient (Fig.13)

and the Fe2+ concentration in the membrane (Fig.14(b)). The ceria induced

increase in Fe2+ concentration in the membrane is notable, in contrast to the

baseline MEA without ceria which had essentially zero iron ion concentration

in the membrane at this cell voltage. As shown in Fig. 15, this alters the
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chemical membrane degradation rates quantified by the simulated fluoride

release, even to the extent where a ceria-supported MEA may have a higher

degradation rate than the ceria-free baseline MEA. At this cell voltage, the

baseline MEA is therefore deemed to have the best overall durability and per-

formance combination since it has a membrane durability equivalent to the

MEA with 50 mol m−3 ceria without the associated performance tradeoffs.

Overall, the simulated results demonstrate that an optimized ceria loading

can successfully provide MEA durability management at high cell voltages

in terms of enhanced membrane durability and MEA performance stability.

However, this approach becomes more convoluted at low cell voltages. The

role of the cathode CL is more critical at low cell voltages because of cerium

ion accumulation which suggests that both performance and durability issues

should be addressed simultaneously in the engineering design of the cathode

CL. Based on the present simulation results, joint optimization of the ionomer

volume fraction in the cathode CL and the ceria additive loading could be

feasible in order to enhance the overall MEA durability across the entire

range of cell voltages.

4 Conclusions

The performance tradeoff observed in ceria-supported MEAs in hydrogen PE-

FCs is investigated using a comprehensive, transient MEA durability model.

The cathode catalyst layer of ceria-supported MEAs is found to experience
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proton starvation due to cerium ion migration across the membrane. The in-

adequate supply of protons in the ionomer phase of the cathode CL reduces

the proton conductivity as well as the oxygen reduction reaction kinetics,

which contributes to the performance tradeoff in terms of ohmic and kinetic

voltage losses. Increased ionomer volume fraction in the cathode CL and

reduced Ce3+ concentration in the MEA are found to be effective strategies

to reduce the performance tradeoffs in ceria stabilized MEAs. Overall dura-

bility management is shown to be possible at high cell voltages by optimizing

the ceria loading in the MEA such as reduction of Ce3+ concentration from

100 to 50 mol m−3; however, at low cell voltages additional steps must be

taken to achieve a useful combination of membrane durability and cathode

CL performance stability in order to address proton starvation in the cathode

CL without compromising membrane durability. The role of the cathode CL

becomes more important for the overall MEA durability at low cell voltages,

which suggests that the membrane durability and CL performance stability

ought to be jointly addressed by optimization of the MEA design.
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Figures

Figure 1: Schematic of the computational domain, including membrane, cata-
lyst layers (CLs), and gas diffusion layers (GDLs; consisting of a macroporous
substrate and a microporous layer). Chemical degradation is considered in
the membrane. Gas and electron transport is considered in the GDLs and
CLs, and transport in the ionomer phase is considered in the CLs and mem-
brane.
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Figure 2: Simulated fuel cell polarization curves with and without ceria
additive for two different cathode ionomer volume fractions: (a) 27% and
(b) 20%.
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Figure 3: Simulated and measured voltage losses due to ceria additive as a
function of current density.
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Figure 4: Simulated ionomer potential across the cathode CL (2 < x < 3),
membrane (3 < x < 4), and anode CL (4 < x < 5) for baseline and ceria-
supported MEAs.
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Figure 5: Simulated cerium(III) ion and proton concentrations in the ionomer
phase across the cathode CL (2 < x < 3), membrane (3 < x < 4), and anode
CL (4 < x < 5) for ceria-supported MEAs.
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Figure 6: Simulated proton conductivity in the ionomer phase across the
cathode CL (2 < x < 3), membrane (3 < x < 4), and anode CL (4 < x < 5)
baseline and ceria-supported MEAs.
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Figure 7: Simulated four-electron ORR rate in the cathode CL for baseline
and ceria-supported MEAs.

41

157



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

5

10

15

20

25

30

Current Density [A cm−2]

V
ol

ta
ge

 L
os

s 
[m

V
]

 

 

c
Ce

3+ = 100 mol m−3

c
Ce

3+ = 75 mol m−3

c
Ce

3+ = 50 mol m−3

c
Ce

3+ = 25 mol m−3

Figure 8: Simulated voltage losses of ceria-supported MEAs under refer-
ence (cCe3+ = 100 mol m−3), and reduced cerium ion concentration (cCe3+ =
75, 50 and 25 mol m−3) conditions.
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Figure 9: Simulated Ce3+ concentrations in the ionomer phase at 0.6 V
under reference (cCe3+ = 100 mol m−3 and εe = 0.27), reduced ionomer
volume fraction (εe = 0.2), and reduced cerium ion concentration (cCe3+ =
75, 50 and 25 mol m−3) conditions.
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Figure 10: Simulated proton conductivities in the ionomer phase at 0.6 V
under reference (cCe3+ = 100 mol m−3 and εe = 0.27), reduced ionomer
volume fraction (εe = 0.2), and reduced cerium ion concentration (cCe3+ =
75, 50 and 25 mol m−3) conditions.
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Figure 11: Simulated ORR rate in the cathode CL at 0.6 V under reference
(cCe3+ = 100 mol m−3 and εe = 0.27), reduced ionomer volume fraction (εe =
0.2), and reduced cerium ion concentration (cCe3+ = 75, 50 and 25 mol m−3)
conditions.
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Figure 12: Simulated cumulative fluoride release as a function of the initial
Ce3+ concentrations in the membrane at (a) OCV and (b) 0.8 V.
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Figure 13: Simulated ionomer potential under reference (cCe3+ =
100 mol m−3) and reduced initial cerium ion concentration (cCe3+ =
75, 50 and 25 mol m−3) conditions.
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Figure 14: Simulated iron(II) concentration in the ionomer phase of the
cathode CL at (a) 0.8 V and (b) 0.6 V under reference (cCe3+ = 100 mol m−3)
and reduced initial cerium ion concentration (cCe3+ = 75, 50 and 25 mol m−3)
conditions.
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Figure 15: Simulated cumulative fluoride release as a function of the initial
Ce3+ concentration in the membrane during fuel cell operation at a constant
cell voltage of 0.6 V.
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Tables

Table 1: Structural and physical parameters used in the model.

Parameter Symbol Value (Unit)

Thickness of:
GDL macroporous substrate LGDL 250 (µm)
MPL subdomain LMPL 25 (µm)
CL LCL 10 (µm)
Membrane Lm 30 (µm)
Porosity of:
GDL macroporous substrate εGDL 0.78 [48]
MPL subdomain εMPL 0.65 [48]
CL εCL 0.4 [49]
Ionomer fraction in CLs εe 0.27
Faraday’s constant F 96485 (C mol−1)
Gas constant R 8.314 (J K−1 mol−1)
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Table 2: Parameters associated with calculation of reaction kinetics

Parameter Value (Unit)

Volumetric specific surface area, a 104 (m−1)
HOR Exchange current density,
iHOR,0

105 (A m−2)

4e ORR Exchange current density,
i4e,0

1 (A m−2)

Equilibrium potential for:
4e ORR, E4e,eq 1.23− 0.9× 10−3(T − 298.15) (V)
HOR, EHOR,eq 0 (V)
Reference proton concentration, cp,0 1800 mol m−3
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