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Abstract 

Polymer electrolyte membrane fuel cells (PEMFCs) are promising energy converters to 

realize the transition to a carbon-free society, especially for mobile and stationary 

applications. The two main barriers hindering widespread commercialization are limited 

durability and high cost. Throughout the lifetime of PEMFCs, their components undergo 

different operating conditions, which result in both mechanical and chemical degradation. 

To ensure acceptable longevity of the PEMFCs, it becomes necessary to mitigate these 

degradation effects. However, it is important to note that some of the performance losses 

are reversible and can be regained through specific recovery procedures. This cumulative 

doctoral thesis consists of three original research articles and two experiments as a further 

discussion part. The focus of this work is: i) establishing a methodology to evaluate the 

recovery efficiency of a recovery procedure, ii) understanding the recovery mechanism of 

different recovery procedures, iii) comparing the recovery efficiency of different recovery 

procedures, and iv) tailoring specific recovery mechanisms to improve recovery efficiency 

of a recovery procedure. The three original research articles and two experiments included 

in this cumulative doctoral thesis lead to the following main findings: 

In Article I, a methodology was proposed for evaluating and comparing the efficiencies of 

different recovery procedures. The methodology utilizes logged voltage data from load 

cycling tests, polarization curves, and electrochemical impedance spectroscopy (EIS) data to 

quantify reversible losses versus current density. Determining the efficiency of a recovery 

procedure using either logged voltage data from load cycling tests or polarization curves 

lead to a similar result. The proposed methodology analyzed parameters that provide 

information on recovered performance losses as well as non-recovered losses, enabling the 

quantification and comparison of the studied recovery procedures.  

Articles I and II followed the proposed methodology to investigate the recovery efficiency of 

three recovery protocols (DOE-based, JRC-based, and overnight rest protocols. Among the 

three protocols, the JRC protocol was found to recover the highest performance losses at 

current density from 0 to 1.5 A∙cm-2, while the DOE protocol recovered the least. The JRC 

protocol recovered kinetic losses by reducing Pt oxides and changing the ionomer structure 

through a reduction in the cathode potential and fuel cell temperature, respectively. 

However, the DOE protocol led to a relatively low recovery of losses in the kinetic region of 

the polarization curves. Therefore, the JRC recovery protocol was selected as a reference for 
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the durability tests in the subsequent work to evaluate other recovery procedures.  

Article III aimed to evaluate and investigate the mechanism of performance recovery due to 

temperature reduction using two durability tests. The first durability test involved operando 

temperature reduction, where the load cycling was not interrupted for recovery. The second 

durability test involved non-operando temperature reduction, where the load cycling was 

stopped. The measurements indicate that reducing the temperature from 80 °C to 45 °C 

results in a performance recovery of 60 - 70 % in a shorter time than the JRC recovery 

protocol. It is interesting to note that the absolute recovered voltage is directly proportional 

to the total amount of liquid water produced.  

The DOE recovery protocol, with a total duration of only 29 minutes, has the advantage of 

being shorter compared to the JRC recovery protocol and the overnight rest. However, the 

DOE recovery protocol was found to reduce charge transfer resistance much less than the 

other two recovery procedures. To improve the recovery efficiency of fuel cell performance 

degradation, two steps in the original DOE recovery protocol are modified. Specifically, a fuel 

cell cooling-down step is introduced to replace the air soak step, and the duration of the 

hydrogen soak step is extended. The durability test results indicate that the modified DOE 

protocol exhibits an enhanced recovery efficiency compared to the original DOE protocol 

due to a more significant reduction in charge transfer resistance.  

Articles II and III have demonstrated that water condensation induced by temperature 

reduction can positively impact the recovery of reversible performance losses. To 

comprehend the mechanism underlying the recovery procedures involving temperature 

reduction, the change in oxygen transport resistance in the cathode is examined in the 

second part of the further discussion. A durability test is conducted to evaluate the recovery 

efficiency of the temperature reduction from 80 °C to 30 °C. Exposure to liquid water through 

water condensation contributes to the regeneration and redistribution of the ionomer 

structure in the cathode, enhancing the hydrophilicity of the ionomer. This process occurs 

at a slow rate but eventually reaches a quasi-equilibrium state. Consequently, the ionic 

transfer and ohmic resistance in the catalyst layer are reduced. 

Eventually, this work lays a solid foundation for further investigating the recovery 

mechanism of reversible performance degradation of PEMFCs and makes an essential 

contribution by developing efficient recovery procedures. 
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Zusammenfassung 

Polymer-Elektrolytmembran-Brennstoffzellen sind vielversprechende Energiewandler, die 

den Übergang zu einer nachhaltigen Energieversorgung erleichtern, insbesondere für 

mobile und stationäre Anwendungen. Zwei wesentliche Hindernisse, die eine weitreichende 

Kommerzialisierung behindern, sind die begrenzte Haltbarkeit und die hohen Kosten. Die 

PEMFCs sind während ihres Lebenszyklus verschiedenen Betriebsbedingungen ausgesetzt. 

Die Betriebsbedingungen sind sowohl von mechanischem als auch von chemischem Stress 

geprägt. Um eine akzeptable Langlebigkeit der PEMFCs zu garantieren, ist es notwendig, 

diese Degradationseffekte zu vermindern. Es ist wichtig festzuhalten, dass einige der 

Leistungsverluste reversibel sind und durch spezielle Erholungsverfahren 

wiederhergestellt werden können. Diese kumulative Doktorarbeit besteht aus drei Original-

Forschungsartikeln sowie zwei Studien als weiteren Diskussionsteil. Ziel dieser Arbeit ist es, 

i) eine Methodik zur Bewertung der Regenerationseffizienz eines Regenerationsverfahrens 

zu etablieren, ii) den Regenerationsmechanismus verschiedener Prozeduren zu verstehen, 

iii) die Regenerationseffizienz verschiedener Prozeduren zu vergleichen und iv) spezifische 

Regenerationsmechanismen anzupassen, um die Regenerationseffizienz einer Prozedur zu 

verbessern. Die wichtigsten Ergebnisse, welche in den drei Artikeln und im weiteren 

Diskussionsteil enthalten sind, werden nachstehend zusammengefasst: 

Artikel I schlägt eine Methodik zur Bewertung und Vergleich der Effizienz verschiedener 

Regenerationsverfahren vor. Die vorgeschlagene Methodik quantifiziert reversible Verluste 

als Funktion der Stromdichte auf der Grundlage von protokollierten Lastwechseltests, 

Polarisationskurven und elektrochemischer Impedanzspektroskopie (EIS). Es wird gezeigt, 

dass die Verwendung von protokollierten Lastwechseltests und die Verwendung von 

Polarisationskurven zur Bestimmung der Effizienz eines Regenerationsverfahrens zu einem 

ähnlichen Ergebnis führen. Die vorgeschlagene Methodik analysiert Parameter, welche 

Informationen über wiederhergestellte Leistungsverluste sowie nicht wiederhergestellte 

Leistungsverluste liefern und ermöglicht somit die Quantifizierung und Vergleichbarkeit der 

untersuchten Regenerationsverfahren. 

Artikeln I und II folgten der vorgeschlagenen Methodik und untersuchten die 

Regenerationseffizienz von drei Regenerationsprotokollen (DOE-basiert, JRC-basiert und 

Übernacht-Regenerationsprotokoll). Unter den drei untersuchten Protokollen hatte das JRC-

Protokoll die höchste Wiederherstellung der Leistungsverluste bei Stromdichten von 0 bis 
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1,5 A∙cm-2, während das DOE-Protokoll die niedrigste Rückgewinnung aufwies. Das JRC-

Protokoll stellt die kinetischen Verluste durch Reduzierung von Pt-Oxiden und 

Strukturänderung des Ionomers durch Verringerung des Kathodenpotentials und der 

Brennstoffzellentemperatur wieder her. Das DOE-Protokoll hingegen führt zu einer 

vergleichsweisen geringen Wiederherstellung von Verlusten im kinetischen Bereich der 

Polarisationskurven. Daher wird das JRC-Regenerationsprotokoll als Referenz in den 

nachfolgenden Haltbarkeitstests verwendet, um andere Regenerationsverfahren zu 

bewerten.  

Artikel III zielt darauf ab, mit zwei Haltbarkeitstests den Mechanismus der 

Leistungsregeneration aufgrund von Temperaturreduktion zu bewerten und zu 

untersuchen. Der erste Haltbarkeitstest umfasste operando-Temperaturreduktionen, d. h. 

die Lastzyklen wurden während der Regeneration nicht unterbrochen. Der zweite 

Haltbarkeitstest hingegen wurde mit nicht-operando-Temperaturreduktionen (Lastzyklen 

wurden gestoppt) durchgeführt. Die Ergebnisse zeigen, dass eine Temperaturreduktion von 

80 °C auf 45 °C eine Leistungsregeneration von 60 bis 70 % in kürzerer Zeit im Vergleich 

zum JRC-Regenerationsprotokoll ermöglicht. Interessanterweise ist die absolut 

wiederhergestellte Spannung direkt proportional zur Gesamtmenge an produziertem 

flüssigem Wasser.  

Das DOE-Regenerationsprotokoll hat mit insgesamt nur 29 Minuten den Vorteil einer 

kürzeren Dauer im Vergleich zum JRC-Regenerationsprotokoll und der Übernacht-

Abschaltung. Wie in Artikel II berichtet wurde, reduziert das DOE-Regenerationsprotokoll 

den Ladungstransferwiderstand deutlich weniger als die anderen beiden 

Regenerationsverfahren. Um die Effizienz der Wiederherstellung der Leistungsdegradation 

der Brennstoffzelle zu verbessern, werden zwei Schritte im ursprünglichen DOE-

Regenerationsprotokoll modifiziert. Ein Schritt zum Abkühlen der Brennstoffzelle ersetzt 

den Luftspülungsschritt, und die Dauer des Wasserstoffspülungsschritts wird verlängert. 

Die Ergebnisse der Haltbarkeitstests zeigen eine verbesserte Effizienz der Regeneration im 

Vergleich zum ursprünglichen DOE-Protokoll aufgrund einer stärkeren Reduzierung des 

Ladungstransferwiderstands.  

In Artikel II und III wurde festgestellt, dass sich Wasser-Kondensation aufgrund der 

Temperatursenkung durch den Kühlschritt der Brennstoffzelle positiv auf die 

Wiederherstellung reversibler Leistungsverluste auswirkt. Um den Mechanismus der 



XIII 
 

Regenerationsverfahren mit Temperatursenkung zu verstehen, wurde im zweiten Teil der 

weiteren Diskussion die Veränderung des Sauerstofftransportwiderstands in der Kathode 

untersucht. Die Regenerationseffizienz der Temperatursenkung von 80 °C auf 30 °C wurde 

mit einem Haltbarkeitstest bewertet. Die Exposition gegenüber flüssigem Wasser durch 

Wasser Kondensation trägt zur Regeneration und Umverteilung der Ionomerstruktur in der 

Kathode bei und verbessert die Hydrophilie des Ionomers. Dieser Prozess verläuft langsam, 

erreicht jedoch schließlich einen Gleichgewichtszustand. Infolgedessen wird der ohmsche 

Widerstand in der Katalysatorschicht reduziert, weil der Ionentransport verbessert wird. 

Letztendlich legt diese Arbeit eine solide Grundlage für weitere Untersuchungen des 

Regenerationsmechanismus reversibler Leistungsverschlechterungen von PEMFCs und 

leistet einen wesentlichen Beitrag durch die Entwicklung effizienter 

Regenerationsverfahren. 
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transfer resistance 

S∙m-1 



 

XXIII 
 

𝑅𝑂ℎ𝑚𝑖𝑐 Ohmic resistance mΩ∙cm2 

𝑅𝑃 Pressure-dependent oxygen transfer 
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1 Introduction 

1.1 Background 

Nowadays, the mitigation of climate change, including global warming, is considered to be 

the key challenge for all the countries around the globe. As a result of an increase in human 

activities during the last several decades due to population growth and industrialization, 

greenhouse gas (GHG) emissions surged dramatically with the combustion of fossil fuels, 

which contributes to global warming. The effects of global warming are recently clearly 

visible on many continents, such as the melting of glaciers, rising water levels, greater 

frequency of extreme weather events, as well as droughts and floods due to disturbances of 

water-related phenomena [1, 2]. According to the Paris Agreement in 2015, global 

cooperation to reduce carbon emissions should be built up to keep the warming below 2 °C 

(pursuing to keep it below 1.5 °C) above pre-industrial levels [3]. In the UN Climate Change 

Conference of the Parties (COP26) in 2021, to achieve the 1.5 °C target, 153 countries, which 

covered 90 % of the world gross domestic product (GDP) and 80 % of global GHG emissions, 

put forward the path to a low-carbon future  [4].   

The energy sector, which accounts for a quarter of global GHG emissions, is facing major 

challenges. Efforts are taken to use existing energy more efficiently and at the same time, 

figure out the transition towards renewable energies to avoid using polluting fossil fuels, 

such as coal and oil. Hydrogen is a versatile energy carrier and can be used as a feedstock 

and replacement for fossil fuels in many areas, such as mobility, industries, households, and 

energy services. Thus, in the last decade, the concept of a hydrogen economy has drawn 

substantial attention from the public, industry, and governments. Green hydrogen, i.e., 

hydrogen produced using renewable energies, can be produced by electrolysis of water 

using green electricity from intermittent and fluctuating renewable energies, such as solar 

and wind. Green hydrogen can be used as the feedstock for the production of various 

chemicals and synthetic hydrocarbons and carbon-free energy carriers for mobile power 

applications via conversion with electrochemical cells (fuel cells). The European Union (EU) 

estimates that by 2050 up to 24 % of the total energy demand could be met by clean 

hydrogen to achieve the 1.5 °C target [5]. The U.S. Department of Energy (DOE) released the 

National Clean Hydrogen Strategy and Roadmap in 2022, where clean hydrogen production 

in the United States is supposed to be increased from nearly zero in 2022 to 10 million metric 
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tons (MMT) per year by 2030 and 50 MMT per year by 2050 [6]. 

Fuel cells are electrochemical energy conversion devices, which convert chemically stored 

energy in form of 𝐻2  molecules into electricity. Polymer electrolyte membrane fuel cells 

(PEMFCs) dominate the market by units and capacity among other fuel cells types such as 

alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), 

and molten carbonate fuel cells (MCFCs) [7]. In PEMFCs, the electricity is generated with 

only exhaust gas of pure water during the oxidation of fuel hydrogen by oxygen from the air. 

PEMFCs have the advantages of a relatively low operating temperature (60 to 100 °C), fast 

start-up/shut-down, along with high efficiency and power density, which make the PEMFCs 

suitable for transportation applications. For heavy-duty vehicles, the European Commission 

set the 2030 targets for the fuel cell stack to a durability of 30,000 h with a system cost below 

100 Euro/kW [8]. For comparison, the current state of the art is defined as 15,000 h 

durability with a cost of 1,500 Euro/kW. Similarly, the DOE set the interim durability targets 

for heavy-duty applications at 25,000 h till 2030 and the ultimate targets at 30,000 h and 

1,000,000 miles. Numerous projects supporting the commercialization of transportation 

with PEMFCs are have been conducted [9-11], including the development of infrastructure, 

fueling components, and hydrogen storage.      

Overall, hydrogen technologies are of great interest in context of transition of energy 

systems to emission-free systems. With ongoing rapid technological developments and the 

urgency to achieve carbon neutrality before 2050, hydrogen has taken a key priority within 

many scenarios of the energy transition. 

 

1.2 Thesis structure 

This thesis aims to investigate the effects of performance recovery procedures for PEMFCs. 

After a short introduction in Section 1.1 to the background of hydrogen energy, the research 

motivation to clarify the importance of understanding the reversible performance 

degradation and developing effective recovery procedures for PEMFCs is provided in Section 

2. 

Before the experimental work is discussed in detail, the essential information about PEMFCs, 

including the description of each component of a single PEMFC, the working mechanism of 

PEMFCs, and the origin and mechanism of reversible performance degradation of PEMFCs 
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is introduced in Section 3. In the following Section 4, the experimental approaches and 

methodology, which are utilized in this work, are summarized. Also, the experimental 

processes, hardware and software, characterization methods, and investigated recovery 

procedures are presented.  

Three publications (Articles I - III) and the further discussion in Section 5 contribute to the 

main research findings of this cumulative thesis, as shown in Figure 1. 

As a solid foundation for investigating the efficiency of a recovery procedure and 

understanding the recovery mechanism, a methodology is established to evaluate and 

compare different recovery procedures for PEMFCs using durability tests. All recovery 

procedures and durability tests performed in this thesis follow this methodology. The 

methodology is explained in detail in Article I. Afterward, three available recovery 

procedures, JRC-based [12], DOE-based [13], and overnight recovery procedures [14, 15], 

are investigated and compared based on durability tests in Article II. Furthermore, the 

recovery mechanism of each step of the recovery procedures and the recovery efficiency are 

discussed according to the results of electrochemical characterization measurements. The 

recovery mechanisms due to operando recovery procedures based on temperature 

reduction are investigated in Article III. The effect of operando performance recovery 

procedures with different temperature reductions and cooling-down durations were 

evaluated and analyzed. 

According to Article I, the DOE-based recovery protocol leads to a relatively low recovery of 

losses in the kinetic region of the polarization curves. Hence three specific modifications of 

the DOE-based recovery protocol are adapted in order to increase its recovery efficiency, 

which is discussed in section 5.1 and goes beyond the findings of Articles I - III. 

Section 5.2 provides specific tests to understand the contribution of oxygen transport 

resistance to performance recovery, serving as additional supplements to the findings of 

Articles I - III.  

Eventually, the efficiency of the investigated recovery procedures and related mechanisms 

are consolidated. Advantages and drawbacks are identified along with open questions, 

which are not answered within this thesis.  

 

 



 

4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Outline of main topics of the thesis and the link between the results of Articles I - III and further 
discussion in Section 5. 
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2 State-of-the-art and motivation 

As mentioned in Section 1.1, despite significant technical progress in the last several 

decades, the main barriers hindering the widespread application and commercialization of 

PEMFCs are durability limitations, high cost, and lack of hydrogen refueling stations [16]. 

In order to rival internal combustion engines (ICEs) in transportation uses, the European 

Commission has established a goal for fuel cell systems to have a projected lifespan of 7,000 

h for fuel cell light-duty vehicles (LDVs) and 30,000 h for fuel cell heavy-duty vehicles (HDVs) 

by the year 2030 [17]. Meanwhile, the DOE set the ultimate durability target for LDVs of 

8,000 h with a lower than 10 % loss of performance [13]. However, as of 2017, the current 

state-of-the-art durability for fuel cell systems in use by LDVs is reported to be 4,000 hours 

by the EU [17] and 5,000 hours by the DOE as of 2020 [18]. Furthermore, there has been a 

recent surge in interest in fuel cells for HDVs because they require less investment in 

refueling infrastructure, particularly for dedicated and predictable routes [19]. The DOE has 

set interim and ultimate targets for the lifetime durability of HDV systems, with a goal of 

25,000 hours by 2030 and 30,000 hours by 2050 with less than 20 % of the performance 

loss [20]. However, the current state-of-the-art durability for HDV systems averages at 

13,236 hours according to the latest report from the DOE [18, 21]. 

Throughout the lifetime of PEMFCs, their components are exposed to a range of operating 

conditions such as idling, start-up and shut-down, and transient load changes, which can 

result in both mechanical and chemical degradation. In order to achieve an acceptable level 

of longevity, it is necessary to mitigate these degradation effects. However, it is important to 

note that some of the performance losses can be recovered through specific refresh 

procedures. This subject is currently drawing more attention since the understanding of 

reversible performance degradation and using recovery procedures in durability tests can 

greatly affect the determined degradation rates of PEMFCs. Peng et al. [22] and Wang et al. 

[23] have put forth techniques for health prognostics and lifespan prediction that account 

for the impact of reversible performance degradation. These methods have demonstrated 

the ability to precisely model the performance degradation and lifetime of PEMFCs.  

In general, the fuel cell’s reversible and irreversible degradation rates depend on the 

operation conditions and cell configurations. Although there are no universal methods to 

identify and evaluate the reversible and irreversible performance degradation and the 



 

6 
 

degradation rate, the Joint Research Center of the European Commission (JRC) provides a 

scheme with the definition and the terminology, as shown in Figure 2. During a long-term 

PEMFC operation under a specific current load, a recovery procedure is performed after each 

operation period, and the change in cell voltage is recorded over time. The reversible 

performance degradation is expressed as the difference between the cell voltage before and 

after the recovery procedure, whereas the irreversible performance part is the difference 

between the cell voltage at the beginning (or at the end) of the previous and following 

operation periods.  

In the literature, the reversible and irreversible performance degradation rates were 

evaluated with durability tests, and the reversible part was identified as playing a significant 

role [24, 25]. In a study with a 5-cell stack, the total degradation rate under a constant 

current load over 1800 h was 60 µV·cell-1·h-1 [26]. A recovery procedure was performed at 

different operation times during the durability test, with at least 80 % of total voltage loss 

being reversible. Wang et al.’s group confirmed that the reversible performance degradation 

increased along the current density range from 0 to 1.6 A·cm-2 [27]. The percentage of the 

reversible performance degradation also increased from 25 % to 80 % or from 42 % to 86 

%, depending on the chosen technique of MEA fabrication. Further, the percentage of the 

reversible performance degradation was proved to decrease along the operation time due 

to the accumulation of the irreversible performance degradation. Han et al.’s work showed 

a recovery rate of 55 % - 65 % of a 3-cell stack after 100 h under a dynamic load cycling 

operation, while the recovery rate dropped to 5 % from 40 % after 300 h at the current 

density range from 0 to 1.4 A·cm-2 [28]. Besides, the evaluated reversible performance 

degradation rate also depends on the applied specific recovery procedure. Seven recovery 

procedures were compared in a durability test, and the evaluated reversible performance 

degradation differed from -20 % to 68 % at the current density of 0.8 A·cm-2 [29].    

Understanding the recovery mechanism and developing suitable recovery procedures for 

PEMFCs aim to prolong the durability of the PEMFCs by eliminating the reversible 

performance degradation during their lifetime. The main scientific gaps and challenges are 

as follows: 

(i) Establishment of a harmonized methodology for the evaluation of recovery effects 

Although the JRC provided a simple scheme to present the reversible and irreversible 

performance degradation as mentioned above, there is still no universal methodology to 
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evaluate and compare the efficiency of recovery procedures. In the literature, different 

methods are utilized by authors to quantify the rate of performance degradation and 

recovery effects. Accordingly, there are different ways to interpret the recovery procedures 

and different focuses for the explanations of the recovery mechanism. Therefore, it is 

necessary to establish a harmonized methodology to evaluate the recovery efficiency of the 

recovery procedures for PEMFCs. 

(ii) Detailed understanding of the recovery mechanism  

Although the recovery mechanism has been studied extensively in the literature, especially 

the recovery mechanism due to different contaminants in the gas feed, the mechanism of 

several recovery effects is still unclear, such as the recovery effect resulting from the shut-

down step. Besides, during the lifetime of PEMFCs, various sources of reversible 

performance degradation are involved, making it complicated to distinguish and understand 

all the recovery effects and mechanisms upon a specific recovery procedure. Usually, a 

recovery procedure contains several steps, such as the recovery procedures provided by JRC 

and DOE. However, there is still a lack of explanation of all involved mechanisms and a 

comparison of the efficiency of different recovery procedures.  

(iii) Tailoring of recovery procedures according to specific mechanisms to improve the 

recovery efficiency 

DOE set the specific technical target to define a recovery procedure that recovers more than 

95 % of the reversible performance degradation of PEMFCs within 30 s [13]. To achieve an 

efficient recovery of performance degradation, recovery procedures should be proposed, 

investigated, and optimized according to different applications of PEMFCs with 

consideration to specific operation conditions. Depending on the reasons for reversible 

performance degradation, the recovery procedure can be adjusted, and the recovery 

efficiency can be further improved based on an understanding of the specific recovery 

mechanism. Furthermore, during the optimization of a recovery procedure, more 

considerations should be given to i) if an extra power supply is needed, ii) if the duration of 

the recovery procedure is acceptable, and iii) if extra space is necessary, e.g., a bypass, which 

constrains the possibilities of the development.  

The most frequently discussed types of reversible performance degradation in the literature 

will be explained in Section 3.2. However, two kinds of reversible performance degradation 
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are still under discussion due to the unclear mechanism or the difficulty of recovering.     

Part of the performance degradation resulting from ionomer structure changes in the 

electrodes and membrane can be recovered by increasing the humidity of the electrodes. 

Jomori et al. and Du et al. [30, 31] recovered the performance degradation due to long-term 

dry operation with an increased gas relative humidity upon low fuel cell voltage for several 

hours. The reversible ionomer structure changes are attributed to the 

adsorption/desorption of ionomer sulfonate groups on the catalyst surface. However, more 

work needs to be executed on the mechanism of the nano-scale ionomer structure changes.     

The corrosion of the carbon support of electrodes is often recognized as irreversible 

mechanical damage resulting in the dissolution and detachment of catalyst in the cathode 

and, thereby, fuel cell performance degradation. The carbon oxidation occurs at high 

electrode potential under local fuel starvation and start-up/shut-down conditions, where 

the cathode potential can reach above 1 V due to the presence of hydrogen/air fronts [32]. 

However, the initial reactions in the carbon oxidation process, from the formation of 

hydroxyl groups to the carbonyl groups as oxidation products, are reported to be reversible 

by low potential (0.4 V) and reductive atmosphere with the presence of Pt catalyst [33, 34]. 

Nevertheless, no effective recovery procedure was developed in the literature to recover the 

performance degradation due to carbon corrosion. 

In summary, Table 1 presents the main reversible performance degradation mechanism and 

corresponding recovery procedures in the literature, which is adapted from the work of 

Mitzel et al. [35]. However, most of the contributions focused on investigating the 

mechanism of reversible performance degradation. In recent years, the development of 

practical recovery procedures has drawn increasing attention. 

Comprehending the mechanism behind both reversible and irreversible degradation in 

performance is a crucial requirement for designing effective methods to restore the 

longevity of PEMFCs. Only with effective recovery procedures can the reversible 

performance degradation of PEMFCs be identified and separated from the irreversible part. 

Furthermore, as a crucial part of the operation strategies of PEMFCs, effective recovery 

procedures help with prognostics and health management and prevent the deterioration of 

the fuel cell performance.  

Although understanding reversible performance degradation and developing efficient 
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recovery procedures are essential, due to their high complexity, there is still a lack of 

contribution in this field. This work aims to shed more light on this topic. The main reasons 

for the reversible and irreversible performance degradation during the PEMFCs’ operation 

will be clarified in detail in the next section. 

 

 

 

 

 

 

 

 

 

  

Figure 2: Definition of the reversible and irreversible performance degradation from the Joint Research Center 
of the European Commission (JRC) [12].    
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Table 1: Type of the reversible performance degradation, corresponding recovery methods, and mechanism. 
Adapted from [35].   

Reversible 
degradation type 

Recovery methods Recovery mechanism 

Pt oxidation 1. Low cathode potential (<0.63 V) 

2.  Decrease cathode potential by 
feeding 𝐻2 

𝑃𝑡-𝑂 + 𝐻2 → 𝑃𝑡-𝑂𝐻 → 𝑃𝑡-𝑂 + 𝑃𝑡 + 𝐻2𝑂 

𝑃𝑡-𝑂 + 𝐻+ + 𝑒− → 𝑃𝑡 + 𝐻2𝑂 [36] 

Sulfur poisoning by  

𝐻2𝑆, 𝑆𝑂2, 𝐶𝑂𝑆 

Potential cycling in 𝐻2/𝑁2 
atmosphere between 0.1 and 1.1 V, 

flushing with oversaturated gas flow 

𝑃𝑡-𝑆𝑎𝑑𝑠 + 𝐻2𝑂 → 𝑃𝑡-𝑆𝑂4
2-

𝑎𝑑𝑠
+ 𝐻+ + 𝑒− [34] 

𝑃𝑡-𝑆𝑂4
2-

𝑎𝑑𝑠
→ 𝑃𝑡 + 𝑆𝑂4

2- [37] 

Nitrogen oxides 
poisoning 

Applying an electrode potential 
above 0.9 V, flushing with 

oversaturated gas flow 

𝑃𝑡-𝑁𝑂𝑥 + 𝐻2𝑂 → 𝑃𝑡 + 𝑁𝑂3
- + 𝐻+ + 𝑒− [38] 

𝐶𝑂 poisoning 1. Air bleeding 

2. Applying the anode potential at 
high potential (about 0.3 V) 

𝑂2 + 2𝑃𝑡 ↔ 𝑃𝑡-𝑂2 + 𝑃𝑡 → 2(𝑃𝑡-𝑂)  

𝐶𝑂 + 𝑃𝑡 ↔ CO-Pt   

CO-Pt + 𝑃𝑡-𝑂 → 2𝑃𝑡 + 𝐶𝑂2   [39] 

𝑃𝑡-𝐶𝑂𝑎𝑑𝑠 + 𝐻2𝑂 → 𝑃𝑡 + 𝐶𝑂2 + 𝐻+ + 𝑒− [40] 

Water management 1. Gas purging with dry gas 

2. Cell shut-down and restart 

Water removal from the cathode catalyst layer 
and GDL [41] 

Changes in 
ionomer/membrane 

structure 

Increasing the humidity of the 
electrodes upon low potential 

(<0.2 V) 

𝑃𝑡-𝑅𝑆𝑂3
-

𝑎𝑑𝑠
→ 𝑃𝑡 + 𝑅𝑆𝑂3

-  [31] 

Carbon support 
degradation 

Low potential and reductive 
atmosphere 

𝑅2𝐶=𝑂 + 𝐻+ + 𝑒− → 𝑅2𝐶𝐻 + 𝐻2𝑂 [42] 
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3 Fundamentals 

In Section 3.1, the fundamental information for the PEMFCs is introduced briefly, including 

the essential components of the PEMFCs and the various types of voltage losses. In Section 

3.2, the different sources of reversible performance degradation of the PEMFCs are 

described. Section 3.3 summarizes the scientific gap. 

 

3.1 Polymer electrolyte membrane fuel cell principle 

The PEMFC is a device to convert chemically stored energy into electricity through 

electrochemical reactions. In general, according to the required power output, multiple 

single cells can be combined into fuel cell stacks. Figure 3 a) depicts the key layout of the 

single polymer electrolyte membrane (PEM) fuel cell and the mechanism of the 

electrochemical reactions [43]. The membrane electrode assembly (MEA), as the heart of a 

PEMFC, has an electrode-membrane-electrode structure. Figure 3  b) is a cross-sectional 

scanning electron microscope (SEM) image of a MEA used in Article II. The membrane, as 

the electrolyte, separates the hydrogen and gas in the anode and cathode compartments and 

conducts only protons. Currently, perfluoro sulfonic acid (PFSA) is the most commonly used 

membrane material for PEMFCs due to the desirable properties of i) high ionic conductivity, 

ii) thermally stability throughout the operating temperature range, iii) effective prevention 

of electron and hydrogen crossover, and iv) mechanically robustness, especially if 

strengthened with a backbone structure of polytetrafluoroethylene (PTFE, also known as 

Teflon). The anode and cathode catalyst layers (CLs) are two thin, porous, and electrically 

conductive electrodes on each side of the membrane; at the same time, these areas are where 

the hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) take place. The 

catalyst layers are usually prepared by finely dispersing small catalyst particles (e.g., Pt 

particles of 4 nm diameter or smaller) with large electrochemical active surface area (ECSA), 

premixed with ionomer, on the surface of the conductive substrate, typically carbon 

powders. Assuming equal Pt loading and Pt/C ratios of the CLs, the ECSA and the utilization 

of Pt play a critical role in reducing the reaction activation barrier and enhancing the fuel 

cell performance. Since Pt or Pt alloy is still the most popular catalyst for HOR and ORR, the 

development of CLs is of great importance to reduce fuel cell costs. A gas diffusion layer 

(GDL) covers each side of the electrode, which is porous to transport both reactant gases and 
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water, as well as electrically and thermally conductive in through-and in-plane directions. A 

popular GDL material is carbon fiber-based porous media such as carbon fiber paper or 

carbon cloth with 5 % to 30 % PTFE loading on the surface to improve the hydrophobic 

properties and avoid water flooding. Furthermore, the state-of-art GDL is often covered by 

a microporous layer (MPL) on the surface to enhance the electrical conductivity and enable 

uniform distribution of the gases on the CLs [44]. The two outmost components in Figure 3 

a) are flow fields (also called gas flow channels) which are always integrated into the bipolar 

plates (BPs). Through the flow fields, the reactant gases are injected and distributed; 

Figure 3: a) Layout of the single PEMFC and the mechanism of the electrochemical reaction. b) Cross-sectional 
SEM of a CCM. Adapted from Article II. 

 

a) 

b) 
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likewise, the byproduct water is collected and removed. The BPs are generally made of metal 

or graphite to provide heat and electron conductivity. Several flow field types and designs 

have been developed, such as parallel, serpentine, and pin-type flow field, with various 

configurations such as single channel, multiple channels, and cyclic-single channel. The 

selection of the flow field type influences the water and heat management schemes in the 

PEMFCs, which is crucial for the fuel cell performance. In a fuel cell system, there are many 

components to support the function of the PEMFCs, including air and hydrogen supply 

systems, water and thermal management systems, and so on [45]. 

Figure 3 a) also shows the process of the electrochemical reaction in a PEMFC. As reactant 

gases, hydrogen, and air (or oxygen) flow into the cathode and anode flow fields, 

respectively. Then the gases reach the top of the electrodes through GDLs by diffusion. The 

protons and electrons are produced at the anode electrode according to Eq. (3.1.1)   

𝐻2 → 2𝐻+ + 2𝑒−. (3.1.1) 

The electrons are forced to flow through an external circuit from the anode to the cathode, 

where the current is generated for applications. Meanwhile, the protons are transported 

through the proton exchange membrane to the three-phase boundary (consisting of the 

electrolyte, the reactant gas, and the electrocatalyst) in the cathode, where the oxygen is 

reduced to water according to Eq. (3.1.2)  

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂. (3.1.2) 

The total reaction of the PEMFC is shown as Eq. (3.1.3)  

2𝐻2 + 𝑂2 → 2𝐻2𝑂. (3.1.3) 

The only exhaust product is pure water in the cathode which is then expelled out of the cell 

through the cathode gas outlet. 

The theoretical potential of a PEMFC, 𝐸, can be calculated by Eq. (3.1.4) 

𝐸 =
−∆𝐺

𝑛𝐹
, (3.1.4) 

where 𝑛 = 2 is the number of electrons in the reaction Eq. (3.1.3) and 𝐹 = 96485 C∙mol-1   is 

the Faraday constant. The Gibbs free energy, ∆𝐺 , of the above-mentioned reaction is the 

theoretical amount of electrical energy by a PEMFC, which equals -237 kJ∙mol-1 under 
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standard-state conditions for liquid water product [46]. 

Thus, the theoretical potential of the PEMFC is 1.23 V at 25 °C and standard operating 

conditions, which is also called as standard thermodynamic potential. As the orange line 

shows in Figure 4, the theoretical open circuit voltage (OCV) is 1.23 V, while the actual OCV 

(𝐸𝑂𝐶𝑉) is about 1 V due to i) reactants crossover [47], ii) mixed cathode potential caused by 

reactions of the catalyst with oxygen [48], and iii) possible impurity oxidation [49]. The 

theoretical efficiency, η, as well as the maximum efficiency of a fuel cell, when all the Gibbs 

free energy is converted into electrical energy, can be calculated by the ratio between the 

Gibbs free energy and hydrogen higher heating value, ∆𝐻 = 286 kJ∙mol-1, according to Eq. 

(3.1.5) [50] 

η = 
∆G

∆H
 = 

237

286
 = 83%. (3.1.5) 

Generally, polarization is the potential difference between the electrode surface potential 

and the equilibrium value. The performance of a fuel cell device can be described with its 

voltage-current characteristics, as so-called polarization curves or i-V curves. The black 

curve in Figure 4 shows the actual polarization curve of a PEMFC over the current density, 

which shifts away from the OCV because of the three typical and unavoidable voltage losses 

i) activation losses, 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 , ii) ohmic losses, 𝜂𝑂ℎ𝑚𝑖𝑐 , and iii) mass transport losses, 

𝜂𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡. The fuel cell voltage, 𝑈, can be described with the Eq. (3.1.6) 

𝑈 = 𝐸𝑂𝐶𝑉 − 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 − 𝜂𝑂ℎ𝑚𝑖𝑐 , (3.1.6) 

or with the Eq. (3.1.7) 

𝑈 = 𝐸𝑂𝐶𝑉 − 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 − 𝑖𝑅𝑂ℎ𝑚𝑖𝑐 , (3.1.7) 

where 𝑖 is the current density and the 𝜂𝑜ℎ𝑚𝑖𝑐 is the ohmic resistance of the fuel cell [51]. 

The activation losses resulting from reaction kinetics, 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 , dominate the voltage 

losses in the low current density range of the polarization curve and can be affected by 

several factors: i) intrinsic electrochemical activity and surface area of the catalyst, ii) 

contamination in the gas flows, and iii) operation conditions such as flow rates and 

temperature. The ohmic losses resulting from ionic and electronic transportation, 𝜂𝑜ℎ𝑚𝑖𝑐 , 

greatly influence the fuel cell voltage at the middle current density range of the polarization 

curve, which mainly consists of contact resistance between the fuel cell subcomponents and 



 

15 
 

the proton resistance of the membrane. The mass transport losses, 𝜂𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡, also called 

concentration losses, inhibit the fuel cell performance at the high current density range of 

the polarization curve, which are determined by the gas- and liquid-phase transport of the 

reactants and products [52].   

 

3.2 Reversible performance degradation of the PEMFCs and the 

mechanisms 

The performance, durability, and reliability of a PEMFC or stack are determined by both 

internal and external factors. Typical internal factors essentially involve the material 

selection of the fuel cell components, MEA parameters design, flow field design, assembly of 

the fuel cell or stack, and the manufacturing process. External factors mainly include 

operation conditions, contaminants from the gas flow and system, as well as operation 

strategies. 

Generally, the operating conditions in a PEMFC are usually heterogeneous, resulting in a 

dynamic and heterogeneous response of the PEMFC performance along the flow channels. 

Especially for automotive applications, the wide range of operating conditions can enhance 

the diversity and complexity of the performance degradation phenomena. Many researchers 

reported a voltage degradation rate of a PEMFC stack in the range of 1 – 10 µV∙h-1 with long-

term durability tests [53]. Besides, many studies also observed much higher voltage 

degradation rates due to harsh operating conditions such as start-up/shut-down conditions, 

Figure 4: Various voltage losses and the actual polarization curve of a PEMFC.  
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cold start conditions, open-circuit/idling conditions, and dynamic changing load conditions 

[54, 55]. 

For the long-term operation of PEMFCs, various degradation mechanisms have been 

identified and investigated during the past several decades in the literature: i) water flooding 

in the cathode and anode due to changes in water management [56], ii) reactant crossover 

due to membrane degradation and thinning [57], iii) catalyst particle agglomeration, 

dissolution and carbon corrosion in the cathode electrode [58], iv) contamination of the 

electrodes/catalysts [59], and v) corrosion and mechanical degradation of the GDLs, bipolar 

plates, flow fields, and gaskets [60, 61]. Part of the performance degradation during the long-

term operation is irreversible, which results from various types of mechanical damage to the 

fuel cell components, such as carbon corrosion of the cathode catalyst layer after frequent 

start-up/shut-down operation [62]. Meanwhile, part of the performance degradation is 

reversible (or called as recoverable) and can be recovered by specific procedures, which is 

sometimes even higher than irreversible performance degradation [63, 64]. Besides, 

irreversible performance degradation can be accelerated and deteriorate if reversible 

performance degradation is not timely and effectively removed [28]. Recently, the 

investigation of reversible performance degradation and the development of effective 

recovery procedures have gained increasing attention from the community and the first 

review paper was published by our group [35].  

The following Sections 3.2.1 – 3.2.6 outline the mechanisms of commonly mentioned types 

of reversible performance degradation, as well as the corresponding recovery procedures: 

 

3.2.1 Reversible performance degradation due to Pt oxidation  

During their lifetime, the PEMFCs undergo voltage changes typically between 0.65 V and 

OCV. However, Pt in the cathode catalyst layer oxides at electrode potential above 0.7 V. 

Therefore, several oxide species, which cover the surface of the catalyst surface i) 𝑃𝑡-𝑂 , ii) 

𝑃𝑡-𝑂2 , iii) 𝑃𝑡-𝑂𝐻 , and iv) 𝑃𝑡-𝑂𝑂𝐻 , block the active site of the Pt , and the ORR rate is 

decreased. With water as an oxygen source, the formation of the Pt oxides follows Eq. (3.2.1) 

and Eq. (3.2.2) [65]: 

𝑃𝑡 + 𝐻2𝑂 ↔ 𝑃𝑡-𝑂𝐻 + 𝐻+ + 𝑒−, (3.2.1) 
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𝑃𝑡-𝑂𝐻 ↔ 𝑃𝑡-𝑂 + 𝐻+ + 𝑒−. (3.2.2) 

With oxygen in the cathode as an oxygen source, the formation of the Pt oxides follows Eq. 

(3.2.3). Eq. (3.2.4), and Eq. (3.2.5) [66]: 

𝑃𝑡 + 𝑂2 → 𝑃𝑡-𝑂2, (3.2.3) 

𝑃𝑡-𝑂2 + 𝐻+ + 𝑒− → 𝑃𝑡-𝑂𝑂𝐻, (3.2.4) 

𝑃𝑡-𝑂𝑂𝐻 + 𝑃𝑡 → 𝑃𝑡-𝑂𝐻 + 𝑃𝑡-𝑂. (3.2.5) 

However, the Pt oxides can be reduced to Pt under specific electrode potential. So, the 

performance degradation caused by Pt oxides on the catalyst surface is mainly reversible. 

Therefore, the specific amount and composition of the oxidation layer covered on the Pt 

surface depend on the humidity, temperature, pressure, and electrode potential of the fuel 

cell. In general, an electrode potential below 0.4 V is required to reduce the Pt oxides in the 

cathode catalyst layer and achieve full recovery of the reversible performance degradation 

of the fuel cell [67]. 

Commonly, three methods for recovery procedures in the literature have been proven to 

reduce the Pt oxides in the cathode catalyst layer effectively: i) applying a low voltage pulse 

(0.2 V) or cyclic voltammetry (0 to 0.1 V) to the cell in an 𝐻2 /𝑁2  atmosphere [68], ii) 

operating the cell at low voltage conditions, such as 0.2 or 0.3 V [69], and iii) stopping the 

cathode gas flow while purging the anode with 𝐻2 to promote 𝐻2 permeation to the cathode 

[70]. On the other hand, the efficiency of each recovery procedure, which is defined by the 

ratio of the Pt oxides in the catalyst layer that can be successfully removed, is influenced by 

the composition and structure of the Pt oxides and the specific design of the recovery 

procedure such as the applied voltage load and duration. For example, the Pt oxides are 

mainly reduced by chemical reactions when the majority of the Pt catalyst surface is covered 

by Pt oxides. Afterward, Pt oxides are mainly reduced by electrochemical reactions when 

enough active sites on the catalyst surface are available [67]. Theoretically, the complete 

reduction of Pt oxide species is supposed to finish in the range of several seconds. However, 

in the experiments with PEMFCs, it could take from several seconds to hours to achieve a full 

recovery of performance degradation due to the complexity of Pt oxidation conditions.  
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3.2.2 Reversible performance degradation due to sulfur compounds 

Sulfur compounds are widely recognized as one of the common contaminants during the 

operation of PEMFCs. The sulfur compounds, including 𝐻2𝑆, 𝑆𝑂2, 𝐶𝑂𝑆, sulfonate, and sulfate 

ions, can strongly absorb on the Pt surface in the catalyst layer and block the active Pt surface 

area for reaction (so-called catalyst poisoning), resulting in decreased ORR kinetics and fuel 

cell performance degradation. However, the performance degradation caused by sulfur 

compounds is mostly reversible and several recovery procedures have been discussed in the 

literature [38, 71]. 

During the lifetime of PEMFCs, sulfur compounds may come from different sources. Steam 

methane reforming (SMR) from natural gas and biomass is a common source for hydrogen 

production, which inevitably introduces several types of contaminants into the hydrogen 

gas, such as 𝐻2𝑆. In the cathode, the sulfur-containing airborne contaminants, 𝑆𝑂𝑥, 𝐻2𝑆, and 

𝐶𝑂𝑆,  are combustion products of fossil fuels due to automotive exhaust and industrial 

processes. Besides, sulfonate anions can also result from ionomer and membrane 

degradation, especially when the PEMFCs undergo the long-term operation of idling and 

OCV conditions.  

Respectively, the 𝑆𝑂𝑥, 𝐻2𝑆, and 𝐶𝑂𝑆 adhere firmly to the Pt surface and dissociate under the 

formation of 𝑃𝑡-𝑆 as the poisoning species either by chemical decomposition as Eq. (3.2.6) 

[72] 

𝑃𝑡 + 𝐻2𝑆 → 𝑃𝑡-𝑆𝐻2 → 𝑃𝑡-𝑆 + 𝐻2, (3.2.6) 

by electrochemical oxidation as Eq. (3.2.7) [73] 

𝑃𝑡 + 𝐻2𝑆 → 𝑃𝑡-𝑆 + 2𝐻+ + 2𝑒−, (3.2.7) 

by electrochemical reduction as Eq. (3.2.8) and (3.2.9) [74] 

𝑃𝑡 + 𝑆𝑂2 + 2𝐻+ + 2𝑒− → 𝑃𝑡-𝑆𝑂 + 𝐻2𝑂, (3.2.8) 

𝑃𝑡-𝑆𝑂 + 2𝐻+ + 2𝑒− → 𝑃𝑡-𝑆 + 𝐻2𝑂, (3.2.9) 

or by chemisorption as Eq. (3.2.10) and Eq. (3.2.11) [75] 

𝑃𝑡 + 𝐶𝑂𝑆 → 𝑃𝑡-𝐶𝑂𝑆,  (3.2.10) 

𝑃𝑡-𝐶𝑂𝑆 + 𝑃𝑡 → 𝑃𝑡-𝑆 + 𝑃𝑡-𝐶𝑂. (3.2.11) 
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The recovery of performance degradation due to the 𝐻2𝑆 , 𝑆𝑂2 , and 𝐶𝑂𝑆  contaminants 

requires both the oxidation of 𝑃𝑡-𝑆 to sulfonate and the removal of the sulfate ions out of the 

catalyst layer. For an efficient 𝑃𝑡-𝑆 oxidation, an electrode potential above 0.9 V is necessary 

[76]. In the literature, a full 𝑃𝑡-𝑆 oxidation can be achieved by cyclic voltammetry between 

0.1 and 1.1 V with hydrogen purging in the anode and nitrogen in the cathode. Furthermore, 

instead of potential cycling with a scan rate, the recovery can be accelerated by applying 

potential pulses on the electrode between 0.2 and 1.5 V [77]. Afterward, the sulfonate and 

sulfate ions adsorb on the Pt surface due to the coulombic interactions with the electrode. 

The complete desorption of sulfonate and sulfate ions can be achieved by applying an 

electrode potential under 0.17 V [37]. Then, under fully humidified conditions or 

condensation operations like the shut-down, the sulfonate and sulfate ions can be fully 

flushed out of the PEMFCs.  

 

3.2.3 Reversible performance degradation due to nitrogen oxides 

Similar to 𝑆𝑂𝑥, nitrogen oxides, 𝑁𝑂𝑥  (mainly 𝑁𝑂 and 𝑁𝑂2) are common pollutants in the air 

resulting from the combustion of fossil fuels. The presence of 𝑁𝑂𝑥 causes a strong catalyst 

poisoning effect due to chemical adsorption on the Pt surface, which leads to the blockage of 

the ORR reaction and the performance degradation of PEMFCs. The 𝑁𝑂𝑥 species can be fully 

oxidized to nitrate ions by either applying an electrode potential above 0.9 V or purging the 

electrode with neat air in the cathode [78, 79]. Afterward, the resulting water-soluble nitrate 

ions can be flushed out of the cell by an oversaturated air flow or a condensation operation 

like shut-down.  

 

3.2.4 Reversible performance degradation due to carbon compounds 

Even low concentrations of 𝐶𝑂  in the hydrogen can greatly influence the fuel cell 

performance due to the strong adsorption effect of 𝐶𝑂 on the Pt catalyst surface. In addition, 

the 𝐶𝑂2 in the air can permeate from the cathode to the anode, especially in PEMFCs with 

very thin membranes, and result in catalyst poisoning by 𝐶𝑂 in the anode according to the 

Eq. (3.2.12) and Eq. (3.2.13) [80]   

2𝑃𝑡 + 𝐻2 → 2𝑃𝑡-𝐻𝑎𝑑𝑠, (3.2.12) 
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2𝑃𝑡-𝐻𝑎𝑑𝑠 + 𝐶𝑂2 → 𝐻2𝑂 + 𝑃𝑡-𝐶𝑂𝑎𝑑𝑠. (3.2.13) 

The removal of 𝐶𝑂  contaminants from the anode electrode can be achieved with the 

chemical oxidation of 𝐶𝑂 to 𝐶𝑂2 with a small amount of oxygen in the anode [81]. With air 

bleeding, which means keeping air purging in the cathode and closing the hydrogen feed and 

outlet in the anode, the oxygen permeation rate from the cathode to the anode can be 

accelerated. Thus, the performance degradation due to 𝐶𝑂 poisoning in the anode can be 

recovered in the range of several minutes [82]. Besides, applying the anode potential at a 

high potential (about 0.3 V) can facilitate the 𝐶𝑂 electrochemical oxidation to 𝐶𝑂2 [83].   

 

3.2.5 Reversible performance degradation due to water management 

Appropriate water management plays an important role in the long-term performance of 

PEMFCs. Water is necessary for the hydration of the membrane and the ORR reaction in the 

three-phase interface in the cathode. On the one hand, only with enough wettability can the 

membrane transport protons from the anode to the cathode with low resistance [84]. On the 

other hand, water is also a reaction product during dynamic operation conditions and needs 

to be transported and removed properly. Numerous studies have disclosed the water 

flooding effect, that excess water can accumulate in the porous electrode and the catalyst 

surface, which then blocks the access for the ORR reactants [85]. Similarly, excess water also 

tends to occupy the pathway of the gas transportation in the GDL and flow channels, 

resulting in a reversible performance degradation of PEMFCs. To recover the performance 

degradation due to water flooding and to remove the excess water from the fuel cells, the 

following methods are frequently used in the literature i) cathode gas purging with dry air 

or nitrogen [86], ii) increasing the cathode gas flow [87], and iii) shut-down and restart of 

the fuel cell [88]. As for recovery procedures against membrane dehydration, it is identified 

to be effective to increase the gas humidity in the cathode or operate the fuel cell under high 

current conditions [89]. This can also be accomplished by lowering cell temperature which 

will increase relative humidity and may even lead to water condensation. 
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4 Research approaches and methodology 

In this section, the research approaches and experimental methodology are displayed. 

Especially, all the test protocols and recovery procedures used in this work are described. 

 

4.1 Test hardware 

The test hardware, consisting of the testbenches, MEAs, and single cells in Articles I - III, and 

Section 5.1 were the same in order to evaluate and investigate the effect of different recovery 

procedures. Different hardware was selected on purpose to enable the reliable 

measurement of oxygen transport resistance in the cathode in Section 5.2. An explanation 

for the choice of hardware will be given in detail in Section 5.2. 

 

4.1.1 MEA 

To evaluate the effect of accelerated stress test (AST) and recovery procedures, all the MEAs 

used in this work were manufactured by IRD Fuel Cells A/S [90] following the DLR’s 

specifications. Table 2 presents a summary of the specifications of all the MEAs used in this 

work. Each of the MEAs consists of a 27.5 µm thick NafionTM XL membrane sandwiched by 

Table 2: Specifications of the MEAs used in this work. 

MEA specifications In Articles I - III and Section 5.1 In Section 5.2 

Membrane NafionTM XL NafionTM XL 

Pt/C ratio / wt% 50:50 40:60 

Anode Pt loading / mg·cm-2 0.05 0.05 

Cathode Pt loading / mg·cm-2 0.25 0.1 

GDL SIGRACET® 29 BC, 
SGL Carbon SE 

Toray Carbon Paper 060 

Active area / cm2 5x5 3x4 
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an anode and a cathode catalyst layer. More information about the stability and durability of 

the perfluorosulfonic acid (PFSA) membrane with mechanical reinforcement and chemical 

stabilizers can be found in the literature [91].  

The catalyst layers of the anode and cathode of the MEAs used in Articles I - III and Section 

5.1 contain a Pt/C ratio of 50 wt % with a Pt loading of 0.05 and 0.25 mg·cm-2, respectively. 

The active area is 5 × 5 cm2 which is consistent with the configuration of the flow field of the 

house-developed single cell, as shown in Figure 5 1 a). Each side of the catalyst layer is 

covered with a gas diffusion layer of SIGRACET® 29 BC from SGL Carbon SE. An image of the 

cross-sectional SEM of a catalyst coated layer (CCM) used in Article III was presented in 

Figure 2 b). 

The catalyst layers of the anode and cathode of the MEAs used in Section 5.2 contain a Pt/C 

ratio of 40 wt % with a Pt loading of 0.05 and 0.1 mg·cm-2, respectively. The active area of 

the CCM is 3 × 4 cm2 to fit the Baltic qCf 12 High Amp single cell [92], see Figure 5 b). The 

untreated Toray Carbon Paper 060 is used as the diffusion media on top of each side of the 

MEA. The Baltic qCf 12 High Amp single cell and Toray Carbon Paper 060 enable the reliable 

measurement of oxygen transport resistance in the cathode in Section 5.2. Further 

explanation about the choice of the test material and hardware will be provided in Section 

5.2.  

 

4.1.2 Single cells 

In Articles I - III and Section 5.1 the single cell was designed and developed by DLR in-house 

with the active area of 5 × 5 cm2 and one-channel-serpentine flow fields as shown in Figure 

Figure 5: The schemes of the single cells used in a) Articles I - III and Section 5.1, and b) in Section 5.2. 
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5 a). The plane of the flow field was oriented parallel to the direction of gravity and arranged 

in co-flow configuration. The gas channels were oriented parallel to gravity direction while 

gas inlets and outlets were at the top and bottom of the cell. Ice Cube Sealing from 

Freundenberg FST GmbH [93] with 350 µm of thickness was used for both sides of the flow 

fields. 

In Section 5.2, the commercial Baltic qCf 12 High Amp single cell was used with straight 

channels and an active area of 3 × 4 cm2 as shown in Figure 5 b). The cell plates were 

arranged parallel to the gravity direction and the flow channels were vertical to the gravity 

direction. The flow configuration was counter-flow. The anode inlet and the cathode outlet 

were at the top of the cell. The cell was designed for high current density operation and 

homogeneous temperature distribution over the flow field. Figure 6 shows the assembly of 

the Baltic qCf 12 High Amp single cell in detail. Polyethylene naphthalate (PEN) films with a 

thickness of 25 µm were used as sub-gaskets for both sides of the MEA. There are four 

positioning holes at the edge of each PEN-film to fit with the adjustment pins. 

Polyetheretherketon (PEEK) films were inserted between the flow fields and PEN-films to 

fill the gap. Besides, two sealing rings were placed around the flow fields. 

 

 

 

Figure 6: Assembly of the Baltic qCf 12 High Amp single cell. 
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4.1.3 Testbenches 

Two testbenches developed in-house by DLR were used in this dissertation, including the 

control software. The flow diagrams of the two testbenches are shown in Figure 7. With both 

testbenches, a variety of operating parameters can be adjusted and recorded manually or 

automatically by scripts through programmable logic controllers (PLCs), such as cell 

temperature, anode, and cathode gas flow, humidity of the reactants, as well as outlet 

pressures. The testbench used for Articles I - III, and Section 5.1 was equipped with a 

commercial electronic load with a maximum current of 60 A. The reactants in the anode and 

cathode were humidified by external water-filled humidifiers (bubblers). In Section 5.2, the 

testbench contained an electronic load with a maximum current of 160 A to adapt to the high 

current density operation of the Baltic qCf 12 High Amp single cell. The hydrogen and air 

were humidified by two steam vaporizers, which enabled a faster control of the gas humidity 

than that with bubblers. Besides, in both the anode and cathode sides, there were two flow 

controllers with different ranges of gas flow. In the cathode side, one gas flow controller was 

connected to the nitrogen gas feed. Thus, the testbench in Section 5.2 enabled the adjustment 

of the oxygen concentration in the cathode by mixing the nitrogen and the air, which is 

essential for the limiting current measurement. 
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Figure 7: The flow diagrams of the testbenches used in a) Articles I - III and Section 5.1, b) in Section 5.2. 
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4.2 Test protocols 

In this dissertation, 5 different durability tests were performed to evaluate and investigate 

the mechanisms and the efficiencies of the performance degradation recovery procedures 

for PEMFCs.  

The first durability test was performed to i) establish the methodology to evaluate the 

recovery effect of different recovery procedures, as described in Article I, and ii) compare 

the efficiency of three available recovery procedures and understand their recovery 

mechanisms, as described in Article II. 

Article III aims to investigate the recovery mechanism and efficiency of the cell cooling down, 

including two durability tests with operando and non-operando recovery procedures of 

temperature reduction, respectively. 

Section 5.1 comprised one durability test interrupted with original and modified DOE 

recovery protocols. Thereby, the recovery efficiency of the DOE recovery protocol after 

specific optimization was quantitatively analyzed, which was proposed according to the 

recovery mechanism discussed in Articles II and III. 

To further understand the recovery mechanism in Article III, a durability test is performed 

in Section 5.2 with the focus on the oxygen transfer resistance change in the cathode catalyst 

layer due to the recovery procedure of temperature reduction.  

The Fuel Cell Dynamic Load Cycle (FC-DLC) protocol [12] was performed in all the above-

mentioned durability tests as an AST to simulate fuel cell operation for automotive 

applications. As shown in Figure 8, the maximum current density of the FC-DLC is defined as 

Figure 8: Fuel cell dynamic load cycle (FC-DLC) used in this dissertation. 
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the current density yielding 0.65 V, which is 1 A∙cm-2. The operation parameters during the 

FC-DLCs are listed in Table 3. To measure the oxygen transport resistance in the cathode of 

the fuel cell, the material and single cell hardware in Section 5.2 was different from those in 

the other durability tests. Thus, the operation parameters set in the durability test in Section 

5.2 were different from those in Articles I - III, and Section 5.1. 

At the very beginning of each experiment, the fresh MEA was conditioned according to the 

conditioning steps from EU Harmonized Test Protocols [12] to reach a stable performance. 

The flow rates of hydrogen and air were adjusted corresponding to the current density of 2 

A∙cm-2. Other operating parameters during the MEA conditioning process follow the values 

in Table 3, including the cell temperature, gas humidity, hydrogen and air stoichiometry, and 

outlet pressures. The conditioning procedure consisted of voltage cycling between 2 min 

hold at 0.8 V and 4 min at 0.4 V. The fuel cell performance was considered stable when the 

current density variation at 0.4 V was lower than +/- 0.04 A∙cm-2. 

Table 3: Operating parameters of the fuel cell during the FC-DLCs in durability tests of the Articles I - III, 
Section 5.1 and Section 5.2. 

Operating parameters In Articles I - III and Section 5.1 In Section 5.2 

Cell temperature / °C 80 80 

Anode humidity / % 100 0 

Cathode humidity / % 100 100 

Hydrogen flow rate / L·min-1 0.263 2 

Air flow rate / L·min-1 0.83 5.98 

Hydrogen stoichiometry 1.5 8 

Air stoichiometry 2 10 

Anode outlet absolute pressure 

/ kPa 
250 105 

Cathode outlet absolute pressure 

/ kPa 
230 105 
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Afterward, several test blocks were performed and repeated in each of the durability tests. 

In Figure 9, the different test blocks used in the five durability tests are presented, 

respectively.  As Figure 9 a) shows, each test block in Articles I and II consisted of i) fuel cell 

characterization, ii) accelerated stress test, iii) fuel cell characterization, and iv) recovery 

procedure. In Article I, a methodology was proposed for the evaluation and comparison of 

the efficiency of different recovery procedures, while the Article II compared three recovery 

procedures (two protocols adapted by JRC and DOE, and a simple recovery procedure with 

overnight shut-down). The JRC recovery protocol was proved to provide higher recovery 

effectiveness than DOE and overnight shut-down, especially at the current density range 

from 0 to 1.5 A∙cm-2, which was then used as a reference recovery procedure in Article III, 

sections 5.1 and 5.2.  

As shown in Figure 9 c), the durability tests in Article III and Section 5.1 followed the process 

in Figure 9 a) with an additional fuel cell characterization step and the JRC recovery protocol 

at the end of each test block. In Article III, one durability test was performed for the study of 

operando recovery procedures, which followed the process in Figure 9 b) including the steps 

i) fuel cell characterization, ii) accelerated stress test, iii) recovery procedure, iv) short 

period of FC-DLCs, and v) JRC recovery protocol. The durability test in Section 5.2 followed 

the process in Figure 9 d), which is the same as Figure 9 c) with additional 10 FC-DLCs before 

the JRC recovery protocol. 
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4.3 Characterization methods 

4.3.1 Polarization curves measurement 

In this dissertation, polarization curves were measured with an electronic load in 

galvanostatic mode to evaluate the fuel cell performance in terms of cell voltage against 

Figure 9: The processes of the durability tests for the study of recovery procedures used in a) Articles I and II, 
b) Article III, c) Article III and Section 5.1, and d) Section 5.2. 
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current density. The operation parameters, such as cell temperature, stoichiometry, the 

humidity of reactants, and gas pressures of the anode and cathode during the polarization 

curves measurement were the same as during the load cycling as shown in Table 3. The dwell 

time of each set point and stabilization criteria for the data acquisition time followed the 

recommendation by the EU Harmonized Test Protocols for MEA Testing [12]. The error bar 

corresponded to the standard deviation from the average of the last 30 s of the dwell time of 

each tested current density. Figure S1 in the supporting information shows typical logged 

data during the polarization curves measurement. 

 

4.3.2 Data analysis with FC-DLC data 

This work also calculated fuel cell performance based on the online recorded data of FC-

DLCs to collect the operando information in a durability test. The FC-DLC protocol covered 

nine current densities from 0 to 1 A∙cm-2. At each current density, the average voltage of the 

first or last three FC-DLCs of the AST step and its standard deviation were calculated as 

Figure S2 in the supporting information. The efficiency of the recovery procedure was also 

evaluated with the cell voltage changes upon the nine current density values based on the 

FC-DLC data. In Article I, the data calculated with polarization curves and online FC-DLC data 

were compared in detail and showed little difference from each other. The advantages and 

disadvantages of the data analysis with FC-DLC data were also discussed in Article I. 

 

4.3.3 Electrochemical impedance spectroscopy (EIS) measurement 

EIS has proven to be a powerful analytical diagnostic tool for the analysis of electrochemical 

systems. The application of EIS in PEMFCs allows the modeling of the fuel cell system with a 

selected equivalent circuit and, consequently, to identify individual contributions to the total 

impedance [94]. A common setup of EIS measurement consists of a frequency response 

analyzer (FRA) and a potentiostat or a load bank. The FRA has two terminals for current or 

voltage generation and two terminals for accepting voltage or current responses [51]. Two 

modes (controlling the current or the voltage perturbation to the measured fuel cell) are 

available to obtain the impedance spectra. The frequency range of the interrupted sine wave 

of sweeping can be adjusted before the measurement. The impedance spectrum can be 

presented in Nyquist, Bode, impedance-frequency plots and so on. 
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In this work, the EIS measurement was carried out in the galvanostatic mode applying a 

small current perturbation (5 %) to the fuel cell and recording the potential response. The 

operation parameters during the EIS measurements followed those listed in Table 3 

according to the specific measured current. The modular electrochemical workstation 

Zennium X and electronic load PP241 from ZAHNER-Elektrik GmbH & CoKG were used, 

which enabled a test frequency range from 100 mHz to 10 kHz with a excitation amplitude 

of +/- 5% of the applied current. The Thales XT software package, including Zahner Analysis 

software, enabled data acquisition and evaluation.  

(i) Evaluation of EIS data recorded in hydrogen/air atmosphere  

EIS data are commonly fitted to an equivalent electric circuit model for a deeper analysis. An 

equivalent electric circuit can be comprised of resistances, inductances, capacitances, and 

some electrochemical elements such as constant phase elements. The equivalent electric 

circuit produces the same responses as the measured fuel cell when applying the 

perturbation signal. Each circuit component comes from a physical process in the fuel cell 

and matches largely the impedance behavior of the fuel cell component.  

The equivalent circuit, as shown in Figure 10, was selected to evaluate the EIS 

measurements, which consists of four components in series: i) a resistor  

𝑅𝑂ℎ𝑚𝑖𝑐  which describes the ohmic resistance, ii) the charge transfer circuit consisting of 

𝑅𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟  in parallel with 𝐶𝑃𝐸1  (constant phase element) representing the charge 

transfer resistance of the cathode catalyst layer, iii) the mass transfer resistance circuit 

consisting of 𝑅𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟  in parallel with a constant phase element 𝐶𝑃𝐸2  and iv) an 

inductance element 𝐿 . The model was selected due to its simplicity and capability to 

determine the main mechanism necessary to assess the recovery procedures. A deeper 

discussion about this model can be found in Articles I and II. 

(ii) Evaluation of EIS data recorded in hydrogen/nitrogen atmosphere  

Impedance measurement under a hydrogen/nitrogen (anode/cathode) atmosphere has 

Figure 10: Equivalent circuit model used to fit EIS data in this work. 
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been widely used to extract the ionic resistance of an electrode. Figure 11 a) presents the 

finite transmission-line equivalent circuit describing the impedance behavior of a porous 

electrode, including the electron (𝑅𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐) and ionic transport (𝑅𝐼𝑜𝑛𝑖𝑐) resistance and the 

electrolyte resistance of the electrode [51, 95]. Based on this model, the ionic impedance can 

be extracted because i) the electron transport resistance (𝑅𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐) is negligible due to the 

much higher conductivity of carbon particles compared to ionic transport resistance (𝑅𝐼𝑜𝑛𝑖𝑐), 

ii) the electrolyte resistance can be subtracted from the intercept of the plot along the real 

axis [95]. Figure 11 b) is an example of the result of the ionic impedance measurement. At 

the high-frequency range of the Nyquist plot, a Warbung-like response is observed. After the 

subtraction of the ohmic resistance (𝑅𝑂ℎ𝑚𝑖𝑐) of the fuel cell, the high-frequency intercept 

with the real axis corresponds to 𝑅𝐼𝑜𝑛𝑖𝑐/3 [95, 96]. 

In Section 5.2, for characterizing the ionic impedance (𝑅𝐼𝑜𝑛𝑖𝑐) of the cathode catalyst layer, 

potentiostatic EIS was measured with the above-mentioned EIS device and software. The 

hydrogen and nitrogen were fed in anode and cathode, respectively, with a flow rate of 0.5 

L∙min-1, while other operation parameters were constant with those in Table 3. Ionic 

impedance was recorded at a potential of 0.45 V vs. anode with 10 mV perturbation through 

the frequency from 0.5 to 100 kHz.  

 

 

 

Figure 11: a) Finite transmission-line equivalent circuit describing the impedance behavior of a PEMFC 
electrode. b) A scheme of the Nyquist impedance plot to evaluate the ionic resistance. Both figures are adapted 
from [95] with permission to republish. 
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4.3.4 Limiting current measurement 

As the literature reported, using limiting current measurements, oxygen transfer resistance 

in the cathode can be calculated and different contributions of components can be further 

distinguished [97, 98]. Figure 12 a) shows an example of the measured limiting current with 

diluted air under different total pressures in the cathode. The cell current keeps constant at 

the cell voltage lower than 0.2 V, indicating that all the oxygen is consumed and the oxygen 

concentration at the outlet is zero. The total oxygen transfer resistance in the cathode is 

defined as the oxygen concentration difference between the cathode inlet and outlet, divided 

by the average normal molar flux of oxygen [98]. The molar flux of oxygen can be calculated 

by the current density and Faraday constant, 𝐹. To minimize the deviation, in Section 5.2, a 

commercial Baltic qCf 12 High Amp single cell was utilized to satisfy the main assumptions 

of the limiting current technique such as i) straight reactant channels, ii) isothermal and 

isobaric operation, iii) constant cell voltage along the cell length [99]. Besides, high gas 

stoichiometry and small active area ensure that no large pressure gradients across the cell 

were created. Figure 12 b) is a scheme to show the methodology of the calculation of the 

total oxygen transfer resistance in the cathode (𝑅𝑇𝑜𝑡𝑎𝑙) [97]. b is the slope of the measured 

limiting current density versus the oxygen partial pressure. The total oxygen transfer 

resistance in the cathode (𝑅𝑇𝑜𝑡𝑎𝑙) at different total cathode outlet pressure can be calculated 

using Eq. 4.3.1 

Figure 12: a) An example of the limiting current of a fuel cell with dry mole fraction of oxygen of 1 %. b) A 
scheme to show the measured limiting current density versus oxygen partial pressure under different cathode 
total pressure. Both figures are adapted from Section 5.2. 
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𝑅𝑇𝑜𝑡𝑎𝑙 =
4𝐹

𝑏𝑅𝑇
 (4.3.1) 

with the ideal gas constant 𝑅 = 8.3143 J∙mol-1∙K-1, T being the thermodynamic temperature 

of the cell, and the Faraday constant 𝐹 = 96485 C∙mol-1 [100]. 

In Section 5.2, the anode was fed with the hydrogen of 2 L∙min-1, while the cathode was fed 

with a mixture of air and nitrogen of 6 L∙min-1. The cathode oxygen concentrations were 1 %, 

1.25 %, and 1.5 %. At each oxygen concentration, the limiting current was quantified when 

the cell current was kept constant by decreasing the applied voltage from 0.4 V to 0.1 V. The 

limiting current was recorded at total pressure in the cathode of 110, 140, and 170 kPa, 

respectively.  

 

4.3.5 Scanning electron microscopy (SEM) 

With a focused beam of electrons, scanning electron microscopy (SEM) produces surface 

images providing information about the surface topography and composition. In this work, 

scanning electron microscopy was utilized to analyze the material structure of the cross-

sectional images of the MEA samples. A piece of 1 × 1 cm2 sample was cut off from the 

examined MEA and fully immersed into liquid nitrogen for 10 s. Then the MEA was taken out 

of the liquid nitrogen and held with two tweezers from the left and right sides. Applying 

slight pressure on the two sides of the MEA with tweezers, the MEA was broken into two 

pieces from the middle due to cryo-fracture. The GDLs on both sides were carefully peeled 

off and the broken cross-section of the CCM was fixed upwards to the sample holder and 

analyzed using ZEISS Ultra Plus SEM equipment. To get high-resolution images with clear 

morphology information, the operating conditions of the SEM were adjusted and optimized, 

such as the positions of the CCM and detector. In this work, an electron beam of 5.0 kV was 

used, and the magnification of the images was 2000x. An example of the cross-sectional SEM 

image is given in Figure 3 b). 

 

4.4 Recovery procedures 

In this work, several recovery procedures were conducted in the durability tests mentioned 

in Section 4.2, and their efficiencies and mechanisms were investigated.  
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In Articles I and II, JRC-based recovery protocol, DOE-based recovery protocol, and 

overnight rest procedure were performed, investigated, and compared. It is concluded that 

the JRC recovery protocol provides high recovery effect in the entire studied current density 

range (0 to 1.9 A∙cm-2), while the DOE recovery protocol shows only high recovery effect in 

the high current density range (above 1.5 A∙cm-2). Thus, the JRC recovery protocol was taken 

as a reference during the durability tests in Article III, Section 5.1, and Section 5.2 to evaluate 

other recovery procedures. Based on the findings about the recovery mechanism in Articles 

I and II, Section 5.1 proposed recommendations to modify the DOE recovery protocol to 

improve the recovery efficiency. Besides, from Article II, it was concluded that with 

temperature reduction, which is also included in the JRC recovery protocol, part of the 

performance degradation of fuel cells can be recovered without interrupting fuel cell 

operation. Thus, in Article III, operando and non-operando recovery procedures with 

temperature reduction were studied to figure out the specific recovery mechanism. Section 

5.2 provides the investigation of the recovery effect of temperature reduction in relation to 

the oxygen transfer resistance in the cathode. 

 

4.4.1 JRC-based recovery protocol 

As shown in Table 4, the JRC-based recovery protocol consists of 5 steps and has a total 

duration of 10 h 25 min including a restart procedure. When the load is switched off, the air 

flow and cathode outlet are closed. The hydrogen flow on the anode side is maintained until 

the cell voltage drops below 0.1 V due to hydrogen cross over to the cathode side which leads 

to a drop of cathode potential aiming on the reduction of Pt oxide, which took about 25 min. 

Then both the anode and cathode were purged by dry nitrogen for 30 min, followed by dry 

air purging for another 30min. Afterward, the gas supply of both the anode and cathode is 

switched off while the cell gas outlet valves are kept closed. For the subsequent 8 h, the cell 

heating is shut down, and the cell cools down to the environment temperature. By the restart 

of the cell, the anode and cathode are purged by humidified nitrogen for 30 min while the 

cell is heated to 80 °C. Subsequently, hydrogen/air operation is started applying nominal 

conditions.  
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Table 4: Details of the JRC-based recovery protocol referred in this work. 

Step Cathode Anode Duration 

1 𝐻2 soak Shut off 1.5 L·min-1 𝐻2 until U < 0.1V 25 min 

2 𝑁2 purge 1.5 L·min-1 dry 𝑁2 30 min 

3 Air purge 1.5 L·min-1 dry air 30 min 

4 Shut-down Stop gas supply; 
Stop heating the cell; 

Release pressure; 
Keep cell outlets closed 

8 h 

5 Restart 1.5 L·min-1 dry 𝑁2; start heating the cell 30 min 
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4.4.2 DOE-based recovery protocol 

The four-step procedure of the DOE-based recovery protocol, which takes 29 min, is listed 

in Table 5. The four steps are 1) purging the anode and cathode with dry nitrogen for 2 min, 

2) purging the cathode with air while the hydrogen feed in the anode is shut off, 3) purging 

the anode and cathode with dry nitrogen for 2 min again, and 4) purging the anode with 

hydrogen while the air flow in the cathode is shut off. 

4.4.3 Overnight rest recovery procedure 

The steps of the overnight rest recovery procedure are listed in Table 6. After the 

disconnection of the load, the gas supply and heating of the fuel cell are shut down letting 

the cell cool down to ambient temperature. The outlet pressure of the cathode and anode is 

set to ambient pressure and the cell’s anode and cathode outlets are kept closed. This 

process takes around 8 h. 

 

Table 6: Details of the overnight recovery protocol referred in Articles I and II. 

Step Cathode and anode Duration 

1 Shut-down Stop gas supply; 
Stop heating the cell; 

Release pressure; 
Keep cell outlet closed 

8 h 

2 Restart 1.5 L·min-1 dry 𝑁2; start heating the cell 0.5 h 

 

Table 5: Details of the DOE-based recovery protocol referred in Articles I and II, and Section 5.1. 

Step Cathode Anode Duration 

1 𝑁2 purge 4 L·min-1 dry 𝑁2 2 L·min-1 dry 𝑁2 2 min 

2 Air soak Air 4 L·min-1 Shut off 15 min 

3 𝑁2 purge 4 L·min-1 dry 𝑁2 2 L·min-1 dry 𝑁2 2 min 

4 𝐻2 soak Shut off 2 L·min-1 𝐻2 10 min 
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4.4.4 Operando recovery procedures using temperature reduction  

During the application of operando recovery procedures, the operation of the fuel cell is not 

affected. For example, the AST operation continues upon the operando recovery procedures 

using temperature reduction in Article III. Only the heating of the fuel cell is switched off, 

while other operation parameters are unchanged. The cell cools down automatically once 

the heating is disconnected. On the other hand, the process of cell cooling down can be 

accelerated by an extra fan. After the cell temperature drops to the targeted value, the cell is 

reheated to 80 °C as the nominal operation temperature. 

 

4.4.5 Non-operando recovery procedures with temperature reduction  

Unlike the above-mentioned operando recovery procedure, upon the application of non-

operando recovery procedure with temperature reduction, the load is disconnected from 

the fuel cell. Then the heating of the cell is switched off until the targeted cell temperature is 

reached. During the cooling down, other operation parameters such as gas flow and pressure 

are kept constant. In other words, OCV is applied to the cell during the non-operando 

recovery procedure with temperature reduction. Similar to the operando recovery 

procedure, the duration of the cell cooling-down can be shortened by an extra fan. The cell 

is reheated to the nominal operation temperature once the cell temperature drops to the 

targeted value. 

 

4.4.6 Modified DOE recovery protocol 

As shown in Table 7, based on the DOE recovery protocol two steps are modified as 

mentioned above. Step 2 is replaced by a cooling down step, which means the cell is cooled 

down to 45 °C and then reheated to 80 °C. Step 2 takes about 30 min in this work. Besides, 

the duration of step 4 is not limited to 10 min, but it lasts until the cell voltage drops below 

0.1 V plus an additional 10 min; this takes about 35 min in total. Overall, the modified DOE 

recovery protocol takes around 70 min, while the duration of the original DOE recovery 

protocol was around 30 min. 
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Table 7: Details of the modified DOE recovery protocol referred in Section 5.1. 

Step Cathode Anode Duration 

1 𝑁2 purge 4 L·min-1 dry 𝑁2 2 L·min-1 dry 𝑁2 2 min 

2 Cool down Shut off, cell cooling down to 45 °C and reheat 30 min 

3 𝑁2 purge 4 L·min-1 dry 𝑁2 2 L·min-1 dry 𝑁2 2 min 

4 𝐻2 soak Shut off 2 L·min-1 𝐻2 Till the voltage < 0.1 V, 
wait for 10 min (About 

35 min) 
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5 Discussion - Increasing recovery efficiency and 

understanding mass transport issues  

This section provides two additional studies, which build on the observations and results in 

Articles I - III. Based on the DOE recovery protocol, Section 5.1 proposes adaptations in order 

to increase the recovery efficiency by reducing the charge transfer resistance of the fuel cell. 

Section 5.2 provides in-depth analyses of the role of oxygen transfer resistance in the 

cathode catalyst layer in the recovery procedures investigated in Article III.  

 

5.1 Tailoring of specific recovery mechanisms to improve the efficiency 

of the DOE recovery protocol 

In Article II, the DOE recovery protocol was identified to have a lower recovery efficiency at 

low and middle current density range (< 1.5 A∙cm-2) compared to the JRC recovery protocol 

and overnight rest due to the limited impact of charge transfer resistance. Hence, two steps 

of the original DOE recovery protocol are modified in this section to improve the recovery 

efficiency. 

 

5.1.1 Description of the experiment 

The steps of the original and the proposed modified DOE recovery protocols are displayed 

in Section 4.4 in Table 5 and Table 7, respectively.  The proposed modifications based on the 

findings from Articles II and III are: 

(i) It is concluded that the air soak step of the DOE recovery protocol, which is supposed 

to reduce CO poisoning on the anode side, is not necessary if hydrogen with 5N purity 

is used. Therefore, this step was removed, which has the benefit of shortening the 

duration of the recovery procedure. 

(ii) According to Article III, the presence of liquid water in the cathode catalyst layer 

positively affects performance recovery. A cell cooling-down step, i.e., reducing the 

cell temperature from the nominal operation temperature of 80 °C to 45 °C and 

reheating to 80 °C, is recommended as an efficient recovery procedure. The 

performance losses can be recovered by reducing the charge and mass transfer 
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resistance of the fuel cell due to the regeneration/redistribution of the ionomer 

structure in the cathode. This step missing in the original DOE recovery protocol, is 

added in the modified version. Its duration is 30 min. 

(iii) The duration of the hydrogen soak step in the original DOE takes 10 min. According 

to Article II, this duration was insufficient to reduce the cathode potential to a 

targeted value < 0.1 V in order to eliminate the Pt oxides in the catalyst surface. Thus, 

the fixed duration of 10 min is replaced by flexible time, which is needed until the cell 

voltage drops below 0.1 V plus an additional 10 min hold. This modification is 

adapted from the JRC recovery protocol and aims to ensure the thorough removal of 

Pt oxides on the surface of the cathode catalyst. For the experimental setup used in 

this work, this step takes about 35 min. 

To compare and investigate the efficiency of the original and modified DOE recovery 

protocols, a durability test consisting of five operation periods using the FC-DLC protocol 

was performed. The operation parameters of the durability test are provided in Section 4.2 

and Table 3. Four test blocks interrupted by recovery protocols were performed following 

the scheme in Figure 9 c). Before and after each recovery, the fuel cell performance was 

characterized by a polarization curves measurement and EIS. The JRC recovery protocol at 

the end of each test block was taken as a reference.  
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5.1.2 Results and discussion 

Figure 13 shows the cell voltages at different current density levels recorded during the 

durability test with FC-DLC protocol (see Figure 8) interrupted by different recovery 

procedures. The original DOE recovery protocol was applied as Recovery 1 and 3 in the first 

and third test blocks, while the modified DOE recovery protocol was used as Recovery 2 and 

4 in the second and fourth test blocks. The vertical red dashed lines label the starting point 

of the applied recovery procedures, while the black dashed lines label the JRC recovery 

protocol. Within each test block, the cell voltage decreases during operation and increases 

after recovery. Figure 14 shows the polarization curves measured at the current density 

range of 0 to 1.7 A∙cm-2 at the beginning of each test block, before and after each recovery 

protocol. The data from the polarization curves are used to evaluate the efficiency of the 

original and modified DOE recovery protocols.  

Figure 15 a) shows a simple scheme used to evaluate the recovery efficiency of a recovery 

procedure, including different definitions. 𝑈𝑖=𝑛
𝐵𝑒𝑔𝑖𝑛

 and 𝑈𝑖=𝑛
𝐸𝑛𝑑 are the fuel cell voltages at the 

beginning and end of the 𝑛𝑡ℎ  AST operation with FC-DLCs. The following investigated 

recovery procedure then recovers the fuel cell performance, and the cell voltage is 𝑈′𝑖=𝑛
𝐸𝑛𝑑 . 

This methodology was defined in detail in Article I and utilized in Articles II, III, and Section 

5 to quantify and compare the efficiency of different recovery procedures. The most 

important definitions are the absolute recovered voltage loss, ∆𝑈𝑖=𝑛
𝑟𝑒𝑐 , which is defined as the 

Figure 13: Cell voltage recorded during the durability test for the investigation of original DOE and modified 
recovery protocols. 
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voltage difference before and after the 𝑛𝑡ℎ  applied recovery procedure according to Eq. 

(5.1.1), 

∆𝑈𝑖=𝑛
𝑟𝑒𝑐 = 𝑈′

𝑖=𝑛
𝐸𝑛𝑑

− 𝑈𝑖=𝑛
𝐸𝑛𝑑, (5.1.1) 

and the total reversible performance loss, ∆𝑈𝑖=𝑛
𝑟𝑒𝑣, assumed to be fully recovered by the JRC 

recovery protocol, is defined according to Eq. (5.1.2) as the difference in the fuel cell voltage 

at the end of the 𝑛𝑡ℎ AST operation, 𝑈𝑖=𝑛
𝐸𝑛𝑑 , and the fuel cell voltage at the beginning of the 

next test block, 𝑈𝑖=𝑛+1
𝐵𝑒𝑔𝑖𝑛

, 

∆𝑈𝑖=𝑛
𝑟𝑒𝑣 = 𝑈𝑖=𝑛+1

𝐵𝑒𝑔𝑖𝑛
− 𝑈𝑖=𝑛

𝐸𝑛𝑑. (5.1.2) 

Figure 15 b) shows the absolute recovered voltage loss versus the current density in the 

range of 0 to 1.7 A∙cm-2 for both the original DOE protocol (Recovery 1 and 3) and the 

modified DOE recovery protocol (Recovery 2 and 4). Both protocols are highly reproducible, 

as demonstrated by the overlap of data of Recovery 1 and 2, and Recovery 2 and 4 within 

the error bars. According to Figure 15 b), the absolute recovered voltage losses increase with 

increasing current density from 0 to 1.7 A∙cm-2. The recovered voltage loss due to the DOE 

recovery protocol is lower than 10 mV till the current density of 1.0 A∙cm-2 and then 

increases gradually to 25 mV at 1.7 A∙cm-2. The same trend is reported in Article II. On the 

Figure 14: Polarization curves measured during the durability test with original and modified DOE recovery 
protocols. 
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other hand, the recovered voltage loss due to the modified DOE recovery protocol increases 

significantly from 0.5 A∙cm-2 and reaches around 30 mV at 1.0 A∙cm-2. At the current densities 

from 1.0 to 1.7 A∙cm-2, the recovered voltage remains in the range of around 30 mV. Figure 

15 c) shows relative performance recovery (related to the effect of the subsequent JRC 

protocol). The relative recovery of each recovery procedure is congruent with the repeated 

one in the analyzed current density range (0 to 1.7 A∙cm-2). The original DOE protocol 

recovers 20 - 40 % of reversible performance losses in the current density range of 0 to 1.3 

A∙cm-2. At 1.3 to 1.7 A∙cm-2, the recovery efficiency increases to around 60 %. On the other 

hand, the modified DOE recovery protocol recovers 30 - 50 % of the reversible performance 

losses at the current density from 0 to 0.5 A∙cm-2. Then, the recovery efficiency increases 

significantly to around 75 % at 1.0 A∙cm-2 and then exhibits minor changes up to 1.7 A∙cm-2. 

From Figure 15 b) and c), it is concluded that the recovery efficiency of the DOE protocol is 

significantly enhanced after the modification, especially at the current density between 0.7 

and 1.5 A∙cm-2. The increased relative recovery efficiency due to the modifications compared 

to the original DOE protocol is 20 % to 50 % (depending on the specific current density).  
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To address the recovery mechanism of the modified DOE recovery protocol, EIS 

measurements at the current density of 1.2 A∙cm-2 were performed at the beginning and end 

of each test block, and after the investigated recovery procedure. The hardware and 

software used for the EIS measurement and the operation parameters of the fuel cell during 

the measurement were introduced in Section 4.3.3. The recorded data are shown in Figure 

16 as Nyquist plots according to the four test blocks. The measured data are then fitted with 

the equivalent electric circuit described in detail in Section 4.3.3 and presented in Figure 10. 

The fitting results of the measured EIS data including errors from the Thales XT software are 

presented in Table S1 in the supporting information. Figure 17 displays the recovered ohmic, 

charge transfer, and mass transfer resistance of the fuel cell of each test block due to the 

recovery procedures, following the methodology introduced in Figure 2 in Article I. The 

black columns stand for the reduction of resistance caused by the investigated recovery 

procedure, while the red patterned columns correspond to the change caused by subsequent 

JRC recovery protocol.  In general, similar to Figure 6 of Article II and Figure 8 of Article III, 

Figure 15: a) Definitions for the evaluation of the recovery efficiency of a recovery procedure. b) Recovered 
voltage versus current density calculated according to Eq (5.1.1). c) Relative recovery according to Eq. (5.1.1) 
and Eq. (5.1.2). 
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all three recovery procedures in this experiment mainly affect the charge transfer and mass 

transfer resistance other than the ohmic resistance. The modified DOE recovery protocols 

(Recovery 2 and 4) lead to around 60 % of the reduction of charge transfer resistance of the 

one caused by the following JRC recovery protocols. However, the original DOE recovery 

protocols (Recovery 1 and 3) reduce about 30% of the charge transfer resistance, which is 

reduced by the JRC recovery protocols. On the other hand, considering the error bars, the 

modified DOE recovery protocols (Recovery 2 and 4) recover 83 % of the mass transfer 

resistance that the JRC recovery protocols reduce. The original DOE recovery protocols 

reduce 80 % of the mass transfer resistance related to the reduction due to JRC recovery 

protocols. Thus, the modified DOE recovery protocols only show a slight effect by further 

reducing the mass transfer resistance compared to the original DOE recovery protocols. This 

observation was also mentioned in Article II, that the DOE recovery protocol showed high 

recovery efficiency at a high current density range due to the prominent reduction effect of 

mass transfer resistance. In Figure 15 c), at the current density of 1.2 A∙cm-2, the recovery 

relative to the JRC recovery protocol of the modified DOE recovery protocol is about 35 % 

higher than that of the original DOE recovery protocol. It can be concluded that the improved 

recovery efficiency results from the contribution of the reduced charge transfer resistance 

due to the modifications as described in Section 5.1.1. Both modifications, prolonging the 

hydrogen step and the introduction of a cell cooling-down step, contribute to the reduction 

of charge transfer resistance of the fuel cell. According to Article III, the absolute recovered 

fuel cell voltage resulting from the cell cooling-down step is positively correlated with the 

amount of liquid water in the cathode, especially at the current density of 0 to 1 A∙cm-2. This 

is consistent with the observation in Figure 15 b) that the difference of the absolute 

recovered performance losses due to the original and modified DOE recovery protocols 

increases upon the current density from 0.4 to 1.2 A∙cm-2. At the current density range lower 

than 0.4 A∙cm-2, the absolute recovered performance losses are relatively low (around 40 

%), along with a higher error taking the error bar into account. This is consistent with the 

Figure 3 c) in Article III, that at current density lower than 1 A∙cm-2, the recovery relative to 

the JRC recovery protocol of the 35-min operando temperature reduction from 80 to 45 °C 

is about 40 %, while the recovery of the 95-min operando temperature reduction from 80 to 

45 °C is about 70 %. Upon exposure to liquid water, the regeneration/redistribution of the 

PFSA ionomer in the electrode has been observed to occur at a low rate, eventually reaching 

a quasi-equilibrium between the chemical and mechanical energies [101, 102]. The time 
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constant of the process depends on factors such as water uptake, morphology, temperature, 

and relative humidity and can vary dramatically from days to months [103, 104].  

To summarize, the modified DOE recovery protocol significantly enhances the recovery 

efficiency, particularly at current densities between 0.7 and 1.5 A·cm-2, thanks to the 

reduction in charge transfer resistance. The primary reason for this improvement is similar 

to what was observed in Article III, which is the rearrangement or reorganization of the PFSA 

ionomer in the cathode caused by water condensation during the temperature reduction 

step. 
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Figure 16: The EIS measured at 1.2 A⋅cm-2 at the beginning and end of each test block, as well as after the 
recovery procedure. 
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Figure 17: Reduction of ohmic resistance, charge transfer resistance, and mass transfer resistance due to each 
performed recovery procedure (corresponding test and the following JRC recovery protocol). 
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To bring the conclusions of Article I, II, III, and 5.1 into an overall context, the relative 

recovery related to the cell voltage change of the previous AST operation of several recovery 

procedures are calculated. As shown in Figure 15 a), the cell voltage change of the previous 

AST operation is defined as Eq. (5.1.3) 

 ∆𝑈𝑡𝑜𝑡𝑎𝑙𝑙𝑜𝑠𝑠 = 𝑈𝑖=𝑛
𝐵𝑒𝑔𝑖𝑛

− 𝑈𝑖=𝑛
𝐸𝑛𝑑 . (5.1.3) 

This factor of relative recovery related to the cell performance degradation of the previous 

operation was named as 𝜂𝐿𝑎𝑠𝑡  in Articles I and II. In Figure 18, the relative recovery of the 

DOE recovery protocols from Article II and Section 5.1, the modified DOE protocol, and the 

operando recovery procedures with temperature reduction of 80 °C to 45 °C from Article III 

(95 min and accelerated to 35 min) are calculated and presented. Interestingly, the DOE 

recovery protocols in Article I and Section 5.1 show similar recovery efficiency in the current 

density range from 0 to 1.7 A∙cm-2, although the DOE recovery protocol was performed in 

the second test block in Article II and the first test block in Section 5.1. It indicates that the 

recovery procedure performed in the first test block in Article II, JRC recovery protocol, 

almost completely recovered the reversible performance degradation. It also proves the 

reliability of using the JRC recovery protocol as a reference to recover all the reversible 

performance degradation in Article III and Section 5. 

Nevertheless, the relative recovery of the operando recovery procedure with a temperature 

reduction from 80 °C to 45 °C, which had a similar duration as in the modified DOE recovery 

protocol, kept constant at around 30 % at the current density range from 0 to 1.0 A∙cm-2. 

This recovery efficiency is also higher than that due to the original DOE recovery protocol in 

the investigated current density range. This indicates that only the 35-min operando 

recovery procedure with a temperature reduction from 80 °C to 45 °C leads to higher 

recovery efficiency than the 29-min DOE recovery protocol. For the applied FC-DLC 

operation, the operando recovery procedure with a temperature reduction is easier to 

implement and also achieves higher recovery efficiency at the current density range from 0 

to 1.0 A∙cm-2. If the temperature reduction step took 95 min, as performed in Article III, the 

relative recovery related to the previous AST operation is enhanced by over 10 % due to the 

increased amount of liquid water in the cathode. It is found in the Article III that absolute 

recovered cell voltage increased linearly with the amount of liquid amount water formed in 

the cathode during the operando recovery procedure, especially at the current density range 
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from 0 to 1.0 A∙cm-2. Thus, it can also be concluded that the recovery efficiency of the 

modified DOE recovery protocol can be further improved by increasing the amount of liquid 

water in the cathode. 

 

 

 

  

Figure 18: The relative recovery related to the cell voltage change of the previous AST operation of the DOE 
recovery protocols in Article I, II, and Section 5.1, modified DOE protocol, operando procedures with 
temperature reduction of 80 °C to 45 °C in Article III (95 min and accelerated to 35 min). 
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5.1.3 Conclusions 

Two steps in the original DOE recovery protocol are modified to improve the recovery 

efficiency of the fuel cell performance degradation. The results of the durability test indicate 

an enhanced recovery efficiency compared to the original DOE protocol at the current 

density between 0.7 and 1.5 A·cm-2. Especially at the current density over 1.0 A∙cm-2, around 

75 % of the reversible performance losses are recovered by the modified DOE protocol. The 

modified DOE recovery protocol reduces 60 % of the reduced charge transfer resistance due 

to the JRC recovery protocol. 

However, the modified DOE recovery protocol can be further improved to increase the 

recovery efficiency, especially at low and middle current density ranges, as follows: 

(i) According to the conclusions in Article III, to improve the recovery efficiency, the cell 

cooling-down process can be prolonged to increase the amount of liquid water in the 

cathode catalyst layer. The cell cooling-down step in this modified DOE recovery 

protocol can be prolonged to 95 min as performed in the operando Recovery 1 and 3 

in Article III, which means that the fuel cell’s heating system is shut off and the cell 

just cools down without an extra cooling fan. 

(ii) To reduce the Pt oxides on the cathode catalyst layer, the hydrogen soak step should 

be further prolonged or replaced by a step to purge the cathode with hydrogen. 

However, strong bond Pt oxides have a considerable impact on the decrease of ORR 

activity, which is crucial for the full recovery of reversible performance losses. As 

described in the literature, the duration of the exposure of the cathode catalyst to the 

low potential can vary from several minutes to hours to achieve a full recovery, 

depending on the oxide composition [105]. To figure out the composition of the oxide 

species on the cathode catalyst surface and the kinetics for the reduction of the oxide 

layers, further experiments should be performed with methods such as low potential 

and cyclic voltammetry (CV).  

On the other hand, the original DOE recovery protocol has a short duration of 29 min 

compared to the 69-min modified protocol, which makes it more favorable for applications 

with frequent short stops. Furthermore, the modified DOE recovery protocol recovers over 

50 % of reversible performance degradation in the current density range over 0.5 A∙cm-2, 

which is the most relevant current density range for transport applications. For stationary 
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applications, on the other hand, typically a current density below 0.5 A∙cm-2 is applied, so 

the modified DOE recovery protocol may be of less interest for these kinds of applications.  

 

5.2 Investigation of oxygen transport resistance change caused by the 

recovery procedure based on temperature reduction  

Articles II and III found that water condensation caused by cell temperature reduction 

positively affects the recovery of reversible performance losses. Especially in Article III, it is 

figured out that the amount of the liquid water (i.e., integration of the liquid water flow at 

the cathode outlet during the cell cooling-down step) in the cathode is positively correlated 

with the absolute recovered performance loss. The recovery effect can be attributed to the 

reduction of the charge transfer and mass transfer resistance in the cathode due to the 

regeneration/redistribution of the ionomer structure.  

It is commonly acknowledged that the oxygen transfer resistance in the cathode can lead to 

severe performance losses, especially at a low Pt loading (lower than 0.25 mg·cm-2) and at 

high power density [106, 107]. As reported in the literature, it is still unclear where part of 

the oxygen transfer resistance originates from, which significantly reduces the partial 

pressure of oxygen at the Pt surface and hinders the ORR in the cathode [100, 108]. Thus, it 

is interesting to investigate the change of oxygen transport resistance in the cathode due to 

the recovery procedure involving temperature reduction, which has been identified as an 

effective recovery procedure in previous studies.  
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5.2.1 Description of the experiment  

Details of the conducted durability test are described in Section 4.2 in Figure 9 d). It includes 

two test blocks after the MEA conditioning step. Each test block began with a polarization 

curve measurement, limiting current test, and proton conductivity test for the 

characterization of the fuel cell, followed by an AST process of 76-h FC-DLCs. Then the cell 

temperature was reduced from 80 °C to 30 °C as a recovery procedure according to Article 

III. Before and after the recovery procedure, the limiting current test and proton 

conductivity test were performed. Afterward, the voltage responses of 10 FC-DLCs were 

recorded. At the end of the test block, the JRC recovery protocol was applied to recover 

reversible performance losses (see Table 4 and Article II). The hardware used for this 

experiment, including the MEA, single cell, and testbench, is presented in Section 4.1. The 

operation parameters of the fuel cell during the AST, the recovery procedure, and the 

characterization measurements are described in Section 4.2. The operation parameters of 

the used electrochemical characterization methods, including the polarization curve 

measurement, limiting current test, and proton conductivity test, are summarized in Section 

4.3. 

 

 

Figure 19: Cell voltages recorded during the durability test for the investigation of oxygen transfer resistance 
change caused by temperature reduction (80 °C to 30 °C). 
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5.2.2 Results and discussion 

The cell voltage recorded during the experiment is shown in Figure 19. The red and black 

vertical lines indicate the implementation of the recovery procedures. The methodology of 

the quantitative evaluation follows the scheme of Figure 15 a), which is consistent with the 

methodology described in Section 5.1 and Articles I - III. Figure 20 a) and b) display the 

absolute recovered cell voltage and the relative recovery due to temperature reduction from 

80 °C to 30 °C related to the JRC recovery protocol calculated according to Eq. (5.1.1) and Eq. 

(5.1.2) in Section 5.1. Figure 20 c) shows the total performance loss during each AST 

Figure 20: a) Absolute recovered voltage loss versus current density calculated according to Eq. (5.1.1). b) 
Relative recovery of the investigated recovery procedure related to JRC recovery protocol according to Eq. 
(5.1.1) and Eq. (5.1.2). c) Total voltage loss during the two test blocks according to Eq. (5.1.3). d) Irreversible 
voltage losses during the two test blocks according to Eq. (5.2.1). The shadow area is the error bar resulted 
from the standard deviation from the average of the last 30 s of the dwell time of each tested current density. 
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operation according to Eq. (5.1.3). Figure 20 d) presents the irreversible performance losses 

during the two test blocks according to Eq. (5.2.1) 

∆𝑈𝑖=𝑛
𝑖𝑟𝑟𝑒𝑣 = 𝑈𝑖=𝑛

𝐵𝑒𝑔𝑖𝑛
− 𝑈𝑖=𝑛+1

𝐵𝑒𝑔𝑖𝑛
, (5.2.1) 

while the 𝑈𝑖=𝑛
𝐵𝑒𝑔𝑖𝑛

 stands for the fuel cell voltage at the beginning of the 𝑛𝑡ℎ test block. 

In Figure 20 c), the high reproducibility of the two test blocks is demonstrated. However, the 

irreversible performance loss during the second AST operation is much higher than during 

the first AST, as shown in Figure 20 d). The irreversible performance loss in the first test 

block is around 5 to 10 mV, while that in the second test block is from 20 to 55 mV. Moreover, 

the absolute recovered cell voltage in the first test block is about 10 mV higher in the 

investigated current density range than in the second test block, as shown in Figure 20 a). 

Therefore, the recovery procedure in the two test blocks shows similar relative recovery 

related to the JRC recovery protocol of 70 % to 95 %, especially at a current density between 

0.292 and 1 A∙cm-2, as shown in Figure 20 b). Besides, the temperature reduction from 80 °C 

to 30 °C was also performed and evaluated in Article III as a non-operando recovery 

procedure. The relative recovery efficiency related to the JRC recovery protocol in this 

durability test is consistent with the results in Figure 6 v) in Article III, regardless of the 

different sets of fuel cell hardware. 
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The ionic impedance was measured at the beginning, and end of each test block, before and 

after each recovery procedure, as the Nyquist plot displayed in Figure 21 a). The ohmic and 

ionic resistance, as 𝑅𝑂ℎ𝑚𝑖𝑐 and 𝑅𝐼𝑜𝑛𝑖𝑐, are extracted from the Figure 21 a) with the method 

described in Section 4.3.3 and presented in Figure 21 b) over the durability test. In both test 

blocks, the ohmic resistance of the fuel cell increases after the AST operation and then 

decreases dramatically after the recovery procedure of temperature reduction from 80 °C to 

30 °C, which can be attributed to the water condensation in the cathode. However, the ohmic 

Figure 21: Nyquist impedance spectra of the ionic impedance measurement, and b) ionic and ohmic resistance 
of the fuel cell at the beginning of each test block, before and after each recovery protocol during the durability 
test. 
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resistance increases again after the JRC recovery protocol at the beginning of each test block, 

which is likely related to the membrane dehydration caused by the 90-min dry gas purge in 

both the anode and cathode and 8-hour cooling-down step at the end of the JRC protocol. 

Besides, the ohmic resistance of the fuel cell during the durability test is in the range of 100 

to 200 mΩ∙cm2, while the ionic resistance is lower than 50 mΩ∙cm2. It is interesting to note 

that the ionic resistance decreases not only after the AST operation but also after the 

recovery procedure of temperature reduction. On the other hand, the JRC recovery protocol 

leads to an increase of the ionic resistance in the cathode during both test blocks, as shown 

in Figure 21 b). 

The introduction and analysis of the limiting current measurement are provided in Section 

4.3.4. The limiting current density of the fuel cell upon different oxygen partial pressure was 

measured to investigate the oxygen transfer resistance in the cathode ( 𝑅𝑇𝑜𝑡𝑎𝑙 ) at the 

beginning of each test block, before and after each recovery procedure. Figure S3 in the 

supporting information shows the recorded data of each limiting current measurement. In 

each panel of Figure 22, the limiting current density is recorded at total pressure of 110, 140, 

and 170 kPa in the cathode at oxygen volume concentrations of 1 %, 1.25 %, and 1.5 %, 

respectively. The dashed line indicates the linear fitting results of the limiting current 

densities according to the method described in Section 4.3.4 for each total pressure in the 

cathode. In all the panels, each R-Square of the fitting line is higher than 0.98, which confirms 

a low deviation and high reliability of the limiting current measurement results. The slope 

of the linear fitted results in each panel of Figure 22 can be used to calculate the total oxygen 

transfer resistance (𝑅𝑇𝑜𝑡𝑎𝑙 ) in the cathode according to Eq. (4.3.1). Afterword, Figure 23 

shows the total oxygen transfer resistance (𝑅𝑇𝑜𝑡𝑎𝑙 ) as a function of total pressure in the 

cathode for 110, 140, and 170 kPa at the beginning of each test block, before and after each 

recovery procedure during the durability test.  

The total oxygen transfer resistance in the cathode can be divided into pressure-dependent 

oxygen transfer resistance (𝑅𝑃) and pressure-independent oxygen transfer resistance (𝑅𝑁𝑃) 

[109, 110]. The pressure-dependent resistance ( 𝑅𝑃 ) is dominated by intermolecular 

diffusion through large pores with a diameter over 100 nm, such as oxygen transportation 

through the GDL in the cathode [111]. On the other hand, the pressure-independent 

resistance (𝑅𝑁𝑃) mainly generates from i) Knudsen diffusion of oxygen through the small 

pores with a diameter lower than 100 nm, such as MPL and CL [99, 112], and ii) oxygen 
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transportation through the liquid water or/and ionomer film covered on the catalyst surface 

in the cathode [113, 114]. Thus, the total oxygen transfer resistance (𝑅𝑇𝑜𝑡𝑎𝑙) in the cathode 

can be described by Eq. (5.2.2) [110, 115] 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑃 + 𝑅𝑁𝑃. (5.2.2) 

In the literature, many researchers have demonstrated the complexity of distinguishing the 

contribution of pressure-independent oxygen transfer resistance (𝑅𝑁𝑃) from MPL and CL 

[116, 117]. Thus, in this work, the Toray Carbon Paper 060 without hydrophobic treatment 

is used as diffusion media to ensure that the pressure-dependent oxygen transfer resistance 

is due to GDL and the pressure-independent oxygen transfer resistance results from CL in 

the cathode. Thereby, the dashed lines in Figure 23 show the linear correlation of the 

calculated total oxygen transfer resistance (𝑅𝑇𝑜𝑡𝑎𝑙) in the cathode upon the total pressure. 

Each linear fit shows an R-Square over 0.99, indicating a strong linear correlation of the total 

oxygen transfer resistance in the cathode (𝑅𝑇𝑜𝑡𝑎𝑙) over the total pressure in the cathode. 

According to the Eq. (5.2.2), the pressure-dependent and pressure-independent oxygen 

transfer resistance (𝑅𝑃 and 𝑅𝑁𝑃) at a specific total pressure in the cathode can be quantified 

with the fitted slope and intercept of each dashed line in Figure 23. The slope and intercept 

of the linear fitting results are displayed in Table S2 in the supporting information. 
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Figure 22: Limiting current density versus oxygen partial pressure with total pressure in the cathode of 110, 
140 and 170 kPa at the beginning of each test block, before and after each recovery protocol during the 
durability test. Dash lines are linear fitted results. 
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To investigate the changes of the oxygen transfer resistance during the whole durability test, 

results at three chosen total cathode pressures (105, 170, and 230 kPa) are calculated based 

on the linear fitting in Figure 23 for further discussion. Thereby, the pressure-dependent 

and pressure-independent oxygen transfer resistance (𝑅𝑃 and 𝑅𝑁𝑃) at the beginning of each 

test block, before and after each recovery procedure during the durability test, is presented 

in Figure 24. The pressure-dependent oxygen transfer resistance (𝑅𝑃) at each total pressure 

in the cathode does not change dramatically during the whole durability test, implying that 

the molecular diffusion coefficient through the GDL does not change significantly and as 

expected, no critical physical degradation occurs with the GDL. The pressure-independent 

oxygen transfer resistance (𝑅𝑁𝑃 ) is constant at different total pressures in the cathode. 

Besides, the total oxygen transfer resistance ( 𝑅𝑇𝑜𝑡𝑎𝑙 ) and pressure-dependent oxygen 

transfer resistance ( 𝑅𝑃 ) increase with increasing total pressures in the cathode. The 

recovery procedure of temperature reduction from 80 °C to 30 °C leads to increases in the 

pressure-independent resistance (𝑅𝑁𝑃) of 8 and 17 s·m-1 in the two test blocks at the total 

cathode pressure of 230 kPa, respectively. However, after the JRC recovery protocol, the 

pressure-independent resistance 𝑅𝑁𝑃  decreases 15 and 7 s·m-1 in the two test blocks, 

respectively. Taking the results in Figure 21 into account, it can be concluded that the 

temperature reduction from 80 °C to 30 °C leads to reduced ionic transfer resistance and 

increased pressure-independent oxygen transfer resistance (𝑅𝑁𝑃) in the cathode. However, 

the ohmic resistance of the fuel cell is also reduced. Thus, from Figure 21 and Figure 24, it is 

Figure 23: Total oxygen transfer resistance as a function of total pressure in the cathode of 110, 140 and 170 
kPa at the beginning of each test block, before and after each recovery protocol during the durability test. Dash 
lines are linear fitted results. 
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concluded that during the recovery procedure of temperature reduction from 80 °C to 30 °C, 

the cathode catalyst layer and the membrane are rehydrated due to the water condensation. 

According to Figure 24, the recovery procedures of temperature reduction and JRC recovery 

protocol influence the oxygen transfer resistance in the catalyst layer; however, they do not 

significantly change the total oxygen transfer resistance in the cathode during the whole 

durability test. According to Article III, the JRC recovery protocol reduces higher mass 

transfer resistance in the cathode than the recovery procedures with temperature reduction. 

Thus, it can be concluded that the JRC recovery protocol reduces more water transfer 

resistance than the recovery procedures with temperature reduction. Thus, the significantly 

reduced water transfer resistance is the main reason for the higher recovery efficiency of 

the JRC recovery protocol at the high current density range (over 1.2 A∙cm-2), which is 

observed in Section 3.2 in Article III. In a nutshell, the recovery mechanism of the recovery 

procedures with temperature reduction and JRC recovery protocol is summarized in Table 

8, showing the changes in the ohmic, charge transfer, and mass transfer resistances.  

It is widely acknowledged that the ion- and solvent-transport capabilities of PFSA ionomers 

are governed by their morphology, which, however, highly depend on the hydration of the 

hydrophilic ionic groups [118, 119]. The ionic and mass transfer resistance reduces with 

increased humidity due to a varying ionomer morphology, which is minimized when the 

PFSA ionomer is immersed into water [120, 121]. It has been observed that the fraction of 

conductive and hydrophilic area of PFSA ionomer increases due to a 

regeneration/redistribution effect along with increased humidity [122, 123]. In particular, 

there is a change in water content and morphology depending on the phase of water (vapor 

or liquid), which further influences the ionic and water conductivity in the ionomer and 

between the membrane/electrode interface [124, 125]. Therefore, it is observed in Section 

5.2 and Article III, the temperature reduction step (in both operando recovery procedures 

and JRC recovery protocol) results in reduced charge transfer resistance in the cathode 

catalyst layer and, accordingly, a recovery effect on the performance degradation. However, 

as mentioned in Section 5.1.2, it can take a long time, from days to weeks, to complete the 

regeneration/redistribution of the ionomer and reach a quasi-equilibrium state [102, 126]. 

Thus, in Article III, the duration of the temperature reduction, which refers to the time the 

ionomer is exposed to liquid water, has a significant impact on the recovery efficiency. 

The pressure-independent resistance of the oxygen transfer resistance in the cathode 
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results from the thin ionomer film (~ 100 nm) in the catalyst substrates [127, 128]. The 

thickness of this thin film can be altered by both the film/surface and film/substrate 

interactions, which are also hydration-dependent [129, 130]. In this work, the increase in 

oxygen transfer resistance after the temperature reduction recovery procedure can be 

attributed to excess water at the substrate/film interface, leading to a water-enriched 

surface that blocks the oxygen transfer [131, 132]. Additionally, the solubility of oxygen 

decreases with increasing water content in the ionomer, which further contributes to a 

higher 𝑅𝑁𝑃 at the ionomer/Pt interface in the cathode [133].  

Furthermore, both the temperature reduction and JRC recovery protocols result in increased 

water uptake due to the enhanced hydrophilicity of the ionomer. The pathway for water 

molecules to move is created within the nanostructure of the ionomer, which needs to 

accommodate the nanoswelling and growth of water domains [134, 135]. Consequently, the 

water transfer coefficient increases in the ionomer as the water content increases, until 

reaching an equilibrium state [136, 137]. In this study, the JRC recovery protocol requires a 

longer duration compared to the temperature reduction recovery protocol, bringing it closer 

to the equilibrium state and resulting in a more significant reduction in water transfer 

resistance.  

The ohmic resistance of the fuel cell decreases significantly after the temperature reduction 

from 80 °C to 30 °C, while it increases after the JRC recovery protocol. In this study, the JRC 

recovery protocol involves a 60-minute dry gas purging step before the cell cools down, 

followed by a 30-minute dry gas purging step afterward. This process reduces the total 

liquid water content in the fuel cell, subsequently decreasing the hydrophilicity of the 

ionomer [138, 139]. On the other hand, the interfacial conductivity resistance between the 

membrane/electrode, which is a significant contributor to the ohmic resistance, is highly 

dependent on humidity and the phase of water [140, 141]. However, the precise nature of 

the transport mechanism at the membrane/electrode interface is still not fully understood.  
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Figure 24: Added up pressure-independent resistance, 𝑅𝑁𝑃 , and pressure-dependent resistance 𝑅𝑃  at total 
cathode pressure of 105, 170, and 230 kPa at the beginning of each test block, before and after each recovery 
procedure during the durability test. 
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5.2.3 Conclusions 

This section performs a durability test composed of two test blocks to investigate the oxygen 

transfer resistance change due to the recovery procedure of temperature reduction from 80 

°C to 30 °C. To separate the two kinds of oxygen transfer resistance originating from the 

catalyst layer and GDL, untreated Toray Carbon Paper 060 was selected as GDL material. A 

differential single fuel cell was used with high oxygen and hydrogen stoichiometry (10 and 

8) in the cathode and anode, facilitating reliable measurements of the limiting current during 

the experiment. 

Firstly, the recovery efficiency of the temperature reduction was evaluated. Noticeably, the 

temperature reduction from 80 °C to 30 °C results in similar recovery efficiency related to 

JRC recovery protocol as in Article III, despite applying different fuel cell hardware, MEA 

material, and operation parameters.  

Afterward, the experimental results of ionic transfer resistance, oxygen transfer resistance 

in the cathode, and the ohmic resistance of the fuel cell before and after the recovery 

procedures were analyzed.  The recovery procedure of temperature reduction from 80 °C to 

30 °C leads to a relative recovery of 70 % - 90 % related to the reversible performance 

Table 8: The recovery mechanism of the recovery procedures with temperature reduction (80 °C to 30 
°C) and JRC recovery protocol. The data are the results with total cathode pressure of 230 kPa. 

Contribution of the resistance Temperature reduction JRC recovery protocol 

Ohmic R Decreases significantly Increases  

Charge transfer R Reduces significantly  Reduces significantly 

Mass transfer R 

Total oxygen transfer R Unchanged Unchanged 

Oxygen transfer R in the CL Increases Decreases 

Water transfer R Reduces Reduces significantly 
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degradation. Water condensation contributes to the regeneration/redistribution of the 

ionomer structure in the cathode, improving the hydrophilicity of the ionomer. This, in turn, 

reduces the ionic transfer and ohmic resistance in the catalyst layer. However, the oxygen 

transfer resistance in the catalyst layer increases after the temperature reduction recovery 

procedure due to the presence of excess water at the interface between the catalyst 

substrate and the ionomer thin film. Nevertheless, the regeneration/redistribution of the 

ionomer structure occurs at a slow rate, eventually reaching a quasi-equilibrium state. As a 

result, the ionomer structure is closer to the equilibrium state after the JRC recovery 

protocol compared to the temperature reduction recovery procedure. This leads to a more 

significant reduction in water transfer resistance and higher recovery efficiency, particularly 

in the high current density range (over 1.2 A· cm-2). 
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6 Conclusions 

This cumulative doctoral thesis consists of three peer-reviewed research articles and one 

further discussion part, which integrate a thorough investigation into the mechanism of the 

reversible performance degradation of PEMFCs and recovery procedures. The main findings 

of each contribution are as follows: 

The methodology proposed in Article I involved quantifying the reversible losses in relation 

to the current density, using online logged voltage data from ASTs, polarization curves, and 

EIS data. The research indicates that using logged voltage data from load cycling tests and 

polarization curves provide similar results in determining the efficiency of a recovery 

procedure. However, for a broader current density range, measuring polarization curves is 

the preferred approach as a necessary experimental characterization method for identifying 

cell performance losses. If there is a need for more information on the underlying recovery 

mechanisms, EIS analysis using a simple equivalent circuit can be used. The parameters 

analyzed provide information on both the recovered performance losses and non-recovered 

losses, enabling the identification of the advantages and disadvantages of the studied 

recovery procedures. 

Article II compares the recovery efficiency and mechanism of three common recovery 

protocols (DOE-based, JRC-based, and overnight rest protocols). The results indicated that 

the DOE protocol has higher recovery efficiency (over 50 %) in the current density range 

above 1.5 A⋅cm−2 than at lower current densities. The JRC protocol and overnight rest have 

almost the same relative recovery in the low current density range (0 to 1 A⋅cm−2) from 50 

% to 100 % while the DOE protocol shows the lowest achieved recovery efficiency from 0 % 

to 30 %. All three recovery protocols reduce a similar amount of mass transfer resistance of 

the PEMFCs while the DOE protocol reduced much less charge transfer resistance than the 

other two protocols. The study concludes that the choice of a recovery protocol should take 

into account three factors: i) the operational profiles, ii) the complexity of the devices, and 

iii) the targeted lifetime. For PEMFC applications in portable communication devices such as 

mobile phones and portable computers, only the overnight rest protocol can practically be 

performed due to limited space. However, for PEMFC applications with very short stops that 

occur more frequently than long stops, the DOE-based procedure is preferable due to its 

short duration of only 29 minutes. For PEMFC applications that have longer and regular 

stops, the JRC or overnight rest protocol may be preferred, although they require more time 
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(both over 8 hours), as they result in much higher recovery efficiency than the DOE protocol. 

Article III aims to evaluate and explore the performance recovery mechanism resulting from 

temperature reduction during the fuel cell operation. The study shows that operando 

temperature reduction during load cycling results in 60 % - 70 % of the relative recovery 

achieved by the JRC protocol but at a much shorter duration (1.5 h versus 10.5 h). The 

amount of liquid water formed in the cathode during the operando recovery procedure has 

a positive linear correlation with the absolute recovered voltage, especially at a current 

density range lower than 1 A⋅cm-2. The reason for the performance recovery is the reduction 

of charge transfer and mass transfer resistance due to the reorganization/rearrangement of 

the ionomer caused by water condensation. The temperature reduction recovery approach 

is more suitable for use in transport applications than common recovery procedures, such 

as the JRC protocol, because it is less time-consuming and easier to perform, requiring no 

additional equipment like a nitrogen gas supply. As a result, the temperature reduction 

method can be easily executed during operation, making it a more practical solution for 

transport applications. 

In the first part of the further discussion, two steps of the original DOE recovery protocol are 

modified to enhance the recovery efficiency. The results of the durability test show an 

improved recovery efficiency compared to the original DOE protocol, particularly at current 

densities between 0.7 and 1.5 A·cm-2. The modified DOE protocol recovers approximately 75 

% of reversible performance losses at current densities over 1.0 A∙cm-2. Additionally, the 

modified DOE recovery protocol reduces the changed charge transfer resistance caused by 

the JRC recovery protocol by 60 %. Although the modified DOE recovery protocol has a 

longer duration of 69 min compared to the original 29-min protocol, it is still favorable for 

applications with frequent short stops. Moreover, the modified DOE recovery protocol can 

recover over 50 % of reversible performance degradation in the current density range over 

0.5 A∙cm-2, which is the most relevant current density range for transport applications. 

In the second part of the discussion, the effect of temperature reduction from 80 °C to 30 °C 

on oxygen transfer resistance during the recovery procedure is investigated. This 

temperature reduction led to a relative recovery of 70 % to 90 % in terms of reversible 

performance degradation. Water condensation plays a significant role in the regeneration 

/redistribution of the ionomer structure in the cathode, resulting in improved water uptake. 

This, in turn, reduces both the ionic transfer and ohmic resistance within the catalyst layer. 
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However, the temperature reduction recovery procedure leads to an increase in the oxygen 

transfer resistance in the catalyst layer due to the accumulation of excess water at the 

interface between the catalyst substrate and the thin ionomer film. Besides, the 

regeneration/redistribution of the ionomer structure occurs gradually, eventually reaching 

a quasi-equilibrium state. As a result, the change in the fuel cell impedance during the 

recovery procedures also shows a time-dependent characteristic. 
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7 Outlook 

The objective of this research is to enhance comprehension of reversible performance 

deterioration and the development of efficient recovery procedures for PEMFCs. Achieving 

these goals is crucial for ensuring reliable assessment of fuel cell performance and extending 

their lifetime. However, investigating the recovery mechanisms is complicated due to the 

intricate nature of reversible fuel cell performance degradations. Therefore, the following 

factors should be considered for future studies. 

(i) Several factors associated with PEMFC applications, such as operation parameters, 

fuel cell materials, flow field design, gas contaminants, and fuel cell dimensions, affect 

the extent of reversible and irreversible performance degradation. 

(ii) The recovery mechanism for a given recovery procedure can differ across the 

investigated current density range and should be analyzed separately. 

(iii) In certain cases, a recovery method's efficiency may result from multiple recovery 

mechanisms, requiring further exploration to distinguish their individual 

contributions. 

(iv) The regeneration/redistribution of the ionomer structure in the cathode contributes 

to the recovery mechanism. However, nanoscale investigations are necessary for 

further identification. 

Article II and Section 5.1 highlight the importance of considering the limitations of a PEMFC 

system while designing recovery procedures. The following concerns must be taken into 

account: 

(i) The system constraints, such as available gases and external devices, must be 

considered while developing recovery procedures for PEMFC systems. 

(ii) Different recovery procedures must be selected based on their suitability for specific 

PEMFC applications. For instance, operando recovery procedures are more suitable 

for transport applications where shut-down events are frequent. 

(iii) Recovery procedures can be combined with shut-down strategies of PEMFC 

systems, as the shut-down step involves a cell cooling-down procedure and can result 

in recovery of performance degradation. 

(iv) The recovery efficiency of a recovery procedure may vary over time due to 
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irreversible performance degradation accumulation during the PEMFC system's 

lifetime. 

(v) Practical recovery procedures typically comprise several steps because of the 

reversible performance degradation's complexity. Thus, different steps can be 

combined to achieve a high recovery efficiency. 

(vi) Ideally, recovery procedures should be adjusted based on the fuel cells' health 

diagnostics, which entail assessing the type and quantity of performance degradation 

during operation. 

Eventually, there is still a significant amount of work that must be undertaken to 

comprehend recovery mechanisms and develop recovery procedures both in the laboratory 

and industry. 
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10 Supporting information 

 

 

 

 

 

 

 

 

Figure S2: Schemes to convert a) FC-DLC data into a b) polarization curve. Both images are adapted from 
Section 5.1. 

Figure S1: Testbench parameters during the polarization curves measurement. 
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The shaded area of FC-DLCs data corresponds to the voltage data from the first 3 FC-DLCs 

as shown in Figure S2 a). According to the different current densities in the FC-DLC profile, 

Figure S2 b) is the converted polarization curve with the average and standard deviation of 

the voltage data from the first 3 FC-DLCs. 

 

 

 

 

Table S1: The fitting results of the measured EIS data including errors from the Thales XT software. The 
equivalent model is described in Figure 10 in Section 4.3.3.  

Time 𝑹𝑶𝒉𝒎𝒊𝒄 

/ mOhm 

Error 

/ % 

𝑹𝑪𝒉𝒂𝒓𝒈𝒆 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 

/ mOhm 

Error 

/ % 

𝑹𝑴𝒂𝒔𝒔 𝒕𝒓𝒂𝒏𝒔𝒑𝒐𝒓𝒕 

/ mOhm 

Error 

/ % 

Test block 1 BoT 3.162 1.76 11.341 3.17 5.044 4.79 

Test block 1 EoT 3.330 2.73 12.722 3.88 5.930 3.02 

After the DOE 
protocol 

3.264 1.78 12.324 4.86 5.330 4.26 

Test block 2 BoT 3.230 1.12 11.601 3.54 5.115 4.29 

Test block 2 EoT 3.466 1.52 13.562 4.17 6.479 3.95 

After the modified 
protocol 

3.387 1.67 12.713 2.49 5.679 3.90 

Test block 3 BoT 3.390 2.95 12.271 3.61 5.524 4.15 

Test block 3 EoT 3.691 1.21 14.451 2.03 6.773 3.77 

After the DOE 
protocol 

3.676 1.75 14.012 2.74 6.153 3.53 

Test block 4 BoT 3.581 2.82 13.213 4.35 6.089 3.26 

Test block 4 EoT 3.947 2.53 15.921 2.63 7.665 3.27 

After the modified 
protocol 

3.901 1.50 15.022 2.41 6.935 3.20 

Test block 5 BoT 3.846 1.70 14.814 3.56 6.788 3.86 
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Figure S3: The results of the measured limiting current density of the fuel cell with dry mole fraction of oxygen 
of 1 %, 1.25 %, and 1.5 % with total pressure in the cathode of 110, 140 and 170 kPa at the beginning of each 
test block, before and after each recovery protocol during the durability test.  
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Table S2: Slope and intercept of the linear fitting results between the total pressure in the cathode and the 
total oxygen transfer resistance during the durability test according to the Figure 23. 

Time Slope Intercept 

Begin of the 1. test block 0.84 21.59 

Before Recovery 1 (80°C -30°C) 0.74 20.72 

After Recovery 1 0.72 26.99 

Begin of the 2. test block 0.79 12.61 

Before Recovery 2 (80°C -30°C) (repetition) 0.78 13.76 

After Recovery 2 (repetition) 0.80 32.31 

Begin of the 3. test block 0.87 25.97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


