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Zusammenfassung 

Einige der größten Hürden für die Kommerzialisierung von Fahrzeugen mit Brennstoffzellenantrieb 

(engl. Proton Exchange Membrane Fuel Cell, PEMFC) sind die Kosten und Lebensdauer der Systeme, 

sowie die fehlende Infrastruktur, die den Wasserstoff (H2) bereitstellt. Zur Verringerung der PEMFC-

Kosten ist eine Reduktion des Gehalts an Katalysatoren der Platin (Pt)-Gruppe nötig, was jedoch durch 

Vergiftungsmechanismen erschwert wird, deren Wirkung bei niedrigeren Pt-Beladungen pro aktiver 

Fläche ([µgPt/cm²]) zunimmt. Verunreinigungen im H2, die durch kostenintensive Reinigungsverfahren 

herausgefiltert werden, beeinträchtigen die PEMFC-Leistung und Lebensdauer. Sind Kontaminations- und 

Erholungsmechanismen bekannt, können Betriebsweisen angepasst und der Katalysatorgehalt einerseits 

verringert, sowie die Herstellung und Aufreinigung des H2 andererseits kosteneffizienter gestaltet werden. 

Diese Dissertation untersucht daher die Auswirkung einer Verringerung der Platinbeladung der 

Anodenelektrode auf die Toleranz gegenüber Kohlenmonoxid (CO) und Schwefelwasserstoff (H2S) im H2 

anhand von Einzelzellen unter Verwendung klassischer elektrochemischer Charakterisierungsverfahren. 

Zunächst ist die Charakterisierung niedrig beladener Elektroden per Zyklovoltammetrie (engl. Cyclic 

Voltammetry, CV) durch Artefakte erschwert, die normalerweise bei höheren Beladungen (>100 µgPt/cm²) 

nicht auftreten. Bei niedrigen Beladungen (<50 µgPt/cm²) kann es zu einer spontanen Oxidation von 

angesammeltem Permeat-Wasserstoff während des kathodischen CV-Vorschubs kommen, was den Pt-

Oxid-Reduktionsstrom überlappt und die Bestimmung der aktiven Fläche (engl. Electrochemically Active 

Surface Area, ECSA) beeinträchtigt.  

Werden PEMFCs mit gering beladenen Anodenelektroden (<25 µgPt/cm²) und H2 betrieben, der CO in 

Konzentrationen enthält, die gemäß H2-Qualitätsstandard ISO 14687 zulässig sind, kommt es zu 

inakzeptablen Spannungsabfällen von bis zu 40%. Dies deutet darauf hin, dass die CO-Toleranz des 

Katalysators verbessert, oder der ISO-Grenzwert für CO verringert werden sollte. Ist H2S in 

Konzentrationen gemäß ISO 14687 im H2 enthalten, kommt es während chronoamperometrischer Tests zu 

Spannungseinbrüchen, die bei niedrig beladenen Elektroden schwefeldosisabhängig früher auftreten. 

Andererseits können sich PEMFCs durch Stopp/Start (engl. Shut-Down/Start-Up, SD/SU)-Prozeduren von 

Schwefelvergiftungen erholen. Gemeinsam mit den erst nach Dutzenden Stunden auftretenden 

Spannungseinbrüchen wirft diese Erholung durch SD/SUs die Frage auf, ob der ISO-Grenzwert für 

Schwefelspezies einer Anpassung bedarf.  

Eine Beschichtung des Pt-Katalysators in der Anodenelektrode mit einer Siliziumoxidschicht (SiO2-

Pt/C) verbessert die Leistung und Toleranz der PEMFC beim Betrieb mit reinem und H2S-kontaminiertem 

H2, verschlechtert jedoch deren CO-Toleranz. Während die Verbesserung der Leistung und H2S-Toleranz 

auf Einflüsse des SiO2 auf Wassermanagement und Mobilität oxidierter Schwefelspezies zurückzuführen 

ist, steht die Verschlechterung der CO-Toleranz im Zusammenhang mit erschwerter Bildung und Mobilität 

der OH-Gruppen, die für die CO-Oxidation notwendig und in erhöhten Potentialen für CO-Oxidation 

sichtbar sind. 
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Abstract 

Cost, durability and the hydrogen fuel (H2) infrastructure are the major challenges for the 

commercialization of proton exchange membrane fuel cell (PEMFC) vehicles. To lower the PEMFC cost, 

a decrease in the content of the expensive platinum (Pt) group metal catalysts is required, which is 

hindered by contaminants leading to performance decrease which become more relevant for lower loadings 

per active area ([µgPt/cm²)]). Impurities in H2, whose concentrations can be controlled to a degree at the 

expense of higher H2 costs, impede the performance and durability. Knowledge of the contamination 

mechanisms, but also of processes contributing to a voltage recovery thereof, is important to optimize 

catalyst content with respect to the cost of the PEMFC system. In addition, it may be possible to improve 

cost-effectiveness of the H2 fueling infrastructure. In this dissertation, the effect of lowering the platinum 

loading of the anode electrode on the tolerance versus carbon monoxide (CO) and hydrogen sulfide (H2S) 

in H2 is investigated experimentally via small scale single cells using classical electrochemical 

characterization procedures. 

First of all, characterization of low-loaded electrodes via cyclic voltammetry (CV) analysis can be 

biased by artifacts usually not observed for higher loaded electrodes (>100 µgPt/cm²). For low-loaded 

electrodes (<50 µgPt/cm²), spontaneous oxidation of accumulated crossover hydrogen can occur, 

overlapping Pt oxide reduction currents during the cathodic transient and potentially interfering with 

evaluation of the electrochemical surface area (ECSA).  

Operating PEMFCs with ultra-low-loaded anode electrodes (<25 µgPt/cm²) and CO-contaminated H2 at 

concentrations allowed as per standard ISO 14687 results in severe voltage drops of up to 40%, indicating 

the need to improve the CO tolerance of the anode catalyst, or to further decrease the ISO limit for CO. 

Similarly, H2S at concentrations as per ISO 14687 leads to sulfur poisoning induced voltage break downs 

during chronoamperometric tests, which occur earlier for lower loaded electrodes and depending on sulfur 

dose. However, the break downs, appearing after dozens of hours, in combination with a partial recovery 

from sulfur poisoning with shut-down/start-up (SD/SU) events raise the question, whether the ISO limit for 

sulfur species needs adaption for lower loadings considering realistic operation in vehicle applications.  

Furthermore, coating the anode Pt catalyst with a thin silicon oxide layer (SiO2-Pt/C) improves the 

PEMFC performance and durability in neat and H2S contaminated H2, but worsens the CO tolerance. The 

performance improvements are attributed to an improved water retention and mobility of oxidized sulfur 

species on the SiO2, while the worse CO tolerance is a result of increased oxidation potential for CO on the 

SiO2-Pt/C. 
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1 Introduction 

1.1 Background 

Over the last couple of decades, increasing evidence points towards the impact humans have made on the 

climate, calling for more action to minimize this impact. One of the key figures in assessing the state of the 

climate is the concentration of greenhouse gases (GHG) in the atmosphere, first and foremost carbon 

dioxide (CO2), which has increased from somewhat between 250 – 300 to today’s more than 400 ppm 

largely due to combustion of fossil fuels to power industrialization throughout the past two centuries [1]. 

This change in a seemingly small total concentration is to large parts responsible for the 1°C rise in 

average global temperature over the same timeframe, which comes with severe consequences for the 

habitability in various regions on earth. In the United Nations Paris Climate Agreement in 2015 (COP21), 

196 parties agreed on a legally binding treaty with the goal to limit global warming to 2°C, preferably 

1.5°C, compared to pre-industrial levels in order to reduce the risks accompanied with climate change [2]. 

To achieve the COP21 goal, anthropogenic GHG emissions are required to be cut by about 50% per 

decade to reach net-zero emissions around 2050 [3]. In these regards, net-zero signifies actual reductions in 

GHG emissions by transitioning our fossil fuel-based economy towards a low and zero carbon footprint 

economy, while creating and maintaining CO2 sinks to compensate for unavoidable emissions. The 

complexity of this ambitious goal is exacerbated in light of the expected growth in both the global 

population and energy demand as projected by the International Energy Agency [4]. 

On national levels, the COP21 goal translates into individual, more detailed policies towards net-zero 

emissions. In this spirit, Germany aims to reduce GHG emissions by 65% by 2030 and between 80 – 95% 

by 2050, respectively, as stated in the Climate Action Plan 2050 [5]. The national goal is broken down into 

sub-targets for each sector, depending on its current state and possibilities. From 1990 to 2020, the energy 

related GHG emissions were cut nearly in half from about 1036 to 608 million tons CO2-equivalents 

mainly due to reductions in the energy (50% reduction), industry (60%) and housing (31%) sectors, while 

reductions in the transportation sector were relatively small (11%). The total GHG emission reductions in 

the transportation sector were small because the improvements in efficiency and average CO2 emissions of 

internal combustion engines (ICE) were compensated by more mileage powered by fossil fuels, providing 

92% of the energy used in transportation [6]. One of the solutions to cut the emissions in the transportation 

sector is the electrification of powertrains including battery electric vehicles (BEV), plug-in hybrid electric 

vehicles (PHEV) and fuel cell electric vehicles (FCEV). The latter, FCEV, are part of the German National 

Hydrogen Roadmap announced in 2020 to support the cross-sectoral roll-out of hydrogen (H2) 

technologies. In this roadmap, H2 is considered a storage medium for renewable energies that can be used 

as raw material for industrial processes or as fuel for the energy and transportation to ultimately substitute 

fossil fuels and decarbonize sectors [7].  



 

2 

1.2 Challenges for PEMFCs in FCEV 

Significant technological leaps have pushed PEMFCs closer towards application in mobile or stationary 

systems, however, several challenges remain to enable a widespread commercial roll-out of FCEVs. As 

such, important factors are the mass production and the reduction of system cost, the durability particularly 

of the membrane electrode assembly (MEA), as well as the deployment of the hydrogen infrastructure. 

These individual fields are often interrelated, as e.g. ramping up mass production or improvements in 

catalyst durability allow for reductions in material use and the reduction of system cost. Another example, 

more related to this dissertation, are investigations into contamination mechanisms affecting the MEA, to 

eventually tolerate less pure hydrogen fuel (H2) and therefore cheaper infrastructure requirements. From a 

PEMFC system perspective, H2 of highest purity would be preferred, whereas from a gas producer 

perspective, lower H2 purity requirements would decrease the need for purification and lower the H2 

production cost [8]. 

In a PEMFC stack, the MEA, which is sensitive to multiple degradation and contamination 

mechanisms, accounts for about 62% of the stack cost for mass production, of which the content and 

application of platinum group metal (PGM) catalysts make up to nearly 2/3 of the cost [9]. Two of the 

main levers to lower this portion of cost are production scale as well as PGM use per stack. With higher 

production rates, unit costs of an exemplary 80 kWnet automotive PEMFC stack are expected to decrease 

from about 125 to 25 $/kW with the increase in annual production rate from 1.000 to 500.000 units. These 

reductions are based on benefits from volume material pricing and equipment utilization, improved 

materials and manufacturing processes. In addition, effort is put into bringing the total PGM loading down 

to finally reach contents close to state-of-the-art catalytic converters currently installed in internal 

combustion engines (ICE), which contain about a single digit in grams of PGM per converter in passenger 

vehicles. At such contents, PGM use, production capabilities and, more importantly, resource extraction 

are expected to be sustainable, such that PGM availability and prices remain at acceptable levels. The U.S. 

Department of Energy (DOE) frequently revisits the technical status and cost of PEMFC systems and 

publishes targets for the PGM loading in the MEA, i.e. the PGM weight per active cell area [10]. More 

than 20 years ago, PEMFC systems often contained PGM loadings about 2 – 5 times the typical loadings 

of today’s systems, and a reduction of similar magnitude is targeted by the DOE and PEMFC stakeholders 

to allow for the commercial roll-out of FCEVs. This trend in PGM content is shown in Figure 1, depicting 

a comparison between the anode and cathode electrode loadings used in selected PEMFC studies and 

systems referenced in this dissertation, and the past and current DOE targets.  
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Figure 1 Trend in anode and cathode PGM loading, and the DOE targets for PEMFCs in automotive 

applications. Adapted from selected publications including in-situ PEMFC testing on contamination [11,12,21–

30,13,31–34,14–20] 

 

This striking figure visualizes the development towards MEAs with low (< 125 µg/cm²) and ultra-low 

(<62.5 µg/cm²) total PGM loadings, which generally is enabled by improvements in PEMFC materials, 

designs and operating strategies. Although the majority of the PGM content usually is in the cathode 

electrode (about 60 – 80%) of a MEA, it is worth looking into how to further decrease the anode content 

towards low and even ultra-low loadings, that are 25 and 12.5 µg/cm², respectively, and possibly even 

lower values [35]. In the anode, it is not the necessary activity of the hydrogen oxidation reaction (HOR) 

limiting the PGM loading reduction. Specific degradation and contamination effects make higher loadings 

necessary to provide a loading buffer to compensate for losses in catalytic active surfaces over the PEMFC 

lifetime. Technically, on anode side, low double and even single digit µg/cm² PGM loadings would be 

sufficient to provide HOR for power densities of about 1 W/cm² comparable to state-of-the-art MEA 

designs [36,37]. In practice, though, irreversible degradation due to imperfect transient operation or fuel 

starvation events, but also reduced fuel efficiency as a result of contamination effects eventually arise in 

the anode electrode. The former, transient operation and particularly fuel starvation, can be harmful 

because in times of current production while fuel is lacking, the anode potential is driven to levels where 

electrolysis and oxidation of the carbon support occurs, which finally leads to the “consumption” of the 

anode electrode and the irreversible loss of electrochemically active surface area (ECSA) [34]. The latter, 

fuel impurities, can reversibly or irreversibly contaminate the MEA. Several species adsorb on catalyst 

surfaces in the anode electrode and hinder the HOR, while few species additionally affect the either ion 

transport or water management, or even the reaction kinetics on the cathode side [38,39]. For example, 

carbon monoxide (CO) and hydrogen sulfide (H2S), two species eventually present in H2 produced from 

methane reformation or as a by-product in industrial processes [40], affect the PEMFC performance 
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already at extremely low concentrations as they readily adsorb onto the catalyst surfaces blocking it for 

HOR. To compensate for such losses, PEMFC manufacturers usually employ anode PGM loadings ranging 

from 50 to 100 µg/cm² to achieve reasonable PEMFC durability and efficiency upon operation with 

contaminated H2. By lowering the electrode loading of a selected metal catalyst without enhancing its 

ECSA, e.g. by decreasing particle size to achieve higher surface areas, and durability, the active area for 

HOR and the contamination tolerance eventually decreases [14,41]. To further reduce the costly PGM 

loading in the anode towards the DOE targets, two alternative pathways exist on how to deal with the 

effect of fuel contamination: either the maximum concentrations of critical impurities allowed in H2 for 

automotive low temperature PEMFCs have to be lowered, or catalysts with an improved tolerance have to 

be employed. In this context, this dissertation provides contamination tests with CO and H2S using MEAs 

with low and ultra-low anode loadings, studies of mitigation strategies, and artifacts limiting electrode 

characterization methods. 

1.3 Motivation for this dissertation 

In order to find the optimal trade-off between PEMFC contaminant tolerance and fuel purity, it is 

necessary to build a database of the contaminant tolerance of state-of-the-art and targeted MEA materials. 

The contamination mechanisms and recovery strategies from species eventually contained in H2, as 

summarized in the fuel quality standard ISO 14687, are generally known and described in literature 

[39,42–44], but the magnitude of their effects on new MEA designs, including ultra-low anode loadings, 

can vary and calls for frequent re-evaluation. While the contamination mechanisms remain unchanged, 

effects relieving from contamination or extending lifetimes eventually gain in relevance, such that fuel 

purity requirements could be adapted. Such measurements were conducted in this dissertation with carbon 

monoxide (CO) and hydrogen sulphide (H2S), representing species that reversibly and irreversibly 

contaminate PEMFCs, as a starting point for discussions on fuel purity adaptions. Furthermore, sulfur 

contamination of anode and cathode electrodes generally is considered irreversible during operation, but 

specific situations like shut-downs and start-ups (SD and SU), regularly taking place in automotive 

PEMFC systems, are assumed to alleviate from sulfur contamination, but literature was lacking 

experimental evidence for this assumption. 

In-situ experiments with ultra-low electrode loadings are challenging because of the low current 

magnitudes associated to processes happening on catalyst surfaces, such that typical electrode 

characterization techniques require refinement. Specifically, the evaluation of the electrochemically active 

surface area (ECSA) via cyclic voltammetry (CV) is biased for ultra-low catalyst loadings. CV is 

indispensable for analysis of the redox reactions on electrocatalyst surfaces in the potential window of 

interest, but for an adequate analysis, the knowledge of artifacts and thresholds for CV analysis is required. 

The difficulties mainly stem from artifact currents gaining in relevance as well as unfavorable signal to 

noise ratios at low current magnitudes. Investigations into such limitations were part of this dissertation, 

since unreported artifacts arose during CV analysis of ultra-low-loaded anode electrodes, which also can 

occur during analysis of low-loaded cathode electrodes.  

Furthermore, alternatives to manipulate the tolerance versus contamination such as alloying the 

catalyst or selecting adequate MEA designs exist, but in recent years, an additional option evolved: 
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functional coatings added on the electrocatalyst surface. As such, a coating based on silicon oxide (SiO2) 

fabricated via hydrolysis of silicon precursors (essentially a sol-gel-process) has received significant 

attention. When applied on electrocatalysts, the SiO2 coating was found to stabilize catalyst and support 

particles versus degradation mechanisms, affect the performance during specific operating conditions or 

alter the handling of the materials for electrode fabrication. In addition, a comparable SiO2 coating is often 

applied on metal tubing in process engineering applications as an adsorption barrier versus gaseous 

sulfuric species such as H2S. Although a different branch, it raises the question whether a similar effect 

could be achieved with SiO2 coated electrocatalysts. Investigations into the effect of the coating on CO and 

H2S contamination in PEMFCs have not been conducted yet, and therefore were added to this dissertation 

as an additional means to manipulate the electrocatalyst tolerance.  

This dissertation is divided into 6 main chapters. Chapter 1 introduces to the background and states the 

motivation for this dissertation. Chapter 2 contains the PEMFC basics including a literature review 

specifically on topics pertaining to the anode electrode and the SiO2 coating, as well as on CO and H2S 

contamination. Chapter 3 describes the experimental setups with a focus on the test bench and the methods 

used for in-situ characterization, the fabrication procedure and ex-situ analysis of the SiO2 coating and 

materials. Chapter 4 summarizes and discusses the three publications produced during the course of this 

dissertation in the overall context of PEMFC research, with the conclusions and the outlook provided in 

chapter 5. The three full publications are reproduced in chapter 6. 
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2 Fundamentals 

2.1 PEMFC thermodynamics 

Proton exchange membrane fuel cells (PEMFCs) are multiphase electrochemical systems comprising of 

two electrodes, the anode and cathode, separated by the proton exchange membrane (PEM). The electrodes 

are continuously supplied with hydrogen (H2) as the fuel and oxygen (O2) in air as the oxidant. At the 

anode, H2 is oxidized via the hydrogen oxidation reaction (HOR) to form protons and electrons (2-1). 

 

2𝐻2 → 4𝐻+ + 4𝑒− (2-1) 

 

The electrons are conducted through electrically conducting components and an external circuit, and 

protons are transported through the proton conducting PEM to the cathode. At the cathode, O2 recombines 

with electrons and protons to water (H2O) via the oxygen reduction reaction (ORR) (2-2). 

 

4𝐻+ + 4𝑒− + 𝑂2 → 2𝐻2𝑂 (2-2) 

 

The overall reaction is the redox reaction between O2 and H2 to H2O, which releases electric and thermal 

energy as products (2-3). 

 

2𝐻2 + 𝑂2 → 2𝐻2𝑂 (2-3) 

 

The electric and to some extend the thermal energy can be used, while the product water is exhausted from 

the PEMFC. Redox reactions are driven by a potential difference between the states of the reactants and 

products. For electrochemical systems, the reversible cell potential 𝐸𝑜 is given by the change in Gibb’s 

free energy of formation (2-4), with the superscript 0 representing values at standard conditions (298.15 K 

and 101325 Pa). 

 

𝐸0 = −
𝛥𝐺𝑜

𝑧𝐹
 (2-4) 

 

With Gibb’s free energy 𝛥𝐺0, the number of electrons transferred 𝑧 (2 in case of H2/O2 PEMFCs) and the 

Faraday’s constant F (96485.33 C mol-1). The Gibb’s free energy is given as the difference between the 

enthalpy of reaction 𝛥𝐻0 and the change in entropy 𝛥𝑆0 at temperature T (2-5). 

 

𝛥𝐺0 = 𝛥𝐻0 − 𝑇𝛥𝑆0 (2-5) 

 

As the enthalpy of reaction and entropy depend on the phase of reactants and products, individual 

reversible cell potentials can be calculated for the case of liquid water and steam given the values in Table 

1. 
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Table 1 Specific enthalpy and entropy for O2, H2 and H2O in gaseous (g) or liquid (l) states 

Species 𝜟𝑯𝟎 

𝒌𝑱

𝒎𝒐𝒍
 

𝑺𝟎  

𝑱

𝒎𝒐𝒍 𝑲
 

𝜟𝑮𝟎 

𝒌𝑱

𝒎𝒐𝒍
 

H2(g) 0 130.68 0 

O2(g) 0 205.14 0 

H2O(l) -285.83 69.91 -237.13 

H2O(g) -241.82 188.83 -228.57 

 

Using equation (2-4), the reversible cell potentials for liquid product water 𝐸 𝐻2𝑂(𝑙)
0  and steam 𝐸 𝐻2𝑂(𝑔)

0  are 

calculated as follows (2-6). 

 

𝐸  𝐻2𝑂(𝑙)
0 = −

−285.83
𝑘𝐽

𝑚𝑜𝑙
− 298.15𝐾 ∗ (−0.1633

𝑘𝐽
𝑚𝑜𝑙 𝐾)

2 ∗ 96485.33
𝐶

𝑚𝑜𝑙

= 1.229𝑉 

(2-6) 

𝐸 𝐻2𝑂(𝑔)
0 = −

−241.82
𝑘𝐽

𝑚𝑜𝑙
− 298.15𝐾 ∗ (−0.0445

𝑘𝐽
𝑚𝑜𝑙 𝐾)

2 ∗ 96485.33
𝐶

𝑚𝑜𝑙

= 1.184𝑉 

 

The actual PEMFC operating conditions and consequently the Gibb’s free energy and entropy though 

typically differ from standard conditions, such that the reversible cell potential deviates from the one 

calculated at standard conditions. The reversible cell potential as a function of pressure p and temperature 

T is can be calculated using the transformed Nernst-equation (2-7), assuming the gases act as ideal gases 

[45]. 

 

𝐸(𝑇, 𝑝) = 𝐸0 + (𝑇 − 𝑇0)
𝛥𝑆0

2𝐹
−

𝑅𝑇0

2𝐹
𝑙𝑛

𝑝

𝑝0
 (2-7) 

 

Based on this expression, the temperature dependency of the reversible cell potential is given as (2-8) 

 

𝑑𝐸

𝑑𝑇
=

𝛥𝑆0

2𝐹
=

−0.1633
𝑘𝐽

𝑚𝑜𝑙 𝐾
 

2 ∗ 96485.33
𝐶

𝑚𝑜𝑙

= −0.85
𝑚𝑉

𝐾
 (2-8) 

 

With an increase in temperature of 1 K, the reversible cell potential decreases by 0.85 mV. On the other 

hand, the pressure dependency based on the molarity for product water in liquid (∆𝑛 = −
3

2
𝑚𝑜𝑙, (2-9)) and 

gaseous (∆𝑛 = −
1

2
𝑚𝑜𝑙, (2-10)) phase is given as follows:  
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𝑑𝐸

𝑑 log (𝑝)
𝐻2𝑂(𝑙)

=
𝛥𝑛𝑅𝑇𝑙𝑛(10)

2𝐹
=

−
3
2 𝑚𝑜𝑙 ∗ 8.314

𝐽
𝑚𝑜𝑙 𝐾

∗ 298.15𝐾 ∗ ln (10) 

2 ∗ 96485.33
𝐶

𝑚𝑜𝑙

= 44
𝑚𝑉

𝑑𝑒𝑐
 (2-9) 

 

𝑑𝐸

𝑑 log (𝑝)
𝐻2𝑂(𝑔)

=
−

1
2 𝑚𝑜𝑙 ∗ 8.314

𝐽
𝑚𝑜𝑙 𝐾

∗ 298.15𝐾 ∗ ln (10) 

2 ∗ 96485.33
𝐶

𝑚𝑜𝑙

= 15
𝑚𝑉

𝑑𝑒𝑐
 (2-10) 

 

An increase in gas pressure by a factor of 10 results in an increase in the reversible cell potential by 44 mV 

and 15 mV in case of liquid product water and steam, respectively. The reversible cell potential resembles 

the maximum possible potential, which could be reached in a PEMFC operated with H2 and O2. In practice, 

however, the actual cell potential U measured at the PEMFC terminals is lower than the reversible cell 

potential E due to several voltage losses. 

2.2 Voltage losses in PEMFCs 

As every electrochemical system, polarization curves of PEMFCs show a non-linear relationship between 

current density i and potential U (Figure 2) because of several types of voltage losses dominating at 

different domains. 

 

  
Figure 2 Schematic PEMFC polarization curve and voltage loss domains (I activation, II ohmic and III 

diffusion) 

 

Already at zero current, the open circuit voltage UOC is lower than the reversible cell potential E and 

typically reaches values close to 1 V with current state-of-the-art MEA designs. The difference between E 

and UOC is a result of mixed potentials at the electrode mainly due to gas crossover and shorting currents 

through the thin PEM of thicknesses ranging from 8 to 25 µm for current automotive designs. As soon as 

current is drawn, multiple voltage losses due to overpotentials η in addition to the ohmic cell resistance 

lower the measured cell potential (2-11). 

 

𝑈 = 𝑈𝑂𝐶 − (𝜂𝑎𝑐𝑡,𝑂𝑅𝑅 + 𝜂𝑎𝑐𝑡,𝐻𝑂𝑅 + 𝜂𝐿𝑖𝑚 + 𝑖𝑅) (2-11) 
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At low currents densities (domain I), the voltage loss is dominated by the ability of the catalysts to catalyse 

the charge transfer across electrode and electrolyte interfaces, referred to as kinetic overpotentials ηact,HOR 

and ηact,ORR for the HOR and ORR in the anode and cathode, respectively. Generally, the activation 

overpotential ηact for every electrocatalytic reaction on a catalyst surface is related to the current density i 

as given by the Butler-Volmer equation (2-12). 

 

𝑖 = 𝑖0 [𝑒𝑥𝑝 (
𝛼𝑎𝑧𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) − 𝑒𝑥𝑝 (−

𝛼𝑐𝑧𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡)] (2-12) 

 

With 𝛼𝑎 and 𝛼𝑐 as the anodic and cathodic charge transfer coefficients, z as the electrons transferred 

during the electrochemical reaction, the ideal gas constant R, temperature T and the exchange current 

density i0 of the reaction on the catalyst surface. Using this equation, the net current density i can be 

calculated as a function of ηact. The exchange current density i0 is the magnitude of the anodic and cathodic 

current density on a catalyst surface at zero overpotential (or zero net current) and resembles the intrinsic 

charge transfer rates between catalyst surface and electrolyte. The exponentials in the Butler-Volmer 

equation take into account both the anodic and cathodic reactions on an electrode surface. At high 

overpotentials (ηact > 70 mV), the anodic reaction dominates and the second exponential term can be 

neglected, and the Butler-Volmer equation simplifies to the Tafel equation (2-13). 

 

𝜂𝑎𝑐𝑡 =
𝑅𝑇

𝛼𝑎𝑧𝐹
∗ 𝑙𝑛

𝑖

𝑖0
 (2-13) 

 

During regular operation of a PEMFC with H2 and O2, the activation overpotentials ηact,HOR and ηact,ORR differ 

significantly. For example, at the cathode, ηact,ORR accounts for about 70% of the total overpotential at 

0.5 A/cm² as compared to 10% for ηact,HOR at the anode [46]. The reason can be found in the exchange 

current density i0 being orders of magnitude higher for HOR/HER as compared to the sluggish ORR/OER 

on Pt. On Pt, i0,HOR/HER can reach values as high as 200 - 600 mA/cm2 (at temperatures of 313 to 353 K) as 

compared to 0.1 mA/cm2 for i0,ORR/OER, which is why the anode overpotential ηact,HOR at typical current 

densities is comparably low and often neglected in PEMFC research [47,48]. This circumstance though 

changes during specific situations, e.g. if the PEMFC is operated in dry conditions or with fuel impurities, 

or if the anode electrode degrades and catalyst surfaces are irreversibly lost upon fuel starvation 

[39,46,49]. In such situations, the catalytically active surfaces in the anode are lost or blocked, such that i0, 

being the product of the specific exchange current density and the surface roughness (actual catalyst 

surface area per geometric cell area), significantly decreases.  

As soon as charges are transported through PEMFC components, ohmic resistances R give rise to the 

ohmic overpotential ηOhm, which dominates at intermediate current densities (domain II) and is visible in 

the linear decline of the cell potential according to Ohm’s law (2-14). 

 

𝑖𝑅 = 𝑖 ∗ (𝑅𝛺 + 𝑅𝐼𝑜𝑛) (2-14) 
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While the electronic resistances RΩ due to electron transport through electrodes, gas diffusion layers, 

bipolar plates and across interfaces are independent of the current density, the ionic resistances RIon due to 

ion transport through the electrolyte in the PEM and electrodes is not. The ionic transport is facilitated by 

water via the Grotthuss-mechanism, where excess protons diffuse along the hydrogen bond network of 

neighboring water molecules. With increasing current density, water production and consequently ionic 

conductivity through the ionomer in PEM and electrodes increases, such that the ohmic voltage drop iR 

eventually decreases. 

At high current densities (domain III), reactant consumption exceeds the diffusion towards the 

electrode surface. Macro and micro pores of the GDL and electrodes, product water in these pores or on 

surfaces, as well as the electrolyte covering catalyst surfaces impede the diffusion and cause the mass 

transport limited overpotential ηLim. This is relevant mainly for the cathode, because it is usually supplied 

with air containing about 21% oxygen (O2) and 78% nitrogen (N2) instead of pure O2, diffusion pathways 

are eventually blocked by product water especially at high current densities, and the thin ionomer film on 

catalyst material in the cathode impedes oxygen diffusion. The total O2 transport resistance RT can be 

estimated using the approach of Baker et al. with the oxygen partial pressure in the channel pO2,ch and a 

measured limiting current density ilim (2-15) [50]. 

 

𝑅𝑇 =
4𝐹𝑝𝑂2,𝑐ℎ

𝑅𝑇𝑖𝑙𝑖𝑚
 (2-15) 

 

When measuring limiting current densities at various partial pressures of oxygen and total gas pressures, 

this approach allows the separation of RT into pressure independent diffusion, i.e. diffusion through water, 

ionomer thin films and micro pores, and into pressure dependent diffusion due to intermolecular 

interaction through macro pores. Considering that the O2 concentration difference between channel and 

catalyst surface affect the kinetic overpotential ηact,ORR and the reversible cell potential according to the 

Nernst-equation, Zihrul et al. derived equation (2-16) to estimate the overpotential ηLim using the total O2 

transport resistance RT. 

 

𝜂𝐿𝑖𝑚 =
𝑅𝑇

𝐹
∗ (

1

4
+

𝛾

𝛼
) ∗ 𝑙𝑛 (

𝑝𝑂2,𝑐ℎ −
𝑅𝑇
4𝐹 ∗ 𝑅𝑇 ∗ 𝑖

𝑝𝑂2,𝑐ℎ
) (2-16) 

 

With γ as the reaction order of the ORR (with a value of 0.54 in Zihrul’s studies) and α as transfer 

coefficient (at a value of 1). The reactant diffusion is strongly affected by the water management of the 

PEMFC, and usually the inlet gas humidity on one, and the water retention capability of the MEA on the 

other hand, have to be well selected to avoid flooding and excessive diffusion resistances. On the anode 

side, diffusion resistances usually are not an issue because the highly diffusive H2 is pure or eventually 

diluted by N2 up to 30% due to accumulation in the anode loop, while water is transported with the 

electroosmotic drag away from the anode alleviating from flooding issues. However, freeze start-ups or 

imbalanced transient operation can lead to fuel starvation events, practically depicting infinite diffusion 

resistances as H2 is locally lacking. Furthermore, contamination effects in both anode and cathode 
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electrodes can give rise to mass transfer overpotentials, because catalyst surfaces are partially blocked by 

adsorbed contaminant species, such that reactants must travel longer paths through progressively smaller 

cross sections to reach vacant, active catalyst sites [51]. 

2.3 The anode electrode and the opportunities of silicon oxide (SiO2) coatings 

This dissertation focusses on fuel impurities and consequently on the anode electrode in PEMFCs. Current 

automotive state-of-the-art anode and cathode catalysts employed in PEMFCs are predominantly based on 

Pt or Pt alloy nanoparticles on carbon supports, as these materials provide good activities for the oxygen 

reduction reaction (ORR) and exceptional activity for the hydrogen oxidation reaction (HOR). To give an 

idea, the exchange current density (the reaction rate at zero external current) for ORR and HOR on Pt is in 

the order of 0.1 and 200 mA/cm² metal catalyst surface area, respectively, although ORR catalysts are 

preferably classified by activity measurements at 0.9 V (i.e. at low current densities) to avoid the necessary 

but error-prone extrapolation of the measured currents in Tafel-plots [47]. Significant effort is put into 

further improving the activity and durability of catalysts for the ORR, as the cathode typically dictates 

performance and lifetime during regular operation with neat hydrogen and air, when overpotentials arising 

from catalyst activation for ORR and oxygen mass transport dominate the voltage losses. Specific 

situations, like cell-reversal due to fuel starvation [52], shut-downs and start-ups (SD/SU) [31], and 

operation with contaminated fuel impair the functionality of the anode and eventually cause a loss or 

blockage of the catalyst material with the risk of full cell voltage break downs. To accommodate such 

losses, the anode electrode typically contains more Pt catalyst material, i.e. a higher loading per geometric 

cell area, as operation with neat reactant gases would require. The anode Pt loading of state-of-the-art 

automotive MEAs typically ranges somewhere between 50 – 100 µg/cm², while loadings as low as 5 – 

30  µg/cm² with acceptable or even outstanding power densities up to 2.5 W/cm² have been accomplished 

on lab-scale, indicating that such low anode loadings generally can suffice [36]. Ultra-low loadings on 

anode side ranging from 12.5 – 25 µg/cm² in combination with cathode loadings between 50 to 100 µg/cm² 

are envisioned by the DOE to meet the cost target of $40/kWnet by 2025 [9,53]. With respect to the anode, 

the question is how to protect the electrode versus fuel starvation and impurity effects, to allow for such a 

significant loading reduction. 

During fuel starvation, the hydrogen supply of the anode is disturbed due to liquid water or ice 

blocking diffusion pathways through the flow field and GDL, or due to imbalanced fuel distribution during 

transient operation. If current is drawn while fuel is lacking, a mass transfer induced overpotential drives 

the anode potential to levels where water electrolysis eventually commences (>1.23 V), which provides 

protons and electrons and is measurable as a negative cell voltage due to Ecell = Eca - Ean [52]. At high 

electrode potentials, though, oxidation of the carbon support with water according to equations (2-17) and 

(2-18) is severely accelerated. Over extended period of times, fuel starvation therefore essentially leads to 

the irreversible loss of catalyst support in the anode electrode. 

 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−, E0 = 0.207 V (vs.  standard hydrogen electrode, SHE) (2-17) 

 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒−, E0 = 0.518 V (vs. SHE) (2-18) 
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Strategies to mitigate cell reversal events range from cell voltage monitoring systems to prompt current 

interruption as a response to negative cell voltages, the implementation of an OER catalyst into the anode 

electrode such as iridium oxide (IrO2) to promote electrolysis, referred to as reversal tolerance additive 

(RTA) [34], or the addition of H2 spillover materials such as tungsten oxide (WO3), which incorporate H2 

in times of excess and release it during starvation events [54]. Particularly RTAs are increasingly 

implemented into state-of-the-art automotive anode electrodes, though RTAs also suffer from deactivation 

during starvation phases primarily due to species generated via carbon corrosion, but also due to the 

collapse of the electrode and loss of the connection between carbon and RTA particles [55]. During fuel 

starvation, the longevity of the RTA and consequently the anode depends on the amount and distribution of 

RTA, but also on the water content in the electrode [52,56]. Ideas to protect the RTA versus deactivation 

are scarce, but range from optimization of RTA particle size and distribution, to adding a thin silicon 

dioxide (SiO2) protective coating onto the RTA [57]. Such SiO2 coatings generally have shown to improve 

the stability of carbon supported electrocatalysts versus degradation mechanisms like catalyst dissolution 

and carbon corrosion, while the activity is barely or not at all affected, because the few nanometer thick 

porous coating still allows for sufficient reactant diffusion [58–60]. Two methods for fabrication of SiO2 

coatings on catalyst powders have been employed: first the conventional sol-gel chemistry method 

comprising the adsorption of multiple Si-containing nucleating agents on the catalyst powder in a 

dispersion, and second, the atomic layer deposition (ALD) method coupled with a fluidized bed reactor to 

whirl the catalyst powder during the deposition process [61]. Especially the sol-gel method has been used 

on PEMFC electrocatalysts over the last 15 years, since Takenaka et al. reported their works on SiO2 

coated Pt deposited on carbon nano tubes (CNT) in 2008 [62]. Since then, variations in carbon support and 

catalyst types, silicon precursors and additives have shown that the integrity, porosity and hydrophobicity 

of a sol-gel based SiO2 coating can be modified and with that, the impact it has on PEMFCs [58,60,63–65]. 

For example, if the SiO2 coating completely or partially covers a carbon supported catalyst (schematically 

shown in Figure 3), depends on the interactions between solid surfaces and the silicon precursors during 

the hydrolysis, and seems to be affected by the combination of catalyst and support types on one hand, and 

Si-precursors on the other. 

 

   
Figure 3 Illustration of Pt/C particle fully or partially covered with SiO2 

 

Graphitic carbon surfaces, having fewer defects and elements other than carbon in the lattice, 

eventually provide different sites for adsorption of OH-groups and silicon precursor molecules as 

compared to carbon particles with higher specific surface areas, defect densities and different elemental 

compositions. Furthermore, the pore sizes in the SiO2 layer appear to depend on the combination of the 
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precursors such as 3-aminopropyltriethoxysilane (APTES), triethoxysilane (TEOS) and 

methyltriethoxysilane (MTEOS) [66]. SiO2 coatings based on APTES and TEOS revealed lower oxidation 

currents for alcohols with larger molecule sizes as compared to coatings based on APTES and MTEOS, 

indicating smaller pores for the coating of the former combination. Intuitively the question arises, whether 

SiO2 coatings also could act as adsorption barriers versus impurity species in a PEMFC operated with 

contaminated H2. This question is encouraged by the fact that the stainless steel tubes used to supply 

contaminants for in-situ PEMFC tests at Fraunhofer ISE are coated with SilcoNert®, a coating based on 

SiO2, to minimize the adsorption particularly of sulfuric species on the metal surfaces. Hence, this question 

was picked up within this dissertation, in which a coating based on the hydrolysis of APTES and TEOS 

was employed on a Pt/C catalyst used in the anode electrode, to investigate its effect on fuel impurities, 

namely carbon monoxide (CO) and hydrogen sulfide (H2S). 

2.4 Fuel impurities 

Hydrogen (H2) is produced in large scales over a variety of processes from both fossil fuels and renewable 

sources, and it is a crucial feedstock for many industrial sectors. In 2019, steam methane reformation 

(SME) and partial oxidation (POX) of coal provided about 76% and 23%, of the 70 Mt of commercially 

used H2, respectively, while water electrolysis only accounted for up to 2% of the global H2 production [8]. 

Of course, each process delivers a product of a specific purity making purification indispensable for further 

usage. For example, carbon monoxide (CO), methane, formaldehyde, nitrogen (N2), argon and water (H2O) 

resemble the most likely occurring impurities in H2 from SME even after purification, as compared to H2O, 

oxygen (O2), N2 and carbon dioxide (CO2) from electrolysis [40]. When H2 incurs as a by-product from 

chemical processes, or is produced from biomass or coal gasification, additional species like sulfuric or 

halogenated species, or formic acid are possible. Depending on the feedstock, the production process, the 

infrastructure including transportation, conditioning and dispensing, additional trace amounts of elements 

or compounds stemming from odorants, cleaning agents or chemicals can be introduced into the H2 fuel. 

Most impurities are removed subsequent to production down to concentrations of a few parts per 

million (ppm) or billion (ppb) via pressure or temperature swing adsorption processes (PSA and TSA) to 

achieve H2 purities of about 99 to 99.999%. However, purification comes at a cost, because every 

purification cycle requires energy to compress or heat the gas, while a fraction of the product is lost during 

frequent system purges. About 74% of the annual H2 production is consumed in processes, where purity is 

less of a concern such as oil refining or the production of ammonia, methanol or steel. For many other 

processes, however, purity is of crucial importance to prevent undesired losses in system efficiency or 

lifetimes. Fuel cells, particularly PEMFCs used in automotive applications, are extremely sensitive to 

specific impurities and therefore require H2 of high purity with very low concentrations of these species, 

which are listed in the quality standard ISO 14687:2019 for H2 dispensed at refilling stations (Table 2). 
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Table 2 Hydrogen for automotive application: ISO 14687:2019 fuel purity standard [40] 

Characteristics (assay)a Type I, Type II, Grade D 

Hydrogen fuel index (minimum mole fraction)b 99.97% 

Total non-hydrogen gases 300 ppm 

Maximum concentration of individual contaminants  

Water (H2O) 5 ppm 

Total hydrocarbons except methane (C1 equivalent)c 2 ppm 

Methane (CH4) 100 ppm 

Oxygen (O2) 5 ppm 

Helium (He) 300 ppm 

Nitrogen (N2)  300 ppm 

Argon (Ar) 300 ppm 

Carbon dioxide (CO2) 2 ppm 

Carbon monoxide (CO)d 0.2 ppm 

Total sulfur compounds (S1 equivalent)e 0.004 ppm 

Formaldehyde (HCHO) 0.2 ppm 

Formic acid (HCOOH) 0.2 ppm 

Ammonia (NH3) 0.1 ppm 

Total halogenated compounds (Halogenat ion equivalent)f 0.05 ppm 

Maximum particulates concentration 1 mg kg-1 
a 

 

For the constituents that are additive, such as total hydrocarbons and total sulphur compounds, the sum 

of the constituents shall be less than or equal to the acceptable limit. 
b The hydrogen fuel index is determined by subtracting the "total non-hydrogen gases" in this table, 

expressed in mole percent, from 100 mole percent. 
c Total hydrocarbons except methane include oxygenated organic species. Total hydrocarbons except 

methane shall be measured on a C1 equivalent (μmol/mol). 
d The sum of measured CO, HCHO and HCOOH shall not exceed 0,2 μmol/mol. 
e As a minimum, total sulphur compounds include H2S, COS, CS2 and mercaptans, which are typically 

found in natural gas. 
f All halogenated compounds which could potentially be in the hydrogen gas [for example, hydrogen 

chloride (HCl) and organic chlorides (R-Cl)] should be determined by the hydrogen quality control 

plan discussed in ISO 19880-8. Halogenated compounds shall be measured on a halogen ion equivalent 

(μmol/mol). 
g Particulate includes solid and liquid particulates comprises of oil mist. Large particulates can cause 

issues with vehicle components and should be limited by using filter as specified in ISO 19880-1. No 

visible oil shall be found in fuel at a nozzle. 

 

Next to the general hydrogen purity of 99.97%, this standard names several specific components with 

maximum concentrations, which are known to be particularly harmful for PEMFC efficiency or lifetime, 

or which constitute an issue for other system components and typical system operation modes. H2O for 
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example, actually required for humidification and proper performance of the PEM, can eventually generate 

ice crystals during refilling at gas stations, which can damage the H2 tank. Inert components such as He, 

Ar, N2, and also CO2 or CH4 up to a certain concentration, can accumulate in the anode recirculation loop if 

not purged frequently to maintain proper PEMFC efficiency. Most other species, though, directly affect the 

electrochemical reactions in the MEA by either promoting dissolution and the loss of catalyst material (in 

case of halogenated compounds), or by lowering the protonic conductivity of the electrolyte (ammonia, in 

form of the ammonium ion, NH4
+) or by adsorbing on catalysts and blocking active sites (formic acid, 

formaldehyde, sulfuric species and CO). For an extensive description of the poisoning mechanisms of 

(fuel) contaminants, the reader is forwarded to reviews in literature [38,39]. In this dissertation, CO and 

H2S, two species frequently investigated in the past, have been used to examine the tolerance of the Pt 

catalyst anode electrodes versus reversible and irreversible poisoning effects and therefore are discussed in 

more detail in the next sections. 

2.4.1 Carbon monoxide (CO) 

CO is a strong poison for Pt electrocatalysts with severe effects on the PEMFC performance even at trace 

concentrations. In the anode electrode, CO adsorbs on the catalyst surfaces and competes with the 

hydrogen oxidation reaction (HOR) for active sites (2-19). 

 

𝑃𝑡 + 𝐶𝑂 → 𝑃𝑡 − 𝐶𝑂 (2-19) 

 

The bonding mode, i.e. the number of Pt sites blocked by a CO molecule, depends on the coverage of 

catalyst by CO, and shifts from bridge-bonded, (Pt)2–CO, to linear-bonded species, Pt–CO, with increasing 

coverage [67]. The CO coverage, i.e. the fraction of the total catalyst surface covered by CO, is a function 

of both, the rates of CO adsorption and of mechanisms contributing to a recovery from CO poisoning. At a 

given current density, these mechanisms are at equilibrium and a somewhat stable cell voltage is reached, 

which is below the voltage reached upon operation with neat H2.  

A crucial recovery mechanism is based on the dissociation of H2O on Pt or other metals to forming 

hydrous oxide, and the subsequent oxidation of the adsorbed CO with the OH-molecule towards CO2, 

(2-20) and (2-21). 

 

𝑃𝑡 + 𝐻2𝑂 → 𝑃𝑡 − 𝑂𝐻 + 𝐻+ + 𝑒− (2-20) 

 

𝑃𝑡 − 𝐶𝑂 + 𝑃𝑡 − 𝑂𝐻 → 2𝑃𝑡 + 𝐶𝑂2 + 𝐻+ + 𝑒− (2-21) 

 

These reactions usually require elevated potentials, because the equilibrium potential E0 for oxidation of 

CO on Pt is about 0.611 V vs. RHE. In practice, though, the oxidation occurs already at lower potentials, 

because temperature, relative humidity or catalyst nanoparticle facets and catalyst alloy compositions 

affect the oxidation potential and shift it to values as low as 0.3 V vs RHE [68]. A second recovery 

mechanism involves the (electro-)chemical oxidation of CO with O2, diffusing from the cathode to the 
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anode or present in trace amounts in the H2 fuel, which adsorbs on Pt in the anode to react with CO to CO2, 

(2-22) and (2-23). 

 

2𝑃𝑡 + 𝑂2 → 𝑃𝑡 − 𝑂2 + 𝑃𝑡 → 2(𝑃𝑡 − 𝑂) (2-22) 

 

𝑃𝑡 − 𝑂 + 𝑃𝑡 − 𝐶𝑂𝑎𝑑𝑠 → 2𝑃𝑡 + 𝐶𝑂2 (2-23) 

 

With decreasing PEM thickness (automotive state of the art is between 8 – 25 µm, with 8 or even 5 µm as 

viable targets for reinforced membranes) and ionomer materials of higher diffusivity for O2 [69,70], this 

mechanism is expected to gain in significance because more O2 would diffuse through the PEM and be 

available in the anode loop. Apart from the passive addition of O2 to the anode, this mechanism can also 

intentionally be provoked via air bleeding, i.e. an active addition of air to the anode recirculation loop to 

oxidize CO (and other unwanted species that can be oxidized), while accepting the loss in efficiency due to 

H2 reacting with O2 in the anode. However, the increased O2 content in the anode can come with the 

downside of a promoted ionomer degradation, because hydrogen peroxide and radical formation, and 

consequently PEM degradation are enhanced [24].  

An elegant means to mitigate CO contamination is the addition of transition metals more oxophilic 

than Pt, which attract H2O and facilitate formation of OH-groups (referred to as bifunctional mechanism, 

similar to equation (2-20)), or which modify the electronic properties of the catalyst such that the bonding 

energy of CO on Pt is lowered and CO oxidation commences at lower potentials. Alloys of Pt with 

ruthenium (Ru), often employed in direct methanol FCs or PEMFCs operated with reformate gas, but also 

molybdenum (Mo), cobalt (Co), nickel (Ni) and iron (Fe) or a mixture thereof have shown to improve the 

CO tolerance of PEMFC anodes [74]. These alloys are sufficiently stable at normal operating conditions 

and anodic potentials below 0.5 V, but the alloying element usually exhibits increased dissolution rates 

upon exposure to high potentials, e.g. during shut-down and start-up (SD/SU) and fuel starvation events, or 

because of their lower stability in acidic media [68]. Therefore, despite their enhanced tolerance versus CO 

contamination, these catalyst alloys are usually not regularly employed in low temperature PEMFCs for 

automotive applications. With increasing operating temperatures, the tolerance of catalysts towards CO 

contamination is promoted, owing to increased reaction rates of CO oxidation in addition to the thermal 

desorption of CO [71], however, elevated temperatures usually lower the stability of PFSA based 

ionomers. Moreover, high water contents also enhance the CO tolerance of the anode electrode, because 

water molecules are required for the generation of OH-groups. Both temperature and humidity effects on 

CO oxidation potentials are visible in the shift of the oxidation peak towards lower potentials during CO 

stripping measurements [72]. Moreover, fuel utilization in the anode electrode affects the CO poisoning 

dynamics, as in-plane gradients in stoichiometry, CO concentration and water content affect the local CO 

coverage and anode overpotential [15,73]. 

Of course, reducing the PGM loading in the anode electrode also lowers the tolerance visible in the 

lower measured cell potential as a result of the higher anode overpotential, because contaminant species 

and H2 are competing for fewer active sites [41]. If the loading is to be further reduced in order to reach 

ultra-low loadings, the maximum allowable CO concentration might have to be adapted, but this requires 

extensive in-situ testing, which is part of this dissertation. 
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2.4.2 Hydrogen sulphide (H2S) 

H2S adsorbs and dissociates to elemental sulfur on catalyst surfaces, which blocks active Pt sites for HOR 

and accumulates in the anode electrode over extended times of operation at finite load (2-24).  

 

𝑃𝑡 + 𝐻2𝑆 → 𝑃𝑡 − 𝑆 + 2𝐻+ + 2𝑒− (2-24) 

Similar to CO contamination, sulfur blocks one or two sites via linear-bonded, Pt–S, and bridge-bonded 

species, (Pt)2–S, which affects the energy required to remove the sulfur from Pt via oxidation [75,76]. 

During operation of a PEMFC, sulfur contamination is predominantly irreversible and leads to a complete 

cell voltage break down, if no measures are taken to recover the cell performance. Generally, adsorbed 

sulfur can undergo oxidation in presence of oxygen species to yield water soluble sulfur oxides, but usually 

requires high electrode potentials above 0.8 – 1.2 V. At such potentials, sulfur is oxidized with water to 

sulfur dioxide (2-25), which dissolves in water forming sulfites (2-26) or sulfates (2-27) [20]. These 

species are eventually flushed out of the PEMFC with water, and the poisoned electrode recovers [44]. 

 

𝑃𝑡 − 𝑆 + 2𝐻2𝑂 → 𝑃𝑡 + 𝑆𝑂2 + 4𝐻+ + 4𝑒− (2-25) 

 

𝑆𝑂2 + 𝐻2𝑂 → 𝑆𝑂3
2− + 2𝐻+ (2-26) 

 

𝑆𝑂2 + 2𝐻2𝑂 → 𝑆𝑂4
2− + 4𝐻+ + 2𝑒− (2-27) 

 

Potentials above 0.8 – 1.2 V though are typically not reached by the anode electrode during regular 

operation, except during fuel starvation and SD/SU events, or if such potentials are enforced via an 

external power supply. Nevertheless, this process usually is not considered a feasible measure for 

automotive systems and furthermore leads to a gradual destruction of the electrode by accelerating carbon 

corrosion. However, steady-state or periodic polarizations to potentials as high as 1.4 or even 1.5 V have 

shown to recover somewhat close to 100% of the original ECSA and PEMFC performance, indicating that 

sulfur contamination is to a degree reversible [20,30,77,78]. Besides such polarizations, the interruption of 

the operation alone and maintaining OCV at otherwise constant conditions also has shown to partially 

alleviate from sulfur poisoning by allowing adsorbed sulfur to react with H2 back to H2S [13]. Furthermore, 

since water is always present in the PEMFC, sulfur species eventually oxidize and dissolve at low rates 

even during operation with H2S, with the state of the species being governed by the pH [79]. For example, 

an increase in RH from 50 to 100% during operation with 2 ppm H2S was found to decelerate the current 

decay rate by 60%, which indicates that oxidation and dissolution processes of sulfuric species are also 

occurring at regular anode potentials [80]. Another example is the active introduction of air or ozone (O3) 

into the anode compartment delaying the inevitable cell voltage break with H2S, because O2 and O3 oxidize 

adsorbed sulfur to soluble species [20,81]. These species are ultimately flushed out with excess reactant 

gas streams and water from the anode compartment, but also from the cathode compartment if dissolved 

species are transported through the PEM. Contrary to CO contamination, though, an increase in PEMFC 

operating temperature has a negative effect on sulfur contamination, visible in the 69% faster voltage 

decay for a PEMFC operated at 90°C compared to 50°C [82]. Higher temperatures accelerate the rates of 
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H2S dissociation to forming elemental sulfur on Pt, however, higher temperatures also facilitate sulfur 

oxidation at potentials above 0.8 V, because the Pt–S bond is weakened [20,76]. 

Possibilities for H2S or sulfur contamination tolerant catalysts are much scarcer as compared to CO 

contamination. The aforementioned CO tolerant catalyst alloys (Pt with Ru, Mo, Co or Fe) do not 

influence the tolerance versus H2S contamination [30]. Catalysts alloyed with palladium (Pd) and copper 

(Cu) have shown to improve the H2S tolerance, but these alloys are rather suited for use in HT-PEMFCs 

and not in automotive LT-PEMFCs, because of the excellent HOR activity of Pt catalysts and the negative 

effect of Cu on electrolyte stability [83,84]. The reduction in anode loading also generally shortens the 

durability of a PEMFC upon continuous operation with H2S contaminated fuel [14]. This points towards a 

reconsideration of the allowed concentration for sulfuric species to allow for ultra-low anode loadings, but 

it leaves the question whether realistic PEMFC operations according to automotive drive cycles including 

regular events such as SD/SU alleviate from the necessity to lower the ISO 14687 limit for sulfuric 

species. 

2.5 Scope of this dissertation 

As outlined in the previous sections, PEMFC cost and durability including the tolerance versus 

contaminants are closely related to the PGM content, namely the Pt loading of the MEAs. In order do find 

the optimal trade-off between durability and cost, it is necessary to understand the underlying degradation 

and contamination mechanisms and assess whether their effects on PEMFC performance are within 

acceptable ranges. With respect to fuel contamination, this means that not only the Pt content is considered 

a variable, but also the impurity concentration, which is allowed in the fuel at dispensing stations. If 

reductions in Pt loadings are targeted, concentration limits eventually have to be reconsidered based on 

PEMFC tests with the possible outcome, that the limits require adaption. In these regards, the tolerance of 

low and ultra-low-loaded anode electrodes versus CO and H2S contamination were investigated as a 

starting point for discussions on the necessity to tighten the fuel quality standard ISO 14687 on these 

species. Furthermore, SD/SU events are expected to show beneficial effects on sulfur contaminated 

electrodes, and therefore were included in the testing procedure to confirm the expectation. 

In the course of these investigations, electrochemical characterization methods like CV and EIS were 

employed to investigate parameters like the ECSA and electrode resistances of ultra-low-loaded electrodes. 

With lower loadings, the ratio between the currents of the processes of interest and artifacts became 

disadvantageous, such that these methods required adaption and a new artifact eventually was observed in 

CV measurements. In light of the aforementioned reductions on PGM content in the MEA, such artifacts 

are expected to be observed more often in future and clarification might be required. 

When conducting contaminant testing at low concentrations, test bench components such as tubes and 

fittings are often coated with a thin SiO2-layer as an adsorption barrier for impurity species. Such SiO2 

coatings also can be applied on electrocatalysts, where this topic already received noteworthy attention due 

to the stability enhancing and wettability changing effects. However, the impact of a SiO2 coating on CO 

and H2S contamination was not investigated yet. Considering the fact that water content has such a 

significant influence on the tolerance versus contamination, an improvement with a SiO2 coating appeared 

likely and was investigated within this dissertation. 
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These three investigations are represented by separate publications summarized by this dissertation. 

Prior to the summary, the experimental procedures are laid out and subsequently, the investigations and 

conclusions are presented and discussed in the scientific context. 
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3 Experimental 

This dissertation investigates the effect of fuel impurities on PEMFC experimentally. All in-situ 

experiments were carried out with single test cells by means of classical electrochemical characterization 

techniques. The PEMFC components used in chapter 4.1 and 4.2 were acquired from project partners and 

suppliers, while the catalyst material employed in chapter 4.3 required modifications and subsequent 

electrode and CCM fabrication. These in-house prepared materials were analysed by scanning and 

transmission electron microscopy with energy dispersive X-ray spectroscopy (SEM and TEM-EDX). In 

the following, the test bench and cell designs, testing procedures, electrode fabrication and material 

analysis are described.  

3.1 Fuel cell test bench, platform and characterization methods 

The in-situ tests were conducted on an in-house built test bench equipped with a Zahner Zennium Pro 

potentiostat and a Kikusui PLZ664WA electric load for electrochemical measurements. Gas flows and 

humidity of the reactant gases are controlled via multiple mass flow controllers (MFCs), where part of the 

gas is channeled through a bubbler and mixed subsequently with the dry gas fraction to achieve a required 

humidity. The addition of impurities (GasX) is controlled via two additional MFCs, each one for non-

adsorbing (e.g. CO, CO2) and adsorbing species (sulfuric or halogenated compounds, NH3) with the point 

of gas injection into the dry gas stream to bypass the bubbler and avoid dissolution of the GasX in bubbler 

water (Figure 4). 

 

 
 

Figure 4 Test bench schematic with two MFCs for impurities (GasX.1 and GasX.2) and SilcoNert® coated 

tubing (in blue), and the PEMFC with anode and cathode catalyst layers (CLs) 
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Moreover, the stainless steel tubing and components for GasX species, which tend to adsorb on metal 

surfaces (like sulfuric species or NH3), were coated with a SiO2 coating (SilcoNert® prepared by SilcoTek 

GmbH) as adsorption barrier. 

The typical in-situ procedures for MEA characterization required adaptions to accommodate the 

investigations of the contaminated anode electrodes. For cyclic voltammetry (CV) analysis of the anode, 

the working, counter and reference electrodes (WE, CE and RE) have to be exchanged, for which there 

exist three options (Figure 5).  

 

a)        b) 

   
c) 

 
 

Figure 5 Alternatives of cell preparation for CV analysis of the anode electrode, a) MEA rotation, b) switch 

of gas supply and electrical connections and c) H2 pumping and N2 purge of both electrodes, closure of back 

pressure valves and subsequent CV in negative potential ranges (e.g. from -0.05 – 0.9 V) 

 

The first option is a simple rotation of the MEA after a shutdown of the cell, such that the actual anode 

electrode becomes the WE (Figure 5 a). The second option comprises the exchange of the H2 and N2 

supply and of the electrical WE, CE and RE connections (Figure 5 b). Due to safety precautions, the test 
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bench design did not provide for an automated exchange of the H2 and N2 supply and therefore manual 

modifications were obligatory. The third option requires electrochemical pumping of H2 towards the 

cathode at cell potentials (U.c) below ~0.1 V, the purging of the anode with N2, and a CV measurement 

between potentials of e.g. -0.05 to -0.9 V, while gas flows are switched off and back pressure valves closed 

to minimize gas agitation in both compartments. The advantage of the latter is the possibility for a fully 

automated operation, however, the conditions during the CV are comparably instable due to the lack of 

controlled gas flows, while additionally the test bench electric hardware limited from this option, hence, it 

was not considered for this work. Which option suits best for fuel contamination studies depends on test 

bench capabilities and whether the MEA is exposed to ambient air and temperatures during the preparation 

for the anode CV, which eventually would recover the MEA from contamination. For studies investigating 

the ECSA at begin-of-life (BOL) or tests without contamination, option a) was deemed sufficient. 

Measurements including contamination, particularly H2S and its effect on the ECSA, required option b) to 

minimize exposition of the MEA towards air. In addition to the configuration, the timing of the different 

characterization methods after contamination can be of relevance. For example, for CV analysis of sulfur 

contaminated anode electrodes, the method should be timed such that the test bench downtime is kept as 

short as possible for the necessary modifications to prevent unwanted recovery from sulfur contamination.  

The single cell platform used for in-situ testing was updated in the course of the project from a 

differential test cell provided by an industry project partner (with 20.25 cm² active area) to the current 

standard single cell test platform at Fraunhofer ISE, the balticFuelCells GmbH qCF Liquid Cooling High 

Amp (with 12 cm² active area). Both test platforms are differential cells, which are operated at high gas 

flow rates to minimize in-plane gradients in reactant composition, humidity and temperature over the 

active area. Operating parameters were adapted to eventually correlate to specific publications in literature, 

or according to the research question of the respective chapter (Table 3). For example, during the studies 

focussing on the correlation between Pt loading and contamination effect, the operating conditions were 

adjusted to publications by Hashimasa et al. [14,41], because the authors investigated the reduction of the 

anode loading down to 50 µg/cm2, and this dissertation continued to even lower loading values. On the 

other hand, for the study focusing on the effect of the SiO2 coating on contamination, the relative humidity 

was varied as the interplay between the SiO2 and water was of interest. 

 
Table 3 Operating parameter ranges 

Parameter Chapter 4.1 Chapter 4.2 Chapter 4.3 

Cell type  

(active area) 

Baltic qCF highAmp  

(12 cm²) 

Baltic qCF confidential 

(20.25 cm²) 

Baltic qCF highAmp 

(12 cm²) 

Flowrate an 2 l/min 3 l/min 2 l/min 

Flowrate ca 5 l/min 7 l/min 5 l/min 

Cell temperature 80°C 

Rel. humidity an 95-100% 40 / 70 / 100% 

Rel. humidity ca 75-100% 40 / 70 / 100% 

Inlet pressure an 1.05-2 bara 

Inlet pressure ca 1.05-2 bara 
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Contamination tests in literature usually include polarization curves with and without, or before and 

after the exposition to contaminant gases to evaluate the performance difference with the contaminant 

[81,85], or static operation at a fixed current or potential to measure the performance decay over time 

[15,86]. In addition, electrochemical impedance spectroscopy (EIS) can also be employed to further 

investigate the contamination mechanism of a contaminant [87], however, as the mechanisms of CO and 

H2S are already well known, EIS was predominantly used to assess the high frequency resistance (HFR) 

during polarization curves and only added during the contaminant tests with SiO2 coated catalyst material 

in chapter 4.3. CV can be employed to determine the oxidation potentials of CO [29,68] or sulfur [20,30], 

which gives information on the energy required to oxidize adsorbed species from the catalyst surfaces. The 

testing sequences used in this dissertation are combinations of these methods, and the detailed sequences 

and parameters are given in the respective publications. 

3.2 Materials 

The materials used in chapters 4.1 and 4.2 were provided by associated project partners, whereas the 

materials for chapter 4.3 required partial modification with subsequent in-house electrode and CCM 

fabrication. Generally, all MEAs comprised of electrodes with low anode and high cathode Pt loadings, 

state-of-the-art automotive PEMs and a comparably hydrophobic GDL (Table 4). Low anode and high 

cathode loadings were selected to focus on contamination effects of the anode electrode and to minimize 

the influence of the cathode electrode. For example, sulfur contaminated fuel will predominantly affect the 

HOR kinetics at the anode electrode by adsorption of elemental sulfur on the catalyst surface. However, 

sulfuric species can diffuse or be transported through the PEM to the cathode electrode, where they 

eventually affect the ORR kinetics [80]. In addition, a hydrophobic GDL (i.e. with a relatively high 

amount of hydrophobic agent) was chosen to allow for performance tests at or close to 100% RH without 

the risk of flooding the MEA at high current densities. 

  



 

25 

Table 4 Cell platform and MEA specifications 

 Chapter 4.1 and 4.2 Chapter 4.3 

Catalyst (an/ca) 
Pt nanoparticles  

on C support 

Pt loading an 15 / 25 / 50 µg/cm² 70 µg/cm² 

Pt loading ca 400 µg/cm² 550 µg/cm² 

C support an 
Graphitized carbon 

(confidential) 

Graphitized carbon  

(Umicore Elyst Pt20 0390) 

C support ca High surface area carbon 

(confidential) 

High surface area carbon  

(Umicore Elyst Pt50 0550) 

PEM 
15 µm, reinforced 

(confidential) 

15 µm, reinforced  

(Fumatech FS-715-RFS) 

GDL (an/ca) Freudenberg H23C9 

 

The CCMs supplied by associated project partners were protected by a non-disclosure agreement 

(NDA) and therefore further details about electrodes and the PEM are confidential. In contrast, the 

materials modified and processed in-house were analysed via SEM and TEM-EDX to assess structures, 

average compositions and distribution of the elements and the material details could be named. 

3.3 Elemental and morphological analysis via SEM- and TEM-DX 

Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX, FEI 

Quanta 400 with EDAX detector system for EDX spectrometry) was primarily employed to analyse the 

elemental composition and structures of fabricated catalyst powders and electrodes. SEM imaging and 

EDX analysis were conducted at high acceleration voltage (30 kV) and spot sizes on piles of catalyst 

powders to acquire average material compositions and assess powder and decal structures. For elemental 

analysis of catalyst materials, inductively coupled plasma mass spectroscopy (ICP-MS) or optical emission 

spectroscopy (ICP-OES) are often employed because of their high sensitivity to low concentrations of a 

broad range of elements, but these destructive methods require the dissolution of the solid material in a 

mixture of hydrofluoric, nitric and/or hydrochloric acid. The advantage of SEM-EDX over ICP-MS/OES 

lies in the simultaneous morphological and elemental analysis, while sample material is not destroyed and 

available for further usage. As the amount of the modified catalyst materials were barely sufficient for the 

in-house electrode paste fabrication, SEM-EDX was employed to evaluate the average compositions. 

Scanning transmission electron microscopy (STEM) coupled with EDX (ThermoFisher Scientific 

Talos F200X STEM, equipped with Bruker Super-X four silicon drift detectors for EDX spectrometry) 

was employed to investigate the local distribution of the SiO2 coating on the catalyst particles or 

agglomerates and furthermore evaluate the Pt particle size distribution at high resolution. As such STEM-

EDX images usually often represent agglomerates or even single catalyst particles, multiple images were 

acquired and analysed to achieve adequate statistics. 
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3.4 SiO2 coating process, electrode and CCM fabrication 

SiO2 coated electrocatalysts are commercially not available and hence, the coating and subsequent 

electrode and CCM fabrication was performed in-house. The complete description of the SiO2 coating on 

electrocatalysts can be found in the publication in chapter 4.3, however, additional relevant information is 

provided in the following. In short, the SiO2 coating process is based on the hydrolysis of silicon-

containing precursors on carbon supported platinum electrocatalysts (Pt/C) dispersed in water and ethanol, 

the subsequent phase separation via centrifugation, and the drying and calcination of the slurry. To exert a 

similar heat treatment on the reference anode catalyst material, Pt/C powder without SiO2 was added in a 

separate tray into the oven during calcination of the SiO2-Pt/C. After calcination, the SiO2 coated product 

contained agglomerates and chunks in sizes up to several mm in diameter (Figure 6 a). This material was 

ball milled to acquire a fine SiO2-Pt/C catalyst powder prior to the subsequent paste and electrode 

fabrication processes. 

 

a) 

 

b) 

 
Figure 6 SEM images of a) the SiO2-Pt/C agglomerates after calcination and b) the dried electrode surface 

on the decal after ball milling, paste fabrication and printing  

 

Catalyst pastes for anode and cathode electrodes were generally prepared in a similar manner by 

mixing the respective catalyst powder with ionomer in water and alcohols using an axisymmetric 

centrifuge and magnetic stirring. For all pastes, the same solvents and ionomer content in the electrode 

(30 wt.%) were employed. The pastes were screen printed on substrates to generate electrode decals with 

target loadings of 0.07 and 0.55 mgPt/cm-
² for anode and cathode electrodes, respectively. SEM images of 

the electrodes containing Pt/C and SiO2-Pt/C revealed agglomerates of catalyst particles in sizes up to 20 

µm diameter despite the ball milling (only conducted on SiO2-Pt/C material) and mixing steps for all 

electrodes (Figure 6 b). Agglomerates or defects in electrodes are subject to current research at Fraunhofer 

ISE, since their influences on PEMFC performance and durability are not yet fully understood. 

Agglomerates in the electrode eventually exert mechanical strain on the PEM, and electrode delamination 

from the PEM amplifies mechanical-chemical degradation of the ionomer [88,89]. Catalyst material inside 

of these agglomerates eventually lacks of contact to the proton conducting ionomer, but this role can be 

500 µm 100 µm 
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adopted by water penetrating into these particles during PEMFC operation. Since these agglomerations 

were visible for all electrodes in this work, they were considered negligible, and the electrodes accepted 

for further testing. For fabrication of the catalyst coated membrane (CCM), each an anode and cathode 

decal were hot pressed onto an automotive PEM. The CCMs were framed using laser cut polyethylene 

naphthalate (PEN) foils and assembled with the GDLs to form the membrane electrode assembly (MEA). 
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4 Results in the context of PEMFC research 

This dissertation is a composite of three publications investigating the effects of fuel contaminants, namely 

CO and H2S, on PEMFCs with low-loaded anode electrodes, the CV analysis thereof and an alternative 

route to manipulate the tolerance versus fuel contamination. In the following, the main results of the three 

publications are summarized and embedded into the general context of PEMFC research and development. 

The conclusions and outlook are provided in Chapter 5, whereas the full length publications can be found 

in Chapter 6. 

4.1 CV analysis of low-loaded PEMFC electrodes 

Cyclic voltammetry (CV) analysis, one of the most important methods for the characterization of 

electrocatalysts, provides information on oxidative and reductive charge transfer processes on electrode 

surfaces. Knowledge of the limitations and the influence of measurement conditions are indispensable to 

investigate a process of interest. Works in literature provide guidelines on how to conduct CV analysis of 

electrochemical systems in general [90,91], or in more detail, which artifacts can occur during CV analysis 

of PEMFC electrodes [92,93]. However, with new materials or setups, re-evaluation of the limitations and 

measurement conditions eventually is required. For the specific case of low-loaded PEMFC electrodes, 

several best practices for CV analysis were re-evaluated in the course of this dissertation because of 

difficulties arising from unfavorable ratios between the currents from electrochemical processes of interest 

and from artifacts or noise. One of the measures to manipulate the shape of a CV is the potential sweep 

rate, which determines the time for an electrochemical process to develop and complete. Faster sweep rates 

eventually shorten the time for potentially disturbing processes to unfold while processes of interest are 

emphasized. Therefore, to accentuate particularly hydrogen adsorption and desorption and to facilitate the 

determination of the ECSA from hydrogen underpotential deposition (HUPD), the sweep rate was raised 

from the often used 20 to 100 mV/s. Furthermore, the WE requires purging with N2 for removal of the 

oxidant, however, maintaining the N2 purge flow during the CV increases the Nernst potential for H2 

evolution, which is proportional to the ratio of H2 concentrations in CE and WE (2-11). 

 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 ∝ 𝐿𝑜𝑔 (
𝐶𝐻2,𝐶𝐸

𝐶𝐻2,𝑊𝐸

) (4-1) 

 

With N2 purge switched on during the CV, the evolving H2 is removed from the WE and additional H2 is 

“electrochemically pumped”, i.e. transported from CE to WE. Currents associated to H2 pumping and the 

reverse process of oxidation of accumulated H2 in the WE, sometimes referred to as “concentration cell 

effect”, were found to affect particularly H-desorption charges relatively more severe for low-loaded anode 

as compared to high loaded cathode electrodes as shown in Figure 7. 
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Figure 7 CV measurements of high loaded cathode and low-loaded anode electrodes (400 vs. 50 µg/cm² 

Pt/C, respectively) with the variation range in ECSA based on total ECSA value due to N2 purge on or off (dark 

vs. bright transparent areas) for different lower charge integration limits U.int shown in the inset 

 

To improve statistics, the ECSA can be averaged from both H-adsorption and desorption of multiple 

CV cycles, which ideally yields similar values, i.e. low variation ranges. However, for CV analysis of low-

loaded electrodes, the variation range was at unfavorable levels with N2 purge of the WE switched on 

during the CV, and consequently the purge was omitted. An alternative to minimizing variation range due 

to the influence of the concentration cell effect is to increase the lower potential limit for integration (U.int 

in Figure 7) of the HUPD charge transfer, e.g. from 0.09 to 0.15 V, which in turn results in the 

underestimation of the ECSA. During these re-evaluation tests, an artifact was observed, which could not 

be fully explained by works in literature and therefore was investigated in more detail. The artifact shows 

itself as an oxidation peak overlapping the Pt oxide reduction during the cathodic CV transient, and is 

described in the publication “Hydrogen oxidation artifact during Platinum oxide reduction in cyclic 

voltammetry analysis of low-loaded PEMFC electrodes”, provided in Chapter 6.1. [94]. The artifact 

significantly affected the ECSA evaluation from HUPD, specifically from H-adsorption and therefore was 

investigated within this dissertation. Through a parametric study, this oxidation peak could be associated to 

the spontaneous HOR of previously accumulated crossover hydrogen (H2X), for which specific criteria have 

to be fulfilled that it can be observed. First, the artifact predominantly occurs during CV analysis of low-

loaded electrodes composed of catalyst material, whose oxide is completely inactive towards HOR. 

Second, the potential window and sweep rate have to be appropriate for catalyst oxide formation and the 

accumulation of H2X, e.g. with the upper potential limit >0.9 V for Pt. Third, the CV measurement must be 

carried out without N2 purge of the WE, such that H2 can accumulate and is not purged prior to the Pt oxide 

reduction. For higher loaded electrodes, the artifact is usually not observed as Pt or alloys including Pt 

either are not fully covered by an oxide layer, such that H2X is continuously oxidized, and/or the currents 



 

31 

associated to the oxide reduction are much larger than the spontaneous HOR of H2X, and the oxidation peak 

is barely, if at all, noticed. Although this artifact does not provide any further information on catalyst 

structures or parameters besides the fact that Pt (or other catalyst) oxides are eventually inactive towards 

H2 oxidation, it might interfere with the ECSA determination from H-adsorption and furthermore with the 

analysis of the currents associated to Pt oxide reduction. Knowledge of this artifact and the selection of 

appropriate conditions for CV analysis of low-loaded electrodes are indispensable, especially when 

considering the targeted PGM contents for the anode and cathode electrodes, for which the artifact might 

be observed more often in the future. If CV conditions are appropriate, i.e. high CV upper potential limit as 

it is eventually used for investigations into sulfur oxidation or metal oxide development, and the N2 purge 

is switched off, this peak can overlap the currents associated to metal oxide reduction. Further, it might 

emanate into the double layer potential window, where it disturbs the evaluation of the double layer charge 

transfer and consequently the ECSA determination from H-adsorption as shown in Figure 8. 

 

 
Figure 8 CV measurements of low loaded anode electrode (50 µg/cm² Pt/C) with and without N2 purge and 

upper potential limit (U.lim) of 0.9 V, with the ratio of H-desorption vs. adsorption charges shown in the inset 

for U.lim upt to 1.4 V (U.int for ECSA determination 0.15 V). The oxidation peak in the cathodic transient leads 

to the increase in the ratio if N2 purge is switched off, while the concentration cell effect causes the decrease 

with N2 purge switched on. 

 

As shown in the inset, the ratio of H-adsorption vs. desorption increases in consequence of the 

oxidation peak occurring in the cathodic transient, which complicates the evaluation of the double layer 

charge transfer currents when the N2 purge is switched off. Vice versa, if purge is switched on, the ratio 

decreases due to the concentration cell effect altering specifically H-desorption charges despite the 

selection of a lower charge integration limit U.int of 0.15 V. 

Comparable oxidation peaks in the cathodic transient of CVs were reported for Pt catalysts by 

Tahmasebi et al. [95] and for Pd based electrodes by Zhao et al. [96] as shown in Figure 9, which the 

authors though observed in electrochemical systems different from H2 and air PEMFCs. Tahmasebi et al. 

Oxidation peak in 
cathodic transient 
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investigated oxidative and reductive processes on Pt electrodes in a rotating disk electrode (RDE) setup 

purged either with N2, O2 or H2, which is where the authors noticed the oxidation peak during Pt oxide 

reduction in the cathodic transient (Figure 9 a). They attributed this peak to a short-lived increase of the 

ECSA, or to a synergetic effect arising from changes in surface electronic structure in the presence of 

dissolved H2 during Pt oxide reduction. Though possible, the more applicable explanation might be related 

to the work by Zhao et al. on the origin of an oxidative peak in the cathodic transient referred to as Jb in 

their study. 

 

a) 

 

b) 

 

Figure 9 CV profiles of a) Pt(poly) in 0.5 M aqueous H2SO4 saturated with H2, and b) of methanol oxidizing 

on a Pd electrode taken from Tahmasebi et al. [95] and Zhao et al. [96], respectively, with the oxidative peak 

marked in red. 

 

Zhao et al. investigated the oxidation of alcohols on noble metal electrodes, where the ratio of Jf/Jb, 

with Jf as the oxidation peak current in the anodic scan (Figure 9 b), is used as an indicator for the carbon 

monoxide tolerance of the catalyst. However, the authors concluded that the peak simply arises from fresh 

alcohols oxidizing on the metal catalyst surfaces once the surface oxides are reduced during the cathodic 

scan. A comparable explanation likely applies for the peak reported by Tahmasebi et al., where H2 

dissolved in the RDE electrolyte solution near the catalyst surfaces is eventually oxidized during Pt oxide 

reduction. Further studies reporting this oxidation peak, also on low-loaded electrodes tested in-situ in 

PEMFCs operated with H2 and air, were not found in literature, either because N2 purge is usually activated 

during CV analysis, and/or electrode loadings investigated via CV are larger than the anode loadings 

employed in this dissertation. 

4.2 Hydrogen quality standard ISO 14687 and updates thereof 

The tolerance of a PEMFC electrode towards specific contaminants is closely related to the electrode 

loading and ECSA, because nominally larger catalyst surface areas provide a larger buffer versus 

contaminant coverage and therefore endure higher contaminant dose. With the target to lower the amount 

of PGMs in PEMFCs, the surface area and hence, the tolerance eventually decreases such that the 

acceptable limits for contaminants have to be reassessed. In this context, the International Organization for 

Oxidation peak 
Oxidation peak 
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Standardization (ISO) frequently revisits and updates the hydrogen quality standard for PEMFC vehicles 

ISO 14687. This standard, created in 1999 and revisited in 2001, 2008, 2012, 2014, 2019, is currently 

being updated in the technical committee (TC) working group (WG) ISO/TC 197/WG 27 by stakeholders 

from industry and research institutes concerned with H2 production, infrastructure and usage in PEMFC 

vehicles [97]. To justify possible adaptions of the standard, committee members conduct tests, but also 

include literature references into their decision-making. These tests often follow the guidelines for PEMFC 

contamination tests outlined in a standard published by the Society of Automotive Engineers, the SAE 

J3219, which summarizes best practices for PEMFC fuel quality screening [98]. The results of the ISO/TC 

197 revision will be published in the committee draft (CD), ISO/CD 14687, on which national bodies can 

vote and comment, and which upon approval will replace the former version of ISO 14687:2019. In this 

context, the target of low and ultra-low-loaded anode electrodes for PEMFCs requires contaminant testing 

to assess whether adaptions of impurity limits are necessary. 

H2 for PEMFC vehicles can contain a multitude of impurities, such as oxidized, sulfuric, halogenated, 

or inert species, and their occurrence and concentrations depend on the H2 feedstock, production, and 

purification processes. The occurrence of several species is considered unlikely owing to alternative, 

“clean” H2 production or efficient purification systems [40], however, impurity testing is still required 

because the ISO 14687 ultimately states all relevant impurities and their limits irrespective of the H2 

source. In this dissertation, carbon monoxide (CO) and hydrogen sulfide (H2S), species only possible in H2 

stemming from fossil fuel-based processes, were used as contaminants because these species are known 

strong catalyst poisons and the severity on MEAs with ultra-low-loaded anode electrodes as well as the 

effect of shut-down and start-up (SD/SU) events on sulfur contaminated electrodes required evaluation. 

These investigations are described in the publication “Tolerance and recovery of ultra-low-loaded platinum 

anode electrodes upon CO and H2S exposure” [99], provided in Chapter 6.2. This publication is related to 

the works by Hashimasa et al. [14,41], who reported the PEMFC tolerance decreasing effect by lowering 

the Pt based anode electrode loading from 400 to 50 µgPt/cm². The in-situ contamination tests included 

galvanostatic operation of single cells comprising of low-loaded anode electrodes with 50, 25 and 

15 µgPt/cm², and using fuel contaminated either by CO or H2S in concentrations at or close to the respective 

limits, i.e., 0.2 ppm for CO and 0.004 ppm for sulfuric species (e.g. H2S). In addition, the effect of SD/SU 

events on sulfur contaminated anode electrodes was investigated by means of CV analysis to assess the 

catalyst surface covered and freed from sulfur by the SD/SU. 

First, the publication establishes the difficulties arising from the evaluation of the ECSA from CVs of 

ultra-low-loaded electrodes, because artifacts and noise gain in relevance in consequence to the low 

currents from electrochemical processes on the small Pt and carbon surface areas (see chapter 4.1). Critical 

parameters and options for CV analysis usually are the cell temperature and gas humidity, the sweep rate, 

the potential window for the sweep on one and for the ECSA determination on the other hand, and whether 

the cathode electrode is continuously purged with N2 during the CV. For the contamination studies in this 

dissertation, these operating parameters were varied to find the parameters giving most reproducible CV 

measurements of ultra-low-loaded electrodes. Main differences to regularly employed parameters were a 

comparably high sweep rate of 100 mV/s (versus 20 mV/s often employed in literature) to minimize the 

significance of current noise, the deactivation of the N2 purge during the CV due to extreme H2 evolution 

currents as soon as purging was activated, and a decrease of the potential window to 0.15 – 0.3 V used for 
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ECSA determination. Especially the latter leads to an underestimation of the ECSA, however, it still 

allows for a relative comparison of the ECSA of an electrode before and after (sulfur) contamination. 

Second, the PEMFC performance, evaluated via polarization curves and chronoamperometric 

operation at 1 A/cm² in neat H2, shows that the performance and voltage decay rates over time are 

independent of the anode electrode loading and no increase in anode overpotential due to ultra-low 

loadings is observed. This is in line with the study by Kinoshita, reporting no significant increase in 

overpotential and current decay rate for loadings above 10 µg/cm² [100]. This observation changes 

dramatically upon the introduction of 0.4, 0.2 or 0.1 ppm CO in H2, which causes the voltage to decrease 

by 25 – 60%, 10 – 50% and 5 – 40%, respectively, for the MEAs with the three different anode loadings of 

50, 25 and 15 µgPt/cm². In literature, a threshold often used as a maximum for contamination induced 

effects in chronoamperometric measurements is 50 mV, which resembles 7% based on the measured 700 

mV at 1 A/cm² in neat H2 for all tested anode electrodes. If these results were used for discussions on 

adaptions of the ISO 14687 CO limit, only the 50 µg/cm² anode electrode and a CO concentration of 0.1 

ppm would pass the test. For all other loadings and CO concentrations, the results would indicate the 

necessity to either reduce the CO limit or adapt the anode electrode design. 

Third, the decrease in anode loading results in a decrease of the durability upon H2S contamination, 

however, this decrease is disproportional to the sulfur dose (molar mass of H2S until a voltage drop by 

30 mV is reached), indicating a relaxation of the contamination mechanism for lower loaded electrodes, 

where the loading reduction is achieved by reducing the electrode thickness. In addition, SD/SU events 

were found to recover sulfur contamination visible in a slight increase in ECSA of a poisoned anode 

electrode after the event. The nominally recovered ECSA was in comparable ranges for the three types of 

anode electrodes (approximately 2.7 – 4.4 m²/gPt), corresponding to an almost full ECSA recovery for the 

lower loadings based on the higher values after contamination. In combination, both findings allow for the 

hypothesis that interfacial effects either between the PEM and electrode, or the electrode and MPL play a 

role in sulfur contamination and recovery thereof, which would affect thinner electrodes to larger extend as 

thicker electrodes at otherwise similar electrode designs. For catalyst dissolution during ASTs, an analogue 

observation can be observed: Pt dissolved upon potential cycling is transported into the PEM, which was 

more profound in proximity to the PEM and ultimately resulted in a Pt depleted zone in the catalyst layer 

(CL) at the CL/PEM interface [25]. A comparable mechanism appears possible for oxidized and dissolved 

sulfur species at the electrode interfaces, where these species are eventually transported within water from 

the electrode. 

In terms of discussions on adaptions of the ISO 14687, these results are controversial. On one hand, 

sulfur contamination still leads to complete voltage break downs during operation for lower loadings, 

while on the other hand, typical SD/SU events recover from the poisoning and eventually relax from the 

necessity to lower the ISO limit for sulfuric species. In addition, further mechanisms can contribute to a 

recovery from CO and H2S contamination in automotive PEMFC systems, which should be included in 

discussions on ISO 14687 adaptions. Table 5 lists several relevant studies investigating contamination by 

CO and H2S in the fuel, however, further works are available in literature and summarized in the reviews 

from Shabani et al. [38] and Zamel et al. [39]. 
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Table 5 Publications on CO and H2S contamination, and effects contributing to a recovery thereof. 

Author Year Title Species: conc. Testing type Electrodes Conclusion Ref. 
      [ppm]   [µg/cm²]   

 

Koski 2022 Dynamic Load Cycle Effects on PEMFC Stack CO 
Tolerance under Fuel Recirculation and Periodic Purge 

CO: 2 Static / dynamic 
load cycling 

An: 50 Pt 
Ca: ? 

Dynamic load cycling decreases impact of CO due to increased CO 
oxidation rates during high load points. 

[101] 

Papasavva 2021 Impact of anode catalyst loadings and carbon supports to 
CO contamination in PEM fuel cells 

CO: 0.1 - 0.4 Chronoamp. at 0.1 - 
1.7 A/cm² 

An: 50 - 100 Pt 
Ca: 250 Pt 

Pt supported on high surface area carbon revealed higher CO tolerance 
compared to Pt on highly graphitized carbon support. 

[21] 

Erbach 2018 CO2 Enrichment in Anode Loop and Correlation with CO 
Poisoning of Low Pt Anodes in PEM Fuel Cells 

CO: 0.05 - 0.1 
CO2: 400 – 800 

Chronoamp. at  
1 A/cm² 

An: 50 Pt 
Ca: 250 Pt 

Accumulation of CO2 and reverse water gas shift reaction leads to CO in 
anode loop, with 400 ppm CO2 comparing to 0.04 ppm CO. 

[19] 

Matsuda 2016 Adsorption behavior of low concentration carbon monoxide 
on polymer electrolyte fuel cell anodes for automotive 
applications 

CO: 0.2 - 1.0 Chronoamp. at  
1 A/cm² 

An: 110 Pt 
Ca: 300 Pt 

Linear and bridge bonded CO covering 60% of anode Pt surfaces, with 
large excess of oxygen at anode outlet due to oxygen permeation. 

[86] 

Wang 2016 The effects of hydrogen dilution, carbon monoxide 
poisoning for a Pt–Ru anode in a proton exchange 
membrane fuel cell 

CO: 50   An: 450 PtRu 
Ca: 600 Pt 

Dilution by N2 and contamination by CO "magnify their effects" when 
mixed in H2. 

[28] 

Perez 2014 Effect of fuel utilization on the carbon monoxide poisoning 
dynamics of Polymer Electrolyte Membrane Fuel Cells 

CO: 0.18 – 1 Chronoamp. at  
1 A/cm² 

An: 50 Pt 
Ca: 400 Pt 

Higher fuel utilization leads to increased CO contamination effect, with 
CO being measured almost immediately at the outlet of the anode. 

[15] 

Reshetenko 2014 Study of low concentration CO poisoning of Pt anode in a 
proton exchange membrane fuel cell using spatial 
electrochemical impedance spectroscopy 

CO: 20 Chronoamp. at  
0.8 A/cm² 
Spatially resolved 

An: 400 Pt 
Ca: 400 Pt 

CO contamination decreases cell voltage at H2 inlet, while it increases at 
the outlet. Recovery from CO occurs mainly with permeate oxygen due 
to low anode overpotential. 

[102] 

Hashimasa 2011 PEFC Power Generation Performance Degradation by 
Hydrogen Sulfide and Ammonia－Effects of Lowering 
Platinum Loading 

H2S: 0.5 - 2 
NH3: 1 – 5 

Chronoamp. at  
1 A/cm² 

An: 50 - 400 Pt 
Ca: 400 Pt 

Amount of H2S supplied to cell until voltage breaks down (by 30 mV) 
proportional to anode loading. Effect of NH3 independent of 
concentration and anode loading but depends on cathode loading. 

[14] 

Lopes 2011 The effects of hydrogen sulfide on the polymer electrolyte 
membrane fuel cell anode catalyst: H2S--Pt/C interaction 
products 

H2S: 8 Chronoamp. at 0.65 
A/cm² 
UI curves 

An: 400 Pt 
Ca: 400 Pt 

H2S dissociated on Pt to sulfur, which can be electrochemically oxidized 
to SO2 via CV. Air bleeding improves tolerance versus H2S 
contamination. 

[20] 

Hashimasa 2010 Effects of Platinum Loading on PEFC Power Generation 
Performance Deterioration by Carbon Monoxide in 
Hydrogen Fuel 

CO: 1 Chronoamp. at  
1 A/cm² 

An: 50 - 400 Pt 
Ca: 400 Pt 

Decreasing the anode loading increases the effect of CO contamination, 
with higher degree of oxidation of CO towards CO2 for lower loadings. 

[41] 

Inaba 2008 Impacts of air bleeding on membrane degradation in 
polymer electrolyte fuel cells 

CO: 5 – 150   An: 450 PtRu 
Ca: 400 Pt 

Air-bleeding with negligible effect on PEM degradation up to 2000 h of 
operation, afterwards degradation increased due to anode catalyst 
degradation and enhanced H2O2 formation. 

[24] 

Imamura 2007 Effect of sulfur-containing compounds on fuel cell 
performance 

H2S: 0.5 – 5 Chronoamp. at  
1 A/cm² 

An: 100 Pt 
Ca: 400 Pt 

No recovery from sulfur poisoning upon operation with neat H2, but 
during OCV sulfur reacts back to H2S and partially recovers cell. 
Ionomer degradation with sulfur contamination was observed. 

[13] 

Mohtadi 2003 Effects of Hydrogen Sulfide on the Performance of a 
PEMFC 

H2S: 50 Potentiostatic at 
0.69 and 0.67 V 
UI curves 

(1) An: 450 PtRu 
Ca: 600 Pt 
(2) An: 400 Pt 
Ca: 400 Pt 

PtRu does not improve H2S tolerance, but operation with neat H2 
partially recovers performance. Almost full recovery after sulfur 
oxidation via anode CV. 

[30] 
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Contaminant testing is often being conducted in single-cells at static load points following the SAE 

J3219 to improve testing reproducibility, however, realistic automotive drive cycles usually include 

variable load, start/stop procedures, purging of the anode recirculation loop, reactant starvation events or 

temperature and humidity excursions, all of which can alleviate from reversible contamination mechanisms 

[44,103]. To this effect, Koski et al. reported that dynamic drive cycling alleviates from CO contamination 

as compared to moderate, static load cycling, because fast load cycling periodically elevates the anode 

potential to levels, where CO is oxidized such that the average performance improves as shown Figure 

10 [101]. 

 

 
Figure 10 Schematic of the influence of dynamic vs. static load cycling (DLC vs. SLC) on CO fuel 

contamination, where periodic high anode overpotentials lead to electrochemical oxidation of CO and to higher 

performance for the DLC at equal average current density, taken from Koski et al. [101]. 

 

Such variations in current densities including short excursions to high load and consequently high 

anode overpotential for a contaminated electrode can help to recover the anode catalyst surfaces from 

poisons that are oxidized at comparably moderate potentials such as CO. These tests by Koski et al. were 

conducted with fuel recirculation close to realistic automotive PEMFC systems, where fuel impurities and 

gases permeating from the cathode, i.e., N2 or CO2, eventually accumulate in the loop, dilute H2 and 

intensify contamination effects. N2 is inert, however, at concentrations as high as several dozens of vol.%, 

it was found to “magnify” the effect of catalyst poisons such as CO due to different gas velocities at equal 

fuel utilization, and thus influences on PEMFC water management and mechanisms recovering from 

CO [28]. CO2 can be of harm, because CO can be formed from CO2 and H2 via the reverse water gas shift 

reaction (RWGS, (4-2)), with CO concentrations as high as 0.04 ppm from 400 ppm CO2, which is its 

concentration in air that could permeate from cathode to anode. 

 

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂 (4-2) 

 

To relieve from the accumulation of unwanted species, frequent purges of the anode loop are 

employed in automotive PEMFC systems, which releases some of the unreacted H2 into the atmosphere 

and lowers fuel efficiency, but therefore decreases diluent and contaminant concentrations. Purge 
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strategies can be based on mathematical models with operating conditions including the H2 concentration 

measured by designated sensors and stack performance as input parameters, and the goal to maximize fuel 

efficiency [104,105]. High fuel utilization, i.e., a low ratio of H2 supplied to the anode versus H2 consumed, 

and low purge rates, can improve fuel efficiency. However, if contaminants such as CO are present, their 

effect can be magnified since the contaminant partial pressures increase to the anode outlet upon 

consumption of the H2, which eventually extends the influence of CO on the current density distribution 

from H2 inlet to the outlet [15,102]. Along with PEMFC system operating strategies, the electrode and 

MEA designs with parameters such as catalyst alloy, ionomer to carbon ratio, catalyst support or ionomer 

type, membrane thickness and composition, influence the contaminant tolerance, because activity and 

accessibility of catalyst particles for reactants and contaminants, oxygen permeation and water 

management, and consequently the coverage of catalysts by contaminants varies [21,85].  

For sulfur contamination of the anode electrode, the operating strategy appears to be the main lever to 

improve the system tolerance. Operation at elevated RH or oxygen content in the anode either stemming 

from permeation from the cathode or air bleeding alleviates from sulfur poisoning [20], though air 

bleeding also decreases fuel efficiency and potentially enhances PEM degradation [24]. Supplying neat H2 

to the anode and maintaining OCV can recover from sulfur contamination by reaction of adsorbed sulfur 

back to H2S [13], whereas continuous operation with neat H2 after supply of contaminated fuel appears to 

be discussed controversial in literature as shown in Figure 11. 

 

a) 

 

b) 

 

Figure 11 H2S contamination tests showing a) cell voltage drop due to H2S, where no (significant) recovery 

upon introduction of neat H2 can be seen, but OCV-hold recovered the cell performance, and b) polarization 

curves of Pt (full symbols, e.g. ) and PtRu (open symbols ) anode electrodes, each one before and after H2S 

contamination, 24 h recovery at 0.67 – 0.69 V potentiostatic operation in neat H2 and after sulfur oxidation via 

CV, taken from Imamura et al. [13] and Mohtadi et al. [30]. 

 

Imamura et al. reported that the cell performance did not improve upon introduction of neat H2 during 

chronoamperometric tests [13], whereas Mohtadi et al. indicated a partial recovery after extended 

potentiostatic operation visible in the polarization curves, where oxidation of adsorbed sulfur at low 

reaction rates recovered the contaminated anode electrode [30]. The difference between these studies lies 

in the significantly longer time for recovery with neat H2 for the study by Mohtadi et al. (24 vs. ~1 h), 

No improvement with 
neat H2, but after OCV 

Improvement 
with neat H2 
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which indicates that a recovery from sulfur contamination during operation generally is possible, but just 

requires a remarkably long operation time. 

Whether the ISO 14687 requires adaption for ultralow anode loadings, should ultimately be based on a 

larger selection of contamination studies including PEMFC stack tests at various operation strategies 

coupled with fuel recirculation, to enable testing as close as possible to automotive application. If done so, 

an outcome could be the recommendation to alleviate impurity limits, such as e.g. reported by Viitakangas 

et al. for the cases of formic acid (HCOOH) and formaldehyde (HCOH) shown in Figure 12 [106]. 

 

a) 

 

b) 

 

Figure 12 Average cell voltage drops of stacks in chronoamperometric measurements at 0.6 A/cm² upon 

operation with a) HCOH and b) HCOOH as compared to the voltage drop in neat H2 and reference measurement 

with 2 ppm CO, taken from Viitakangas et al. [106]. 

 

In ISO 14687, both species HCOH and HCOOH are named separately with comparably low maximum 

limits of 0.2 ppm. However, the results by Viitakangas et al. acquired with PEMFC stacks, fuel 

recirculation and high fuel utilization do not support the tight threshold. Even at concentrations 200 and 

100 times larger than allowed by the ISO standard for HCOH and HCOOH, respectively, the voltage drops 

were insignificant and close to the values for reference tests with neat H2, and a relaxation of the ISO 

14687 was recommended. Similarly, the species investigated in this dissertation, CO and H2S, ultimately 

require stack tests equipped with MEAs including ultra-low loaded anode electrodes, ideally including fuel 

recirculation and automotive drive cycling, to decide for adaptions of the ISO 14687. 

4.3 Effect of SiO2 coating on CO and H2S fuel contamination 

A viable alternative to improve the tolerance of PEMFC electrodes and allow for lower anode electrode 

loadings from the perspective of contamination, is to use alloys that alleviate from specific poisoning 

effects. Specifically, Pt alloys with oxophilic transition metals, as e.g. Ru or Mo, have shown to improve 

the tolerance versus CO contamination. On the downside, these alloying elements eventually leach out of 
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the catalyst particle leaving a Pt enriched shell without the beneficial effect of the alloy, while effects by 

other impurities such as sulfuric species are not affected by it. An approach that could target both, 

preventing the catalyst material from dissolution and structural damage, while simultaneously affecting 

contaminant tolerance, are thin functional coatings on the catalyst particles. Coatings based on silicon 

oxide (for simplicity referred to as SiO2, though it exists non-stoichiometric in thin films), oxides of other 

metals or transition metals, polymers or ceramics have been used as a means to modify catalyst surfaces, 

also for the application as PEMFCs electrodes [61]. Particularly SiO2 has received significant attention as a 

coating on electrocatalysts, where it can be employed to alter the performance at specific operating 

conditions, or to stabilize the catalyst material versus degradation mechanisms. However, its effect on 

contamination from impurities in H2 and air has not been subject to investigations yet, though multiple 

mechanisms are possible that could contribute to a tolerance enhancement as shown in Figure 13. 

 

 
Figure 13. Mechanisms on how functional coatings can affect reaction mechanisms on an active metal (M). 

Depicted is the reduction of an oxidant species (O1) to forming the reductant species (R1). Contamination 

mechanisms can be affected by a) size-selection and rejection of a competing oxidant species (Oc) with spheres 

symbolizing hydration spheres, b) charge-selection, c) overlayer-assisted electrocatalysis and d) confinement of 

a reactant species (here: CO molecule) buried at the interface between metal M and the coating, taken 

from Esposito [107]. 

 

Either the coating (overlayer in Figure 13) selectively enables reactant transport based on differently 

sized hydration spheres or charges of the species to the catalyst surface (Figure 13 a. and b.), the coating 

directly participates in reaction steps, e.g. by hydration and provision of OH-groups (Figure 13 c.), or it 

modifies energy barriers for reactions at the confined interface between coating and electrocatalyst, and 

alters reaction energetics and pathways (Figure 13 d.) [107]. SiO2-coatings possibly interact with 

contaminants via multiple of the proposed mechanisms, and therefore were investigated in this dissertation 

as a means to alter contaminant tolerance, which is described in the third publication “Tolerance of silicon 

oxide coated Pt/C catalyst versus CO and H2S contamination in hydrogen for PEMFCs” provided in 
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chapter 6.3 [108]. The hypothesis that this coating affects contamination mechanisms is supported by the 

common practice to coat tubes in fluidic engineering applications with SiO2, e.g. SilcoNert® offered by 

SilcoTek GmbH, as adsorption barriers against sulfuric species, which in fact gave rise to the idea behind 

the third publication. 

The publication introduces to the fabrication and quality analysis of the SiO2 coating and compares the 

results to works in literature and listed in Table 6 [58–66]. The coating is based on the hydrolysis of silicon 

precursors with subsequent phase separation, drying and calcination, and the final product is used like any 

other catalyst powder for catalyst ink and electrode fabrication. Each step in this process and the selection 

of chemicals offer the possibility for variations, but the process and chemicals employed in this 

dissertation were generally kept as close as possible to the works in literature with the only difference 

being the amounts of chemicals used, the type of phase separation and the addition of a ball milling step to 

break down SiO2-Pt/C agglomerates. The Pt particle size distribution of the SiO2-Pt/C was found to be 

comparable to the Pt/C distribution and therefore appears to be unaffected by the coating process. 

However, in comparison to works in literature, the silicon content was relatively low (~0.6 versus 0.3-40 

wt.%), which deposited in clusters in proximity to catalyst particles, whereas thicker and homogeneous 

layers were reported for most of the reported studies. Whether a complete or selective, thick or a thin SiO2 

coating is preferred depends on its purpose and is part of an ongoing discussion in literature. The former, a 

thick and complete coating, is expected to be beneficial for durability enhancements because there is a 

greater chance that vulnerable Pt or carbon surfaces are protected from degradation mechanisms. However, 

it comes with greater impacts on reactant diffusion through the thicker SiO2 layer to active catalyst sites. 

On the other hand, the catalyst surface wettability and therefore water management can be already affected 

by a thin or inhomogeneous, selective coating, while the impact on reactant diffusion by the coating is kept 

at a minimum. Contamination mechanisms and a recovery thereof usually depend on the availability of 

water, e.g. as a prerequisite for the formation of OH-groups required for CO oxidation, or for the 

dissolution of soluble species, and hence, the fabricated SiO2-Pt/C with comparably low content and 

irregular distribution of SiO2 was used for the anode electrode in the subsequent in-situ tests. 

Other than expected, the CV analysis of the SiO2-Pt/C anode electrode revealed an about 10% larger 

ECSA as compared to the reference Pt/C throughout the relative humidities (RH) of 40, 70 and 100%, 

which is attributed to the water retaining effect of SiO2 and an improved protonic connection to particles 

otherwise not in contact to the ionomer. This effect is noticeable in polarization curves in neat H2 at 40, 70 

and 100% RH, showing an about 1 – 3% lower high frequency resistance (HFR) and a marginally better 

performance for the SiO2-Pt/C. Upon operation with 1 ppm CO in the fuel, the performance of the SiO2-

Pt/C MEAs was worse at high RH (70 and 100%), and almost comparable at low RH (40%) conditions, 

suggesting a negative influence of the SiO2 coating on the CO tolerance. This was not expected because, 

first, the SiO2-Pt/C showed higher ECSA from HUPD and therefore should provide a higher nominal catalyst 

surface area at similar catalyst loadings, and second, the water retention by the SiO2 should help with the 

recovery from CO contamination. CO stripping measurements though revealed an elevated onset for CO 

oxidation on the SiO2-Pt/C, which increased with higher RH, and which can be associated either to a 

hindrance of formation of OH-groups from water, a lower OH-mobility on or in proximity to the SiO2, or a 

stronger bond between CO and Pt. For the SiO2-Pt/C MEAs, this essentially indicates a lower CO tolerance 

and explains the observed worse performance with CO in H2. For low RH conditions, both effects, water 
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retention and CO tolerance reduction, counter each other such that SiO2-Pt/C and Pt/C MEAs show similar 

performance. 

In contrast, the SiO2-Pt/C revealed an about 20% extended durability in chronoamperometric tests until 

the voltage break down was observed upon operation with 75 ppb H2S in the fuel. Similar to CO, sulfur 

contamination strongly depends on the availability of water in the electrode, although the reason lies less 

so in the provision of water for electrooxidation with OH-groups, but more so in the dissolution of already 

oxidized sulfur species and the transport from the electrode surfaces [110,111]. Electrooxidation of 

adsorbed sulfur on Pt requires potentials between 0.8 – 1.1 V and therefore is not expected to commence at 

the low anode potential at a sufficient rate. Nevertheless, at low rates, oxidation of sulfuric species can still 

occur, and when there are higher water contents in the SiO2-Pt/C electrode, the dissolution and transport 

from the electrode are enhanced. In addition, Bounechada et al. reported that the mobility of oxidized 

sulfuric species on SiO2 surfaces was considerable [112], which could further add to the explanation for the 

extended durability versus H2S contamination by the SiO2 coating. 

Overall, the SiO2-Pt/C employed as anode catalyst in this work was found to negatively influence the 

CO tolerance, but positively the HFR and H2S tolerance, which is attributed to its water retaining character 

and its possible effect on the mobility of oxidized sulfur species. Compared to the literature works listed in 

Table 6, these findings are to some extend controversial, because several studies reported beneficial effects 

of SiO2 towards (electro-)oxidation of CO on Pt, while others showed a shift towards higher oxidation 

potentials in CO stripping measurements, i.e. negative effects, without further discussing this observation. 

Note: the listed studies employ the terms SiO2, SiOx, silica or silicon oxide to refer to the same material. 

SiO2 applied as thin films on complex surfaces forms non-stoichiometric structures, and hence, SiOx, silica 

or silicon oxide would be the more correct terms, but most studies used SiO2 to describe the coating 

material and therefore this term is used throughout the following section.   
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Table 6 Publications on SiOx serving as coating, additive or support in electrocatalysis. 

Author Year Publication Coating 
method 

Catalyst Si-content / 
thickness 

Conclusion Ref. 

          [wt.%] / [nm]    
Park 2021 Influence of Cathode Catalyst Layer with SiO2-

Coated Pt/Ketjen Black Catalysts on Performance 
for Polymer Electrolyte 

Sol-gel Pt/C   SiOx coated catalyst maintained good dispersion over time in catalyst ink and showed higher 
porosity and pore sizes in electrode. Performance was worse at high RH attributed to pores 
blocked by SiOx, while performance at low RH improved. 

[65] 

Archeampong 2020 An Organosilane-Based Fuel Cell Ionomer that 
Mitigates Carbon Corrosion 

Sol-gel Pt/C 40 /  
NA 

Electrode made with organosilicate based ionomer instead of PFSA improved stability in ASTs 
by suppression of catalyst dissolution, agglomeration, carbon corrosion. 

[113] 

Park 2019 Improvement of cell performance in catalyst layers 
with silica-coated Pt/carbon catalysts for polymer 
electrolyte fuel cells 

Sol-gel Pt/C 12.5 - 23 / NA SiOx coating inherited protonic conduction of PFSA in electrode. Performance was worse at 
high RH attributed to water retention, while performance at low RH improved. 

[64] 

Robinson 2018 Silicon Oxide-Encapsulated Platinum Thin Films as 
Highly Active Electrocatalysts for Carbon 
Monoxide and Methanol Oxidation 

Spin coating 
UV conv. 

Pt/Ti/Si 
wafer 

NA /  
2.4 - 5.4 

Higher SiOx layer thicknesses revealed lower CO oxidation potentials during CO stripping, 
which is attributed to CO oxidation with silanol-groups on coating surfaces. SiOx coated Pt 
showed improved alcohol oxidation rates. 

[114] 

Labrador 2018 Hydrogen Evolution at the Buried Interface between 
Pt Thin Films and Silicon Oxide Nanomembranes 

Spin coating 
UV conv. 

Pt/Ti/Si 
wafer 

NA / 
9.5 - 107 

Hydrogen evolution reaction (HER) not hindered by SiOx coating, while coating served as a 
barrier against Cu2+ ions used as model poison. 

[115] 

Yu 2018 SiO2 decoration dramatically enhanced the stability 
of PtRu electrocatalysts with undetectable 
deterioration in FC performance 

Sol-gel Pt/C NA /  
2 

SiOx improved stability and maintained good CO tolerance of PtRu catalyst upon potential 
cycling. CO stripping though revealed a shift in oxidation potential towards higher values with 
coating. 

[63] 

Aoki 2018 Durability Improvement of Pd Core-Pt Shell 
Structured Catalyst by Porous SiO2 Coating 

Sol-gel PtRu/C 17 - 33 /  
NA 

Coating made from MPTES compared to APTES selectively coated catalyst particles, which 
improved suppression of agglomeration and mitigated ECSA decay in ASTs. 

[59] 

Fujii 2015 Performance and durability of Pd-C catalyst covered 
with SiO2 layers in PEMFCs 

Sol-gel Pt/C 
PtRu/C 

40 /  
5 

Improved durability upon potential cycling because coating prevented dissolution and diffusion 
of Pd species. SiOx coated catalyst showed better performance at initial state, eventually owing 
to protection from adsorption of sulfonic acid groups on catalyst. 

[58] 

Takenaka 2013 Catalytic activity of highly durable Pt/CNT catalysts 
covered with hydrophobic silica layers for the 
oxygen reduction reaction in PEFCs 

Sol-gel Pt/CNT 10 - 11 /  
1 - 3 

SiOx coating made from MTEOS is more hydrophobic due to incorporated methyl groups, and 
shows larger pores as compared to coating made from TEOS. Durability in AST improved with 
SiOx for both coating types.  

[66] 

Velan 2011 Effect of SiO2 additives on the PEM fuel cell 
electrode performance 

Silica added 
as particles 
to electrode 

Pt/C + 
Silica 

  SiOx particles added to the anode electrode improved performance with increasing 
concentration, Addition to the cathode decreased performance at high RH. Addition to both 
electrodes showed improvement in performance at low RH conditions. 

[116] 

Takenaka 2011 Highly durable carbon nanotube supported Pd 
catalysts covered with silica layers for the oxygen 
reduction reaction 

Sol-gel Pt/CNT 20 /  
NA 

ORR activity unaffected by coating but coating improved durability during AST. SiOx layer 
promoted four-electron instead of two-electron oxygen reduction. CO stripping revealed 
slightly higher CO oxidation potentials for SiOx coated catalyst. 

[60] 

Su 2010 Self-humidification of a PEMFC using a novel 
Pt/SiO2/C anode catalyst 

Sol-gel Pt/C 0.3 - 3 /  
NA 

SiOx coated anode catalyst eliminated the need for external humidification due to hydrophilic 
character of coating and improved water retention. 

[109] 

Takenaka 2008 Preparation of C nanotube-supported metal 
nanoparticles coated with silica layers 

Sol-gel Pt/CNT 26.3 - 47.4 / 
2 - 15 

SiOx coating thickness controllable by TEOS concentration. Coating improved catalyst particle 
resistance vs. sintering, but no prevention of adsorption of CO on catalyst. 

[62] 

Fukuoka 2007 Preferential Oxidation of Carbon Monoxide 
Catalyzed by Platinum Nanoparticles in Mesoporous 
Silica 

Sol-gel (Pt 
growth in 
silica) 

Pt/Si   Pt supported on mesoporus silica improved CO oxidation due to support oxygen in silica lattice 
participating in reaction.  

[117] 
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Preferential oxidation (PROX) of CO on catalyst materials is a commonly employed process to purify 

H2 rich product streams from CO [118]. In this context, Pt nanoparticles confined in mesoporous silica 

(SiOx) structures were found to show exceptional activity and selectivity for CO PROX, because oxygen 

incorporated in the silica structure, but also surface silanol-groups within the SiOx-mesopores partake in 

CO oxidation [117]. PROX of CO on a catalyst is a chemical process excluding the influence of an 

electrolyte and, hence, an alkaline or acidic environment. However, also for electrochemical processes on 

catalysts in acidic media, SiO2-coatings were found to ease from contamination effects by CO, but also 

from metal ions such as Cu2+ as shown in Figure 15. 

 

a) 

 

b) 

   

Figure 14 Investigations on Pt and Ti thin films supported on a Si-wafer and coated with SiO2 of thickness 

tSiOx, a) CO stripping measurements showing the shift in CO oxidation towards lower potentials for thicker SiO2-

coatings, and b) HER rate at -5 mA/cm² with and without copper sulfate (CuSO4) forming Cu2+ in aqueous 

solution as model contaminant, with SEM images of catalyst surfaces showing contaminant deposition after 

testing, taken from Robinson et al. [114] and Labrador et al. [115]. 

 

Robinson et al. investigated the effect of SiO2-coatings on Pt towards the oxidation of CO and 

methanol, and found that the coating improved activity and selectivity of the catalyst visible in the shift in 

CO oxidation towards lower potentials (Figure 14 a) [114]. They attributed this shift to silanol-groups 

forming on the SiO2 (SiOx), which react with CO or methanol oxidation intermediates adsorbed on Pt.  

 

𝑆𝑖𝑂𝑥 + 𝐻2𝑂 → 𝑆𝑖𝑂𝑥 − 𝑂𝐻 + 𝐻+ + 𝑒− (4-3) 
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𝑃𝑡 − 𝐶𝑂 + 𝑆𝑖𝑂𝑥 − 𝑂𝐻 → 𝑃𝑡 + 𝑆𝑖𝑂𝑥 + 𝐶𝑂2 + 𝐻+ + 𝑒− (4-4) 

 

In addition, the same group of researchers also investigated the effect of the coating on hydrogen 

evolution reaction (HER) in presence of copper ions (Cu2+) used as model species to simulate the poisoning 

of an electrode surface by metal contaminants (Figure 14 b) [115]. The SiO2-coating acted as a barrier for 

the Cu2+ ions visible in the similar potentials with and without Cu2+ for the coated Pt, whereas the potential 

decreased for the non-coated catalyst. The authors associated this to the different sizes of the hydrated ions 

of 2.82 Å vs. 4.19 Å for H+ and Cu2+, respectively. Interestingly, the Cu2+ deposited in clusters on the SiO2 

instead of forming a homogeneous layer, thereby leaving sufficient coating surfaces free for the transport 

of H2/H
+ to and from the buried catalyst. For these studies, the main reason for the observed beneficial 

effects by the SiO2 coating could be attributed to the fabrication procedure, which appears to result in well-

defined catalyst and coating layers. Robinson et al. and Labrador et al. coated a Si-wafer with thin films of 

Ti and Pt, acting as support layer and catalyst, respectively, and finally a silicon precursor 

(trimethylsiloxy-terminated polydime-thylsiloxane, PDMS), which was applied in different thicknesses 

and converted to SiO2 via ultraviolet (UV) ozone treatment. 

These works generally demonstrate that SiO2 used as catalyst support or coating can exhibit beneficial 

effects towards CO and metal ion contamination, but the fabrication method and testing setup appear to 

dictate the outcome. Coating catalyst powders requires a different procedure such as the sol-gel process, 

where a powder is coated via hydrolysis in a dispersion of solvents and silicon precursors with subsequent 

drying. This sol-gel process was employed for all studies investigating SiO2-coated catalyst powders used 

for H2 and air PEMFC electrodes [58–66]. Within few of these studies, CO stripping was conducted, and 

the CO oxidation peak usually showed a shift towards higher potentials as shown in Figure 15, indicating a 

negative influence of the SiO2-coating on CO tolerance in contrast to the work by Robinson et al. 
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a) 

 

 

b) 

 

Figure 15 CO stripping measurements showing the 90 and 200 mV shifts in CO oxidation towards higher 

potentials and stability enhancing effect (solid lines for fresh catalyst, dashed lines for degraded) for SiO2-coated 

catalyst materials, taken from a) Yu et al. for a PtRu/C catalyst evaluated per RDE in 0.5 M H2SO4 [63], and b) 

Takenaka et al. for a Pd/CNT catalyst also evaluated per RDE in 0.1 HClO4 [60]. 

 

Both, the study by Yu et al. [63] and Takenaka et al. [60], reported the stability enhancing effect of the 

SiO2-coating with CO stripping measurements as characterization method, where the smaller shift in CO 

oxidation potential indicates the improved stability of the SiO2-coated catalyst. When comparing the CO 

oxidation potentials of coated vs. uncoated PtRu and Pd catalysts before the cycling (solid lines in all CVs 

shown in Figure 15), a shift towards higher potentials with the coating can be seen. This is in line with the 

results of this dissertation, and several reasons could explain this different behaviour as compared to the 

studies by Robinson and Labrador et al. First, the fabrication method affects the catalyst powder in such a 

way, that it undergoes noteworthy structural changes with the hydrolysis and calcination, which possibly 

affects catalyst facets, surface compositions and in consequence the formation of the electrode structure 

with the ionomer. Second, the homogeneity of the SiO2-clusters or layers plays a role, i.e. SiO2 rather 

forms clusters or inhomogeneous, thick layers on the carbon supported catalyst as compared to 

homogeneous layers on Pt/Ti/Si wafers. Thick SiO2 clusters could partially block catalysts on carbon and 

reduce the ECSA, though this explanation is countered by the higher ECSA and approximately similar CO 

~200 mV 
~90 mV 

PtRu/C 

SiO2-PtRu/C 

Pd/CNT 

SiO2-Pd/CNT 
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oxidation currents evaluated for the SiO2-Pt/C in this dissertation. Third, SiO2 influences reaction oxidation 

mechanisms of CO on Pt by interaction with oxygen species, possibly hindering mobility or formation of 

OH groups on Pt, or in addition, a spillover of CO adsorbed on the SiO2 onto the Pt catalyst.  

In contrast, the PEMFC sulfur tolerance increased with the coating, which can be attributed to both, the 

water content in the anode electrode affecting sulfur contamination mechanisms, as well as interactions of 

sulfur species with the SiO2 as exemplarily shown in Figure 16. 

 

a) 

 

b) 

 

 
 

Figure 16 Influences of water and SiO2 on contamination by sulfur species, a) ECSA of anode and cathode 

electrodes after exposure of the cathode to SO2 at different relative humidities, taken from Tsushima et al. [111], 

and b) schematic cross-section of the Pt catalyst supported on SiO2, and representation of terminal silanol groups 

(A-C), siloxane (D) and surface sulfate groups (E) on SiO2, taken from Bounechada et al. [112]. 

 

Several studies reported the influence water has on sulfur contamination irrespective of the species 

(H2S, SO2 or COS), as e.g. reported by Tsushima et al. [111] for SO2 introduced to the cathode electrode at 

varying relative humidities. In the PEMFC environment, sulfur species can react with water to soluble 

species and/or diffuse between electrodes, such that the electrode opposing the point of introduction is 

eventually affected. For SO2 introduced to the cathode, the cathode ECSA was found to decrease by similar 

nominal values (~24 m²/gPt) for all RH values, whereas the anode ECSA decreased to greater extends with 

the decrease in humidity (Figure 16 a). If water is lacking (0% RH), no drop in ECSA was visible, 

suggesting that residual water in the MEA is required to forming HSO3
- or SO3

- ions with sulfur 

contamination, that can adsorb and poison the catalyst. The SiO2-Pt/C in the anode supports water retention 

and consequently, influences on sulfur contamination by retained water are likely [109]. In addition, direct 

interactions between sulfur species and the coating are possible as reported by Bounechada et al. [112]. 

The authors investigated the adsorption and interaction of SO2 on Pt supported on SiO2 (schematically 

shown in Figure 16 b) and found that oxidized sulfuric species, specifically SO3, are withdrawn from Pt 

surfaces to forming sulfate species by removal and rearrangement of silanol groups. Hence, a spillover of 

sulfuric species from Pt sites onto the SiO2-coating is possible that could further improve sulfur tolerance 

of the PEMFC anode electrode. 

E 
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Based on these results, catalyst coatings used in PEMFCs should be evaluated from various 

perspectives, i.e. whether the performance in neat or contaminated reactants, the degradation mechanisms, 

and also the handling of the materials is altered, before coatings are applied in larger scales in stacks or 

systems. If these metrics are optimized, the subsequent step would be an upscaling of the coating process, 

and a minimization of the losses of expensive catalyst material throughout the process steps. 
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5 Conclusions and outlook 

This dissertation deals with fuel contamination being one of the obstacles towards ultra-low-loaded anode 

electrodes as targeted for 2025 (and beyond) by the DOE for automotive PEMFCs on grounds of cost 

calculations. Lowering catalyst loadings in both anode and cathode electrodes generally decreases the 

tolerance towards impurities in fuel and air, however, this does not necessarily exclude low loadings from 

implementation. The contaminant tolerance ultimately depends on the interplay between the MEA design, 

i.e. ECSA, catalyst composition, PEM diffusivity and selection of GDL, and the operating strategy 

including measures to recover from fuel and air contaminants. For optimization of the cost, performance 

and durability, new MEA designs require extensive in-situ testing aiming on evaluation of contamination 

tolerance next to material stability, and in this context, this dissertation investigates the effect of CO and 

H2S in fuel on PEMFCs with ultra-low-loaded anodes. 

First of all, for low-loaded electrodes, whether they are the anode or cathode, specific in-situ 

characterization methods can be challenging. Particularly CV analysis requires knowledge of limitations or 

artifacts, and of measures to counter these. One of such artifacts can occur during the cathodic transient of 

CV analysis of low-loaded electrodes, when crossover hydrogen accumulated in the working electrode 

spontaneously oxidizes, and the oxidation peak overlapping Pt oxide reduction currents eventually 

diminishes the validity of the CV measurement. This artifact is considered of interest for the research 

community, particularly in light of the targeted loading reductions for both, anode and cathode electrodes, 

for which such artifacts are expected to be observed more often in the future. 

Operating PEMFCs with ultra-low-loaded anode electrodes (<25 µgPt/cm²) and CO contaminated fuel 

at concentrations at or close to the levels allowed as per H2 quality standard ISO 14687, results in severe 

and unacceptable voltage losses, which indicates the need to either significantly improve the tolerance of 

the anode catalyst, or to lower the concentration limit for CO in the fuel. Similarly, H2S in the fuel at 

concentrations as per ISO 14687 shortens the durability until voltage break downs are observed, however, 

the break downs occur after dozens of hours even for the lowest anode loading (15 µgPt/cm²) investigated, 

while shut-down and start-up events recover part of the poisoned ECSA. Automotive PEMFC systems, 

providing a certain capability for self-recovery from contamination depending on operating strategy 

[44,103], eventually can withstand such H2S concentrations, though this would require confirmation by 

experiments closer to realistic application, e.g. via (short-)stack testing including H2 recirculation and load 

cycling simulating practical application.  

An interesting approach to stabilize electrocatalysts versus degradation mechanisms are functional 

coatings, and naturally the question arises, whether such coatings also affect the tolerance versus 

contaminants. In this dissertation, a relatively common coating made from SiO2 was employed on the Pt/C 

in the anode electrode, but the results on CO and H2S tolerance are controversial. The SiO2 coating 

negatively influenced the CO, but positively the H2S tolerance, which is attributed to its water retaining 

character and a possible effect of the SiO2 on the mobility of oxidized sulfur species. CO stripping 

measurements revealed elevated onsets for CO oxidation on the SiO2-Pt/C, indicating a higher CO 

coverage during operation in contaminated H2, and consequently a worse performance. Selecting the 

appropriate materials and coating method could potentially deliver a coated electrocatalyst with both, 

improved stability and tolerance at once, which could support the development towards low and ultra-low-
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loaded electrodes in PEMFCs. Nevertheless, a more facile way to achieve comparable results in terms of 

water retention can be achieved by simply adding silica powder to the electrodes [116], though the effects 

on electrode stability and contaminant tolerance are unknown and could be investigated in future works. 

In summary, from a performance perspective, ultra-low-loaded anode electrodes appear to be a viable 

option, if the effects of contamination or the loss of the anode electrode due to fuel starvation are 

minimized or even eliminated. During the course of this dissertation, though, business strategies of original 

equipment manufacturers shifted towards the implementation of PEMFC systems in heavy duty instead of 

passenger vehicle applications, where durability and efficiency are more important than system cost. 

Cutting the system cost by implementation of low or ultra-low-loaded electrodes therefore appears to have 

lost in importance in short-term, but plays a role in medium to long-term developments. 
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6 Publications 

The publications including the results of this dissertation are reproduced in the following. 

6.1 Hydrogen oxidation artifact during Platinum oxide reduction in cyclic voltammetry 

analysis of low-loaded PEMFC electrodes 

 

Sebastian Prass, Jean St-Pierre, Matthias Klingele, Kaspar Andreas Friedrich, Nada Zamel 

 

Electrocatalysis, 12 (1), 45-55 (2020) 

Special Issue Proton Exchange Membrane Fuel Cells (PEMFCs) 

https://doi.org/10.1007/s12678-020-00627-6 

 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 

which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 

you give appropriate credit to the original author(s) and the source, provide a link to the Creative 

Commons licence, and indicate if changes were made. The images or other third party material in this 

article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to 

the material. If material is not included in the article's Creative Commons licence and your intended use is 

not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission 

directly from the copyright holder. To view a copy of this licence, visit 

http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s12678-020-00627-6
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6.2 Tolerance and recovery of ultra-low-loaded Platinum anode electrodes upon CO and 

H2S Exposure 

 

Sebastian Prass, Kaspar Andreas Friedrich, Nada Zamel 

 

Molecules, 24 (19), 1-14 (2019) 

Special Issue Proton Exchange Membrane Fuel Cells (PEMFCs) 
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6.3 Tolerance of Silicon Oxide‐Coated Pt/C Catalyst Toward CO and H2S Contamination 

in Hydrogen for Proton Exchange Membrane Fuel Cells 

 

Sebastian Prass, Leon Nerlich, Rajveer Singh, Andres O. Godoy, Jasna Jankovic, Kaspar Andreas 

Friedrich, Nada Zamel 

 

Energy Technology, Wiley-VCH GmbH, Weinheim (2023) 
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List of abbreviations 

Acronym Meaning 

ALD Atomic layer deposition 

APTES 3-aminopropyltriethoxysilane 

BEV Battery electric vehicle 

BOL Begin-of-life 

CCM Catalyst coated membrane 

CE Counter electrode 

CL Catalyst layer 

CNT Carbon nanotube 

CV Cyclic voltammetry 

DOE Department of Energy 

ECSA Electrochemically active surface area 

EDX Energy dispersive X-ray spectroscopy 

EOT End-of-test 

FCEV Fuel cell electric vehicle 

GDL Gas diffusion layer 

GHG Greenhouse gas 

HER Hydrogen evolution reaction 

HOR Hydrogen oxidation reaction 

HT High temperature 

ICP-MS Inductively coupled plasma - mass spectrometry 

ISE Fraunhofer Institute for Solar Energy Systems 

ISO International organisation for standardization 

LT Low temperature 

MEA Membrane electrode assembly 

MFC Mass flow controller 

MTEOS Methyltriethoxysilane 

NDA Non-disclosure agreement 

OCV Open circuit voltage 

OER Oxygen evolution reaction 

OH Hydroxyl group 

ORR Oxygen reduction reaction 

PEM Proton exchange membrane 

PEMFC Proton exchange membrane fuel cell 

PFSA Perfluorinated sulfonic acid 

PGM Platinum group metal 

PHEV Plug-in electric vehicle 
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POX Partial oxidation 

PROX Preferential oxidation 

PSA Pressure swing adsorption 

PTFE Polytetrafluorethylene 

RE Reference electrode 

RHE Reversible hydrogen electrode 

RTA Reversal tolerance additive 

SD/SU Shut-down/start-up 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SME Steam methane reformation 

TEM Transmission electron microscopy 

TEOS Triethoxysilane  

TSA Temperature swing adsorption 

WE Working electrode 
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