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„Denken wir nur, wie bei der unvergleichlich bequemen und biegsamen Verteilung, 

welche die elektrische Energie gestattet, sich das Aussehen unserer Industrieorte 

ändern wird! Kein Rauch, kein Russ, kein Dampfkessel, keine Dampfmaschine, 

 ja kein Feuer mehr, denn Feuer wird man nur noch für die wenigen Prozesse 
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cannot be dealt with electrically, and they will be less every day.” 
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Abstract  

Catalyst systems for fuel cell applications are an important and auspicious aspect to turn the fossil fuel-

based economy into a sustainable one based on regenerative energy stocks like solar, wind and water 

power. To efficiently regulate the demand and consumption of energy from such sources, a suitable 

storage medium is crucial. One such medium is hydrogen, which serves as a means for easy 

transportation, storage, direct energy conversion, or as a feedstock for additional chemical processes. 

The high costs of precious metals like platinum, which is most commonly used as catalysts in fuel cells, 

is one reason for the high acquisition costs of such systems and one reason that hydrogen has been 

largely neglected as a medium for commercial applications so far. New synthesis and fabrication 

approaches have reduced the overall use of platinum group metals (PGMs) as catalysts but such systems 

remain expensive in comparison to fossil fuels. 

For the use in fuel cells, a nature-inspired catalyst system based on iron, nitrogen and carbon, the so 

called Fe-N-Cs, can be a cheaper alternative to precious group metal (PGM) catalysts for the oxygen 

reduction reaction (ORR). They have the advantage of high abundance of the three required elements 

and the fact that the preparation based on various and cheap precursors. To replace PGM catalysts by 

Fe-N-Cs, performance and lifetime need to reach specific target values. Therefore, knowledge about the 

structure and reaction mechanism are crucial to fully comprehend their degradation and durability 

behavior in order to replace platinum-based catalysts in fuel cell applications. 

In this work, Fe-N-C-catalysts are examined using a custom-made, operando fuel cell assembly that is 

installed at a synchrotron beamline to characterize the catalyst’s active site under operation conditions 

by nuclear forward scattering (NFS). NFS has the advantage of much faster measurement time in 

comparison to Mössbauer spectroscopy, while the spectra are much more difficult to analyze. In addition, 

Mössbauer spectroscopy (MS), nuclear inelastic scattering (NIS) and rotating disc electrode (RDE) of as 

prepared and deactivated catalysts, fuel cell measurements and post mortem analyses were performed 

and assessed as suitable techniques to conspicuous the active site. These techniques were accomplished 

in cooperation by electron paramagnetic resonance (EPR), as well as density functional theory (DFT) 

calculations for the interpretation of NIS.  
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1. Scope of this Work 

 

The present thesis describes the planning, construction, and successful implementation of an operando 

fuel cell setup for synchrotron-based nuclear resonance experiments that allows the structural 

examination of iron-nitrogen-carbon (Fe-N-C) catalysts. The experiments, intended to uncover the 

processes at the active site, are based on Mössbauer spectroscopy (MS), synchrotron based Mössbauer 

spectroscopy (SMS) nuclear inelastic scattering (NIS) and nuclear forward scattering (NFS). Further 

deactivation experiments of the catalyst are introduced as well as post mortem analyses of membrane 

electrode assemblies (MEAs) to shed light on the reaction mechanism and degradation.  

The thesis first discusses the urgency of a global energy transition from fossil fuel-based to renewable 

energies and the associated problems of energy storage, before describing the role that a hydrogen 

economy may play in reconciling climate change and the industrial and social challenges that come with 

such an energy transformation (Chapter 2). 

Chapter 3 introduces the chosen catalyst system (Fe-N-C), the oxygen reduction reaction (ORR), 

electrochemical setups as well as electron- and nuclear resonant techniques used in the experiments. 

Moreover, this chapter explains the importance of the physical background and acknowledges the 

limitations of the research design.  

Chapter 4 describes the experiments performed for different synchrotron beamtimes and the associated 

laboratory work, as well as additional deactivation experiments that were analyzed with nuclear 

resonance techniques and electrochemically with rotating disc electrode (RDE) measurements. 

Furthermore, a combination of different nuclear resonance techniques was combined to better 

understand Fe-N-C catalysts. The benefits of operando fuel cell experiments (under reaction conditions) 

at the synchrotron are discussed and the usefulness of post mortem analysis of differently treated 

membrane electrode assemblies (MEAs) is demonstrated. 

The last chapter summarizes the implemented experiments and their results and offers some promising 

avenues of future experiments, which have been thought through but lay beyond the scope of this thesis. 
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2. Introduction 

 

The twenty-first century marks a turning point in the history of humankind. Never before was the impact 

that people have on our planet so obvious. Owing to the work of an international network of scientists 

and novel possibilities to generate and analyze large amounts of data, the dramatic dimensions of 

anthropogenic climate change and the concomitant destruction of our environment have become 

accessible and tangible 1-3. In 2015, the Paris Agreement of the United Nations Framework Convention 

on Climate Change set the goal to reduce global CO2-emissions until 2100 and to limit the increase of 

the average global temperature to at most 2 °C above the pre-industrial level 4. For Germany, this implies 

a reduction of CO2-emissions from 977 million tons in the base year 1990 to at most 195 million tons 

and in best case 48.9 million tons until 2050, which equals a reduction of 80% and 95%, respectively 5.  

Another key challenge is the ambitious target to back out of coal, natural gas, and nuclear power as 

energy sources until 2050. As Figure 1 shows, a variety of different energy sources were used in 2018. 

More than 40% of the produced energy came from renewable sources like biomass, photovoltaic, water 

and wind. In 2050, approximately 46% of the energy production is expected to be supplied by 

photovoltaic only. Together with off- and on-shore wind turbines, 87% of the total energy production 

will be based on solar and wind power. However, the mismatch between the available energy from 

renewable sources and energy consumption levels already results in considerable fluctuations in price 

and overloading power grids. Therefore, an effective and flexible storage medium is needed for the 

excess energy which provides sufficient energy for consumption during dark doldrums, thus stabilizing 

the power grids. Chemical storage media like hydrogen are the only feasible option to provide an energy 

storage system for postindustrial society based on renewable energy sources and opens the way for 

commercial use of electrolyzers and fuel cells.  

 

 

Figure 1: Overview of energy carrier of the net power generation in Germany 2018 (left). The values are given in TWh 6. 

Prognosticated power mix of Germany in 2050 in GW 7 (right).  
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The present work gives insights to the complex nature of Fe-N-C catalysts, which are used for fuel cell 

applications and can play an important role for a hydrogen-based economy. So far, precious metal 

catalysts are used to accelerate the ORR in fuel cell systems but have the general drawback of high costs. 

To reduce the costs of fuel cell systems, cheaper catalysts or a dramatic reduction of the catalyst load 

need to be realized. Here, Fe-N-C catalysts are found as cheaper and non-toxic alternative 8, 9. 

Nevertheless, the leak of understanding the reaction mechanism and degradation processes are the most 

challenging tasks to replace precious metal catalysts by Fe-N-C systems for fuel cell applications.  

The hydrofication of the transport sector may be considered as first step towards a hydrofication of 

energy production as a whole and could make the energy transition possible if it spreads to the heating-, 

industry- and mobility sectors. Shane et al. have paved the way using solar-powered technologies for the 

electrochemical production of hydrogen through water electrolysis. The authors investigated, i) the 

environmental aspects of the production processes, ii) the generation of hydrogen close to the point of 

utilization, and iii) the purity of the produced hydrogen. They also suggested plausible early-stage 

applications in seven distinct areas: (i) grid-level energy storage, (ii) local or isolated permanent energy 

systems, (iii) transportation, (iv) precursors for the production of high-margin products, (v) the military 

industry, (vi) the space industry, and (vii) the agricultural sector 10.  

Energy consumption, most notably energy used for transportation and mobility, has a large impact on 

global CO2-emissions, which are caused mainly by the burning of fossil fuels, and has more than doubled 

since 1970 11. The transport sector has also been criticized for releasing noxious gases and fine dust 6. 

Therefore, alternative propulsion systems with low or no emissions, which are based on renewable 

energies, are needed 12. However, to achieve the goals of the Paris agreement, not only the transport 

sector needs to find alternatives; the human carbon footprint needs to be reduced across the board. It is 

thus necessary to enhance the acceptance of new technologies and to invalidate political and societal 

concerns to encourage the use of renewable energies and storage systems. 

As seen in Table 1 hydrogen shows higher energy densities per kilogram than fossil fuels or battery 

systems. Further, the volumetric energy density is higher than that for common Lithium-Ion batteries. 

But the high storage pressures and the need of very pure gas, make advanced, oil free compressors and 

pressure systems necessary, whereas the electrochemical reaction inside the fuel cell are mainly 

accelerate by the use of expensive and rare precious metals like platinum (Pt). Table 1 illustrates the 

advantages of liquid fuels, caused by the high energy density, low specific weight and the relatively easy 

handling, which are a few reasons for their wide spread use. Nevertheless, the emission of CO2, fine dust 

and noxious gases, as well as the finite resources of fossil energy carriers are the main drawback of these 

resources. A lot of research is done in the field of power-to-X (X: gas, synthetic fuels, etc.), especially in 

the reduction of CO2 to hydrocarbons for synthetic fuels 13. This approach can reduce the consumption 

of fossil fuels by creating carbon neutral process loops. For automotive propulsion, fuel cell applications 
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are promising if so-called green hydrogen is used, i.e., using renewable energy sources like solar, wind 

and water power. It utilizes the energy stored in the chemical bond of the H2 and O2 molecules to 

overcome the emission of CO2, fine dust and noxious gas.  

 

Table 1: Most common fuels and chemical storage systems. Data taken from Karl-Friedrich Ziegahn 14. 

 
Volumetric Energy 

Density 

Specific 

Weight 

Mass-related Energy 

Density 

 kWh l−1 MJ l−1 kg l−1 kWh kg−1 MJ kg−1 

Benzine 8.6 31.0 0.7 12.2 44.0 

Super 8.4 30.3 0.7 12.0 43.2 

Bioethanol 5.9 21.2 0.8 7.4 26.6 

Diesel 9.6 35.0 0.8 11.8 42.7 

Plant Oil 9.2 33.1 0.9 10.2 36.8 

Biodiesel 8.9 32.0 0.8 10.3 37.0 

Synthetic Fuel 8.0 − 10.0 30.0 − 35.0 0.8 − 0.9 10.0 − 12.0 38.0 − 44.0 

Liquefied Petroleum Gas 6.4 23.0 0.5 12.8 46.1 

Compressed Natural Gas 

(CNG) 
11.5 41.4 0.7 8.6 8.6 

Hydrogen (liquid, −253 °C) 2.3 8.3 0.07 33.3 119.9 

Hydrogen 200 bar 0.5 1.8 0.02 33.3 119.9 

Hydrogen 690 bar 1.3 4.5 0.04 33.3 119.9 

Battery (Lead) 0.05 0.2 1.1 0.06 0.22 

Battery (Li-Ion) 0.5 1.8 0.4 0.2 0.72 

Black Coal 8.8 31.7 1.1 8.1 29.3 

Wood Pellets 3.1 11.2 0.7 4.8 17.3 

To produce 1 kg of H2 (dry) 9.7 kWh of heat and 2.8 kWh of power are necessary 15. The resulting 

hydrogen will be stored in pressure tanks or fed directly into an existing gas grid as a combustion 

additive, similar to the early day used city gas 14. The subsequent combustion in thermal power stations 

or gas turbine power plants is one option to use the stored energy, which is useful as long as pure 

hydrogen cannot be used in fuel cell systems on a larger scale. The latter would be an elegant way to 

transform excess electric power produced by the high fluctuation inherent renewable energy systems 

and to store it for short- or long-term needs. To avoid CO2 emissions the direct use of hydrogen is 

intended to replace natural gas and use hydrogen as fuel for commercial applications and industrial 

processes.  

The transformation of electric energy in electrical-, chemical- or mechanical storage systems comes with 

energy dissipation. Conversion losses occur, for instance, due to (dis-)charging of batteries or the 

https://www.dict.cc/englisch-deutsch/Liquefied.html
https://www.dict.cc/englisch-deutsch/Petroleum.html
https://www.dict.cc/englisch-deutsch/Gas.html


  

5 

 

splitting of water to hydrogen and oxygen. Here, efficient conversion systems need to be realized to 

minimize such losses and make the storage of energy more effective. 

As the values given in Table 1 are not very feasible, an overview contrasting diesel, fuel cell and battery 

storage systems for automotive vehicles is provided here.  

Imagine a car using a combustion engine with an average range of 600 km. This car is filled with 33 kg 

of diesel (400 kWh to reach the average range) and uses a gasoline tank of 43 kg. The tank needs a 

volume of 46 l, 37 l thereof for the fuel. A fuel cell electric vehicle (FCEV) with a range of 600 km needs 

a pressure tank of 700 bar instead of a gasoline tank. The tank weighs 150 kg in total and stores6 kg of 

hydrogen (200 kWh). Here, the tank has a volume of 250 l and stores 150 l of hydrogen (equal to 6 kg). 

A battery electric vehicle (BEV) with the same range needs an energy of 120 kWh, but 840 kg and 432 kg 

for the system and battery, respectively. Moreover, the battery system needs a total volume of 650 l, 

350 l thereof for the battery itself 16. It is immediately obvious that the high weight of the BEV is a crucial 

issue, raising the question whether a vehicle of more than 2.5 tons is really necessary to transport a 

person of 100 kg. An additional drawback of BEVs are the high costs for resources like lithium, aluminum 

and cobalt, the geopolitical dependence on a few countries of origin, the problematic mining conditions 

and the associated environmental destruction, the charging time of the battery, and the enormous 

challenge for the power grid 6, 17-21.  

The transition to a hydrogen-driven society can only be successful if the lifetime, performance and 

reliability of fuel cell electric vehicles (FCEV) are in the same range as other commercially available 

transportation systems with combustion engines. This includes service intervals, the maximum range, 

refueling time, costs, etc. In short, despite all political and societal incentives, the technology needs to 

fulfill the same and even higher standards as existing solutions to be widely adopted. 

Especially for heavy-duty and midsize commercial vehicles, fuel cell systems are superior to battery 

systems 16. Unfortunately, FCEV are still more expensive as composition engines and the hydrogen 

station network across Germany and Europe is still in its infancy 22, 23. 

In 2016, the U. S. Department of Energy (DOE) calculated the cost allocation of a 80 kWnet automotive 

polymer electrolyte membrane fuel cell system (PEMFC) based on next-generation laboratory 

technologies assuming three different annual productions of 1,000, 100,000 and 500,000 fuel cell 

systems respectively (Figure 2). These systems are developed to operate with hydrogen at a projected 

cost of $ 53 kWnet
−1 when manufactured at a volume of 500,000 units/year and $ 59 kWnet

−1 at a volume 

of 100,000 units/year. For their analysis the DOE further assumed i) a significant reduction in Pt loading 

on the electrodes, ii) higher bipolar plate forming and welding costs, and iii) modified gas diffusion 

layers 24. For small series, a relatively homogenous cost distribution over all components are observed. 

With increasing unit numbers, the main costs shift to the bipolar plates and the catalyst itself. Whereas 

the increase in costs for the bipolar plates is related to the commodity materials and processing costs, 
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the catalyst costs arise mainly from the reliance on platinum group metals (PGM) and platinum alloys 

PtNi/C or PtCoMn. Even using small PGM loadings for both the anodic and cathodic sides (in total 

0.134 mgPGM cm−1), the fuel cell stack would constitute 52% of the total system costs 24.  

 

 

Figure 2: Breakdown of the 2016 projected fuel cell stack cost at 1,000, 100,000, and 500,000 systems per year 24. Further 

information is given in the text.  

 

In the same year, the DOE released the EERE Program Record from the Office of Energy Efficiency and 

Renewable Energy (EERE) which is a blueprint for launching the nation’s leadership in the global clean 

energy economy. The EERE Program Record assesses the use of PGM in composition engines and 

FCEV 25. It is figured out that the overall use of PGM is expected to increase, which will likely have a 

negative impact on the market trend. The annually published PGM Market Report draws a similar 

conclusion. Although the automotive platinum consumption reached a five-year low in 2018, mainly due 

to the diesel emission scandal, a stabilization or even a rise in demand is expected for the coming years. 

The report also assesses the growth in fuel cell platinum in the previous year, which was driven primarily 

by the automotive market but is expected to be driven largely by stationary power generation in the 

following years 26. It is clear that the demand for PGM and its alloys represents a serious limitation for 

the broad-range adoption of hydrogen technologies, as it is one of the most critical and expensive 

compounds 27.  

The costs could be greatly reduced if the overall amount of PGM needed could be decreased from 

30 gPGM per stack to the sustainable target of 5 gPGM per stack. In a recent publication, Ott et al. have 

presented a solution to reduce the platinum content by 50% or more compared to state of the art PEMFC 

systems 28. More details on this, are found in literature 29-32. 

Another approach to reduce the catalyst costs inside the fuel cell is the development of cheaper, non-

PGM based catalyst systems like the described Fe-N-C, in which the industry has already signaled 

interest 33 and which are the main focus of the research group affiliated with this thesis. 

In PEMFCs, PGM-based catalysts accelerate the hydrogen oxidation reaction (HOR) and oxygen 

reduction reaction (ORR). The amount of platinum needed on the anodic side is very low and thus not 
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critical, initiating an easy and fast reaction with a very low overpotential. On the cathodic side, however, 

a much higher amount of platinum is needed to improve the reactivity during the ORR due to its 

indolence. As discussed above, it would be economically desirable to replace the PGM-based catalyst on 

the cathode. Here, Fe-N-C catalysts are the most promising substitute, as different groups have identified 

the nature-inspired molecular FeN4 center as an ORR active site 34-38. Fe-N-C catalysts will be introduced 

in more detail in the following section. Suffice it to say that these catalysts are synthesized in an oven 

process, in which iron, nitrogen and carbon precursor construct an iron-site that – to the current 

consensus of researchers – seems fourfold coordinated by nitrogen atoms and embedded in a (graphitic-

like) carbon matrix. This structure is well known from the oxygen carrier hemoglobin in mammals’ blood, 

which transports oxygen through the body.  

Due to the preparation process Fe-N-C catalysts are generally very heterogeneous in their composition, 

a variety of iron- nitrogen- and oxygen species can appear, which make it hard to identify the active site 

and the mechanisms underlying the catalytic reactions. Resonance techniques like Fe57  Mössbauer 

spectroscopy (MS) have proven as useful tools to access the iron states of the pure catalyst powders 35, 

39, 40 but their application is challenging under operation conditions 41, 42. In situ Mössbauer spectroscopy 

coupled with electrochemical measurements have only been performed on a limited number of samples 

with similar coordination environments 42-48. So far, it was not possible to investigate the catalyst 

behavior with Mössbauer spectroscopy under real fuel cell operation conditions, as the radioactive 

Mössbauer sources are unsuitable for such measurements and due to the low iron content and the 

heterogeneous character of the catalyst itself. However, in situ and operando fuel cell tests for Pt-based 

catalyst have been performed using other techniques 49.  

In the joint project NUKFER (05 K16 RD1) financed by the “Bundesministerium für Bildung und 

Forschung (BMBF)” the project partners planned to install a new nuclear resonant measuring unit for 

synchrotron-based Mössbauer spectroscopy (SMS) and further nuclear resonant experiments at the 

PETRA III synchrotron. Beside the possibility for SMS, experiments were suggested for the investigation 

of iron containing biological samples and catalytic samples as well as in the field of nanotechnology. 

This work addresses the catalysis subproject: An operando fuel cell setup for nuclear resonant techniques 

(mainly for SMS). It was planned to finish the new measuring unit within three years and directly 

conduct the related experiments. Unfortunately, the subproject related to SMS implementation was 

delayed, so that instead of SMS experiments, nuclear forward scattering (NFS) at PETRA III was 

performed. Therefore, some pre-experiments were done on the ESRF at Grenoble, where a nuclear 

resonant unit for SMS already exists. Due to the limiting opportunities for beamtime at ESRF and the 

following maintenance from 2019, onwards, only very simple pretests were possible. Further pretests at 

the P01 beamline at PETRA III were rejected. Not due to the scientific interested of the topic but due to 

the overbooking of beamtime at the facility. These problems lead to the decision to revise the investigated 
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fuel cell setup for SMS and use nuclear inelastic scattering (NIS) for the powder characterization and 

nuclear forward scattering (NFS) for the operando fuel cell characterization, instead. As Kneebone et. 

al. 50 demonstrated, nuclear inelastic scattering (NIS) is a useful method to identify the active site 

structure in Fe-N-C catalysts. For powder samples, NIS helps to identify the composition of the catalyst, 

as shown in our recent publication 51. In contrast, NFS shows the same requirements on the setup as 

SMS, even though the data interpretation is much more challenging and was so far only realized for 

simple systems (i.e., one or two iron signatures but not multicomponent systems). Hence, an operando 

fuel cell setup was developed to investigate the catalyst system in working conditions over a 24 h 

measurement time slot at the P01 beamline. Severe changes in catalyst behavior could be observed 

across the individual preparation steps, from the pure powder to the used membrane electrode assembly 

(MEA), as well as in the transition to the catalyst under operating conditions for the first time. These 

results show the considerable advantage of synchrotron based nuclear resonant techniques for 

understanding and characterizing the structure, composition and intimidates of Fe-N-C catalyst systems, 

even in operation conditions. The combination of fuel cell tests with nuclear inelastic and nuclear 

forward scattering are a completely new approaches to examine the nature of Fe-N-C catalysts’ activity. 

Another promising option to uncover the structural behavior of the active site is its deactivation by a 

suitable inhibitor and identify the electronic changes of the active iron site by Mössbauer spectroscopy. 

We have demonstrated the possibility to deactivate the catalyst’s active site using sulfite ions and 

underline the power of Mössbauer spectroscopy to investigate Fe-N-C in the deactivated state 52. The 

structure of Fe-N-C catalysts was investigated for three differently prepared Fe-N-C catalysts and 

characterized by electrochemical measurements and Mössbauer spectroscopy. As Mössbauer 

spectroscopy is significantly more sensitive to identify the iron states than other spectroscopic               

techniques 34, 36, 37, 53, the induced axial ligand changes and orbital occupations in FeN4-sites affects the 

Mössbauer parameters, namely quadrupole splitting and isomer shift. This offers important information 

about the coordination environment of the changing iron site(s) that might be relevant for catalysis.  

The presented work aims to contribute the basic understanding of the active site structure by using 

nuclear resonance techniques on as prepared or deactivated catalysts. Beside room temperature 

Mössbauer spectroscopy (RT-MS), low temperature Mössbauer spectroscopy (LT-MS) was applied. A 

special emphasis is given to synchrotron-based resonance techniques like NFS, NIS and SMS and the 

design of an operando fuel cell setup.   
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3. Theoretical Background 

 

3.1. Fe-N-C Catalyst Systems  

The use of transition metal containing N4-macrocycle (chelates) as catalysts dates back to the work of 

C. Paquot who documented the catalytic activity of iron-, nickel- and cobalt-phthalocyanines for the 

oxidation of pinene in 1939 54. R. Jasinski investigated cobalt-, nickel- and platinum-containing 

phthalocyanines and was the first person who considered these chelates as catalyst materials for fuel 

cells in 1964 55. The ability to chemisorb oxygen without degradation made cobalt-phthalocyanine with 

a carbon support an interesting option for alkaline fuel cells 56. Due to reasons of activity and stability, 

this focus has since switched to iron-containing chelates. Metal complexes of N4-macrocycles, such as 

porphyrins and phthalocyanines, are widely studied due to their numerous physico-chemical properties 

and their various applications across different fields 57. 

In addition to biological applications, transition metal-porphyrins and -phthalocyanines possess a 

versatile and reversible redox chemistry, which is what makes them suitable mediators in multi-electron 

transfer reactions. In both, porphyrin- and phthalocyanine-like complexes, the iron coordination sphere 

is square planar and the iron is coordinated to four nitrogen atoms situated in pyrrolic rings. In 

porphyrins, these rings are connected with bridging carbon atoms, whereas in phthalocyanines, nitrogen 

atoms serve as bridges 56. The interacting variety of porphyrins is caused by the open 𝑑-shell which allows 

distinct electronic configurations and can support different spin-multiplets (low spin, intermediate, and 

high spin states and give rise to spin-crossover appearance 58. In 1976, Jahnke et al. showed that the 

central atom has a strong impact on the catalytic activity, whereas a variation of the organic skeleton 

shows only a marginal effect 59. Even more important, a thermal treatment of the chelates at around 

700 − 1000 °C resulted in a considerably increased resistance against acidic electrolytes, whereas higher 

temperatures decreased both the chemical resistance and the activity 59, 60. Further, Jahnke et al. found 

that the electrocatalytic properties of chelates are determined more by the electron-donor action of the 

metal-containing center than by the conductivity, because the delocalization of 𝜋-electrons of the 

polymeric compound is disturbed by the central metal atom. The ORR activity of chelates increases in 

the order of Cu <  Co <  Fe as the center atom, as the respective metals can accommodate different 

changes in valency 59. Several years later, S. Gupta and coworkers first synthesized chelates by mixing a 

transition metal with a nitrogen-containing polymer, either before or after the heat treatment with a 

carbon support, to receive catalytic active sites for the ORR 61. Their results showed that a precursor 

mixture of any iron, nitrogen and carbon support can result in the construction of iron-containing active 

sites, which after a heat treatment exhibit similar activity and stability as expensive and complex 

macrocycles. Various synthesis routes and preparation methods have been explored to develop new, 

highly active and more stable transition-metal-based Me-N-C catalysts since then 9, 39, 54, 56, 62-87.  
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To understand the origin of the active site three different models were assumed in the beginning. The 

Van Veen Model postulates that the heat treatment (500 − 600 °C) will induce a ligand modification 

rather than a complete destruction of the macrocycles 88-90. The Yeager Model assumes that the active 

species is formed during contact with the electrolyte, as the pyrolysis temperature destroys the 

macrocycles and forms oxidic species which dissolute in the electrolyte. The free metal-ions can 

reconnect to the carbon surface with nitrogen. That means the resulting active site might look similar to 

van Veen’s, a metal-Nx-C structure 43, 61, 91. In contrast, in the Wiesner Model, it is supposed that during 

the pyrolysis the metal helps to keep nitrogen functionalities in the carbon, thus the metal supports the 

growing of presumed active Nx-C species but does not play a role in the ORR. 92-94. 

J.-P. Dodelet  summarizes the genesis of and the controversial discussion about the role of the metal 

center in ORR catalysts 57, 95. Those models were continuously refined and still a very important field of 

Fe-N-C development 82, 96, 97. Today, it is widely accepted that the most active site of the catalyst system 

is a metal center (Fe or another transition metal) by nitrogen atoms bound to the carbon matrix 34, 37, 98-

101. It became clear that there is a direct correlation between the number of Fe-N-C sites and the catalyst 

performance and that those sites are produced during pyrolysis from different precursors 39, 102, 103. 

Figure 3 displays the possible coordination structure of an Fe-N-C catalyst, a four-fold coordinated iron 

site embedded in an amorphous carbon matrix. Fe-N-C catalysts generally contain between 80 and 

90 wt% of carbon, less than 5 wt% of iron, and between 3 − 10 wt% of nitrogen. As an oven process is 

commonly performed during catalyst preparation, the catalyst material ends with an heterogenous 

contribution of active sites and inorganic species. This makes the identification and nature of the origin 

of the ORR activity complicated.  

 

Figure 3: Possible scheme of a Fe-N-C system. An iron atom (dark red) is four-fold coordinated by nitrogen (blue) embedded 

in a graphitic matrix (grey). The dangling bonds are saturated by oxygen (red) or hydrogen (white). The structure of the 

catalytic Fe-N-C site is still under investigation. Therefore, a five-, or six-fold coordinated iron atom as active site is still 

discussed in literature (see text).  
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In the group of J.-P. Dodelet, ToF-SIMS (turn of flight second ion mass spectroscopy) was used, among 

other techniques, to investigate Fe-N-C catalysts. The ejection of several FeNxCy
+ ions from the top 

molecular surface layer of the probed catalyst indicated a strong correlation between the relative 

intensity of the FeN2C4
+ type ions detected by ToF-SIMS and the ORR catalytic activity in Fe-N-C 

catalysts treated with various temperatures. The group concluded that the FeN2 catalytic site is the most 

active site in Fe-N-C catalysts while acknowledging that the proposed moiety was only part of the 

complete molecular site 104, 105. Lefèvre et al. proposed an additional active site, and confirmed the two 

possible active sites in Fe-N-C catalyst systems with Mössbauer spectroscopy data  106,100. For this purpose, 

an iron-acetate-based catalyst was prepared on a nonporous carbon black and heat-treated in NH3 at 

950 °C. Several Fe-containing species were detected in the Mössbauer spectra, namely three broader 

doublets (D1, D2, and D3) and two narrow doublets (D4 and D5) as given by Kramm et al. 100. Based on 

the Mössbauer parameters, the species D1 (𝛿iso = 0.35 − 0.38 mm s −1,  ∆𝐸Q = 0.9 − 1.5 mm s −1), D2 

(𝛿iso = 0.36 − 0.40 mm s −1,  ∆𝐸Q = 2.40 − 2.65  mm s −1), and D3 (𝛿iso = 0.35 − 0.38 mm s −1,  ∆𝐸Q =

1.2 − 1.5  mm s −1) were assigned to three different FeN4-like sites 100, 107. For the D4 (𝛿iso =

0.43 mm s −1,  ∆𝐸Q = 0.30  mm s −1) and D5 (𝛿iso = 0.29 mm s −1,  ∆𝐸Q = 0.31  mm s −1) doublets 

relaxed iron nitride nanoparticles were assumed, which are instable during the following acid leaching 

and therefore inaccessible for the ORR. The remaining species D1, D2, and D3 were identified as iron (II) 

sites in the low, intermediate, and high spin state, respectively. As discussed in chapter 3.4.1, the spin 

states are a crucial part of the electronic structure which determines the oxidation state and ground state 

energy of a molecule. A detailed study of the oxidation and spin states and the related 𝑑-orbital 

configurations of iron porphyrins is presented, for example, by Walker et al. 108. As only the 3𝑑𝑧2  orbital 

can interact with O2 109, the D2 species, which have a filled 3𝑑𝑧2  orbital, cannot contribute to the ORR. 

Only the D1 and D3 sites are able to interact with O2, as they exhibit an empty and half-filled 3𝑑𝑧2  

orbital, respectively. This implies that only a four-fold or five-fold coordinated iron site can interact with 

oxygen, resulting in a five- or six-fold coordination symmetry and contributing to ORR as described in 

the following chapter. 

Although it is widely accepted that the metal-N4 site is responsible for the catalytic performance of Fe-N-C 

catalysts 34, 100, 105, 106, 110-112, but the mechanism behind the coordination environment of the Fe(II), the 

spin, and the oxidation state are still under debate 51, 113. 

Nevertheless, significant activity improvements have started to make Fe-N-C catalysts industrially more 

relevant, while still the stability needs to be improved 114-116. Banham et al. 103 named three main 

hypotheses for the degradation: i) the dissolution/leaching of the active metal site, ii) an oxidative attack 

by H2O2 (or the resulting free radicals), and iii) protonation of the active site or protonation of a 

N-species next to the active site followed by anion adsorption. They do not mention carbon oxidation of 

the structure-building matrix, which could be a fourth point of degradation 117, 118. Given the variety of 
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synthetic approaches and designs, it is not realistic to identify one exclusive and exhaustive degradation 

mechanism for all Fe-N-C-based catalyst systems 103. Most likely, several degradation mechanisms are 

involved, which strongly depend on structure, composition and operation conditions. Further, the 

influence of ligands, porosity and amorphousness result in a different emphasis of the observed 

degradation mechanisms and directly impacts the catalytic performance and cannot be neglected but are 

hard to be investigate. 

 

3.2. Oxygen Reduction Mechanism 

Understanding the oxygen reduction reaction (ORR), not only for Fe-N-C catalysts, is essential for fuel 

cell applications as well as various other fields such as material dissolution, energy conversion or 

biological metabolism. Yet, even for metallic surfaces, several parts of the mechanism remain unknown: 

The stages of the proton-coupled electron transfer on the surface, which preset the reaction path, as well 

as the nature of formed intermediates remain unclear. In consequence, the breaking of the O-O bond is 

not fully understood. For Pt(111), Nørskov et al. demonstrated that the overpotential of the ORR results 

from the tendency of the electrode-adsorbed oxygen to become too stable at high potentials, rendering 

the proton and electron transfers impossible. By lowering the potential, the stability of the oxygen will 

be decreased and the reaction can proceed 119. Wroblowa et al. represented the ORR in the following 

scheme 120: 

 

 

Figure 4: Scheme for ORR. The index notation of the rate constant (𝑘) is given as follow: (1) four-electron direct reduction 

to water (or OH−), (2) two-electron reduction to H2O2 (or HO2
−); (−2) oxidation of H2O2 (or HO2

−) to O2; (3) electrochemical 

reduction of H2O2to water (or OH−); (4) catalytic decomposition of H2O2 (or HO2
−) yielding reducible product (O2); (5) 

desorption of adsorbed H2O2 (or HO2
−); (6) adsorption of H2O2 (or HO2

−). Indices b, *, and a, designate the bulk, vicinity of 

the disc electrode, and adsorbed species, respectively 120. 
 

As the ORR is a four-electron transfer reaction, the overall reaction is represented by the following 

equation, which is known as the direct four-electron pathway: 

 

 O2 + 4H+ + 4𝑒− → 2H2O ( 1 ) 
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Besides the direct pathway, a 2 + 2 pathway is possible. Here, oxygen reacts with hydrogen and forms a 

peroxide intermediate, in a first step: 

 

 O2 + 2H+ + 2𝑒− → H2O2. ( 2 ) 

 

In a second reaction step, the peroxide reacts further to form water: 

 

 H2O2 + 2H+ + 2𝑒− → 2H2O + O2. ( 3 ) 

 

The steps of the 2 + 2 pathway have potentials of 0.67 V and 1.77 V, respectively, in acidic solution 

under standard conditions 91. If fully converted, the reactions given in equations ( 2 ) and ( 3 ) will result 

in the same amount of H2O as the direct pathway, but the latter is preferred for applications due to a 

higher current per used oxygen molecule and the fact that peroxide, formed in equation (2) is able to 

degrade the membrane and the catalyst 57. In addition, a Fenton-like reaction can disrupt the desired 

reaction in Fe-N-C catalysts, when an Fe(II) is oxidized by peroxide, forming a hydroxyl radical and a 

hydroxide ion. Choi et al. discovered that Fe-N-C catalysts exposed to H2O2 leave iron-based catalytic 

sites untouched, but decrease their turnover frequency (TOF) via oxidation of the carbon surface, and 

weaken O2-binding on iron-based sites 121. Rotating ring disc electrode (RRDE) measurements are used 

to determine the ratio of both pathways. A more detailed discussion of the ORR mechanism is found in 

Robson et al. 122, who showed that the direct 4 electron transfer pathway is superior due to the low 

peroxide yield, but the preferred pathway is via the peroxide intermediate.  

The high potentials which are necessary to run the direct and indirect 2 + 2 pathways represent the low 

electrochemical reaction kinetics and underlines the need of a suitable oxygen reduction catalyst to 

accelerate the ORR. In case of a metal-containing catalyst, oxygen binding involves the 𝑑-orbitals of the 

metal. It has been inferred that the ORR occurs by way of a hydroxyl intermediate 123.  

Observing individual steps of the ORR mechanism in Fe-N-C catalyst system is difficult, due to the low 

amount of catalytic active iron and nitrogen, as well as the high amount of carbon. To overcome this 

issue, theoretical models are used as done by several authors 42, 124, 125. Nevertheless, the electrochemical 

reduction of O2 was systematically investigated for iron porphyrins, as it is important for biological 

metabolism. Boulatov 126 describes a plausible mechanism, which is illustrated in Figure 5.  

The catalytic active site is presented as a five-fold coordinated Fe(II) porphyrin with the possible ligands 

X =  imidazole, H2O, or a similar nitrogenous heterocycle. The mechanism starts with the attachment of 

an oxygen molecule and the formation of an iron-superoxo structure that reacts to a ferric-hydroperoxo 

if a hydrogen ion and an electron are available, or release a hydroperoxyl radical if only a hydrogen ion 

is available. Merely the reaction path over an oxoferryl cation radical, either by a ferrous-hydroperoxo 
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or by the release of a hydroxyl radical, will result in the formation of the oxoferryl intermediate, which 

reacts with two hydrogen ions (protons) and one electron to water and a positively charged Fe(III) 

species that returns to the starting structure via an electron transfer. At sufficiently low potentials, it 

undergoes electron reduction to the ferrous-hydroperoxo intermediate, which is more susceptible to O-O 

bond heterolysis than the ferric analog 126. 

 

 

Figure 5: One plausible mechanism for ORR reaction catalyzed by a fivefold coordinated Fe porphyrin. For X =  imidazole or 

a similar nitrogenous heterocycle. The catalysis probably proceeds, as it does in hemoproteins, such as peroxidase, catalase, 
and cytochromes P450, possibly with a minor contribution from side reaction (H+ → H2O2). For simple Fe porphyrins lacking 

the suitable distal and proximal environments (X = H2O or a residue of the graphite surface), the ferric-hydroperoxo 

intermediate decomposes via reactions (H+ → H2O2) and by release of OH∙ . At sufficiently reducing potentials it probably 

undergoes reduction to the ferrous-hydroperoxo intermediate, which is more susceptible to O-O bond heterolysis than the 

ferric analog 126. 

 

From Figure 5, it is clear that even with in situ or operando techniques, a multitude of species are found 

during ORR. Intermediate species appear not only at different potentials, but even at the same potential 

due to the different possible reaction pathways. This is one reason why the reaction pathway is still 

under debate and complicates the data analyses. Various possible intermediates generated during ORR 

and the influence of different sites participating in the reaction have been discussed elsewhere 96, 103, 127-

130. 

Busch et al. 124 offered a model that describes the combinations of binding sites and hydrogen 

donor/acceptor sites available in transition metal-containing N4-catalyst systems. They found the 

influence of sites embedded in graphene by themselves or combined with a COOH group nearby to be 

very promising for both the OER and ORR if the system is sufficiently stable. In addition to the direct or 

indirect binding sites, the catalyst performance is strongly influenced by the carbon support and ionomer 

interactions. Artyushkova et al. 131 reported the ionomer interactions between the surface chemistry of 
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the catalyst in the presence of ionomer. They concluded that a high surface concentration of 

hydrogenated nitrogen at the surface of an iron-nicarbazin derived Fe-N-C catalyst causes inefficient 

ionomer morphology, whereas an abundance of surface oxides promotes both an efficient distribution 

of active sites and an optimal ionomer-catalyst interface. They further suggest that the protonation of 

nitrogen within the catalytic layers plays a critical role in inhibiting proton transport during fuel cell 

operation 131. In a recent publication of our group, the impact of ionic liquid modification was examined 

and a significant performance enhancement through ionic liquid modified catalysts was observed 132. 

The named publications underscore the reciprocal action between the catalytic active site, the 

combination of binding sites, and the surface interactions between the catalyst, ionomer and carbon 

support to boost the ORR and minimize side reaction.  

 

3.3. Electrochemistry 

The oxygen reduction reaction (ORR) is one of the most important reactions in life processes and for 

energy converting systems like fuel cells 133. To enhance the reaction, a catalyst is introduced, which 

influences the kinetics, but cannot change the thermodynamics. Electrochemical experiments give an 

insight into the reaction kinetics and performance of the catalyst and are therefore the most important 

tool to understand catalytic systems and the electrochemical behavior 98, 101, 132, 134. In combination with 

spectroscopic techniques, electrochemical experiments enable to analyze the charge carrier transport 

and the formation of intermediates.  

 

3.3.1. Rotating Disc Electrode (RDE) 

The rotating disc electrode (RDE) is used to characterize the capacitive and diffusive behavior of a 

catalyst 57, 89, 110, 135, 136, relying on a three-electrode setup (Figure 6). The electrode rotates with a defined 

velocity, avoiding the influence of a stationary concentration distribution at the electrode surface. In 

consequence, the diffusion overpotential towards the transfer overpotential (𝜂𝐷) is negligible as long as 

the system does not operate too close to the current limitation region 137. The difference in potential 

between the working electrode (WE) prepared with the catalyst ink and the counter electrode (CE) made 

from a glassy carbon (GC) root is measured by the current-less connected reference electrode (RE).  

A standard hydrogen electrode or an electrode of the second kind is used as reference electrode (RE). A 

standard-hydrogen electrode (SHE) refers to a Pt-mesh saturated with hydrogen under standard 

conditions. Per definition, the potential for the SHE is 0.0 V in the electrochemical series. As this electrode 

needs to be connected via a salting bridge, it is difficult to use it directly in a setup. Another commonly 

used Pt-hydrogen electrode is the reverse hydrogen electrode (RHE), which is directly placed in the 

measuring electrolyte. The advantage of the SHE and RHE are the fast and reproducible adjustment of 
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the equilibrium potential, but a contamination of the electrolyte results in a deactivation of the used Pt-

mesh and an unspecified potential change. To avoid this, an electrode of the second kind, e.g., an 

Ag / AgCl electrode, is used. In Figure 7 the related current density overvoltage curve from a cyclic 

voltammetry (CV) measurement is given. In the beginning of operation, the kinetic-controlled region 

defines the electrochemical behavior of the electrode, followed by a mixed region where transport and 

kinetic mechanism overlap and the diffusion-controlled region, where the species transport limits the 

reaction.  

  

Figure 6: Schematic scheme of the RDE setup in a three-electrode-configuration for current carrying electrodes (left). The 

setup contains the reference electrode (RE) which is connected by a high-ohmic resistance with the setup to avoid a current 

load. The potential difference between the RE, and the potential between the rotating working electrode (WE), where the 

catalyst is placed and the counter electrode (CE) give access to the overpotential of the WE. Here, V stands for a voltmeter, 

I for an ammeter, R for resistor and U for voltage. A closed view of the radial flow field under rotation to minimize the 

concentration gradient on the WE is given (right).  

 

 

Figure 7: Current density overvoltage curve with the superposition of charge passage and absorption. This leads to the 

formation of an adsorption and desorption limit flow. The curve is separated in three regions: The kinetic region, where 

kinetic controlled process characterizes the system, a mixed region where transport and kinetic mechanism overlap and the 

diffusion-controlled region, here the species transport limits the reaction.  
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As the measured electric current at an electrode from an electrochemical reaction is a function of the 

kinetic activity and the mass transport of reactants, the kinetic current density 𝑗𝑘𝑖𝑛 is determined from 

the capacity-corrected CV in O2 saturated electrolyte by using the Koutecký–Levich equation 

 

 
1

𝑖
=

1

𝑖𝑘𝑖𝑛
+

1

𝑖𝑑𝑖𝑓𝑓
. ( 4 ) 

 

Here, 𝑖 is the measured current, 𝑖𝑘𝑖𝑛 the kinetic current and 𝑖𝑑𝑖𝑓𝑓 the mass transport current. From this, 

the kinetic current density is given as: 

 

 𝑗𝑘𝑖𝑛 = −
(𝑗𝑑𝑖𝑓𝑓 ∙ 𝑗(𝑢))

(𝑗𝑑𝑖𝑓𝑓 − 𝑗(𝑢))
. ( 5 ) 

 

To describe the concentration dependence of the electrode potential, the Nernst-equation  

 

 𝜑0 = 𝜑00 +
𝑅 ∙ 𝑇

𝑛 ∙ 𝐹
ln (

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
) , ( 6 ) 

 

which gives the equilibrium-Galvani potential 𝜑0 (ideal electrode potential) of the working electrode, is 

used. Here, 𝜑00 is the standard Galvani potential of the half-cell reaction, 𝑅 is the molar gas constant, 𝑇 

is the temperature, 𝑛 is the molar number of contributing electrons, 𝐹 is the Faraday constant, and 𝑎𝑜𝑥 

and 𝑎𝑟𝑒𝑑 are the activities of the species in the oxidized and reduced state, respectively. The Nernst 

potential can thus determine the Gibbs free energy Δ𝐺 of the electrochemical reactions.  

Due to a finite reaction rate at the electrodes a deviation from the open circuit potential occurs, the so 

called overpotential. Using the Butler-Volmer equation, the charge transfer current density 𝑗𝐷 (dt. 

Durchtrittsstromdichte) is calculated as a function of the overpotential 𝜂𝐷 

 

 𝑗𝐷 = 𝑗0 ∙ {exp [
𝛼 ∙ 𝑛 ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂𝐷] − exp [−

(1 − 𝛼) ∙ 𝑛 ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂𝐷]}, ( 7 ) 

 

which describes the electrochemical reaction kinetics for the anodic (left part) and cathodic half-cell 

reactions (right part). Here, 𝑗𝐷 is defined as the current density, 𝑗0 gives the exchange current density, 

𝜂𝐷 the passage overpotential with 𝜂𝐷 = 𝐸 − 𝐸𝑒𝑞 and 𝛼 describes the charge transfer coefficient. Two 

limiting cases of the Butler-Volmer equation are determined. In the low overpotential region, the Butler-

Volmer equation is simplified to a linearized version 
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 𝑗𝐷 = 𝑗0 ∙
𝑛 ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂𝐷 . ( 8 ) 

 

Whereas in the high overpotential region it follows 

 

 𝑗𝐷 = 𝑗0 ∙ {exp [
𝛼 ∙ 𝑛 ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂𝐷]} , (𝜂𝐷 > 0) ( 9 ) 

 

and 

 

 𝑗𝐷 = 𝑗0 ∙ {exp [
(1 − 𝛼) ∙ 𝑛 ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂𝐷]} , (𝜂𝐷 < 0). ( 10 ) 

 

The equation ( 9 ) and ( 10 ) are the theoretical justification of the Tafel-equation for the anodic and 

cathodic half-cell reaction, respectively (for |𝜂𝐷| > 0.1 V). Thus, in this regime the kinetic current density 

𝑗𝑘𝑖𝑛 is therefore described by the simplified Butler-Volmer equation. The logarithmic plot of 𝑗𝑘𝑖𝑛 over 𝜂𝐷 

gives the Tafel diagram and enables the determination of the charge transfer coefficient 𝛼 from the linear 

region and the exchange current density from the intercept at 𝜂𝐷 = 0.    

 

3.3.2. Fuel Cells 

The first fuel cells were developed by C. F. Schönbein and W. R. Grove in the late 1830s. In 1839, Grove 

designed a gas-voltaic cell made of platinum electrodes fixed in glass tubes that were alternately filled 

with hydrogen and oxygen 138. These assemblies were immersed in acid diluted with water and 

connected in series 139, constituting the first known working fuel cell, despite similar experiments 

Schönbein conducted in 1838 140. From this time on fuel cell system reached a growing interest for 

different applications 141, 142  and became one of the most intensively recognized technical application 

for a fossil energy carrier free economy 12, 31, 32.  

Fuel cells work with a continuous supply of mostly gaseous reactants which flow over electrodes covered 

with a catalytic layer, initiating a redox reaction and producing electricity and marks another advantage 

fuel cells offer over battery systems. As a product, water (PEMFC) or a mixture of water and carbon 

dioxide are formed (e. g., DMFC). Moreover, the fuel is continuously fed by a reservoir and, hence, the 

operation time is only limited by refueling the reservoir and the provision of reactants, but not by the 

storage capacity of the electrochemical device, as in case of batteries. The properties and general 

information of a PEMFC is summarized in Table 2. Because of the low operation temperature (~ 80 °C) 
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and the more convenient handling, PEMFCs are further an interesting candidate to fuel light-duty 

transportation applications 143. Beside the PEMFC and DMFC a variety of different fuel cell concepts 

exist, working with a range of different fuels, electrode materials, catalysts, and operation 

temperatures. 143, 144. Ideally, a fuel cell operates with carbon free fuels and combustion products, adding 

the absolute advantage of an energy system free of CO2-emissions.  

 

Table 2: Overview of the PEMFC system. Data are taken from 143, 144 

Electrolyte Primary 

Application 

Electrodes Catalyst Interconnect Operation 

Temperature 

Charge 

Carrier 

Power 

Density / 

kW m−3 

Hydrated 

Polymeric 

Ion 

Exchange 

Membrane 

Automotive 

& 

Stationary 

Carbon Platinum 
Carbon or 

Metal 
40 − 80 °C H+ 3.8 − 6.5 

 

 

 

 

Figure 8: Profile of a fuel cell site cut. Hydrogen (red) is injected on the anodic side and streams through the gas flow 

channels, which are separated by the bridges of the bipolar plate (black), (left). By diffusing through the GDL the anodic 

catalyst accelerates the hydrogen oxidation reaction. The generated electrons have to pass the electric circuit (generation of 

electricity) in order to get to the cathodic side. The hydrogen ions (light red) diffuse through the MEA and recombine with 

oxygen (light blue) and electrons on the cathodic side catalyst. The formation and transport of water molecules (dark red, 

blue) goes along the flow field of the cathodic side (right).    

 

In Figure 8 a profile of a PEMFC is given. The left panel of Figure 8 shows a PEMFC scheme, whereas on 

the right a close up of the MEA is depicted. A fuel cell is separated in an anodic and cathodic side, where 

the electron and gas transport are realized through bipolar plates and the engraved flow field. The 

hydrogen (red dots) streams from the anodic side through the flow field, whereas the oxygen (blue dots) 
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streams over the cathodic side. In a commercial fuel cell systems the flow fields for both sides can show 

different designs to full fill operation concepts and increase performance 145.  

The centerpiece of a modern PEMFC is the membrane electrode assembly (MEA) (Figure 8, right), where 

the hydrogen oxidation reaction (HOR) on the anode and the oxygen reduction reaction (ORR) on the 

cathode takes place. The MEA can be separated into three areas: the anodic side, the membrane, and 

the cathodic side. At the anodic side, a PGM catalyst interconnects with carbon (black shapes with red 

borders) is sprayed on a gas diffusion layer (GDL) given in gray. To increase the electronic conductivity 

and minimize pore filling of the wetted and porous GDL by condensed water during operation, the GDL 

is made of an electricity-conductive and hydrophobic carbon fiber mesh. An ion-exchange-membrane 

(yellow), normally made of a perfluoro sulfonic acid tetrafluoroethylene copolymer membrane (e.g., 

NafionTM), transports the protons from the anodic to the cathodic side, whereas the electrons are 

separated and used for the power supply. The protons produced on the anode are transported through 

the membrane in a hydrated cloud (light red), and reach the cathode. On the cathode the recombination 

of hydrogen, electrons and oxygen takes place on the catalyst layer (black shapes with blue borders), 

known as oxygen reduction reaction (ORR). 

For laboratories, the bipolar plates are made out of carbon, whereas coated drawing sheets with 

embossed flow fields for electron conductivity and gas transport are often used on an industrial scale. 

Together, the MEA and the bipolar plates constitute the unit cell. A so-called stack with a desired output 

capacity is built by electrically connecting several unit cells. 

Like the anodic side, the catalyst at the cathodic side, where the sluggish oxygen reduction reaction 

(ORR) takes place, is sprayed on a GDL. To run the fuel cell reaction the catalyst’s active sites must i) be 

exposed to the reactant, ii) stay in electrical contact with the electrode, and iii) be in ionic contact with 

the electrolyte 143. In addition, the transport of reactants to the catalyst and of water or any other reaction 

product from the catalyst through the GDL pores must be ensured and applies for both the anodic and 

cathodic side. Hence, even a highly reactive catalyst will perform badly if the three-phase interface of 

the GDL, the catalyst layer, and the membrane is not optimized. The importance of adjusting a perfect 

interplay between the catalyst and a layer design strategy is a specified research field and described 

amount others by Banham et al. 146. In a recent publication, we examined the activity and stability of 

Fe-N-C catalysts in acidic media and found that decreases in catalytic performance are associated with 

the demetallation of FeN4-sites and the subsequent formation of iron or iron-oxide clusters, but not with 

the deactivation of the active site 114. 

As described before, fuel cells offer i) direct energy conversion, ii) no moving parts in the energy 

converter, iii) low noise levels, iv) modular installations to match performance tuning and increase the 

reliability, and v) rapid refilling capability 143. Another important advantage of fuel cells over other 

power technologies is that small and large fuel cell plants have similar operation efficiencies in terms of 
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cost dependencies. Conversely, the lacking infrastructure and the high market entry costs are one of the 

main drawbacks, impeding widespread commercial use.  

 

Fuel Cell Performance  

To optimize the performance of fuel cells, it is important to understand the influence of operation 

conditions such as the gas pressure, temperature and reaction kinetics. The Gibbs free energy ∆𝐺 

determines the maximum electrical work 𝑊𝑒𝑙 produced by a fuel cell at the constant temperature 𝑇 and 

pressure:  

 

 𝑊𝑒𝑙 = −𝑛𝐹𝐸 = ∆𝐺 = ∆𝐻 − 𝑇∆𝑆. ( 11 ) 

 

Here, 𝑊𝑒𝑙 consist of the number of electrons 𝑛 participating in the reaction, the Faraday constant 𝐹, and 

the ideal potential of the cell 𝐸. ∆𝐺 is a product of the enthalpy change ∆𝐻, minus the quantity of the 

unavailable energy resulting from the entropy change ∆𝑆 and the system temperature 𝑇. Mathematics 

reveal that the Gibbs free energy can also be expressed as:  

 

 ∆𝐺 = ∆𝐺0 + 𝑅 ∙ 𝑇 ∙ ln
𝑎C

𝛾
∙ 𝑎D

𝛿

𝑎A
𝛼 ∙ 𝑎B

𝛽
, ( 12 ) 

 

where ∆𝐺0 is the Gibbs free energy of the reaction at the standard pressure of 1 atm and standard 

temperature of 298.2 K. The logarithmic term contains the activity 𝑎 of product (A and B) and reagent 

(C and D), the Greek letters represent stochiometric factors. The fugacity (𝑓) of a real gas can be 

approximated by the partial pressure if the operation pressure is low enough. Substituting equation ( 11 ) 

in equation ( 12 ) once again returns the Nernst equation: 

 

 𝐸 = 𝐸0 +
𝑅 ∙ 𝑇

𝑛 ∙ 𝐹
ln

𝑓C
𝛾
∙ 𝑓D

𝛿

𝑓A
𝛼 ∙ 𝑓B

𝛽
. ( 13 ) 

 

From the connection between the standard potential (𝐸0) of the cell reaction and the ideal equilibrium 

potential (𝐸), it is clear that the cell voltage is a result of the total species amount. Increasing the partial 

pressure of reactants and decreasing the partial pressure of products both increase the cell voltage. At 

the same time, the Nernst equation represents the upper limit of the performance, as it calculates the 

ideal open circuit potential.  
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To understand the standard potential 𝐸0 of a fuel cell in which hydrogen and oxygen react, the half-cell 

reactions need to be considered. At the anode, one hydrogen molecule is split into two hydrogen ions 

(protons) and two electrons: 

 

 H2 → 2H+ + 2e−. ( 14 ) 

At the cathode, on the other hand, an oxygen is reduced to a water molecule: 

 

 
1

2
O2 + 2H+ + 2e− → H2O. ( 15 ) 

 

The overall cell reaction is written as: 

 

 
1

2
O2 + H2 → H2O. ( 16 ) 

 

Implying the following corresponding Nernst equation: 

 

 𝐸 = 𝐸0 +
𝑅 ∙ 𝑇

2 ∙ 𝐹
ln

𝑝H2

𝑝H2O
+

𝑅 ∙ 𝑇

2 ∙ 𝐹
ln 𝑝O2

1
2 , ( 17 ) 

 

which gives the potential 𝐸. Given standard conditions in which H2 and O2 reacts, the standard potential 

𝐸0 of a fuel cell is 1.229 V assuming that liquid water is produced or 1.18 V if gaseous water is produced. 

The difference in Gibbs free energy results exclusively from the energy change associated with the 

vaporization of water. As PEMFCs are more commonly operated at 80 °C than in standard conditions, 

the resulting open circuit potential decreases to 1.17 V.  

Similar to the open circuit potential, the cell efficiency is limited by the Gibbs free energy. The usable 

electric energy produced in an electrochemical converter is calculated using the change in Gibbs free 

energy Δ𝐺 of the reaction and the thermal energy Δ𝐻. Therefore, the thermal efficiency 𝜂 is the product 

of Δ𝐺 (usable energy) and the thermal energy:  

 

 𝜂 = 
Δ𝐺

Δ𝐻
. ( 18 ) 

 

For the thermal efficiency 𝜂 in standard conditions Δ𝐻𝑜 = 285.8 kJ (hydrogen- and oxygen reaction) and 

Δ𝐺𝑜 = 237.1 kJ (available work), it follows that: 
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 𝜂ideal = 
Δ𝐺𝑜

Δ𝐻𝑜
= 

237.1 kJ

285.8 kJ
= 0.83. ( 19 ) 

 

Thus, an ideal fuel cell operating reversible on pure hydrogen and oxygen in standard conditions has a 

maximum efficiency of 83%.  

Δ𝐺 is calculated by multiplying the actual voltage under operation (𝑉actual) with the resulting current 𝐼; 

therefore, the ideal potential 𝐸ideal is described as the ideal voltage (𝑉ideal) multiplied with the product 

of the current 𝐼 and divided by the electric efficiency 𝜂ideal. This yields the thermal efficiency of a 

reversible operating cell on pure H2 and O2 in standard conditions:  

 

 
𝜂 =

Δ𝐺

Δ𝐻
= 

𝑉actual ∙ 𝐼

𝑉ideal ∙
𝐼

𝜂ideal

=
0.83 ∙ 𝑉actual

𝐸ideal
=

0.83 ∙ 𝑉cell

1.229 V
. 

( 20 ) 

 

These ideal conditions cannot be implemented in real operating setups, as cell operating effects reduce 

the efficiency and, in addition, the fuel is not completely converted in a fuel cell. Hence, fuel utilization 

is an important further requisite for efficient operation. Especially in gas-fueled cells, the reactant activity 

drops as the utilization rises, limiting the efficiency. These potential drops are known as mixed potential 

loss, in which parasitic reaction loss dominates. In a real fuel cell, several types of irreversible losses have 

to be considered, for example, activation losses, mass-transport-related or ohmic losses, which impact 

the cell voltage under operation conditions. Figure 9 illustrates the ideal and real behavior of a fuel cell 

under operation condition, including the main losses detailed below.  

 

 

Figure 9: Fuel cell performance. The impact of different types of losses is depicted as described in the text. This figure was 

taken from 147. 
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Ohmic resistance losses have a linear impact across the current density, which are determined with the 

ohmic law due to the cell geometry and the used materials. As the temperature influences the specific 

electric resistance of a material, the operation temperature affects ohmic resistance losses. Hence, the 

ohmic polarization of the fuel cell includes electronic, ionic and contact resistance, as well as solid 

electrolyte resistance. It is obvious that ohmic losses, which are a direct function of current and voltage 

changes, dominate during operation. 

In contrast, the reaction kinetics losses on the anodic side range from 10 to 50 mV vs. RHE and are thus 

negligible 148. However, activation related losses on the cathodic side strongly influence the fuel cell 

performance, as the three-phase interface and the inert electrode kinetics of the oxygen reduction 

reaction result in an activation polarization, which limits the fuel cell performance. The magnitude of 

the activation losses depends on the current density and ranges between 500 and 800 mV vs. RHE 148. 

The electrode design and the catalyst properties are important to improve the fuel cell performance and 

decrease electrode losses, partly because the resulting voltage drop must be overcome by the reacting 

species. If the voltage decreases around ~ 100 mV due to activation polarization, the semi-empirical 

Tafel equation is used to illustrate the activation polarization 𝜂act:  

 

 𝜂act =
𝑅 ∙ 𝑇

𝛼 ∙ 𝑛 ∙ 𝐹
ln

𝑖

𝑖0
. ( 21 ) 

 

Catalyst systems with lower Tafel slope behavior are preferred, as increases in current density are 

followed by a lower activation polarization in this case. Increasing the current, follows with a higher 

production of products, which is significantly affected by the mass transport limitations of educts and 

products. These limitations are mitigated through smart electrode structure and surface designs and 

adjusted operation conditions, which eliminate mass transport as an issue of operation. 

As the performance of fuel cells strongly depends on the cell design and the used materials, activation 

and concentration polarization data necessarily reflect the experimental conditions and are therefore 

hard to compare across different conditions. Moreover, the losses depicted in Figure 9 are expressed as 

polarizations, suggesting that the polarization results in a voltage shift of the electrodes. The 

thermodynamics force the cell to reach the equilibrium; therefore, the net current increases the anode 

potential and decreases the cathode potential, reducing the cell voltage.  

The consideration of losses occurring during operation and the operation conditions affecting the 

performance results in a valid operation window, where the fuel cell efficiency increases. This is the 

reason for the targeted efficiency given by the DOE, as discussed above 149. As a consequence, the fuel 

cell might exhibit a higher total efficiency, although parts of the system work at lower component 

efficiency.  
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Impact of Operation Condition  

The balance of the fuel cell system is the most important part apart from the inner of the stack, as it 

comprises all necessary parameters such as the feed stream conditioning, the thermal management of 

the cell, the temperature of the pipes, and the gas and water regulation. It further controls the electric 

power conditions, regulating voltage and current peaks during the start-stop cycles to avoid cell damage. 

PEMFC applications imply several technical challenges, including water management inside the unit cell 

to avoid draining or flooding, the thermal management of large stationary stacks with high electronic 

loads, the reflected heat for cogeneration and in bottoming cycles 143, and the deactivation possibility of 

PMCs, at trace levels of CO, sulfur species or ammonia. Solutions to avoid severe potential drops and 

improve the lifetime and performance include i) shifting the operation window to lower operating 

current densities, ii) increasing the PMC loading, or iii) exchanging the PGM catalyst with a PGM-free 

catalyst system unaffected by the known deactivations. Whereas the first two options considerably 

increase the operation costs of the stack, the third option may even decrease the costs, underscoring the 

benefits of Fe-N-C catalysts. Still, PEMFCs have the advantage of generating very high current densities 

of up to 4 A cm−2 143, which in combination with the low operation temperature makes them not only 

attractive for automotive applications. The low operation temperature enables a rapid start-up and the 

high current density minimizes the total stack volume and reduces the overall cost. The DOE has set the 

technical targets for automotive applications (80 kWe(net)) integrated transportation fuel cell power 

systems which operate on direct hydrogen to 2 W kg−1, corresponding to 65% stack efficiency at 25% of 

rated power for 2015. Hence, the requested stack efficiency at rated power is given with 55% 149. These 

benchmarks have to be achieved to compete with combustion engines.  

 

3.4. Nuclear Resonant Techniques 

This chapter briefly describes the physical background of the Mössbauer effect, which is known as the 

recoil-free resonant emission or absorption of 𝛾-radiation. Further, it introduces the used nuclear 

resonant techniques, including room temperature Fe57  transmission Mössbauer spectroscopy (RT-MS), 

low temperature Fe57  transmission Mössbauer spectroscopy (LT-MS), synchrotron based Mössbauer 

spectroscopy (SMS), nuclear inelastic scattering (NIS), and nuclear forward scattering (NFS). For a more 

thorough discussion, the following literature is recommended 150-156. 

 

3.4.1. Mössbauer Spectroscopy  

The history of nuclear resonance absorption spectroscopy goes back to the work of Kuhn 157, who first 

suggested the possibility to observe 𝛾-radiation absorption by nuclear resonance. In 1957, 
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Rudolf L. Mößbauer investigated the recoilless nuclear resonance absorption of γ-rays for his doctoral 

thesis 158, 159. He was able “to attack the problem of recoil-energy loss at its root in a manner which, in 

general, ensures the complete elimination of this energy loss” 160. His experiment was carried out using 

a Ir 191 radioactive source, which emits a 129 keV 𝛾-quanta leading to the ground state of Ir 191 . In 

contrast to the suggestion by his supervisor (Heinz Maier-Leibnitz), Mößbauer believed that lower 

temperatures would more easily enable a resonant absorption, enabling the detection of measurable 

changes in the nuclear absorption. Because the shape and energy of the emission and absorption lines 

were treated not as free particles but in crystalline form, Mößbauer was able to explain the “anomalous 

resonance absorption” by showing that the recoil momentum was not transferred to a single nucleus, 

but to an assembly of nuclei or atoms, which include the nearest or next-nearest neighbors surrounding 

the excited nucleus 160.  

The recoil-free nuclear resonance fluorescence, now known as Mössbauer effect was awarded with the 

Noble Prize in physics in 1961 and resulted in a new measurement technique, the Mössbauer 

spectroscopy (the different spelling of Mößbauer (person) and Mössbauer (effect, technique) results 

from the recommendation of the international board on the application of the Mössbauer effect 

(IBAME)). Advantages of Mössbauer spectroscopy are the high sensitivity to energy changes in the order 

of 10−8 eV, and the accuracy to the 10−13th decimal place. This makes it an unique technique for 

investigating Mössbauer active isotopes like Fe57 , as it facilitates the modification of hyperfine 

interactions of the nucleus and the electron shell and, hence, the observation of electric monopole 

interactions (𝛿ISO), electric quadrupole interactions (∆𝐸Q), and magnetic dipole interactions (∆𝐸M), 

which offer information about oxidation states, spin states, magnetic interactions, bonds character, 

electronegativity of ligands, and molecular symmetry 151, 161, 162. Compare to X-ray absorption 

spectroscopy (XAS), near-edge X-ray absorption fine structure (XANES) or extended X-ray absorption 

fine structure (EXAFS), Mössbauer spectroscopy has several advantageous in the characterization of 

Fe-N-C catalysts. It is practically not limited on the sample thickness and shows only for strong absorbing 

samples double resonance effects the information about the investigated isotope comes directly from the 

nucleus and is not a product of shell electron excitation nor relaxation processes and no complex data 

analysis has to be deployed. Today, the Mössbauer Effect has been described for 44 elements, 81 

nuclides, with 102 Mössbauer transitions and Mössbauer spectroscopy is a very common technique in 

the fields of solid state research, physics, chemistry, geo- and material science as well as biology and 

archeology 151. 
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Room-Temperature 𝐹𝑒57  Transmission Mössbauer Spectroscopy (RT-MS) 

Fe57  transmission Mössbauer spectroscopy (RT-MS) is most commonly used to investigate Fe-bearing 

compounds 163. However, in the field of Fe-N-C catalyst a steadily growing number of groups use the 

technique 86, 110, 164, 165.  

 

Figure 10: Scheme of Mössbauer setup (left). The vibrator moves the radioactive source with a constant velocity and 

controlled by the velocity feedback and driver. The source emits the radiation which excited the sample nucleus. The decay 

of the excited state emits a γ-quant which will be collected by the proportional counter. The single and multi-channel analyzer 

will process the data, whereas the master oscillator is used for adjustment. Signal processing (right): The source will be moved 

with constant acceleration. Each decay can be connected with a defined velocity by the channel analyzer. The total number 

of pulses will show twice the spectrum for positive and negative velocity, respectively. Folding and transforming the spectrum 

to absorption or transmission per percent follows in the common Mössbauer spectrum. Adopted from V. Schünemann lecture 

“Grundlagen der Mößbauerspektroskopie” 166. 

 

In Figure 10 the generalized setup of a room temperature Mössbauer spectrometer is shown. In a 

standard RT-MS setup, the radioactive source is mounted on an electro-mechanical velocity transducer 

(vibrator) to provide the constant energy modulation of the emitted 𝛾-quanta by the Doppler-effect. 

Between source and vibrator, the velocity feedback and driver tune the constant acceleration mode and 

control the transduced, triangular function. The emitted radiation is partly absorbed, re-emitted by the 

fixed sample, and then hits the detector. Here, a proportional counter filled with an argon, krypton or 

xenon gas mixture is used with a quench gas like methane. Using a proportional counter as detector has 

the advantage of high-count rates and high resolution but the disadvantage of low efficiency. In 

comparison, a scintillation detector like NaI or Si(Li) has a high efficiency but a lower resolution and 

interacts with Compton scattering, resulting in a broad non-resonant background. The pulses of resonant 
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energy are distinguished by the single channel analyzer and conducted to the multi-channel analyzer for 

data collection. The master oscillator functions as an interface between the electronic components. The 

resulting spectrum is an unfolded (forward and backward velocity), point (number of points depends on 

the number of single channels) transmission spectrum. Due to the missing correlation between the single 

channels and the velocity, a calibration is needed for each velocity. Usually, this is done by measuring a 

pure 𝛼-iron foil and calibrating the velocity axis by the six-line positions of the iron spectrum for which 

the energetic positions are well known. 

 

Physical Concepts of the Mössbauer Effect: 

Mössbauer spectroscopy uses the nucleus of a Mössbauer active isotope to determine the electronic 

character of the isotope, offering information about the structural and electronic properties of the 

Mössbauer nuclei 167. To understand the results of Mössbauer spectra, it is thus important to understand 

nuclear and electronic processes and its interactions.  

The emission of a 𝛾-quant with the energy 𝐸0, realized by the radioactive nucleus, entails a recoil impulse 

𝑝𝑁 with the energy:  

 

 𝐸R =
𝑝𝑁

2

2𝑀
=

𝐸0
2

2𝑀𝑐2
 , ( 22 ) 

 

where 𝑀 is the mass of the emitted nucleus and 𝑐 the speed of light. This nonrelativistic approximation 

is used because of the large nuclear mass and the low recoil velocity. The transition energy 𝐸𝛾 of the 

𝛾-quant is given as, 

 

 𝐸𝛾 = 𝐸0 − 𝐸R, ( 23 ) 

 

where 𝐸R is the recoil energy absorbed by the nuclei due to momentum conservation. The energy of the 

emitted 𝛾-quant is the difference between the excited state 𝐸e and the ground state 𝐸g of the nucleus, 

 

 𝐸e − 𝐸g = 𝐸0. ( 24 ) 

 

Each nuclear level has a unique energy, spin parity, decay constant 𝜆 (decay probability per unit time), 

and mean lifetime 𝜏𝑁 of the excited nuclear state. The mean lifetime is defined by the re-emission of a 

𝛾-quant from the exited state back to the ground state and must be in the range of 10−6 ≥ 𝜏𝑁 ≥ 10−11 s, 

as a lifetime longer than 10−6 s will result in an insufficient overlap of the emission and absorption lines, 
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whereas a lifetime shorter than 10−11 s will induce too broad resonance overlap, resulting in a smeared 

and thus indistinguishable spectrum. For Fe57 , the mean lifetime of the excited nuclear state is 

𝜏𝑁 =  1.43 ∙ 10−7 s, which fits well for observing the recoil-free resonance. For an excited nuclear state, 

which is determined by the width of the resonance lines, it follows that the mean-life time 𝜏𝑁 is defined 

as the average time the excited state exist before decay and is a product of 𝜆 and the half-life time 𝑡1
2⁄
: 

 

 𝜏𝑁 =
1

𝜆
= 𝑡1

2⁄
∙ ln 2 = 1.44 ∙ 𝑡1

2⁄
. ( 25 ) 

 

Multiplying life-time and width, one finds that: 

 

 𝜏 ∙ Γ = ħ, ( 26 ) 

 

where Γ is the natural line width. This equation can be interpreted in terms of Heisenberg’s uncertainty 

relation ∆𝑡 ∙ ∆𝐸 ≥ ħ. To measure the energy of the state within an uncertainty ∆𝐸 = Γ, a time ∆𝑡 = 𝜏 is 

needed. For Fe57 , the lifetime of the first excited state is 141 ns and the width of this state is given by 

Γ = ħ ∙ 𝜏−1 = 4.67 ∙ 10−9 eV. The ratio of decay energy is 14.41 keV of the first excited state and the width 

is given by 𝐸 ∙ Γ−1 = 3.1 ∙ 1012. Figure 11 depicts the different energy sections, which illustrate the recoil-

free resonant emission.  

 

 

 

Figure 11: Three separated energy sections of the 𝛾-emission and absorption lines caused by recoil of resting free nuclei. 

Resonant absorption is not possible, since there is no overlap between the emission and absorption line. (Picture traced in 

from 151). Only if the emitted 𝛾-quant has an energy 𝐸0 + 𝐸𝑅 and 𝐸0 ≲ Γ the emission and absorption lines overlap and 

resonance fluorescence can occur. 
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To estimate the natural line width Γ and the energy related intensity 𝐼(𝐸) of decay events, a Lorentzian-

like distribution is needed, which is given by the Breit-Wigner formula: 

 

 𝐼(𝐸) =
(
𝛤
2)

2

(𝐸 − 𝐸0)
2 + (

𝛤
2)

2 . ( 27 ) 

 

For the transition of Fe57 , 𝐸0 = 14.41 keV and 𝐸R = 1.96 ∙ 10−3 eV and is thus 106 times larger than the 

natural line width of the excited state. The most important conclusion drawn from this equation is that 

the decay energy is not constant and distributed across a region whose width is determined by the decay 

constant. If a 𝛾-quant is emitted by a free atom, a linear recoil momentum with the recoil energy 𝐸R is 

transmitted to the nucleus. As seen in equation ( 23 ), the recoil effect reduces the energy of the 𝛾-quant 

and increases the transition energy by the same amount. This conservation law also holds for the 

absorption process. The resonance between the absorber and the source of the free nucleus cannot be 

assumed; only if the atom is fixed in a molecular lattice and the emitted 𝛾-quant has an energy 𝐸0 +  𝐸𝑅 

and 𝐸0 ≲ Γ, the emission and absorption lines overlap and resonance fluorescence occurs.  

In a solid or crystalline system, the recoil-free emission is inhibited by excitation or annihilation of 

phonons. This process also results in a vibrational energy with magnitudes higher than the natural line 

width Γ. In the quantum mechanical description of the solid, a finite probability 𝑓 is declared, which 

describes the zero-phonon process in the static phonon system, that is without any phonon excitation. 

This factor 𝑓 is known as the Debye-Waller-Factor and is described in the Debye model, which estimates 

the phonon distribution in a solid. Instead of the Einstein model, where the decrease of specific heat is 

explained qualitatively, the Debye model uses the 𝑇3 dependence and thus improves the fit between 

theory and experiment for low temperatures. In addition, it introduces a continuum of oscillator 

frequencies, ranging from zero to a maximum frequency 𝜔Θ, the so called Debye frequency 161. In nuclear 

resonance absorption this factor is described as Lamb-Mössbauer-Factor 𝑓𝐿𝑀 and calculated as the recoil-

free fraction of 𝛾-quanta, which are emitted and absorbed without recoil over a time average. The Lamb-

Mössbauer-Factor 𝑓𝐿𝑀 describes the vibration properties of the solid and is calculated by using the mean 

square displacement 〈𝑥2〉 of the nucleus from equilibrium position and the transition energy of the 

𝛾-quant (𝐸𝛾): 

 

 𝑓𝐿𝑀(𝑇) = exp [
−〈𝑥2〉𝐸𝛾

2

(ħ𝑐)2
] ( 28 ) 
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As the recoil-free fraction depends on the temperature and is further affected by the lattice properties, 

several assertions about 𝑓𝐿𝑀 are possible: i) a weakly bound Mössbauer active nucleus in the crystal 

exhibits a larger mean-square displacement than a strongly bound nucleus, resulting in a smaller 𝑓𝐿𝑀 

value and a smaller resonance effect; ii) as the transition energy 𝐸𝛾 increases, the resonance effect 

decreases, limiting the number of Mössbauer nuclei with excited energies beyond 0.2 MeV 151; and, iii) 

increases in the Debye temperature 𝛩D lead to increases in 𝑓𝐿𝑀. As the elastic properties of the lattice 

limit the Debye temperature to ħ𝜔𝛩, the recoil-free fraction 𝑓𝐿𝑀 is expressed in terms of the 

corresponding Debye temperature 𝛩D. The Debye temperature should be replaced by the Mössbauer 

temperature 𝛩M, which is specific to the local environment of the Mössbauer nuclei, as 𝛩𝐷 is based on 

the assumption of a continuous distribution of phonon frequencies and determined from specific heat. It 

should be noted that the quantity ΘM is derived from Mössbauer data and therefore has little physical 

meaning, as it is not directly related to a structural characteristic 168. For the Lamb-Mössbauer factor, it 

follows that: 

 

 𝑓𝐿𝑀(𝑇) = exp [−
3𝐸R

2𝑘B𝛩M
{1 + 4 ∙ (

𝑇

𝛩M
)
2

∫
𝑥

𝑒−𝑥 − 1
d𝑥

𝛩𝑀/𝑇

0

}], ( 29 ) 

 

where 𝐸R is the free nucleus recoil energy given in equation ( 22 ), 𝑘B is the Boltzmann’s constant, and 

𝑇 is the given sample temperature. The resulting temperature dependent 𝑓𝐿𝑀 is given in the supporting 

Figure S 1. In the low-temperature region, where 𝑇 ≪ 𝛩M, the following approximation is used: 

 

 𝑓𝐿𝑀(𝑇) = exp [−
𝐸R

𝑘B𝛩M
(
3

2
+

𝜋2𝑇2

𝛩M
2 )], ( 30 ) 

 

where the integral yields a 𝑇2 dependence. However, in the higher temperature region, where 𝑇 ≥
1

2
Θ𝑀, 

a linear regime approach is more suitable: 

 

 𝑓𝐿𝑀(𝑇) = exp [−
6𝐸R𝑇

𝑘B𝛩D
2]. ( 31 ) 

 

As already mentioned above, 𝑓𝐿𝑀 relies on the bound character of the Mössbauer nuclei. In fact, it is very 

common to assume an equal 𝑓𝐿𝑀 for all species that appear in a measured sample. Nevertheless, several 

authors argue that the impact of 𝑓𝐿𝑀 is not negligible 165, 168-170. Still, as our current estimates show, for 

the relation between FeN4 centers and inorganic impurity species typically found in Fe-N-C, 𝑓𝐿𝑀  can be 
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neglected for comparison of absorption areas, specifically, as the exact values for the different FeN4 sites 

in most Fe-N-C catalysts are unknown 107.  

In addition to the described possibility to calculate the Lamb-Mössbauer factor, Frauenfeld has proposed 

an alternative measure using the temperature dependency of the spectral area change in Mössbauer 

spectra under different temperatures 161. This method is suitable if the overall species amount does not 

change and there is no superparamagnetic relaxation of iron-containing nanoparticles, which split into 

sub spectra during the temperature change. As Sturhahn et al. 171 demonstrate, determining the area 

density is the most common source of systematic errors. The unknown behavior of the sample geometry, 

isotopic abundance, or mass density of the sample, as well as the unknown 𝑓𝐿𝑀 of the source, are the 

main reasons for flawed calculations. An ideal Mössbauer source, found for instance at the ESRF, 

eliminates some of these problems and offers the possibility to estimate the 𝑓𝐿𝑀  directly using NIS or 

SMS data  171-173.  

 

Hyperfine Interaction  

In the previous paragraphs, some general aspects of nuclear resonance and recoil-free interaction were 

described. The following section focuses on the most important Mössbauer nucleus, iron. Over 90% of 

all Mössbauer-related publications reference to Fe57 -Mössbauer spectroscopy 174. 

 
 

Figure 12: The 57Co decay scheme is shown (left)175, 176. The detailed description of the mechanism is given in the text. 

Transition scheme of the source with the emission and absorption of the 𝛾-quant by the sample nuclei (right)177. 

 

 Figure 12 depicts the 𝛾-decay scheme of Co57  to Fe57 . The radioactive Co57 , with a half-life time of 271.8 

days decays by an electron capture (EC) from the K-shell with an efficiency of 99.84% to Fe57  and 

initially occupies the 136.5 keV nuclear level with the nuclear spin quantum number 𝐼 = 5/2. After 

8.7 ns, the excited state decays to the nuclear level 𝐼 = 3/2 by emitting a 𝛾-quant with 122.1 keV with a 
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probability of 85% or directly to the ground state with a probability of 15%. The half-life of the 𝐼 = 3/2 

nuclear state is 97.8 ns and decays with the M1 transition by emitting a 𝛾-quant of 14.4 keV to the stable 

nuclear state of Fe57 .  

Only 11 % of M1 transitions result in the emission, whereas 89% are lost due to internal conversion 

processes, caused mainly by the energy transfer to a K-shell electron, and will be ejected as so-called 

conversion electrons. The internal conversion coefficient 𝛼T = 8.17 for Fe57  is rather high compared to 

other isotopes and defines the ratio between conversion electrons and 𝛾-photons. Indeed, the natural 

abundance of Fe57  is rather low (2.19% of the overall iron amount), but the high cross-section of             

𝜎 = 2.57 ∙ 10−18 cm2, which results in a high interaction probability of the 𝛾-quant with the nucleus, 

makes iron particularly interesting for Mössbauer spectroscopy. Therefore, an additional enrichment 

with Fe57  150, 151 is only necessary for a small sample amount or to achieve short measurement times and 

to increase the signal to noise ratio.  

The nature and strength of the hyperfine interactions are reflected in the spectrum by the position, shape 

and number of transition lines. Three possible types of interactions are distinguished: i) the isomer shift 

𝛿ISO, which identifies the position of the resonance lines and results from Coulomb interaction; ii) the 

quadrupole splitting (∆𝐸Q), which causes twofold degeneration of nuclear states, and iii) the magnetic 

dipole interaction with magnetic dipole splitting (∆𝐸M). Figure 13 illustrates the impact of the hyperfine 

interaction resulting in the isomer shift, the energy scheme, and the effect on the Mössbauer spectrum. 

As source and absorber exhibit different chemical environments, the nuclear charge distribution 𝑍𝑒𝑅2 

and the electronic charge density 𝑒|𝜓(0)|2 of both the ground and the excited state differ (𝑍𝑒𝑅g
2 ≠ 𝑍𝑒𝑅e

2), 

result in a shift of the nuclear states. The unequal mean square radius of the ground (g) and excited 

state (e), 𝑅g
2 ≠ 𝑅e

2 induces a change in nuclear volume and different (𝛿𝐸)g and (𝛿𝐸)e compared to the 

bare nucleus. The isomer shift is written as:  

 

 𝛿iso = 𝐸A − 𝐸S =
2 ∙ 𝜋

5
𝑍 ∙ 𝑒2 ∙ {|𝜓(0)|A

2 − |𝜓|(0)S
2} ∙ (𝑅e

2 − 𝑅g
2), ( 32 ) 

 

where the atomic number 𝑍 and 𝐸A are given as: 

 

 𝐸A = 𝐸0 ∙
2 ∙ 𝜋

5
𝑍 ∙ 𝑒2 ∙  |𝜓(0)|A

2 ∙ (𝑅e
2 − 𝑅g

2). ( 33 ) 
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Figure 13: Energy scheme of the electric monopole interaction between the nucleus and the electron density which results 

in a shift of the nuclear state visible as isomer shift in the Mössbauer spectrum. As the source is not ideal, a shift of 𝛿𝐸g and 

𝛿𝐸e in the energy level is already obtained (left). Resulting Mössbauer spectrum of the monopole interaction which results 

in a singlet. The resulting isomer shift represents the different chemical environment of source and absorber (right). 

 

As the electron densities of the emitted and the absorbed nuclei are different, the transition energies of 

the source 𝐸S and the absorber 𝐸A shift the transmission line. The shift of the different nuclear levels 

offers information about the oxidation state, the electronic spin state, the electronegativity, and the 

character of bonds and ligands 177. As the 4𝑠-electrons have a finite probability of presence inside the 

nucleus and, therefore, show the highest impact on the isomer shift. Shielding effects from the 𝑝-, 𝑑- or 

𝑓-electron orbitals can reduce the 4𝑠-electron density and increase the value of the isomer shift. 

Nevertheless, the shielding effects are less important for the variation of the isomer shift, whereas the 

variation of the 4s population has an equal or stronger impact. To explain the contribution of 4𝑠-electrons 

to the charge density at the nucleus, molecular orbital calculations (MO) are required 151. Hence, the 

most important information 𝛿iso offers is the valence state of the atom.  

In addition, the isomer shift 𝛿iso  includes a temperature dependent, relativistic contribution term as 

described by de Grave et al. 168, 170: 

 

 𝛿(𝑇) = 𝛿1 + 𝛿SOD(𝑇) ( 34 ) 

 

where 𝛿1 is the temperature-independent genuine isomer shift and 𝛿SOD the so-called second-order 

Doppler shift, which results from the temperature difference between source and sample and the 

resulting thermal motion variety.  

As 𝛿SOD arises from the non-zero average of the quadratic velocity of the absorbing nuclei, 

 

 𝛿SOD = −𝐸𝛾

〈𝑣2〉

2𝑐2
 ( 35 ) 
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the Debye model is drawn on for determination170, 178: 

 

 𝛿SOD = −
9𝑘𝐵𝐸𝛾

16𝑀eff𝑐
2
(𝛩M + 8𝑇 (

𝑇

𝛩M
)
3

∫
𝑥3

𝑒𝑥 − 1
d𝑥

𝛩M
𝑇

0

), ( 36 ) 

 

where 𝑀eff is the effective vibrating mass. As the vibrating mass and 𝛿SOD are influenced by the binding 

of the resonant nucleus in the lattice and the variation of material composition, the lattice structure and 

environmental conditions 171, this parameter offers a better understanding of the dynamic properties of 

the solid. The influence of 𝛿SOD decreases with the sample temperature and can generally be neglected 

for liquid helium temperature 151. Under standard condition the 𝛿SOD has not to be considered.  

The isomer shift itself is not sufficient to gain information about electron occupation and spin states. 

Here, the investigation of the 3𝑑-electrons in necessary. Table 3 gives the 3𝑑-electron levels for an 

octahedral aligned rhombic field in axial direction and helps to clarify the electron position and spin 

states in iron compound systems, using the crystal-field approximation.  

 

Table 3: 3𝑑 orbital population of iron in the most common spin and oxidation states. Table is inherited from DeBrunner 179 

3d Single Electron Levels in Octahedral 

+ Axial + Rhombic Field 
Fe(I) 

3𝑑7 

Fe(II) (ferrous) 

3𝑑6 

Fe(III) (ferric) 

3d5 

Fe(IV) 

3𝑑4 

 Spin 1
2⁄  2 1 0 5

2⁄  3
2⁄  1

2⁄  
1 

 

        

        

        

        

        

        

        

 

In Table 4 the common isomer shift values of FeN4-sites found in Fe-N-C catalysts are listed. The isomer 

shift for the different compounds shows a strong overlap between the Fe(II) low-, and intermediate spin, 

and the Fe(III) low-, intermediate-, and high spin. It is thus necessary to combine the isomer shift with 

further parameters, for instance quadrupole splitting and additional techniques like low temperature 

Mössbauer spectroscopy or EPR, to distinguish and quantify the different iron compounds.  

While the isomer shift only affects the position of the transition line, the quadrupole interaction deals 

with the rotational confirmations that a non-spherical nucleus can take in the in-homogeneous electric 
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field generated by a noncubic charge distribution 151. Hence, the quadrupole splitting reflects the 

population of the iron 3d-orbitals, as well as the ligand charges surrounding the iron 167. This behavior 

is described by a non-symmetric electric field gradient (EFG). The quadrupole splitting can only appear 

for 𝐼 > 1 2⁄  with an EFG ≠ 0 and, therefore, the ground state of Fe57  is not affected. For the first exited 

nuclear state 𝐼 > 3 2⁄ , the splitting appears in two nuclear sublevels (Figure 14). 

 

Table 4: Overview of the most common isomer shift ranges appearing in Fe-N-C catalysts and molecular FeN4 centers. The data 

is obtained as a combination of Ref 151, Ref107 and Ref180 and given for room temperature. 

Component Spin 𝛿iso / mm s−1 Coordinated Electron config. 

Fe(II) 0 −0.25 − 0.5  3𝑑6 

FePorph(X)2, X = py, NH3 0 0.35 − 0.38 Sixfold 3𝑑6 

Fe(II) 1 0.25 − 0.5  3𝑑6 

𝛼-Fe Phtalocyanin 1 0.36 − 0.4 Fourfold 3𝑑6 

Fe(II) 2 0.6 − 1.4  3𝑑6 

Cytochrome c Heme 2 0.9 − 0.95 Fivefold 3𝑑6 

Fe(III) 1
2⁄  −0.2 − 0.4  3𝑑5 

FePorph axial ligands like 

CN−, OH−, N3
−- 

1
2⁄  0.15 − 0.25 Sixfold 3𝑑5 

Fe(III) 3
2⁄  0.2 − 0.4  3𝑑5 

(Very) weak axial ligands 3
2⁄  0.3 Sixfold 3𝑑5 

Fe(III) 5
2⁄  0.25 − 0.6  3𝑑5 

Halogen ions 5
2⁄  0.3 − 0.45 Fivefold 3𝑑5 

 

 
 

Figure 14: Energy scheme of the quadrupole splitting. A nuclear state with  𝐼 = 1 2⁄  and an EFG = 0 shows no quadrupole 

interaction. Therefore, the ground state of Fe57  is not affected (left). For the first exited nuclear state 𝐼 > 3 2⁄  the splitting in 

two nuclear sublevels is observed as an EFG ≠ 0 caused an eigenvalue 𝑉𝑧𝑧 > 0. Resulting Mössbauer spectrum of the 

quadrupole interaction which results in a doublet. The resulting isomer shift represents the different chemical environment 

of source and absorber, whereas the splitting gives the energy difference of both states (right). 



  

37 

 

The electric field gradient (EFG) is generated by the impact of ligands on the electron density 

surrounding the Fe57  nucleus. Conventionally, the resulting eigenvalues |𝑉𝑥𝑥|, |𝑉𝑦𝑦|, |𝑉𝑧𝑧| are chosen such 

that |𝑉𝑥𝑥| ≤ |𝑉𝑦𝑦| ≤ |𝑉𝑧𝑧|. This gives the asymmetry parameter 𝜂: 

 

 𝜂 =
𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
, ( 37 ) 

 

and is used to evaluate the quadrupole splitting (∆𝐸Q): 

 

 ∆𝐸Q =
1

2
𝑒𝑄𝑉𝑧𝑧√1 +

𝜂2

3
. ( 38 ) 

 

To computate the quadrupole interaction; the spin-Hamiltonian needs to be considered: 

 

 �̂�Q(𝐸2) =
𝑒𝑄𝑉𝑧𝑧

4(2𝐼 − 1)
[3𝐼𝑧

2 − 𝐼(𝐼 + 1) +
𝜂

2
(𝐼𝑥

2 + 𝐼𝑦
2)]. ( 39 ) 

 

Here, 𝑄 describes the nuclear quadrupole momentum, 𝐼 the nuclear spin state, and 𝐼𝑥
2, 𝐼𝑦

2, 𝐼𝑧
2 the 

corresponding spin operators. To understand the magnetic dipole interaction, the quantum mechanical 

formalism of Hamiltonian needs to be introduced, which is also important for low-temperature Fe57  

transmission Mössbauer spectroscopy (LT-MS) with an external applied magnetic field. In this case, the 

Hamiltonian formalism is needed to interpret the resulting spectra. The hyperfine interactions are 

written as a Hamiltonian of the nucleus �̂�𝑁: 

 

 �̂�N = �̂�N
0 + �̂�hf = �̂�N

0 + �̂�I(𝐸0) + �̂�M(𝑀1) + �̂�Q(𝐸2) + ⋯, ( 40 ) 

 

which is the sum of �̂�N
0, the unperturbed nuclear Hamiltonian and the perturbation Hamiltonian �̂�hf. 

�̂�hf summarizes �̂�I(𝐸0), the electrical monopole interactions (Figure 13), �̂�M(𝑀1) the magnetic dipole 

interaction results in the magnetic splitting in the six-line pattern (Figure 15), and the quadrupole 

splitting �̂�Q(𝐸2) (Figure 14).  

The magnetic Hamiltonian �̂�M(𝑀1) includes the Zeeman term, which describes the coupling of the 

external applied magnetic field �⃗� 0 and the magnetic moment of the nucleus with the internal magnetic 

hyperfine field �⃗� hf = −〈𝑆 〉 ∙ 𝐴 𝑔N𝜇N⁄ . Further, the nuclear Zeeman effect causes the split into 2𝐼 + 1 (in 

total six) equally spaced nondegenerate sub-states, resulting in equidistant transition signals with the 
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intensity ratio 3:2:1:1:2:3, which are known from homogeneously distributed internal hyperfine fields 

and the velocity calibration measurement of 𝛼-iron (Figure 15). It follows that:  

 

 �̂�M(𝑀1) = 〈𝑆 〉 ∙ 𝐴 − 𝑔N𝜇N�⃗� 0 ∙ 𝐼 = −𝑔N𝜇N(�⃗� hf + �⃗� 0) ∙ 𝐼 , ( 41 ) 

 

with the nuclear 𝑔-factor 181 𝑔N, the nuclear magneton 𝜇N, and 𝐴 as the tensor coupling the 

spin-expectation value 〈𝑆 〉 to the nuclear spin 𝐼. The related Zeeman energies (magnetic dipole splitting) 

for the ground ∆𝐸M,gand excited ∆𝐸M,e states are given as: 

 

 ∆𝐸M,g = 𝑔g𝜇N�⃗� 0 and ∆𝐸M,e = 𝑔e𝜇N�⃗� 0, ( 42 ) 

 

with the 𝑔-factor for the ground 𝑔g and excited 𝑔e states, respectively. Combining equations ( 39 ), ( 40 ), 

and ( 41 ) results in the nuclear Hamiltonian: 

 

 �̂�N =
𝑒𝑄𝑉𝑧𝑧

4(2𝐼 − 1)
[3𝐼𝑧

2 − 𝐼(𝐼 + 1) + 𝜂(𝐼𝑥
2 + 𝐼𝑦

2)] − 𝑔N𝜇N�⃗� ∙ 𝐼 + 〈𝑆 〉 ∙ 𝐴 ∙ 𝐼 . ( 43 ) 

 

 

 

Figure 15: Energy scheme of the magnetic dipole splitting (left). Simulated six-line pattern with the intensity ratio 3:2:1:1:2:3 

(right). The energy shift is caused by the electric monopole interaction, whereas the value 3∆𝐸M,g + ∆𝐸M,e gives access to the 

internal magnetic field and therefore information about the electronic configuration.  

 

Spin Hamiltonian 

To calculate a paramagnetic iron with spin 𝑆, the nuclear spin Hamiltonian �̂�N (equation ( 43 )) and the 

electronic spin Hamiltonian �̂�S need to be considered, because of the influence of ligand field. The 

calculates are represented as:  
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 �̂�S = 𝐷 [�̂�𝑧
2 −

𝑆(𝑆 + 1)

3
+

𝐸

𝐷
(�̂�𝑥

2 − �̂�𝑦
2)] + 𝜇𝐵 ∙ 𝑆 ∙ 𝑔 ∙ �⃗� , ( 44 ) 

 

and used to determine the spin expectation values 〈𝑆 〉 179, 182, 183. Here, 𝐷 is the zero-field splitting 

(dependence on the strength of ligand field splitting between the orbital states and thus on the chemical 

bonds), 
𝐸

𝐷
 is the rhombicity parameter, and 𝜇𝐵 is the Bohr magneton describing the influence of the 

crystal field. Equations ( 43 ) and ( 44 ) enable the simulation of low temperature Mössbauer spectra 

with an external applied field.  

 

Superparamagnetic Relaxation in Magnetic Nanoparticles 

The magnetic characteristics of small nanoparticles or atomic clusters often differs from those known 

from a bulk material due to a nonstable magnetization direction of the domains at finite temperatures 174, 

184, 185. In general, an uniaxial magnetic anisotropy of the nanoparticle is assumed, given the magnetic 

anisotropic energy as  

 

 𝐸𝑎(𝜃) = 𝐾𝑉sin2𝜃, ( 45 ) 

 

where both, the magnetic anisotropy constant 𝐾 and the particle volume 𝑉, given the energy barrier for 

a permanent oriented magnetic moment, whereas 𝜃 is defined as the angle between the magnetization 

direction and the easiest direction of magnetization. It is shown mathematically that two minima at 

𝜃 =  0° and 𝜃 = 180° are found, respectively. If the resulting energy barrier is smaller than the thermal 

excitation energy, a spontaneous fluctuation of the magnetization direction between the two minima 

may appear, the so-called superparamagnetic relaxation. Under the assumption of noninteracting 

nanoparticles in a zero applied magnetic field, the average time between two magnetization inversions 

is given by the Néel-Brown expression  

 

 𝜏 = 𝜏0 exp (
𝐾𝑉

𝑘B𝑇
), ( 46 ) 

 

which is valid under the approximation of 𝐾𝑉 ∙ (𝑘B𝑇)−1 ≳ 1. The value of 𝐾𝑉 ∙ (𝑘B𝑇)−1 is normally in 

the range between 2 − 9, whereas for 𝜏0 typical values around 10−13 − 10−9s are found. As the time 

resolution of Mössbauer spectroscopy overlaps with the relaxation time, the expected sextet line shape 

of a magnetic nanoparticle collapses to a singlet or doublet if the relaxation time is smaller than the time 
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resolution. Normally, a huge particle size distribution is found in a sample, which results in a broad 

relaxation time distribution and overlapping line shapes in the resulting Mössbauer spectrum. Whereas, 

if the relaxation time of the nanoparticles is in the order of the time resolution, the contribution to the 

Mössbauer spectrum is barely visible and the relative surface area would be misleading. Hence, the time 

window for measurement needs to be smaller than the relaxation 34, 43, 51, 64, 86. 

 

Low-Temperature 𝐹𝑒57  Transmission Mössbauer Spectroscopy (LT-MS) 

In order to quantify a species nature, it is necessary to overcome small 𝑓𝐿𝑀-values and to limit the effects 

of relaxation times of small domain structures on the spectrum. Field-dependent Mössbauer spectroscopy 

at low temperatures is used to slow the relaxation time and, in combination with an external applied 

field, depress fast relaxation processes. The fast domain switching, caused by the domain size or spin-

spin-coupling processes, are slowed through a change in the population of ionic energy levels 186. The 

setup is slightly different from a conventional RT-Mössbauer spectrometer, as the sample is installed 

inside a closed-cycle cryostat equipped with a superconducting magnet, as described, for example, by 

Janoschka et al. 187. The radioactive source and the detector are normally not implemented into the 

cryostat, so 𝛿SOD needs to be considered. For the data analysis the spin and the nuclear Hamiltonian 

have to be consulted, as described before. Trautwein et al. 188 contend that the full power of Mössbauer 

spectroscopy can only be obtained if the performed measurements are field- and temperature-dependent. 

Note that, under these circumstances, only indirect information about the electron configuration are 

obtained, as the nuclear environment is determined by the Mössbauer nucleus through an interchange 

of the hyperfine coupling. As described above, the magnetic hyperfine field is the product of the magnetic 

hyperfine tensor and the spin expectation values of the electrons and results in the magnetic splitting. 

To access relevant chemical information like zero-field splitting, electron spin coupling, and spin 

fluctuations, the magnetic hyperfine tensor must be known. Complementary and independent data like 

electron paramagnetic resonance (EPR), neutron activation analysis (NAA), or other spectroscopy 

techniques are thus crucial to complete the picture.  

Room-temperature Fe57  Mössbauer spectroscopy is used by different groups to investigate the oxidation 

states and chemical environment of Fe-N-C catalysts 39, 50, 52, 64, 189. To gain additional insight into the iron 

sites and their hyperfine interactions, LT-Mössbauer spectroscopy causes magnetic splitting due to the 

reduced spin relaxation. The resulting spectral shape is given by the ground-state spin multiplets and, 

therefore, needs to be determined by the Spin Hamiltonian 190. LT-Mössbauer spectroscopy is widely 

used for iron-containing biomolecules, heme proteins and corresponding model complexes 191 but rather 

innovative in the investigation of Fe-N-C catalysts 51, 165. 
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3.4.2. Synchrotron  

The advantage of applying nuclear resonant techniques at synchrotrons is that the right resonant energy 

of each Mössbauer isotope can be adjust by the X-ray beam, as no radioactive source is needed. Especially 

for Fe57  Mössbauer, the extremely high energy resolution with a width of Γ𝑓 = 7.07 ∙ 106 s−1 in the 

frequency scale, Γ𝑒 =  4.65 ∙ 10−9 eV in the energy scale, and Γ𝑣 = 0.097 mm s−1 in the velocity range, 

are only accessible with synchrotron radiation and permit the division of atomic motion into high and 

slow atomic velocities 192. 

Table 5: Comparison between a 3rd generation undulator source and a commercially available Co57  source with 370 MBq activity 

(values taken from Sturhahn et al. 193 and 152). 

Property  Synchrotron Radiation Radioactive Source 

Spectral Flux / ph s−1 eV 2.5 ∙ 1012 2.5 ∙ 109 

Brightness / ph s−1 eV sr 2.8 ∙ 1022 2.5 ∙ 1012 

Brilliance / ph s−1 eV sr mm2 2.8 ∙ 1022 2.5 ∙ 1010 

Typical Beam Size /  mm2 1 × 1 10 × 10 

Focused Beam Size /  μm2 6 × 6 - 

Energy Resolution / neV variable 4.7 

Time Resolution / ns 0.7 - 

Polarization linear or circular unpolarized 

 

The effect of the two is very different, fast spatially, unlimited atomic motion destroys coherent resonant 

scattering completely, whereas fast motion limited in space, only changes the intensity. However, low 

velocities enable the probing of diffusive atomic motion 192, rendering new characterization techniques 

examining the energy domain (e. g., synchrotron based Mössbauer spectroscopy and nuclear inelastic 

scattering) or the time domain (nuclear forward scattering) of excited nuclear states. Furthermore, the 

outstanding brilliance, transverse coherence, and polarization of the synchrotron beam enables unique 

studies in the field of material science 152, geology 163, and biology 194. Especially for fast reactions (as 

in situ or operando techniques), small sample volumes (e.g., nanostructure, ultrathin films, or clusters), 

high pressure experiments, or measurements with a narrow space resolution, synchrotrons are 

indispensable.  

 

3.4.3. Nuclear Inelastic Scattering (NIS) 

The possibility to use the nucleus recoil to determine the frequency distribution by crystal lattice 

vibrations was introduced by Visscher in 1979 195. The phonon energy spectrum was first observed with 



  

42 

 

synchrotron radiation by Seto et al. in 1995 196. In Mössbauer spectroscopy, the recoil-free fraction (𝑓𝐿𝑀) 

of the emitted sample radiation describes the probability to observe iron related resonance. Some 

resonant absorption events proceed to transfer recoil energy to the solid and are observed as nuclear 

inelastic scattering (NIS) 152. To determine the probability of events with recoil, the difference of the 

recoilless fraction 1 − 𝑓𝐿𝑀 is used. This difference provides information about the dynamics of the studied 

system such as phase transitions and vibrational anisotropy 197, 198. As relevant nuclear transitions appear 

in the low-energy range of 6– 30 keV in Mössbauer spectroscopy, the energy of incident X-rays coincides 

precisely with the energy of the nuclear transition and a peak in elastic nuclear absorption occurs. The 

power of NIS is given by the Mössbauer isotope selective observation of vibrational sidebands in the 

lattice vibration with creation (𝐸 > 0) or annihilation (𝐸 < 0) of lattice vibrations, the so-called 

phonons 199. Instead of prompting the ground state to the excited state without a change in the 

vibrational state, as it is the case in Mössbauer spectroscopy, NIS accesses the vibrational energy caused 

by discrete changes in normal mode frequencies. Therefore, the absorption spectrum includes peaks 

relayed from the recoilless Mössbauer resonance by energies equal to the vibrational quanta 194. As 

described by Rüffer and Chumakov 200, temperature influences the energy spectra of inelastic absorption. 

Decreases in temperature eliminates the phonon-annihilation parts of the spectra. Phonon creation, on 

the other hand, can even occur at temperatures below 24 K. 

To investigate samples with NIS, a 3rd generation synchrotron needs to be combined with a high-heat 

load monochromator and a high-resolution monochromator to cut the full width at half maximum of the 

incoming X-ray pulse to less than 1 meV (Figure 16). Unlike other methods, NIS provides the ultimate 

limit in selectivity, because only the vibrational dynamics of the probe nucleus contribute to the observed 

signal and, thus, NIS is not limited by optical selection rules like Raman or infrared spectroscopy 201. In 

consequence, it provides important additional information about the molecular dynamics 194. By plotting 

the resulting energy spectrum over the density of phonon states (pDOS), the vibration modes derived 

directly 199, 201. However, NIS is not easily to implement, as only synchrotrons with tunable ultra-high-

resolution monochromators which provide an extremely narrow X-ray beam and an energy resolution in 

the order of 1 meV (7-8 cm−1), namely APS, PETRA III, Spring 8, and ESRF, enable such experiments. 

The associated beamlines are further equipped with optimized timing electronics to discern the prompt 

elastic scattering signal, which is ∼ 107 times larger than the observed inelastic scattering. Therefore, 

the detector should be as close as possible to the sample, without being irradiated with the main beam.  

In case of Fe57 , the desired nuclear resonance signals appear with a delay of 141 ns and are given during 

the lifetime of the nuclear excited state. The sample standards are equally high, as the sample should be 

pure in terms of molecular populations, to match the quantitative extraction of atomic displacements. 

Otherwise, a complex spectrum will appear and makes rendering data interpretation rather difficult. 

Further, it is useful to enrich the sample with Fe57 , as the resulting NIS signal is proportional to the 
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number of resonant nuclei in the effective sample volume and to the excitation probability 202. Crystalline 

(oriented), powder or liquid samples are possible two investigate if operation temperatures below 50 K 

are chosen 194.  

 

 

Figure 16: Schematic Illustration of the NIS experiment. In the storage ring, the electrons are accelerated. By distraction of 

the electrons by the undulators the synchrotron light is emitted and hits the carbon based high-heat monochromator. The 

included high-resolution monochromator, based on a silicon single crystal, cuts the full width at half maximum to less than 

1 meV. The synchrotron pulse hits the sample and excites the nuclear states. The resulting inelastic spectra is recorded by an 

avalanche photodiode detector (APD). During the pulses the APD is switched off, in order to gate out elastically scattered 

14.4 keV photons, so that only delayed fluorescence photons corresponding to nuclear absorption are detected, Figure taken 

from  201. 

 

Every excited vibration mode of the Mössbauer active nuclei results in a lattice vibration, whereas all 

other modes are silent. Thus, NIS offers more details about the ligand vibration modes than IR or 

resonant Raman spectroscopy. One drawback of nuclear inelastic vibration scattering is the challenge to 

make detailed vibrational assignments, which are impaired by significant mode mixing 194. According to 

Lipkin, the resulting dataset has to be normalized using a harmonic approximation 203, which describes 

molecular vibrations in terms of independent oscillations. A detailed description of data processing to 

calculate the phonon density of states (pDOS) is given by Zeng et al. 202 and Sage et al. 204.  

As the Fe-N-C catalyst system is related to a heme-like structure, similar frequencies for vibration modes 

are assumed. Scheidt et al. 194 give an overview of related frequencies. Phonon modes resulting from 

heme translation in the solid are typically seen below 50 cm−1 in broad and low frequency modes. In the 

range below 200 cm−1, primarily plane midrange modes are found, whereas the highest frequency 

modes are found between 400 − 600 cm−1. These frequencies involve iron and the vibration modes of 

axial ligands.  

Related Mössbauer data is helpful to construct a meaningful model of the investigated system to quantify 

the obtained pDOS. Density functional theory (DFT) calculations support this model and allows the 

simulation of a pDOS spectrum and the comparison with pDOS data obtained from the origin NIS. 

Nevertheless, DFT calculations are a challenging and complex science interconnect with integrating 

chemistry and solid-state physics. In addition to the computational quantum mechanical modeling of 
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electronic and nuclear structures in many body systems, countless different electronic structure methods 

should be used.  

 

3.4.4. Nuclear Forward Scattering (NFS) 

The nuclear resonant techniques described before examine certain physical parameters and related 

chemical properties as using energy, whereas nuclear forward scattering (NFS) is a time-based 

technique. Importantly, the transformation of time is not as straightforward as the transformation 

between spatial coordinates and the momentum space, which is a linear superposition of constituent 

components. The operation on the time scale is restricted by causality, with periodic oscillations known 

as quantum beats caused by the frequencies of different resonance lines 152. Therefore, a Fourier 

transformation of the frequency-dependent amplitude transmission spectrum is needed 156.  

Figure 17 shows a setup scheme of the NFS method. The main difference in setup compared to NIS is 

the position of the detector and the time resolution of the measurement.  

 

 

Figure 17: Scheme of a NFS experiment. In the storage ring, the electrons are accelerated. By distraction of the electrons by 

the undulators the synchrotron light is emitted and hits the carbon based high-heat monochromator. The included high-

resolution monochromator, based on a silicon single crystal, cuts the full with at full maximum to less than 1 meV. The 

synchrotron pulse hits the sample and excites the nuclear states. The resulting quantum beats are detected by an (avalanche 

photodiode detector (APD). Only the desired forward scattering is detected, as the APD is switched off during the synchrotron 

light pulses 201. 

 

Synchrotrons of the 3rd and soon the 4th generation enable coherent scattering in the forward direction. 

The operation in the bunching mode, where electron bundles are accelerated in the synchrotron resulting 

in a pulsed synchrotron light flash, prompts several coherent nuclear sublevel states of the Mössbauer 

isotope. These states will oscillate at their various natural frequencies and observed in the quantum beat 

pattern 205. As the oscillators in the sample are coupled through the radiation field, the simultaneous 

excitation of theses oscillators results in quantum beats and acceleration phenomena 152. The beat 

frequency from the coherent inelastic scattering reveals the relative isomer shift between two different 

chemically bonded Mössbauer active nuclei, but not their absolute value, as known from conventional 

Mössbauer experiments. However, direct determination of the hyperfine splitting is possible 205. Indeed, 
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only a shift between the levels of Mössbauer nuclei located in different chemical sites or the hyperfine 

splitting of the nuclear levels results in a periodic constructive / destructive interference between waves 

of different frequency. The latter results in the striking “quantum beat” modulation of the spatially 

coherent decay rate and is the reason why only the slope obtained by NFS changes for singlet species 206. 

Therefore, the delay between two adjacent electron bunches from the synchrotron must be longer than 

the mean lifetime of the excited nuclear state, which is between ns and μs, depending on the probed 

Mössbauer nucleus 152.Winkler et al. 207 offer several reasons why NFS provides new insights about the 

investigated sample. Measurements in the time domain i) show an improved signal-to-noise ratio, ii) are 

insensitive to mechanical vibrations, iii) have a precise and stable time scale, and iv) additional external 

parameters like polarization and the time structure of the probing radiation are introduced 208. 

Furthermore, the reduction of measurement time due to the extremely intense beam is attractive, 

especially for small samples. The coherent beam enables diffraction and interferometry experiments that 

combine information about internal fields with the spatial arrangement of sample atoms 152. Based on 

Paulsen et al. 209, Table 6 compares a conventional Mössbauer source and the synchrotron based nuclear 

forward method.  

 

Table 6: Comparison between NFS and conventional Mössbauer spectroscopy. Table taken from Paulsen et al. 209 

 
Resonant 

Forward Scattering 

Conventional 

Resonant Absorption 

Sample Cross Section 0.1 − 1.0 mm2 10 − 100 mm2 

Amount of Fe57  ≈ 3 µg ≈ 30 µg 

 

Data Acquisition Time  
Minutes to Hours Days to Weeks 

Background ≤ 1% ≥ 90% 

Data Analysis Complex, Visually Controlled Simulations Simple, Fits with Lorentzian 

 

Haas et al.  210 illustrate the experimental limits of NFS by investigating a 1: 1 superposition of two 

quadrupole splittings. Whereas the position is easily determined in a conventional (energy domain) 

Mössbauer experiment, a numerical analysis is necessary in the time domain. Therefore, NFS is not well 

suited to study highly complex phases containing iron in different spin states, valence states, and 

chemical environments, as only relative isomer shifts are identified and species with a relatively similar 

quadrupole splitting can overlap and are thus not distinguishable 210. Moreover, the position of magnetic 

moments, potentially determined by the domain structure or the preferred orientation, causes a 

significant difference between conventional MS and NFS. In the forward scattering pattern, the coherent 

excitation of a multitude of nuclear resonance beatings depends strongly on their respective magnetic 
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quantum numbers, resulting in a different beating pattern 208. Even though the data acquisition time and 

data analysis are outstanding, the accessibility of synchrotrons operating in the multi-bunch mode 

remain challenging. The multi-bunch operation is necessary to observe the periodic oscillations in the 

time differential mode, as it can reduce the possibilities to perform other experiments at the synchrotron 

facility 152. 

 

3.4.5. Synchrotron based F57 e-Mössbauer Spectroscopy (SMS) 

Using synchrotron radiation as an ultimate Mössbauer source combines the outstanding properties of a 

synchrotron, as described in the previous chapters and summarized in Table 5 and Table 6, with the 

advantages of Mössbauer spectroscopy to access the chemical environments, as well as the oxidation and 

spin states of Mössbauer active nuclei. Besides the RT-measurements, low temperature measurements 

in combination with a magnetic field are possible. However, only two facilities in the world (ESRF and 

Spring 8) provide this technique to their users.  

Synchrotron-based Mössbauer spectroscopy is optimized for highest intensity and best energy resolution, 

with a bandwidth of 15 neV and tunable in energy over a range of about ± 0.6 µeV. In addition, the 

source is nearly fully resonant, fully polarized and features a high brilliance and a focus spot size of 

10 μm × 5 μm 210. To achieve these outstanding parameters, the synchrotron radiation passes a high-

resolution monochromator and illuminates a highly orientated, fully enriched iron borate ( Fe57 BO3) 

crystal. The iron borate crystal is heated close to its Néel temperature of 348.35 K, where the 

antiferromagnetic behavior of the crystal switches to paramagnetic. This is followed by a collapse of the 

multiline spectrum to a single line around the Néel temperature caused by the particular interaction 

where magnetic dipole and electric quadrupole hyperfine interactions are strongly mixed 210. In 

consequence, a pseudo-single-line resonance Mössbauer source is produced and tuned over a defined 

Mössbauer velocity by a sinusoidal movement of the crystal.  

SMS has several advantages: i) the analytical strategy is straightforward, as it is identical to conventional 

Mössbauer spectroscopy, ii) a narrow spot size in combination with the outstanding intensity overcomes 

absorption problems of in situ and operando cells such as fuel cells or electrochemical cells, as the cells 

design are optimized for best performance and the restrictions of radiation transmission through the cell 

are not as limiting as for conventional Mössbauer sources, iii) the measurement time is in the range of 

minutes (using highly enriched samples), access slow catalytic processes through experiments using 

fixed potentials to stabilize quasi-stable states, iv) even complex systems like Fe-N-C catalysts with a 

mixture of different species that show similar Mössbauer parameters are qualitatively and quantitatively 

analyzed, and v) electrochemical experiments in which the cell is directly frozen during the 

electrochemical treatment by simultaneous measurement of the SMS care possible. This is helpful to 
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investigate the catalyst’s nature under working conditions or under fixed potentials, as well as in using 

low temperatures with or without a magnetic field for a full investigation of catalyst species. 

 

3.5. Electron Paramagnetic Resonance (EPR) 

In Electron paramagnetic resonance spectroscopy (EPR), transitions between magnetic dipole-moment 

eigenstates of a paramagnetic ion induced by microwave radiation are observed. The microwave region 

between 1 and 300 GHz is a good compromise between optimum sensitivity, sample size, homogeneity, 

strength of the required field and component cost 188. To observe an EPR signal, unpaired electrons must 

be present. The strength of the applied magnetic field modifies the energy separation between the 

involved states. For X-band EPR, a field of about 0.35 T is needed to obtain resonance absorption at 

10 GHz. In the resulting spectrum the position of the resonance is related to the sample orientation and 

given by the so called 𝑔-value, which reflects the splitting of a magnetic sublevel pair under the influence 

of an external magnetic field:  

 

 𝑔 =
ℎ ∙ 𝑣

𝜇𝐵 ∙ 𝐵𝑟
. ( 47 ) 

 

Here, 𝑣 is the spectrometer frequency, ℎ is the Planck constant, 𝜇𝐵 is the Bohr magneton expressing the 

magnetic moment of an electron caused either by its orbital or spin angular momentum, and 𝐵𝑟 is the 

resonance field. In general, EPR spectroscopy offers direct accessible information only for single 

crystalline samples. If a polycrystalline or powder sample is examined, a line shape analysis is needed to 

quantify the spin behavior. The so-called lock-in technique is used to record the spectrum. For this 

purpose, the static magnetic field is modulated and the EPR-signal is detected with a narrowband band-

pass filter to increase the signal to noise ratio. This explains why the measuring points are plotted over 

the first derivative of the absorption signal 211 and additional simulations are required.  
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4. Experiments 

 

4.1. Elucidating the Structural Composition of Fe-N-C Catalysts 

As described in 3.1, the structure and nature of active sites in Fe-N-C catalysts remain unclear, as the 

high temperature oven process is not suitable to build a defined and ordered matrix to host catalytic 

active sites. Moreover, a variety of organic sites, like different FeN4-sites, or inorganic sites, such as 

carbides or oxides, are formed during or after the pyrolysis and thus need to be removed by an additional 

acid leaching. Van Veen 43, 61, 91 assumed that, at low temperature treatments, the macrocycles will not 

be completely destructed but result in a ligand modification, whereas Yeager 88-90 postulated that the 

active species are formed during the contact with the electrolyte and not during pyrolysis. Especially 

above 800 °C, the macrocycles are destroyed and form oxidic species, which dissolute in the electrolyte.  

Nevertheless, the use of independent Fe and N precursors for synthesis necessitates a temperature above 

600 °C. Although the synthesis routs show a wide variety, Mössbauer investigations found catalyst 

compounds assigned to FeN4 environments 36, 37. Koslowski et al. 34 found a direct correlation between 

the iron content related to the so-called D1-site (~ 𝛿iso = 0.3 mm s−1, ~ Δ𝐸Q = 0.9 mm s−1) and ORR 

activity in terms of kinetic current density, which they attributed to a ferrous low-spin iron in a N4 

coordinated site 34, 39. In short, the optimum synthesis temperature during pyrolysis strongly depends on 

the selected precursors. It was further shown by Kramm et al. 212 and Bouwkamp-Wijnoltz et al. 45 that 

pyrolyzed carbon-supported iron porphyrins and phthalocyanines are suitable model systems due to the 

initial presence of FeN4 coordination and resulting formation of ORR-active materials even at low 

pyrolysis temperatures.  

The first temperature-dependent Mössbauer study of Fe-N-C catalysts was performed by Sougrati et al. 

to determine Lamb–Mössbauer factors of different iron components in the catalyst 165. Measurements at 

5 K showed an overlay of FeN4 sites with iron oxide nanoparticles, which was not unexpected, as the 

catalyst was prepared from ZIF-8, iron acetate, and phenanthroline during high-temperature pyrolysis 

(> 900 °C) without an additional acid leaching. Even at low iron loadings, the N4-environment is likely 

to be disturbed when oxidic species are formed upon air contact. Kneebone et al. 50 investigated a PANI-

based Fe-N-C catalyst with LT-Mössbauer spectroscopy at 80 K and NIS , suggesting that edge-hosted 

sites of FeN4-type or Fe2N5-type are responsible for O2 and NO attachments. However, the authors were 

unable to clarify the nature of the catalyst, as the Fe-N-C system showed seven different iron-containing 

species. 

To eliminate possible inorganic sites, acid leaching is generally performed for all catalysts prepared in 

our group. Possible remaining iron-oxide species were excluded so far, since they are not stable under 

acidic conditions and should be completely resolved during the acid leaching. Recently, our group 

demonstrated that inorganic iron species such as elemental iron, iron oxide or iron carbide are 
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neglectable for low pyrolysis temperatures 107. Nevertheless, the active species, oxidation states, and 

intermediates under reaction conditions remain unclear. Understanding active site formation during or 

after the baking process using a combination of different nuclear- and electron-resonance techniques 

promises important insights into the structural composition of Fe-N-C catalysts. Therefore, a catalyst was 

prepared following the model of van Veen and examined with different nuclear- and electron resonant, 

as well as electrochemical techniques, complemented by DFT calculations and TEM.  

To prepare the catalyst, highly enriched (95% F57 e) iron porphyrin (FeTMPPCl) from TriPorTech was 

mixed with Ketjen Black 600 as carbon support. For a sufficient mixing of the precursor, FeTMPPCl was 

dissolved in THF and the carbon support was added to the solution. The solution was treated in an 

ultrasonic bath for one hour, and afterwards evaporated with a rotary evaporator. The absolute iron 

content in the precursor was calculated to 2.1 wt%. The precursor was subsequently heat-treated in an 

inert gas atmosphere, using a heating ramp of 300 °C h−1 to 600 °C, and holed for 30 min. The final 

temperature was set to 600 °C, as previous results have indicated that FeN4-sites remain intact around 

600 °C 212. In addition, an acid leaching was performed by transferring the sample into 1 M HCl. The 

resulting suspension was placed in an ultrasonic bath for one hour and remained in the acid overnight. 

Afterwards, the solvent / catalyst mixture was filtrated and dried to receive the black catalyst powder. 

The so-obtained sample is labeled as HT600HCl. 

To investigate the electrochemical performance of the catalyst, RDE experiments were performed with 

a three-electrode setup as described in 3.3.1. To this end, an ECi-200 potentiostat from Nordic 

Electrochemistry was combined with a rotating disc electrode setup from Radiometer (EDI101). As 

reference electrode an Ag / AgCl / 3 M KCl from C3 Prozess- und Analysetechnik GmbH was used. Here, 

a liquid phase of metal ions (Ag+) stays in equilibrium with a solid phase (AgCl). Ag / AgCl electrodes 

are much less affected by contamination and can therefore be used for deactivation experiments of the 

catalyst active sites. The potential of an electrode of the second kind depends on the used electrolyte. To 

make the resulting measurements comparable, the resulting potentials are given versus RHE. 

Measurements in 0.1 M H2SO4 revealed the potential shift of the proton concentration to be ~270 mV in 

comparison to RHE. As counter electrode a glassy carbon (GC) rod was used. The reference electrode 

was measured against an RHE, Hydroflex® from Gaskatel GmbH for all described electrochemical 

experiments in this work. The GC working electrode with an area of 0.1963 cm2 was prepared with the 

catalyst ink. For this section, the catalyst ink was primed using 5 mg catalyst powder, mixed with 223 µl 

of a 5 wt% NafionTM solution with a NafionTM to carbon ratio of N/C = 0.48. To homogenize the 

suspension, the ink was placed in an ultrasonic bath for 15 minutes and dispersed with an ultrasonic 

finger. Afterwards, the ink was placed on a Vortexer for 5 minutes. From the thus prepared solution, 5 µl 

were dropped on the GC disk and left to dry. The resulting catalyst loading on the electrode was 

calculated to 0.57 mg cm−2. For the cyclic voltammetry (CV), a protocol similar to the one presented by 
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Herranz et al. 134 was used. First, the 0.1 M H2SO4 electrolyte was saturated with O2 and two CV scans 

between 1.15 V and 0.0 V (vs. RHE), with an infeed of 10 mV s−1 and 1500 rpm were recorded. 

Afterwards, the electrolyte was saturated with nitrogen and 20 cycles with a sweep rate of 300 mV s−1 

followed by two scans with 100 mV s−1and 10 mV s−1 infeed, respectively, were measured. The last 

recorded scan is needed to correct the capacity contribution which participates the oxygen-saturated 

electrolyte scan. 

As RDE experiments uncover the electrochemical performance, Mössbauer spectroscopy identifies all 

iron-containing species sites in the catalyst system. Therefore, room temperature Fe57  transmission 

Mössbauer spectroscopy was performed using a CMCA-550 from WissEl in combination with a constant 

electronic drive system, a triangular reference wave form manufactured by Halder Electronics and 

equipped with a RITVERC 3.7 GBq, C57 o / Rh source. A proportional counter was used as detector. The 

Mössbauer sample was prepared by filling ~ 90 mg catalyst powder in a one-side-closed sample holder 

made of POM. After compressing the powder, the open side was closed with a TESA strip. The Mössbauer 

spectra were primed and measured under standard conditions. Afterwards, the isomer shifts were 

determined relative to an α-Fe foil spectrum recorded at 298 K.  

The spectrum resolution is given by the number of channels in the channel analyzer (1024 channels), 

the used detector, the adjusted velocity of (± 6 mm s−1) and the subsequent folding of the spectrum. 

The resulting Mössbauer spectrum was analyzed using the program MossWin 4.0i 213. It should be noted 

that, due to the half-life time of 271.8 days for the radioactive C57 o, the activity of the source decreases 

over time. This not only increases the measuring time, but also changes the chemical environment of the 

source. As described in 3.4, the source environment has a significant impact on the measured isomer 

shift of the sample. Therefore, it is necessary to measure the α-Fe foil in regular intervals to minimize 

this effect.  

To realize the full potential of Mössbauer spectroscopy, low temperature and magnetic field 

measurements were performed. For this purpose, LT-Mössbauer spectroscopy measurements were 

prepared in cooperation with H. Auerbach at the Technical University Kaiserslautern in the group of 

Prof. V. Schünemann, within the NUKFER project. Therefore, a WissEl LT-transmission Mössbauer 

spectrometer was used with a horizontal geometry and constant acceleration, operating in conjunction 

with a 512-channel analyzer in time-scale mode. The detector consists of a proportional counter filled 

with an argon-krypton-xenon mixture. Here, a 1.6 GBq, C57 o / Rh source was used. Similar to the 

Mössbauer measurements described before, the spectra were calibrated against α-Fe at room 

temperature (RT). To measure at 77 K, the samples were mounted in an Optistat DN, continuous flow 

cryostat from Oxford Instruments. To measure field-dependent Mössbauer spectra at low temperatures, 

a closed-cycle cryostat from CRYO Industries of America, Inc. equipped with a superconducting magnet, 
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as described earlier 187, was used. Spectral data were analyzed with the public domain program Vinda, 

running on an Excel 2003® platform 214. The spectra fitting was done by least-squares fits using 

Lorentzian line shapes and, in case of magnetically split spectra, by the spin Hamiltonian approximation 

as described by Trautwein et al 188. In case of the LT-Mössbauer spectra, the experimental errors of the 

given isomer shifts 𝛿iso, quadrupole splittings 𝛥𝐸Q, and line widths Γ are in the order of ± 0.02 mm s−1. 

For magnetic hyperfine fields, 𝐵ℎ𝑓, errors of ± 1 T, and for the asymmetry parameters 𝜂 of ± 0.2, are 

found. 

In addition to Mössbauer measurements, the catalyst was successfully measured during the synchrotron 

beamtime I-20160285, to investigate the sample at the dynamic beamline P01 at PETRA III (DESY), by 

nuclear forward and nuclear inelastic scattering. The synchrotron worked in the 40 bunches filling mode 

with a photon energy of 14.4 keV in combination with a high-resolution monochromator for Fe57 . For 

the analysis of powder samples, a catalyst powder package with the highly enriched Fe57  (95%) catalyst 

was prepared using Kapton foil and mounted with a cooper sample holder in the closed cycle cryostat 

(6 − 800 K). The sample was cooled down to 40 − 46 ± 4 K and the NFS spectra were recorded in 

forward direction, whereas the NIS spectra were recorded perpendicular through the beam. To analyze 

the related iron pDOS, optimized structure models with different axial ligands, oxidation and spin-states 

of the investigated iron containing Fe-N-C catalyst by DFT calculations, were performed with 

GAUSSIAN 09 215 and the functional B3LYP, with the basis set CEP-31G for density function theory 

implemented by H. Auerbach. 

In Chapter 3.5, the advantages of EPR spectroscopy in characterizing transitions between magnetic 

dipole moment eigenstates of paramagnetic ions were described. In cooperation with the Freie 

Universität Berlin, measurements and simulations where thankfully prepared by C. Thait in the group of 

Prof. J. Behrends, where the catalyst was examined by X-band EPR. For EPR sample preparation, 2.4 mg 

of the catalyst powder was filled in OD quartz tubes (3.9 mm diameter). After multiple cycles of pumping 

and purging with helium, the tubes were flame-sealed. X-band continuous wave EPR measurements 

were performed with a Bruker ER 041 MR microwave bridge combined with an ER 048 R microwave 

controller. An AEG electromagnet with a Bruker BH15 was used as Hall effect field controller. For field 

modulation and lock-in detection, a Stanford Research SR810 lock-in amplifier with a Wangine WPA-120 

amplifier was used. The sample was placed inside an ER 4122 SHQE resonator and cooled to 5 K using 

an Oxford ESR910 helium flow cryostat with an ITC temperature controller. The spectra were recorded 

at a microwave frequency of 9.39 GHz and a microwave power of 62 µW with a 100 kHz modulation 

frequency and 0.5 mT modulation amplitude. To increase the signal-to-noise ratio, the background of an 

empty EPR tube inside the resonator cavity was measured and subtracted from the original data. For 

each measurement, the Q-value of the resonator was determined from the mode picture for quantitative 

analysis and comparison of the relative intensities. Spin (𝑆) quantitation for high spin Fe(III) (𝑆 = 5/2) 
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was performed by comparing a reference sample of FeTMPPCl/CB (Fe(III)-Tetrakis(4-methoxyphenyl)-

porphine chloride on carbon black) with a determined Fe(III) content of 1.62 wt% (obtained by NAA). 

The resulting spectra where quantified by EPR spectral simulations, performed with the EasySpin 

toolbox 216 for an effective 𝑆’ = 1 2⁄  spin system in Matlab. 

Moreover, transmission electron microscopy (TEM) and scanning transmission microscopy (STEM) were 

used to characterize the structural composition of the investigated catalyst. Thanks to our cooperation 

partner Prof. Dr. C. Kübel and S. C. N. Kumar for acquiring STEM and TEM images using an aberration 

(image)-corrected Titan 80 − 300 from FEI Company operating at 300 kV and equipped with an US1000 

low-scan CCD camera powered by Gatan Inc. for TEM imaging and high-angle annular dark-field 

(HAADF) for recording STEM images. The used camera length for STEM imaging was 195 mm with a 

nominal spot size of 0.27 nm. The sample preparation for TEM imaging was performed by directly 

spreading the catalyst powder on holey carbon coated copper grids coated with an additional 3 nm 

carbon layer prepared by Quantifoil.  

 

4.2. Deactivation Experiments of the Active Site 

In order to assess the structure of the active sites in Fe-N-C catalysts, deactivation experiments are 

particularly useful, as a strong ligand attached to the active site suppresses the ORR activity and changes 

the nuclear resonant behavior. The attachment of the ligand further changes the electronic 

characteristics of the iron and thus results in different Mössbauer parameters, which are accessible for 

NFS, NIS and Mössbauer spectroscopy. Some parts of this work were already published by Wagner et 

al. 52. 

Carbon monoxide (CO) is assumed to be a good deactivation candidate since it is well known to poison 

hemoglobin in neutral pH. However, Birry et al. 217 have shown that Fe-N-C systems are unaffected by 

introducing CO in RDE experiments. Sahraie et al. 40 discovered a way to deactivate the active site with 

CO, describing the use of low-temperature CO pulse chemisorption and temperature programmed 

desorption (TPD) as chemical interrogation tools offering quantitative insights into the density of active 

adsorption sites of the catalyst. Gewirth and collaborators performed electrochemical analysis in a pH 6 

phosphate buffer solution containing natrium fluoride (NaF), potassium thiocyanate (KSCN), or ethane 

thiol (C2H5SH) to deactivate the active site of a carbon-supported FePc or pyrolyzed FePc at 800 °C. They 

found that only KCN is able to strongly decrease the oxygen reduction activity 218, as KCN builds very 

strong complexes with iron 219-221. Malko et al. 222 have shown that nitric oxide (NO) disables Fe-N-C 

catalysts at RT conditions. Although the activity of the investigated catalyst strongly degreases, our 

recent Mössbauer analysis of the deactivated NO catalyst detects only a narrow changes in Mössbauer 

spectra. This raises the question if the poison attaches through the iron-site or successfully blocks the 

periphery of the catalyst and prevents the mass transfer during reaction 223.  
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Markus Knauer 224 described the poisoning effect for (Co, Fe)-N-C with several possible salts like 

ammonium thiocyanate (NH4SCN), sodium sulfide (Na2S), and sodium sulfite (Na2SO3) in RDE 

experiments and found a negative impact when these salts were dissolved in the electrolyte on the 

catalyst performance1. This means, the deactivation species was present in the electrolyte during the 

electrochemical measurement, whereas in the here described work the catalyst powder was deactivated 

followed by a removal of access salt and then characterized prior to the electrochemical measured of the 

ORR activity of the poisoned sample. Nonetheless, his work was taken as a starting point and adopted 

for our own Fe-N-C catalyst systems.  

Three different Fe-N-C catalysts were prepared for the deactivation experiments: one catalyst with a high 

temperature treatment (at 800 °C, HT800HCl), a second catalyst with a low temperature treatment 

(600 °C, HT600HCl), both following the procedure described in 4.1 except for the final temperature, and 

a third catalyst (800 °C), for which sulfur was added to the synthesis route. A detailed description of the 

preparations for the different catalyst types are found in Kramm et al. 212 and Janßen et al. 225. Here, 

only the third catalyst is shortly described, which was prepared by slightly modifying the procedure 

presented by Janßen et al. 225. The precursor mixture is based on dicyandiamide,1,10-phenanthroline, 

iron acetate (FeAc), and sulfur with an S/Fe = 2.45 ratio. A heat ramp of 300 °C h−1 was chosen, with a 

first holding point at 300 °C for 30 minutes and a second at 500 °C for 30 minutes. The final temperature 

of 800 °C was held for 60 minutes. A subsequent acid leaching was performed in 2 M HCl to dissolve 

acidic- soluble impurities. After filtration and drying of the catalyst, a second heat treatment was realized 

for 30 minutes at 800 °C using a heating ramp of 600 °C h−1 to increase the catalytic activity and repair 

defects caused by the acid leaching. All heat treatment processes were realized in an inert gas 

atmosphere of pure nitrogen to avoid catalyst burning. The resulting catalyst is labeled HT800HCl+S. 

To deactivate the catalyst powders, 50 mg of the pure catalysts were mixed with 100 ml, 0.1 M H2SO4, 

and 5 mM Na2SO3 dissolved in the mixture. In order to enhance the interaction, each sample was placed 

in an ultrasonic bath for 1 hour. Afterwards, the catalysts were filtered, washed with distilled water, and 

dried overnight at 80 °C in an oven. The electrolyte was chosen based on its deactivation stability.  

In this study, all electrochemical experiments of the catalysts were made using the rotating disc electrode 

(RDE) measurements. The inks were prepared by filling 5 mg catalyst powder into an Eppendorf tube 

and adding 223 µl of a 1.1 wt% NafionTM solution (N/C = 0.48). Afterwards, the suspensions were placed 

in an ultrasonic bath for 15 minutes, followed by dispersion with an ultrasonic finger and 5 minutes on 

a Vortex to homogenize the inks composition. 5 µl of each ink was dropped on the working electrode 

and left to dry. The resulting catalyst loading was calculated to 0.57 mg cm−2. To avoid detachment of 

the attached anion by the activation of the catalyst, the electrochemical measurements were started 

 
1 Note: in the Knauer work the catalyst is assigned as Co-N-C; however, as the preparation also involved iron oxalate and the Mössbauer 

signature is similar to iron-only Fe-N-C catalysts, it is likely that at least part of the active sites constitutes of FeN4.  
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directly in O2 saturated electrolyte with two CV scans between 1.15 V and 0.0 V (vs. RHE) with a forward 

speed of 10 mV s−1 and 1500 rpm instead of the activation cycling in nitrogen as usual. Afterwards, the 

electrolyte was saturated with nitrogen and the prepared electrode was cycled 20 times, with a sweep 

rate of 300 mV s−1 followed by a scan with 100 mV s−1 and a scan rate of 10 mV s−1. Whereas the last-

named scan is required for capacity correction, which are contributing during the scans in oxygen-

saturated electrolyte. The used protocol was similar to the one described by Herranz et al. 134. The ink 

recipe and the electrode loading was the same for the deactivated catalysts, but the suspension was only 

shaken manually to avoid the detachment of the anion from the catalyst 50 due to the energy entry of the 

ultrasound bath.   

To investigate the kinetic behavior of the deactivated system, the kinetic current density 𝑗𝑘𝑖𝑛 from the 

capacity-corrected CV curve in O2-saturated electrolyte at 1500 rpm was used and calculated with the 

Koutecký–Levich equation ( 4 ). For determining averages and errors, two scans of each measurement 

and two measurements per sample were made. The effect of the attached anion was evaluated by 

comparing the kinetic current densities 𝑗𝑘𝑖𝑛 at 0.75 V vs. RHE, whereas the diffusion limited current 

density 𝑗𝑑𝑖𝑓𝑓 was read from the diffusion plateau of the capacity corrected RDE curve. Further 

investigations by NIS (and NFS), during the beamtime I-20160285 at the P01 beamline was used to 

analyze the impact to the nuclear resonance behavior and the change in vibration modes, respectively.  

For Mössbauer measurements, a “MS96” from RCPTM, equipped with a RITVERC 3.7 GBq, C57 o / Rh 

radioactive source, in combination with a built-in scintillation detector, was used. The collimators before 

and after the sample holder were set to 4 and 5, respectively. The natural abundance of the Mössbauer 

relevant isotope Fe57  is 2.2%. Thus, a ~ 100 mg of catalyst powder sample for Mössbauer measurement 

is required. In case of enriched samples, containing up to 100% Fe57 , even a few milligrams of catalyst 

powder are sufficient to result a meaningful spectrum. Nevertheless, ~ 90 mg of the pristine catalyst 

powder and ~ 30 mg of the deactivated catalyst powder was used to obtain a meaningful spectrum in a 

reasonable time. The high amount of Fe57  results in an overall measurement time of less than 24 hours, 

even for low powder loadings. The measurements were performed in a velocity range of ± 6 mm s−1. 

Besides the RT-MS measurements, LT-MS was performed for selected samples under the same conditions 

as described in the previous section.  

To investigate the samples at the dynamic beamline P01, nuclear forward and nuclear inelastic scattering 

were used. The synchrotron worked in the 40 bunches filling mode with a photon energy of 14.4 keV, in 

combination with a high-resolution monochromator for Fe57 . For the analysis of powder samples, 

catalyst powder packages with highly enriched Fe57  (95%) catalyst powders (HT600HCl, HT800HCl and 

their poisoned variants) were prepared and mounted with a cooper sample holder in a closed cycle 

cryostat (6 − 800 K). The samples were cooled to 40 − 46 ± 4 K and the NFS spectra were recorded in 

forward direction by an APD detector. The resulting NIS data from the poisoned and initial catalysts 
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were compared to DFT calculations using the software package G16 A.03 + nisspec B3LYP / CEP-31g. 

These calculations have been performed by Hendrik Auerbach, a doctoral researcher in the research 

group of V. Schünemann at the TU Kaiserslautern.  

 

4.3. Post Mortem MEA Characterization 

Membrane electrode assemblies (MEAs) that were degraded during fuel cell operation were already 

successfully characterized post mortem using Mössbauer spectroscopy 226. The authors have shown that 

the presence of NafionTM and water inside the MEA strongly affects the probability that the iron nuclei 

absorb γ-rays and result in significantly longer measurement time. They highlighted that the observed 

activity decay is mainly due to carbon oxidation, which causes a leaching of active iron sites in the 

graphitic matrix. In short, strong oxidizing conditions result in an activity loss which correlates with a 

leaching of the ORR active FeN4 centers, in parallel with a burn-off of carbon. While this study offers 

important insights about the overall degradation mechanism, the mechanism related to the deactivation 

of Fe-N-C catalysts can be more closely illuminated using local studies, in which local changes are 

compared to local profiles. Schröder et al. 227 used neutron radiography to investigate the current 

distribution of direct methanol cathodic flow fields and found a dependency of temperature, current, 

and water distribution by through plane neutron radiography. In case of Fe-N-C catalyst systems, it was 

not possible to identify the origin of deactivation, nor to ascertain if a uniform degradation through the 

MEA exists 71, 226, 228. In this work, local resolved post mortem measurements with synchrotron-based 

Mössbauer spectroscopy (SMS) are used to scrutinize the degradation process, as the narrow spot size 

and the high intensity enable local profiling. The question how degradation processes are influenced by 

temperature, current, or reactant gradients is a big issue for fuel cell performance and catalyst lifetime, 

and thus of great interest for fuel cell development. Against this background, an experiment was planned 

to explore local degradation phenomena for Fe-N-C catalysts and a post mortem SMS analysis of three 

different treated MEAs was successfully performed.  

The preparation of the catalyst was adapted from previous publications of the group. The preparation 

and fuel cell testings were thankfully performed by Markus Kübler. For the preparation, 200 mg of a 

fully enriched Fe57  porphyrin (FeTMPPCl) were dissolved in 50 ml THF and sonicated for two minutes 

under N2 saturation to avoid possible peroxide formation of THF. Afterwards, 800 mg of PXC (carbon 

support) were added and sonicated for one hour under N2 saturation. The THF was evaporated under 

reduced pressure, first for two hours at 30 °C and then overnight at 100°C. The resulting powder was 

milled and placed in the oven. A heating ramp of 300 °C h−1, with the final temperature of 700 °C was 

adopted and held for 45 minutes, followed by an acid leaching in 2 M HCl, for one hour in an ultrasonic 

bath under N2 saturration. The obtained catalyst was filtered, washed with two liters of water, and 

placed in the drying oven overnight at 80 °C. The resulting catalyst was characterized by RDE. To this 
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end, 5 mg of the catalyst powder was mixed with 250 μl, 25 μl NafionTM solution, 142 μl water and 83.3 μl 

isopropanol, subsequently sonicated for two hours in an ice bath and homogenized with the Vortex for 

30 seconds. 8 μl of the resulting ink was dropped on the glassy carbon disc, joining a droplet of 5 μl water 

to reduce the surface tension and receive a flat catalyst layer after drying. The so-prepared electrode was 

left to dry for 60 minutes and additionally placed one minute in the oven at 80 °C to completely dry the 

electrode surface. A catalyst loading on the working electrode of 0.8 mg/cm² was determined.  

Rotating disc electrode measurements were performed in N2-saturated 0.1 M H2SO4 electrolyte, 

beginning with 20 cycles in the potential region from 0 − 1.2 V vs. RHE with a sweep rate of 100 mV s−1 

for cleaning and activating the catalyst surface. After cycling, two scans with a sweep rate of 20 mV s−1 

were taken to clarify the surface stability, whereas the last two scans with a forward speed of 10 mV s−1 

were recorded for capacity correction of the following oxygen scan. Afterwards, the electrolyte was 

saturated with O2 and one scan was recorded with a sweep rate of 10 mV s−1, at 0 rpm, 200 rpm, 

400 rpm, 900 rpm and 1500 rpm, respectively. To investigate the degradation behavior of the catalyst 

under fuel cell operation conditions, MEAs and fuel cell tests needed to be prepared. Hence, MEAs were 

tested under two different temperature conditions at the Fraunhofer ICT. For now, the catalyst’s loading 

is given. For low-temperature-treated MEA (LT-MEA), high-temperature-treated MEA (HT-MEA), and 

untreated MEA,  catalyst loadings of ~ 3.7 mgKat cm
−2 on the cathode and ~ 0.6 mgPt/C cm

−2 of Pt/C 

catalyst (Pt/C, 46.6% Tanaka) on the anode were realized. In case of the HT-MEA, a PTFE-containing 

ink was sprayed directly on the PPI membrane, whereas for the LT-MEA and untreated MEA, inks based 

on NafionTM were prepared and sprayed directly on a NafionTM membrane. No gas diffusion layers were 

used for any of the MEAs. As the PPI membrane was saturated with phosphoric acid, the evaporation of 

ink during spraying resulted in a weight reduction of the membrane. Therefore, it was not possible to 

calculate the exact loading, but it is assumed to be very similar to the LT-MEA and the untreated MEA, 

due to the same way of preparation and used weight of components.  

For high temperature degradation treatment, the fuel cell stack was heated up to 165 °C and ran for 

12 hours at a constant potential of 0.6 V. The LT-MEA was running for 24 hours at 0.6 V with an operation 

temperature of 80 °C. After the fuel cell tests, both LT-MEA and HT-MEA were demounted and brought 

together with the untreated MEA to the dynamic beamline ID18 to quantify i) the degradation of Fe-N-C 

sites, ii) the demetallation of FeN4 sites, resulting in a removal of iron from the MEA, or morphing into 

iron oxide / hydroxide during operation and iii) the difference in contribution of the catalyst changes at 

the membrane.  

To illuminate the degradation, the MEAs were cut into six, several millimeter pieces at defined positions 

(Figure 18) and glued on top of copper sample holders using Kapton. As the flat samples show a dramatic 

increase of cross-section, the absorption effect is maximized and the measurement time decreased, 

whereas the localized position becomes less precise. Each holder was stacked on top of each other using 
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additional spacers between the copper holders to avoid the compression of the sample pieces. The stack 

with 20 sample pieces in total was mounted on the cryostat holder and cooled down, enabling a fast and 

continuous measurement of all samples. The positions A, B, C, and F were chosen for SMS 

measurements, as it is assumed that the largest changes are observed at the gas inlet (Pos A) and gas 

outlet (Pos F). Positions E and D were discarded. For magnetic field-dependent measurements from 

0 T − 5 T, Pos C was chosen, as it allows to compare all investigated MEAs. The magnetic field was 

applied perpendicular to the incoming beam. Furthermore, during the heating up of the cryostat 

temperature-dependence of the Mössbauer parameters where investigated. 

 

 

Figure 18: Position of measuring spots located on the MEA and investigated by SMS (top). The series of cooper sample 

holders shows the cut MEA pieces in line (bottom). Each holder was stacked over one another and fixed by screws. The so 

realized stack was mounted in the cryostat. 

 

4.4. Operando Fuel Cell Setup for Synchrotron-based Nuclear Resonant Techniques  

The main topic of this work is the design, construction, and use of a self-made operando fuel cell setup 

for synchrotron-based Mössbauer spectroscopy (SMS) or related synchrotron-based nuclear resonant 

techniques. Only operando observations can clearly identify the emergence of intermediate species under 

operation, which are not accessible by post mortem analysis and only possible with thermodynamic-

based theoretically calculations. In addition to the fuel cell, the periphery was set together by the author. 

The available commercial standard fuel cell setups 840e from Scribner Associates Inc. could not be used 

due to the required settings during the operando measurements at the beamtime. The post mortem SMS 
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measurements of MEAs showed that it is necessary to measure in parallel to the flow field to enlarge the 

absorption area (compare Figure 17). The synchrotron beam needs to impinge upon the fuel cell parallel 

to the flow field and the detector hence needs to be placed in line with the beam. Further limitations of 

the standard setup that needed to be overcome with the operando design were the weight and size of 

the setup as well as the minimum input pressure of 3 bar. 

The flow field design was developed and produced in cooperation with the “Kompetenzzentrum 

Brennstoffzelle” by V. Loose in the group of Prof. G. Hoogers at the Hochschule Trier, Umwelt-Campus 

Birkenfeld. The interchange of aims, needs, material properties, and construction limitations, resulted 

in the design shown in Figure 19. The flow-field was designed to provide, on the one hand, the 

functionality of a fuel cell and, on the other hand, to enable operando measurements with the 

synchrotron beam. To this end, a cell design with broad channels and short horizontal channel lines was 

chosen. Nevertheless, broad channel lines and the short horizontal ways have an additional impact on 

the fuel cell performance under operation. The design is discussed in detail later in this section. 

The left panel of Figure 19 shows one flow field site. The black, H-shape piece is the bipolar plate with 

a CNC-milled flow field. Four drilling holes and the blue silicon sealings are needed to close the cell gas 

tide (electric isolation made by Kapton not shown). The sintered, silver metal piece is the conductive 

back contact and is necessary for collecting the resulting cell current and has the additional purpose to 

provide a constant and uniform temperature and pressure distribution over the cell. The red cables are 

part of the cell heating system, which is implemented at the back contact of the cell (black rectangle on 

the back of each site). The center panel displays the anodic and cathodic flow-fields with a prepared 

MEA. To prepare the MEA, a special punching tool was designed and built, enabling the reproducible 

manufacturing of both, cathodes and anodes. The drilling holes, which seen on the site of the cell, are 

needed for the sensor which adjusts and controls the cell temperature. The right panel shows the closed 

cell. The blue sealing in the middle closes both half-cells and the yellow Kapton foil in between prevents 

electric short-circuits. Olive type tube fittings are used to connect the gas in- and outlet pipes. 
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The electronic load was developed and built, in cooperation with M. Weber from the construction office 

of the Material Science Department. The circuit diagram in the appendix (S 2) shows the electronic load 

used to measure and manipulate the current of the fuel cell during operation. In the circuit diagram, 

IRFS7430TRL7PP represents the electric consumer made of a MOSFET (metal-oxide-semiconductor 

field-effect transistor). The electronic load is constructed for a maximum current of 50 A and a maximum 

potential of 5 V, with a maximum cell voltage of 2 V. The data processing and communication with the 

computer was realized using a National Instrument interface. For data collection, plotting and to change 

the parameters, a small LabView program was set up, allowing the export of the data files with given 

parameters and values. The program was not able to control or change the temperature of the heated 

parts, as no interface for the different heaters was integrated. Besides the program and the electronic 

load, the temperature regulation of the fuel cell stack, the pipes, and gas humidifiers are important. To 

avoid water condensation, blocking of the gas channels, or filling of pores, a homogeneous temperature 

distribution needs to be guaranteed. The used gases need to be humidified to prevent the membrane 

from desiccating. Hence, heat-resistant humidifiers from BriskHeat Corporation were used. Since the 

humidifiers were taken from an older fuel cell setup, all installed olive type tube fittings needed to be 

exchanged due to partially damaged threads or synthetic connections. The humidifiers were further 

extended with dielectric bolting’s to electrically separate the fuel cell from the rest of the setup. This is 

a safety precaution, designed to minimize the probability of electric shocks and to avoid leakage currents 

from current-carrying components.  

A very susceptible part during operation are the flexible heating pipes as temperature fluctuations in the 

pipes will result in water condensation. Here, a heating wire from Hillesheim was wrapped around a 

   

Figure 19: The operando fuel cell stack is shown. Top view on the flow field with the blue selling (left). The red cables are part 

of the cell heating system which is implemented in the cell. Both flow-fields with the prepared MEA before closing the cell 

(middle). The drill holes on the site are needed for the temperature sensor to adjust the cell temperature. The closed cell with 

the blue selling can be seen (right). The incoming synchrotron beam will be shot through the cell in the faced view.  
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flexible, gas-impermeable pipe. To increase the thermal conductivity and to homogenize the heating 

behavior across the whole tube, a thick, multi-flex cupper cable was included. This construction is 

flexible, but not suitable without fixation of the parts. Thus, a shrinking pipe was used to fix the heating 

and copper wires. A homogeneous temperature distribution is necessary for a well-performing cell, 

whereas good thermal isolation of the pipes is important to avoid burning and to facilitate manual 

handling. Therefore, the wrapped pipes were covered with multi-layered aluminum tape for thermal 

isolation. In addition, the thermically isolated pipes were covered with two additional shrinking pipes to 

ensure electric isolation. The multi-layer, flexible heating pipes were connected to the dielectric bolting’s 

of the humidifiers and the fuel cell stack itself. All described components for the operando fuel cell setup 

are depicted in Figure 20. The discussion about the fuel cell performance (3.3.2) already mentioned 

that, following from the Nernst equation, a higher pressure of the reactance offers a better performance 

during operation. To increase the pressure in the system, a back-pressure unit was built and connected 

to the fuel cell. The back-pressure units contain needle valves and manometers for both the anodic and 

cathodic side. It is important to place the back-pressure units below the gas outlets of the cell to avoid a 

filling of the cell by condensate. The back pressure was adjusted to 1 bar during operando fuel cell 

testing.  

To regulate and manipulate the gas flow, two Legacy mass flow controllers from MKS, plus a mass flow 

unit were used. The mass flow unit has the advantage that the K-values for the gases are already 

programmed into the mass flow unit directly. The gas flow was adjusted manually. The last component 

was the gas supply. Here, nitrogen, oxygen, and hydrogen from AirLiquide with the purity of 99.999%, 

99.998% and 99.999%, respectively, were used. Before and after operation, the overall system was 

flushed with nitrogen to remove the remaining hydrogen and oxygen from the system. To this end, the 

hydrogen and oxygen pathways were connected and separated by needle valves as shown in Figure 20. 
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Figure 20: Operando fuel cell setup. For reason of simplicity the wiring is not shown. A fully explanation of the setup is 

discussed in the text.  

 

To qualify the performance of the operando fuel cell setup, a direct comparison with the standard fuel 

cell setup from Scribner Associates Inc. is demonstrated. Therefore, a Pt-Pt reference MEA was prepared 

for the standard and the operando setup. For both MEAs a catalyst loading of 0.54 mgPt cm
−2 on the 

cathode and 0.16 mgPt cm
−2 on the anode was calculated. As Pt-catalyst an Umicore Pt20-380 for the 

anode, whereas for the cathode a Pt50-0550 was sprayed on a coated H23C9 GDL from Freudenberg, 

fixed on a heating plate and heated up to 90 °C for faster drying. The ink recipe for the anode is given 

as follow. 80 mg of the catalyst Pt20-380 was mixed with 800 µl H2O by adding 1600 µl isopropanol and 

800 µl of 5 wt% NafionTM solution. The mixture was placed for 60 minutes in an ultra-sonic bath and 

cooled with ice and the resulting ink was afterwards sprayed as described. For the cathodic ink, 120 mg 

Pt50-0550 where mixed with 1200 µl H2O adding 2400 µl isopropanol and 1200 µl, 5 wt% NafionTM 

solution. The cathode ink was placed for 60 minutes in an ultra-sonic bath and cooled with ice and 

afterwards sprayed as described. As NafionTM membrane a N115 was used with a thickness of 127 µm. 

The relative thick membrane was necessary as the mechanical tension in the mounted operando single 

cell was too high and the edges of the flow fields too sharp, so the membrane showed hairline cracks 

along the connected area of both flow fields. To avoid a damage of the membrane and a short circuit of 

the cell, the edges were polished and the thicker membrane was chosen. This means a higher resistance 
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of the membrane and a reduced performance but a fully functional cell. To use the NafionTM membrane 

as a proton conductive separator, an activation of the membrane is necessary. This was done by heating 

the membrane in 3% H2O2 for one hour at 90 °C. In addition, the membrane was washed with milli pure 

water and heated in 0.05 M H2SO4 for three hours at 90 °C. Afterwards, the membrane was washed in 

milli pure water again and in the last step heated for three hours in milli pure water at 90 °C. Before 

bringing the membrane and GDL’s together, both prepared GDL’s were sprayed with pure NafionTM 

solution and arranged on the pressing plate with the wet, activated NafionTM membrane in between. The 

assembled disposal was placed in the hot press and pressed at 125 °C with a contact pressure of 17 kN 

for two minutes. Afterwards, the cooling was switched on and the MEA was cooled down to less than 

40 °C under 5 kN contact pressure. The as-prepared MEA was removed from the hot press and build in 

the fuel cell. 

Beside the area of the operando and standard cell, the flow field design, thickness of the channels and 

crosspieces are different compared to a standard test cell and need to be discussed (Figure 21). The 

standard flow field has a surface area of 4.85 cm2, whereas the operando fuel cell has a surface area of 

4.5 cm2. For the standard cell 14 horizontal channels with a length of 2.25 cm and a channel thickness 

of 0.5 mm are connected with vertical channels of 1.5 mm length. The aspect ratio is 0.066. The operando 

cell comes up with 20 horizontal channels, a channel thickness of 1.5 mm and a channel length of 0.8 cm. 

The vertical channels have a length of 4 mm with a resulting aspect ratio of 0.5. Not only the stack 

geometry is different, subtly different measurement protocols have to be used. All measurements done 

with the operando fuel cell setup were prepared at a cell temperature of 80 °C, identical to the standard 

setup. The humidifier and the pipe system were set to 75 °C each, to avoid condensation inside the pipes 

and the floating of channels, whereas for the standard setup 80 °C was set as it was found, that the 

connections between the cell and the pipe system get easily affected by water condensation. Here, the 

reduction of temperature in the pipe system, slightly reduces the total humidification of gas inside the 

fuel cell and helps to avoid the formation of water droplets in the channels but results in an increase of 

the ohmic resistance 147. In the standard setup the gas flow was set to 0.200 ml min−1 for each gas. The 

temperature was fixed to 80 °C for the humidifiers, pipes and cell, respectively. A back pressure of 1 bar 

was adjusted. In case of the operando setup the gas flow was set to 0.400 ml min−1 (H2) at the anode 

and 0.200 ml min−1 (O2) at the cathode. The higher hydrogen flow was necessary, as the right calibration 

of the hydrogen mass flow controller was not possible and the amount of hydrogen would be otherwise 

too low to avoid a potential drop during operation. In general, the anodic reaction is not limiting due to 

fast kinetics and low overpotential. Therefore, increasing the hydrogen flow will not influence the overall 

reaction as the oxygen reduction reaction is the limiting reaction. The back pressure was adjusted to 

1.1 bar for the anodic and cathodic site, respectively.  

 



  

63 

 

 

 

 

Figure 21: Top view of the standard flow field from Scribner Associates as it is used in our laboratory (left) and the operando 

fuel cell flow field (right).  

As discussed in 3.3.2 the fuel cell performance depends not only on the catalyst but also on other 

parameters. To qualify the performance of the operando fuel cell setup a direct comparison with the 

standard fuel cell setup from Scribner Associate Inc. is necessary to characterize the performance 

difference of both setups (Figure 22).  

 

  

Figure 22: Pt-Pt reference measurement on the standard fuel cell test station in our laboratory (left). Operando fuel cell test 

with Pt-Pt reference (right). Experimental conditions for both setups: H2-O2, cathode loading 3.2 − 3.5 mgPt cm
−2, N212 

membrane, 1 bar gauge back pressure, 0.2 L min−1 oxidant and fuel flow, cell temperature 80 °C, 100% relative humidity, 

whereas for the operando cell, the temperature of the pipes where set to 75 °C to avoid condensation inside the cell.    

 

Both cell voltage curves are not IR-corrected. For the standard setup (left) an OCP of 1.05 V and a 

maximum current density of 1.25 A cm−2 with a power density of 424.6 mW cm−2 at 0.6 V is measured. 

In the operando fuel cell setup (right) the electrochemical response looks similar. The shape of the curves 

1 cm 1 cm 
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is almost identical, whereas the values; OCP, maximum current density and power density differ. For 

the operando fuel cell the resulting OCP is found at 0.86 V which means a drop of 18.5%. A power density 

of 220.7 mW cm−2 at 0.6 V (− 52%) was found. The unsteady curve behavior is a result of water 

condensation in the flow field which results in a potential drop during operation. Based on the different 

geometry and material components, the total ohmic resistance is higher for the operando cell, which is 

reflected in the reduced power density, cell voltage and maximum current density. This explains at least 

to some extent the lower values, but has no impact onto the reaction mechanism inside the cell. The 

operando setup is therefore proved to be suitable for operando fuel cell tests, investigated by synchrotron 

resonant techniques, even so the optimum values of a standard cell are not reached.  

The preparation of the catalyst layers based on porphyrin or Fe-N-C, investigated with the operando fuel 

cell setup at the synchrotron follows the same preparation procedure as described for the Pt-Pt MEA. 

Only the hot pressing is different. Yin et al. 229 showed that the preparation of MEA’s using Fe-N-C as 

cathodic catalyst have to be pressed with lower contact pressure as otherwise the porous structure 

collapses and the mass transport resistance will increase. Even though, the model catalyst based on 

porphyrin and carbon support is not treated at high temperature oven process to produce a Fe-N-C 

catalyst, the contact pressure was reduced to 5 kN from the beginning to realize comparable conditions. 

Whereas, all other preparation steps are as described as for the Pt-Pt MEA. 

Figure 23 displays the overall setup, with the components as described with respect to Figure 19. This 

setup was tested in the lab, dismantled, and rebuilt on the synchrotron hutch at the P01.  

 

 

Figure 23: Photograph of the complete operando fuel cell setup as tested in the lab and used at the synchrotron. Further 

information on the component and functions are given in the text.  

 

For the operando measurements at the synchrotron, as seen in Figure 24, the cell is mounted on top of 

a dielectric plate to fix the position of the cell, ensure electric isolation, and enable a mounting on the x-
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y-z table at the synchrotron. Therefore, the drilling holes correspond to the mounting panel at the 

beamline. Further, the cable routing is fixed on the dielectric plate to avoid those cables to cover the 

beam. The radiation pulses originate from the tube in front of the image and penetrate the fuel cell. The 

APD detector is placed at the end of the hutch and is not visible in this picture. Using the variable table, 

it is possible to move the cell towards different positions.  

 

 

Figure 24: Operando fuel cell mounted at P01 beamline. The flexible pipes allow for adjusting the cell's position for the 

experiments. 

 

Due to the completely new experimental setup in combination with NFS, a detailed pre-characterization 

of the investigated catalyst is necessary to make the interpretation of the obtained data possible. 

Therefore, a model catalyst was prepared based on iron porphyrin mixed with carbon black 

(FeTMPPCl/CB). Here, no heat treatment was applied. To get a first impression of the porphyrin-based 

reference system, Mössbauer spectroscopy was performed from the origin catalyst powder, the sprayed 

GDL and after the fuel cell test in the standard fuel cell setup. Before the model catalyst was measured 

with NFS in the operando fuel cell, the different membrane preparation steps were characterized by NFS 

to identify the impact to the catalyst state. Therefore, the pristine powder (powder), the sprayed 

electrode (GDL), the pressed MEA (Dry MEA) and the MEA after the fuel cell test (After FC) measured 

before in the standard setup were characterized with NFS and Mössbauer spectroscopy, respectively. 

Due to the fully enrichment with Fe57  of the porphyrin and the catalyst, each NFS spectra were recorded 

for 3 minutes. Afterwards, the operando setup was put into operation by heating up first the cell and the 

pipe system and subsequently the humidifiers to avoid an oversaturation and condensation of water 

inside the pipes or the cell. The temperature, gas flow and back pressure was adjusted and the cell was 

purged with nitrogen during the heating. After all system parameters were stable the first NFS 

measurement was prepared with the wetted MEA under nitrogen flow of the anode and cathode 
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(Wet,N2,N2). In the next step the nitrogen on the anode was replaced by hydrogen and a further NFS 

spectrum without applying any potential was recorded (Wet,N2,H2). So, a fixed potential of ~0.6 V was 

adjusted and after the system reached equilibrium conditions a second NFS spectrum was recorded to 

obtain the fully reduced catalyst site (Wet,N2,H2_0.6 V). The nitrogen on the cathodic site was afterwards 

replaced by oxygen and again a potential of ~0.6 V was applied, to investigate the catalyst under working 

conditions (Wet,O2,H2_0.6 V). By removing the potential, the OCP of the fuel cell was measured after 

the equilibrium condition of the electrodes was adjusted (Wet,O2,H2_OCP). 

The investigation of the Fe-N-C catalyst in the operando cell during the beamtime followed the described 

steps. The catalyst powder (Powder) was first measured by NFS. The GDL sample with the sprayed 

catalyst (GDL) and the MEA measured after the fuel cell test (MEA_af_FC) were cut and directly 

mounted on the optical path of the beam and measured with NFS. Whereas the fresh prepared MEA was 

measured inside the operando cell before the setup was switched on. In the next step the gas supply was 

opened and the system was heated up to operation temperature as described before. After the system 

remained stable the first NFS measurement under nitrogen gas and wet conditions (N2,N2) was recorded. 

To reduce the cathodic side catalyst and remove the oxygen out of the system, a potential of ~0.6 V was 

applied followed by the traced NFS spectrum (N2,H2_0.6 V). In addition, the nitrogen on the cathodic 

side was replaced by oxygen and on the anodic side by hydrogen. A stable OCP was found at 995 ±

2 mV  and the NFS spectrum (O2,H2) was recorded. By applying a potential of ~0.6 V, the oxygen 

reduction reaction is observed and the catalyst was investigated by NFS under real fuel cell conditions 

(O2,H2_0.6 V). To obtain possible changes in performance, a second polarization curve was recorded and 

is given in the appendix (Figure S 11). The used experimental protocol enables the investigation of 

catalytic states which will appear during fuel cell operation. Similar to the model catalyst, the Fe-N-C 

catalyst was prepared with fully enriched Fe57 . Therefore, it was possible that each operation step was 

measured with NFS for only three minutes.  
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5. Results and Discussion  

 

In this chapter, first the application of Mössbauer spectroscopy (RT and LT) in combination with nuclear 

inelastic scattering and electron paramagnetic resonance spectroscopy is discribed to get insights on the 

structural composition of Fe-N-C catalysts. Here, most of the results are already presented in 

Wagner et al. 51. Afterwards (chapter 5.2) the extent of sulfite as a deactivator induces structural changes 

in the related iron signatures will be discussed. In chapter 5.3 the first set of post mortem  SMS 

experiments are illuminated. These experiments were particularly helpful for the design of the flow field 

geometry of the operando cell and to estimate possible measurement times of the operando spectra. 

Finally, in chapter 5.4 the results of the operando fuel cell beamtime are summarized. 

 

5.1. Elucidating the Structural Composition of Fe–N–C Catalysts 

Main parts from the here discussed results were already published in Wagner et al.51. In a previous work 

it was concluded that for porphyrin based catalysts prepared at low pyrolysis temperature (≤  600 °C) 

only a reconstruction of the existing FeN4 environments occurred, while no side phases were found on 

the basis of RT Mössbauer spectroscopy 212. Based on this, a similarly prepared catalyst was selected for 

this study, to enable a focus on FeN4 environments, but to use LT Mössbauer spectroscopy e.g., to clarify 

whether the previously as ORR active assigned D1 doublet (𝛿iso ≈  0.30  mm s−1 and 𝛥𝐸Q  ≈

0.88 mm s−1) is of ferric high-spin or ferrous low spin nature. 

The combination of electrochemical experiments with nuclear and electron resonant techniques enables 

a detail structural investigation of the Fe-N-C composition. In Figure 25 (left) rotating disc electrode 

(RDE) measurement of HT600HCl is shown. An onset potential of U𝑜𝑛𝑠𝑒𝑡 =  0.790 V, a half-wave 

potential of Uℎ𝑤 = 0.668 V vs. RHE, and a diffusion-limiting current density of I𝑑𝑖𝑓𝑓 𝑙𝑖𝑚  = −5.7 mA cm−2 

are measured. The kinetic current density (𝑗𝑘𝑖𝑛) at 0.75 V  of 0.6 mA cm−2 was calculated using the 

Tafel-plot equation. 

The electrochemical performance which is described by the voltage versus current density plot shows a 

well-known characteristic which is typical for porphyrin-based catalyst systems 69. Also, the obtained 

Mössbauer spectrum (Figure 25, right) is in good agreement with previous observations. Three different 

FeN4 containing iron species are identified in the Mössbauer spectrum, very similar to other porphyrin-

based catalysts prepared at low pyrolysis temperature 36, 45, 230. Taking the related Mössbauer parameters 

into account, the species are assigned as Fe(II)-site in the low spin state (D1), FePc-like site (D2) and a 

heme-like site (D3). This result is in accordance to other Mössbauer spectra which were reported for 

similar porphyrin-based catalyst 34, 37, 231. Due to the performed acid leaching and the low synthesis 

temperature, no inorganic species were found. The resulting Mössbauer parameters as well as the 

relative absorption areas are summarized in the Table 7.  
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Figure 25: Electrochemical performance of HT600Cl at 1500 rpm in 0.1 M H2SO4 (left) . Related RT-Mössbauer spectrum 

fitted only with FeN4 containing sites (right). No inorganic iron species are indicated 51. 

 

Table 7: RT-Mössbauer parameters of HT600Cl 51. 

Component D1 D2 D3 

Assignment Fe(II) low spin FePc-like heme-like 

𝛿iso / mm s−1 0.34 0.29 0.36 

𝛥𝐸Q /mm s−1 0.81 2.96 1.50 

𝛤 / mm s−1 0.54 0.72 0.62 

Area / % 59.4 16.9 23.7 

 

TEM and STEM as used imaging techniques confirm the missing of iron oxide- or iron-clusters after the 

catalyst preparation. Figure 26 shows two STEM images of HT600HCl. Beside the granular morphology 

of the carbon particles, no iron, iron oxide nanoparticles or clusters are observable. Solely, an atomic 

dispersed Fe-rich shell, formed by the melting and carbonization of iron porphyrin, is found. The line 

profile over the carbon areas of lower and higher density (see inset in Figure 26, left) confirms the 

absence of iron and iron oxide nanoparticles. 
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Figure 26: STEM images of the investigated catalyst, including a count line profile. No iron related clusters are observed 51.  

    

X-band EPR measurements were performed (Figure 27), to quantify the amount of ferric spin states 

within the catalyst. Whereas, the large zero-field splitting of ferrous FeN4-sites prevent the detection 

under the given experimental conditions. The X-band EPR spectrum of the catalyst and the carbon-

supported porphyrin (FeTMPPCl/CB), which was used as precursor, are shown. Both, the catalyst and 

the precursor were prepared and measured several times as the heterogeneous character of the catalyst 

result in a high relative error. Even though, the catalyst weight and volume are similar. The detail values 

and further related spectra are given in the Appendix (S 3, Table S 1and Table S 2). 

 

 

Figure 27: X-band EPR spectra of the catalyst and carbon-supported porphyrin (FeTMPPCl/CB) that was used as a 

precursor and reference 51.  

 

50 nm 20 nm 
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For the precursor an axial EPR signal, as expected for a square pyramidal ferric high-spin FeN4-site with 

chlorine as axial ligand, is observed. The effective 𝑔-values around 6.0 and 2.0 are related to a 

fivefold-coordinated ferric high spin porphyrins and originate from the | 5 2⁄ ;±1 2⁄ > ground state 

Kramers doublet of an 𝑆 = 5/2 spin system in an axial ligand field with positive 𝐷 and a rhombicity 

parameter 𝐸/𝐷 ≈ 0 232-234. In the EPR spectrum of the catalyst the same high spin Fe(III) signal, as for 

the precursor is observed and results from similar immediate environments. Due to the presence of a 

heterogeneous distribution of iron in the sample a broadened signal, compared to the precursor signal, 

is seen. Heteroatom doping, distortion of the graphene layers and slight deformation of the FeN4-sites 

are possible reasons for this observation. Beside the pronounced features a minor contribution at 𝑔𝑒𝑓𝑓 =

4.3 is found and originates from the middle Kramers doublet of an 𝑆 = 5/2 spin system in a rhombic 

ligand field (𝐸 𝐷⁄ ≈ 0.33), caused by a minor amount of impurity species 235, 236. To determine the ferric 

iron content in the catalyst, the precursor FeTMPPCl/CB with known Fe(III) content was used as 

reference. The spin concentration was determined from the double integral of the simulated catalyst 

spectrum (S 3). For an accurate determination of high spin Fe(III) and exclusion of errors, the presence 

of additional impurity signals and background contributions, have to be considered. From this data a 

total amount of 20– 40% of the overall iron content is assigned as Fe(III) high spin. This is only slightly 

larger than those estimated from RT-MS, but as discussed below, in good agreement with the 

LT-Mössbauer data.  

To observe the vibration mode behavior of the catalyst system and study the substituted ligands, nuclear 

inelastic scattering was chosen in combination with DFT calculations. As described by Scheidt et al. 194, 

vibration spectroscopy methods are very common to investigate heme proteins and metalloporphyrin’s. 

Therefore, chloro-iron-tetrakis-methoxyphenylporphyrin (FeTMPPCl ) and iron-phthalocyanine (FePc) 

were measured by NIS (Figure 28) as reference systems to build up a model for the subsequent DFT 

calculations of the catalyst system. 

The defined vibration modes of the centered iron atom are visible. In case of the low-lying spin state of 

Fe-porphyrin, Kozlowski et al. 237 described the resulting mode by density functional methods and 

identified the ground state as A3 2g state. The 𝐷4ℎ symmetry of the porphyrin result in Fe motion 

contributing only to a view possible modes which have either 𝐸𝑢 or 𝐴2𝑢 symmetry 194 and are IR-active 

but forbidden for Raman transitions due to the molecule symmetry of the iron center. The dominant 

mode is identified as 𝜐53 in plane stretching of the Fe-Npyrrole bonds. Indeed, the 𝜐53 mode of the 

FeTMPPCl shows a higher wavenumber compare to other Fe-porphyrins 194, 237, 238 but can be explained 

by slightly different chemical environments. The assignment of vibration modes follows existing NIS and 

pDOS data on porphyrins and related systems given in literature. As described by Zeng et al. 239 the 

vibration modes between 120 cm−1 to 230 cm−1 are related to Fe-NHis vibration, whereas the found 

modes between 250 cm−1 to 380 cm−1 are related to Fe-Npyr. The vibration modes seen at 430 cm−1 and 
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660 cm−1 are assigned to the heme center interaction with diatomic axial ligands and a result of the 

interaction with O2. Sutherlin et al. 240 give further vibrations for the Fe-OO interaction. The vibration 

modes between 300 cm−1 and 340 cm−1 are addressed to in plane iron motions that are either parallel 

or perpendicular to the projection of the Fe-O2 plane 241. 

 

 

Figure 28: pDOS vibration data of the reference Fe-porphyrin sample (left) and FePc as measured during the beam time 

(right). 

 

In Figure 29 (left) the obtained NIS spectrum of the catalyst at ∼ 40 K is given. Only lattice vibrations 

with phonons creation (𝐸 > 0) are visible at this temperature. The resulting partial iron density of 

phonon states (pDOS) as derived from the NIS measurements is shown on the right site of Figure 29. 

Comparing the pDOS given in Figure 28 with the one measured for the catalyst, several findings are 

made. For the precursor, defined vibration modes are seen and dedicated to in-plane, out-of-plane, 

stretching, in-plane rocking, ring symmetrized deformation or torsions modes 237. In case of the catalyst 

only areas of modes are assigned. The typical wavenumber range for Fe-Npyrrole, Fe-NHis, and vibrations 

related to oxygen coordination on FeN4-sites are indicated, respectively. Scheidt et al. classified three 

main vibrational mode categories for heme-like samples. The vibrational modes involving iron and the 

axial ligand are found in the range of 400 cm−1 to 600 cm−1, the mid-range modes mainly assigned as 

in-plane modes from 200 cm−1 to 400 cm−1 and modes below about 200 cm−1 mainly containing 

out-of-plane modes 194. This is in good agreement with the findings from Zeng et al. who differentiate 

the related vibrational modes between 120 cm−1 and 230 cm−1 to Fe-NHis and modes between 

250 cm−1and 380 cm−1 to Fe-Npyrrole modes, respectively 239. For the investigated catalyst, a very 

dominant feature between 381 cm−1and 395 cm−1 is observed, which was not found for the Fe-N-C 

catalyst investigated by Kneebone et al. 50. Indeed, Kneebone et al. did not see any vibration mode in 

this energy window for their PANI-based catalyst in any of the probed states, reduced nor NO-treated.  
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Figure 29: NIS spectrum of the investigated catalyst (left) and the resulting pDOS vibration data (right) 51.  

 

The position of the most intensive peak at 400 cm−1 seems to be in line with the vibration of a heme-type 

FeN4 center interacting with an end-on bonded oxygen molecule and result in a six-fold coordination of 

the catalytic active iron-site 241. Consistently to Rai et al. 242 the vibration mode is assigned as an in-plane 

asymmetric stretching mode. Indeed, it is assumed that this vibration shows the attachment of molecular 

oxygen to the catalytic active FeN4-site. The active sites should already be oxygenated, as the powder 

was stored in air. The surprisingly large background of the spectrum is untypical for FeN4-type iron 

environments (compare Figure 28) but shows a reasonably good agreement with iron oxide clusters and 

possibly iron clusters as described in literature 243, 244.  

This is rather unexpected as no consideration of iron oxide clusters or iron clusters agglomerates were 

indicated neither by RT-Mössbauer spectroscopy nor STEM. Therefore, the iron clusters in both iron sites 

must be very small as a collapse of Mössbauer sites appear at relaxation times below the half-life time of 

the exited state 34, 43, 64, 86. Those findings might explain why similarly prepared catalysts show no ordered 

phase in X-ray diffraction as the particles size is too small for observing a diffraction pattern 245. Here, 

the advantage of synchrotron-based methods is proven and underlines the use of diffraction techniques 

only for particles above 3 nm 246. To identify the additional iron sites, undetectable for RT-MS and STEM, 

low temperature Mössbauer spectroscopy (LT-MS) was used in combination with an applied magnetic 

field, given in Figure 30 to verify the NIS results. 
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Figure 30: Mössbauer spectra obtained at 77 K, B = 0 T (left), 4.2 K with B = 0.1 T (middle) and 4.2 K with B = 5 T (right). 

The Mössbauer parameters are listed in Table 8 51. 

 

The picture of iron sites in the catalyst changes by applying LT-MS as a result of this, two new iron sites 

appear by cooling down the sample to 77 K (Figure 30, left). The new sites indeed attributed to 𝛼-iron 

and iron oxide which confirm the NIS measurement and underlines a missing magnetic order of these 

sites at room temperature. It is very likely, that small iron clusters of only a distinct number of atoms 

contributed to the found iron-sites. Therefore, only LT-MS is able to increase the lifetime of excited states 

and helps to enable magnetic ordering by stabilizing the Lamor precision of the magnetic moment about 

the external magnetic field and make those sites detectable. A temperature of 4.2 K with 0.1 T is required 

to stabilize the magnetic order of 𝛼-iron clusters. Nevertheless, even at this condition, a partial fraction 

of iron oxide clusters remain in the relaxed state and full magnet ordering only appears at an external 

magnetic field of 5 T (Figure 30, right). Sougrati et al. 165 observed for their probed Fe0.5d catalyst, larger 

sized iron oxide phases. As the temperature was 5 K and full magnetic ordering without an external 

magnetic field, appeared.  

In Table 2 the related LT-Mössbauer parameters are given, as resulted from the catalyst displayed in 

Figure 30. The absorption areas are given for the spectrum obtained at 4.2 K and 0.1 T with a fitting 

model based on one consistent data set, except some different values in linewidths Γ, line ratio 𝐼1: 𝐼2: 𝐼3, 

area and hyperfine field 𝐵ℎ𝑓 as given in the corresponding footnotes. The fitted absorption areas of the 

FePc and heme-like site are in good agreement with the corresponding RT-Mössbauer spectrum, whereas 

the area related to Fe(II) low spin-site decreases in evidence. Only 12% of the overall iron of D1 found 

by RT-MS is attributed to a ferrous low-spin site, whereas the other half has to be assigned to 𝛼-iron and 
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iron oxide, respectively. Thus, based on the performed LT-Mössbauer and NIS spectra, clear evidence is 

given that even under these mild preparation conditions, for the given iron content in the catalyst almost 

half of the contributed iron sites in the catalyst has to be assigned to inorganic iron species. This is a 

rather unexpected finding as the subsequent acid leaching should especially remove small inorganic 

agglomerates but seems not sufficient to remove encapsulated clusters.  

 

Table 8: Mössbauer parameters as obtained from the analysis of the LT-Mössbauer spectroscopy displayed in Figure 30. The 

absorption areas are given for the spectrum obtained at 4.2 K, 0.1 T. All simulations shown in Figure 30 have been analyzed 

with one consistent data set, except some different values in linewidths G, line ratio 𝐼1: 𝐼2: 𝐼3, area, and hyperfine field 𝐵ℎ𝑓 

are given in the corresponding footnotes 51. 

Component 1 (D1) 2 (D2) 3 (D3) 4(Sext2) 5 6 (Sext1) 7 

 Fe(II)  FePc Heme 
Part. Fe-O 

relax 
Part. 𝛼-Fe 

Part.𝛼-Fe 

relax 

Part. 

Fe-O 

𝑆  0 1 5/2$ − − − − 

𝛿iso / mm s−1  0.37 0.46 0.48 0.50 0.00 0.50 0.00 

∆𝐸Q /

 mm s−1  
0.72 2.90 1.00 − − 0.00 0.00 

𝜂  0.5 1.0 0.0 − − − − 

𝐵ℎ𝑓 / T+ − − − 49.0 34.0 − − 

Γ / mm s−1§ 0.40 0.42 0.50 0.50; 0.70; 1.20 0.60; 1.00; 1.60 0.50 − 

𝐼1: 𝐼2: 𝐼3#  − − − 3.0: 2.0: 1.0 3.0: 2.0: 1.0 − − 

𝐷 / cm−1  − 8 ± 1 5 ± 1 − − − − 

𝐸/𝐷  − 0.33 0.005 − − − − 

𝛽 / °  − 43 32 − − − − 

𝐴xx,yy,zz /

𝜇𝑁𝑔𝑁 / T  
− 

22.0 ± 1; 

22.0 ± 1; 

22.0 ± 1; 

20.0 ± 0.5; 

18.0 ± 0.5; 

20.0 ± 0.5; 

− − − − 

𝐴𝑟𝑒𝑎 / %†  12.0 ± 2 12.0 ± 2 28.0 ± 1 8.0 ± 1 16.0 ± 1 24.0 ± 2 0.0 

 

$ The spin-Hamilton simulations of comp. 3 at T = 77 K in Figure 30(a) were performed with an external field of 𝐵 = 44 𝜇T 

orthogonal to the γ-ray, which corresponds to the strongest part of the earth’s magnetic field in Kaiserslautern, Germany. 
+ 𝐵ℎ𝑓 at 4.2 K and 5 T for comp. 4: 44.0 T and for comp. 5: 30.0 T. 
§ Γ at 77 K in Figure 30(b) for comp. 2: 0.48 mm s−1; comp. 3: 0.35 mm s−1; comp. 6: 2.50 mm s−1; comp. 7: 2.00 mm s−1. Γ at 

4.2 K and 5 T in Figure 30(c) for comp. 1: 0.50 mm s−1; comp. 2: 0.45 mm s−1; comp. 3: 0.50 mm s−1;  

comp. 4: 𝛤1,2,3 = (0.70 mm s−1, 1.20 mm s−1, 2.00 mm s−1); comp. 5: 𝛤1,2,3 = (0.70 mm s−1, 0.80 mm s−1, 1.20 mm s−1). 
# 𝐼1: 𝐼2: 𝐼3 for comp. 4 and comp. 5 at 4.2 K and 5 T: (3.0: 1.0: 1.0). 
† Area at 77 K in Figure 30(a) for comp. 4: 0%; for comp. 5: 0%; comp. 6: 32.0 ± 1 %; comp. 7: 16.0 ± 1%. Area at 4.2 K and 

5 T in Figure 30(c) for comp. 4: 32.0 ± 1%; comp. 5: 16.0 ± 1%; comp. 6: 0%.  

 

Two possible ways of 𝛼-iron and iron oxide cluster formation seem realistic. The precursor consists of 

carbon black and FeTMPPCl, with an assumed low oxygen content in the precursor. Therefore, oxide 

cluster formation must have taken place after the pyrolysis either during the acid leaching or later. It 

can further be proven that no oxidative dissolution is visible in nitrogen saturated cyclic voltammetry 

measurements, which means that these clusters are not accessible to the electrolyte 247. Consulting the 
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Pourbaix diagram for iron, a leaching under acidic conditions would be very likely. The same is true for 

the 𝛼-iron clusters which have to be embedded in carbon, as otherwise oxidation of the particles would 

take place. The second possible way is related to the oven process. Carbon black has a high surface area. 

It is well known from XPS that carbon easily adsorbs aromatics and other carbon and oxygen containing 

species. During the oven process at low temperatures these components possibility interact with the iron 

containing precursor and form iron oxide cluster which become encapsulated by carbon during the 

ongoing oven process or reduce already existing iron oxide clusters to 𝛼-iron and encapsulate these 

cluster in a carbon shell. This would prevent these clusters from dissolving during the acid leaching. 

Only an assembly of a view atoms can be encapsulated in a carbon shell as bigger particles would result 

in a disturbed shell structure and dissolved during the leaching process or CV measurements. The two 

possible explanations cannot be clarified without further experiments, e. g., a complete oxygen free 

synthesis route with an additional Mössbauer characterization. The presence of such clusters explains 

the observed improvement in composition and activity as found by Kramm et al. 231 for a purification 

treatment in forming gas. Such clusters possibly react with the forming gas and afterwards being 

removed from the catalyst by the subsequent second acid leaching.   

With LT-MS a method exists which is able to identify and assign all existing iron species in the catalyst 

system. Beside the organic iron sites, which were seen in RT-MS, iron oxide and 𝛼-iron clusters are part 

of the iron containing species inside the catalyst system. Based on available data in recent publications, 

such species 50, 113 – even though not assigned by the authors of the related publication – seem also to be 

present in Fe-N-C catalyst prepared by different approaches. Thus, their presence seems to be a general 

problem for Fe-N-C catalysts.  

It is clear that iron oxide has no contribution to the ORR but can disturb and reduce the electronic 

conductivity in the prepared catalyst layer and limit the reaction, whereas a leaching out of iron sites 

can contaminate the membrane. Here, Fe3+ causes the formation of pinholes in the membrane as 

described by Li et al. 248. The existence of even small amounts of metallic cations like Al, Fe, Cr and Ni 

in the membrane were investigated by Sulek at al. 249 and the highest reduction of performance was 

found for Al3+ ≫ Fe3+. Already 5 ppm of Fe3+ are sufficient to reduce the performance during fuel cell 

operation by 44%. It is therefore crucial to avoid the leaching of iron ions during fuel cell operation, 

which can be implemented by a proper cleaning step or by direct prevention of cluster formation during 

the syntheses. Nevertheless, the content of ferric FeN4-sites is in better agreement with the EPR data 

compared to the RT-MS data. Approximately 30% is assigned to the ferric state and shows up with the 

largest contribution among of FeN4-type sites for mild preparation parameters. Fitting the LT-MS spectra 

by introducing two new species helps to find a sufficient model for modelling the pDOS data obtained 

from NIS. Indeed, iron oxide clusters similar as found by Marx et al. 244 and small iron nanoparticles and 

layers 243, 250 have to be considered as well. So, a more qualitatively analysis of the pDOS by comparison 
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of literature data 194, 204, 242, 243, 250, 251 and adapting DFT calculations, is possible. Based on the given data, 

two DFT based models A and B were calculated and are given in Figure 31. Both models take two FeN4-

sites as basis structure, aFePc akine (blue), an oxy-heme type (green) and the found iron oxide clusters 

given by Marx et al. 244. For model A (fir green) a Fe3+heme-site with nitrogen as axial ligand (red)  is 

additional added, whereas a Fe-porphyrin with chlorine as axial ligand (dark red) is used for model B 

(orange). The related weighting factor of components was chosen as found by LT-MS. The ferrous low 

spin FeN4-site (D1) is typically six-fold coordinated 107 and in relation to Zitolo et al. and Li et al. 37, 38 

the presence of an oxygen molecule as one axial ligand seems likely. Therefore, the related ferrous low 

spin site was modulated with oxygen as one axial ligand and over the nitrogen of a trimethylamine 

connected as possible sixth ligand (green). This oxy-heme-type site can participate the ORR as oxygen 

is already present. The ferrous FePc-like site (D2) is most likely fourfold coordinated, but might interact 

in axial direction with graphene planes located above and below, thus being not accessible for the 

ORR 252. The idea of using two different porphyrin-type structures, with chlorine as axial ligand (dark 

red) and pyridine as axial ligand (red) are caused by thermogravimetry coupled mass spectrometry, as 

it indicates that at 600 °C, still 30– 50% of the chlorine ligands remains 245. It would be possible that to 

some extent, this porphyrin-type coordination still remains intact and contribute to the pDOS data.  

Even with consulting LT-MS it is not possible to entirely fit the obtained pDOS data. But some important 

characteristic features are projected by those DFT calculations. The heterogeneous character of Fe-N-C 

systems make it difficult to gain more details about single iron components, as small variation in the 

carbon coordination result in a slightly different vibration mode obtained by NIS and confirms the EPR 

results, where the heteroatom doping, distortion of the graphene layers, and slight deformation of the 

FeN4-sites are possible results in a signal broadening. Further iron clusters will contribute to the pDOS, 

but were not considered due to the different size effects of nano particles 243 in the DFT calculations. All 

this results in a broadening and blurred pDOS spectra as it is further observed by Kneebone et al. 50.  

It is shown that nuclear inelastic scattering in combination with LT-MS and DFT calculations is very 

useful to analyze the structural behavior of Fe-N-C systems even so, particle size effects will limit the 

modelling of components. In fact, very mild preparation conditions and a subsequent acid leaching of 

Fe-N-C catalyst are not sufficient to prevent and remove considerable fractions of inorganic clusters (iron 

and iron oxides). Except of these inorganic species, very strong evidence for an oxy-heme-type site that 

most probably is the origin of the ORR activity was found by NIS and the related DFT calculations. The 

presence of an oxygenated FeN4-site makes its involvement in ORR catalysis very likely. Additionally, 

the limits of RT-MS underline the importance of LT-MS measurements or more advanced 

characterization methods like synchrotron-based resonance techniques. These findings are of great 

importance for the further improvement of Fe-N-C preparation strategies and for a fundamental 
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understanding of the reaction mechanism related to the oxygen reduction in either fuel cells or metal-air 

batteries. 

 

 

Figure 31: Calculated iron pDOS spectra with specific vibration modes as addressed in the text. (left) Model A (fir green, top 

left): Fit of the iron pDOS based on the simulated spectra of iron oxide clusters, low spin oxy-heme type site with 

trimethylamine and O2 as axial ligands (green), iron phthalocyanine-type coordination embedded in carbon (mid spin) (blue) 

and high spin ferric FeN4-sites (FeTMPPCl) with chlorine as axial ligand (dark red). (right) For model B (orange): The 

simulated spectra of iron oxide clusters, low spin oxy-heme type site with trimethylamine and O2 as axial ligands (green) 

and iron phthalocyanine-type coordination embedded in carbon (mid spin) (blue) were included similar to model A. Further 

a ferric FeN4-site with pyridine as axial ligand was added (red). The atom color code is given as follow: grey: carbon, white: 

hydrogen, blue: nitrogen, green: iron, cyan: chlorine, red: oxygen. 

 

5.2. Deactivation Experiments of the Catalyst 

As mentioned in chapter 3.1 deactivation species are helpful to elucidate the structural environment of 

active sites. Inspired by a previous work, a sulfide species was used as deactivator and probe molecule 

for the Fe-N-C catalysts. The results were published in Wagner et al. 52. In chapter 4.2 the preparation of 

the catalyst is given in detail. Electrochemical tests of the deactivated and pristine catalyst powder were 

performed by RDE experiments as described in the experimental part 4.2, in order to identify the activity 

changes induced by sulfite-treatment. The use of Na2SO3 as deactivator for the catalyst powder results 

in a significant reduction of performance during RDE experiments for the three investigated catalysts as 

seen in Figure 32, where the forward and backward scans of the RDE measurements are given.  
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Two effects are addressed by the treatment with sodium sulfite. On one side the diffusion limiting plateau 

is lowered, whereas on the other side the onset potential for ORR is shifted to lower potentials. To 

compare the effect of the introduced anion on the catalyst, the kinetic current densities 𝑗𝑘𝑖𝑛 at 0.75 V vs. 

(RHE) of the initial and deactivated catalyst is determined (Figure 32). For the given setting, the 

diffusion limiting current density depends mainly on the number of transferred electrons 𝑛𝑒. The oxygen 

reduction reaction is converted by the direct reduction to water with 𝑛𝑒 = 4 or an indirect reduction, 

with hydrogen peroxide as intermediate species given by two 𝑛𝑒 = 2 transfers (compare equation 

( 1 ) – ( 3 ). As the diffusion limiting current density is lowered, the selectivity for the undesired hydrogen 

peroxide formation is preferred for the deactivated site. By taken the category plot of the kinetic current 

densities into account, the shift in onset potential, which causes a lowering of the ORR activity for the 

three catalyst becomes apparent. The loss of activity is most pronounced for HT600HCl followed by 

HT800HCl and lowest for HT800HCl+S.  

 

 

Figure 32: RDE curves of the three different pure and poisoned catalysts recorded at 1500 rpm, 10 mV s−1, in 0.1 M H2SO4. 

The category plots of kinetic current densities at 0.75 V for the pristine (dark color filled) and deactivated catalysts (light 

color filled). Due to the deactivation a reduction of current density is seen 52. 

 

Herranz et al. proposed anion binding as a main degradation mechanism for their Fe-N-C catalyst 134 It 

was shown that 80% of the activity, attributed to the recovered state were lost by anion binding. 

Additionally, it was assumed that an anion binding took place on protonated nitrogen species in the 

vicinity of active sites. It should be figured out, that here the final step of preparation was an acid-

leaching for the probed catalyst HT600HCl and HT800HCl. Therefore, an additional loss of activity can 
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only be induced by sulfite ions as all protonated sites should be already blocked by anions. Indeed, the 

extend of deactivation is similar to Herranz et al. 134 for HT600HCl, whereas for both catalysts prepared 

at 800 °C a lower impact is observed. 

Beside the possible deactivation mechanism according to Herranz et al. 134, two further mechanisms 

might appear. In Figure 33 (left) the anion binds as axial ligand to the active site, but an interaction with 

oxygen is still possible if a six-fold active site is assumed. This would not result in a complete deactivation 

but, due to electronic changes could reduce the turn-over frequency. Whereas, Figure 33 (right) depicts 

a five-fold active site where the anion blocks the interaction, so no reaction with oxygen would be 

possible anymore. In this case, the active site would be completely deactivated by the introduced anion. 

 

 

Figure 33: Models for the deactivation of FeN4 sites by anion binding: The anion interacts with the active site, while the 

ORR is still possible (X= O2). (left) The active site is completely deactivated if a five-fold active site is assumed. (right) 

 

A change in Mössbauer parameters is expected for both deactivation scenarios. Therefore, Mössbauer 

spectroscopy was performed to investigate the impact of sulfite anions on the iron signature of HT800HCl 

(Figure 34) and HT600HCl (Figure 35).  

 

 

Figure 34: Mössbauer spectrum of pristine (left) and deactivated HT800Cl catalyst with the new doublet species (right) 52. 

 

Both pristine catalyst powders were fitted assuming the presence of three different FeN4-sites as 

previously identified for Fe-N-C catalysts 34, 36, 212 and already discussed in the previous chapter. For the 
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sulfur containing catalyst HT800HCl+S, in addition a fourth species was found (D4) assigned as ferrous 

iron sulfide site. This catalyst will be discussed elsewhere. In addition, inorganic iron species are present 

in the catalysts prepared at 800 °C, caused by the high preparation temperature and the destruction of 

FeN4-sites. The Mössbauer parameters are summarized in Table 9. The fitting of the deactivated catalyst 

powders were realized by using the same iron species as found for the pristine catalyst by allowing only 

absorption areas to change (Table 9). Whereas, the Mössbauer parameters of the deactivated species are 

given in addition, were set free. It is assumed that the ligand field strength changes for the Fe-site due 

to the attachment of the anion and will result a new species. Indeed, this behavior is observed in the raw 

spectrum data. Therefore, a fourth symmetric doublet (DP) was added with open parameters for all 

adjustable specific values.  

 

 

Figure 35: Mössbauer spectrum of pristine (left) and deactivated HT800Cl Mössbauer spectrum with the new doublet species 

(right) 52. 

 

The investigated pristine catalyst powders are fitted with up to five different iron containing sites. The 

found singlet species S1 and sextet species Sext1 are assigned to superparamagnetic iron and alpha-iron, 

respectively 64, 150, 212. D1 is related to ferrous FeN4 moieties in the low-spin state as identified by several 

authors as ORR active site 34, 36 and as found in this work, as most likely six-fold oxy-heme type-site 247. 

A ferrous iron structure similar to FePc in the mid-spin state was assigned for the second doublet (D2) 110. 

Whereas, for the third doublet D3 a heme-like site, CFeN2 or a charged FeN4-like site 253, 254 is suggested. 

The sulfur containing sample (HT800HCl+S) shows two additional iron sites (D4 and Sext2) which both 

are assigned to iron sulfide (Fe3S4) nanoparticles with a different size distribution as discussed in 

Janßen et al. 225. Caused by the sodium sulfite treatment a deactivation doublet appears in the 
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deactivated catalyst spectra denoted as DP. The related Mössbauer parameters are compared for the 

three catalysts in Table 10.  

 

Table 9: Mössbauer parameters of the three investigated pristine and deactivated catalyst 52. 

     HT600HCl 

Area / % 

HT800HCl 

Area / % 

HT800HCl+S 

Area / % 

 𝛿iso /

  mm s−1  

∆𝐸Q /

  mm s−1   

Γ /

  mm s−1  

𝐵ℎ𝑓

/ T 

OC P OC P OC P 

S1 
−0.11  

(0.01) 
- 

0.38  

(0.02) 
− − − 

19.2  

(0.8) 

15.0  

(0.2) 
− − 

D1 
0.36  

(0.02) 

0.89  

(0.07) 
0.6∗1 − 

66.6  

(0.7) 

51.6  

(0.7) 

42.2  

(3.0) 

30.5  

(0.6) 

35.4  

(1.1) 

42.5  

(0.4) 

D2 
0.31  

(0.07) 

2.69  

(0.34) 
1.0∗ − 

17.6 

(0.6) 

29.2  

(1.0) 

16.7  

(1.5) 

25.1 

(1.2) 

35.4  

(1.3) 

31.8  

(0.7) 

D3 
0.38  

(0.03) 

1.66  

(0.23) 
0.8∗ − 

15.9  

(0.6) 

3.2  

(1.1) 

15.6  

(2.9) 

19.0  

(0.8) 
− − 

D4 
0.98  

(0.02) 

2.58  

(0.04) 
0.7∗ − − − − − 

16.9  

(1.0) 

12.2  

(0.8) 

DP As reported in Table 10 

Sext1 
0.40  

(0.37) 
− 

0.38  

(0.04) 

31.9  

(1.1) 
− − 

6.4  

(1.7) 

4.5  

(0.5) 

6.0  

(1.2) 

3.2  

(0.6) 

Sext2 
1.06  

(0.01) 
− 

0.28  

(0.04) 

9.8  

(0.09) 
− − − − 

6.4  

(1.3) 

7.5  

(0.8) 

1Parameters with * were set constant. 

 

The D1-site is assumed to be the active site in Fe-N-C systems. Here the SO3
2− ion can attach and decrease 

or block the ORR activity and change the Mössbauer parameters of the related iron site. As seen from 

the area changes, it is concluded that the relative loss of the absorption area accounts to 30% and 27% 

for HT600HCl and HT800HCl, respectively. Indeed, it would be unlikely if all ORR active sites are 

blocked due to the accessibility of sites and steric hinderance, which is in agreement with a partial loss 

of ORR activity and the fact that the utilization factor of ORR active sites is often ≪ 100% 255. Further, 

as seen in the previous section, the D1-site can overlay with iron containing clusters which lowers the 

total amount of active sites. Comparing the area changes after deactivating the catalyst, with the values 

obtained from LT-MS measurements of the previous chapter, a good agreement is observed. However, 
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in case of HT800HCl+S an increase of D1 by 20% is recognized. In Figure 36 the difference spectra of 

normalized absorption of the pristine and deactivated catalyst are given. For the sulfur free catalysts, a 

reduced area is seen, whereas for the sulfur containing catalyst the area increases. The formation of the 

new doublet DP is visible in terms of negative contribution in the difference spectra, whereas, the 

lowering of the D1 species is indicated by the positive contribution. The data were used to identify the 

Mössbauer parameters of DP, as given in Table 10. 

 

Table 10: Related Mössbauer parameters of deactivated species 52. 

DP 
𝛿iso /

  mm s−1  

∆𝐸Q /

  mm s−1  

Γ /

  mm s−1  

Area /

 %  

HT600HCl 0.68 (0.03) 2.40 (0.05) 0.38 (0.1) 3.2 (1.1) 

HT800HCl 0.79 (0.01) 2.48 (0.12) 1.10 (0.26) 5.9 (2.2) 

HT800HCl+S 1.2 (0.03) 1.94 (0.06) 0.34 (0.14) 2.2 (0.8) 

 

It is not clear, why the sulfur containing catalyst behaves nearly opposite compared to the other two 

catalysts. But different preparation conditions like, i) the alternative Fe-N-precursor in comparison to 

the porphyrin, ii) a heat-treatment as final preparation step of this catalyst and iii) the presence of sulfur 

in the precursor mixture are possible reasons. Indeed, an effect of the Fe-N-precursor should be excluded 

as the active site seems to be too similar as found in alternatively prepared catalysts 35, 255, 256 but the 

periphery of the active site can be different and not detectable by Mössbauer spectroscopy. The heat 

treatment step at the end of the catalyst preparation, possibly result in a recoverable activity decay and 

a deactivation by sulfite ions. That is why an impact based on the heat treatment as final preparation 

step on the different behavior cannot be excluded. It would be possible that HT800HCl+S is not as 

sensitive to a deactivation treatment with sulfite ions due to the already existence of sulfur species in 

the catalysts. Therefore, a possible interpretation is given by the presence of sulfur containing species, 

as HT800HCl+S is already in a deactivated state. Nevertheless, the right assignment of the DP doublet 

cannot be defined without further investigations.  

R. Taube successfully probed the effect of anion binding to molecular FePc moieties and figured out that 

new doublets were formed by anion binding in axial direction. This results in an increased quadrupole 

splitting by a decreased ligand field strength of the anion 254. The change of Mössbauer parameters 

caused by the anion binding is given in Table 11 and compared to the observed values obtained for the 

sulfite species. The Mössbauer parameters given in Taube’s work are reported vs. Na2[Fe(CN)5NO] ∗

2H2O and therefore transferred to an 𝛼-iron reference 254. Additionally, parameters found in the PhD 

work by Kramm, caused by the interaction of FeN4-sites with HSO4 in porphyrin-based Fe-N-C catalysts 
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were added 245. A good agreement by comparing the different anions investigated by Taube and Kramm 

with found parameters for the deactivated site is not observed as all of them are weak ligands. Indeed, 

the spectrochemical series of ligand field strength for anions increases in the order I < HSO4 < Br < S2 <

Cl ≪ SO3
−2. The impact of sulfite ions should further influence the Mössbauer parameters of all 

FeN4-sites, as Taube showed the effect of anion binding for FePc whereas, in this work it is assumed that 

the sulfite anion should bound on an oxy-heme site. Therefore, an overlay of effects influencing the 

Mössbauer spectra cannot be excluded.  

 

 

Figure 36: Difference spectra of normalized absorption of the initial and poisoned catalyst is given. For the sulfur free 

catalysts, a reduced area is seen, whereas for the sulfur containing catalyst the area increases 52. 
 

Table 11: Comparison of Mössbauer parameters observed for different axial ligands to ferrous FeN4-sites. Data indicated with 

* were taken from Taube 254 and Kramm 245. 

 I2* HSO4* Br* Cl* HT600HCl HT800HCl HT800HCl+S 

𝛿iso /  mm s−1 0.18 0.08 0.11 0.20 0.68 0.79 1.18 

∆𝐸Q/  mm s−1 3.3 3.28 3.16 2.75 2.40 2.48 1.94 

 

Due do the interaction of FeN4-sites with SO3
−2 anions, ferric high-spin complexes are formed. On the 

contrary, the ligand field strength of sulfite is significantly more pronounced so that a low-spin state can 

be expected. By deactivating the FeN4-sites, the resulting deactivated state remains ferrous as the pristine 

ORR active iron sites, but a change of spin state, from low- to high-spin is observed. It is assumed that 

the parameters of the doublet assigned to the deactivation treatment are similar for HT600HCl and 

HT800HCl, whereas significant different values are found for HT800HCl+S. As some Mössbauer 

parameters were fixed during the first fitting procedure, a second fit model was applied where all 
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Mössbauer parameters known from Table 9 were set free to investigate the influence of the attached 

SO3
−2 anion on all FeN4-sites of the catalyst (Figure 37).  

 

 

Figure 37: Free running isomer shift and quadrupole splitting are plotted against each other, with the corresponding errors. 

Introducing SO3
2− ions result in higher isomer shifts and quadrupole splitting values. This is true for both, HT600HCl and 

HT800HCl catalysts, whereas HT800HCl+S shows a converse dependency. 

 

After fitting the spectra with the free running parameters, HT600HCl and HT800HCl show an increase 

in both, isomer shift and quadrupole splitting, whereas HT800HCl+S shows a converse dependency. In 

case of a six-fold coordinated Fe(II) compound, the increase of isomer shift corresponds to a decrease of 

𝜋-electron distribution by the antibonding orbitals of the ligand, whereas an increase of 𝜎-bonding to 

hybrid 𝑑2𝑠𝑝3 orbitals will result in a decrease of the isomer shift. For the change of quadrupole splitting 

more positive values will appear if the 𝜋 back-bonding is increased, whereas increasing the 𝜎-bonding 

results in a more negative value 175. From this, the question of the different behavior of Mössbauer 

parameters arises. A possible explanation might be the assumption that the way of anion attachment 

changes. In Figure 38, four possible coordination’s of sulfite anion to the FeN4 center are given. Based 

on the characteristics for oxygen and sulfur ligands it is assumed that the ligand field strength increases 

from left to right and top to bottom. In addition, the electric quadrupole interaction is assumed to be 

smaller for the symmetrically attached options, given in b) and d) in comparison to asymmetric 

attachment as seen in a) and c). 
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Figure 38: Possible axial binding of sulfite species to FeN4-sites by assuming a six-fold coordinated iron site where the SO3
2− 

ion can attach. 

  

Here, the limitation of Mössbauer spectroscopy becomes obvious. Due to the free run of parameter the 

degree of freedom increases. It is hard to distinguish between the change of areas, the shift of parameters 

and the contribution of the changes influenced by the single components and by the introduced anion. 

Especially, if the components are similar to each other as in the given case, the change in areas can be 

misleading. Even if the way of fitting results in some errors, it is clear that the impact of the anion 

influences the electron density and disturb the isotropy at the metal center, causing variations of the 

Mössbauer parameters of the corresponding iron sites. But the nature of anion attachment cannot be 

satisfied discussed by the given experiments.  

Based on the findings it is most likely that the anion binds directly to the active sites. However, it is not 

possible to distinguish between the two options of a lowered turn-over frequency as found by RDE 

(Figure 32) or a complete deactivation of FeN4-sites that adsorb sulfite (Figure 38). Further, electronic 

changes that might affect the ORR activity are caused by the integration of sulfite groups in the carbon 

matrix. So, the pristine and deactivated catalysts of the sulfur free synthesis route (HT600HCl) was 

investigated by nuclear inelastic scattering (spectra given in the Appendix S 4) to obtain the pDOS 

(Figure 39) and nuclear forward scattering (Figure 40) of the catalyst systems to receive information of 

the time domain. A detail discussion of the pDOS spectrum of HT600HCl was already given in the 

previous chapter.  
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Figure 39: The pDOS data of the deactivated and pristine catalyst HT600HCl.  

 

Comparing the pDOS characteristics of the pristine and deactivated catalysts (Figure 39) some general 

similarities and differences are pointed out. Starting from the lowest modes, between 0 cm−1 to 

200 cm−1, the pristine catalyst shows two broad frequency modes with the maxima around 49 cm−1 and 

137 cm−1,respectively. In this frequency range mainly out-of-plane modes, overlapping with doming 

modes in which the iron atom moves out of the porphyrin plane while the periphery of this ring moves 

in the opposite direction 194, 257, appear. The detail understanding of the doming mode characteristics 

can be used to determine the reactivity of oxygen with the heme proteins 257 but is not further examined. 

As discussed in the work of Marx et al. 244 iron oxide nanoparticles show shoulders in the same vibration 

range which were already considered in the previous discussion.  

Scheidt et al. 194 assigned the modes below 50 cm−1 as phonon modes resulting from heme translation 

in the solid. Which are typically found for systems with diatomic ligands. Indeed, those divisions are 

hard to distinguish as spectral-frequencies overlap and must be resolved in order to provide detailed 

assignments. Interestingly, the observed low frequency modes are less pronounced in the work of 

Kneebone et al., whereas between 50 cm−1 to 200 cm−1two dominant modes are seen. 50 This could be 

caused by the higher number of inorganic species, especially oxide nanoparticles as described by Marx 

et al. 244compare to the investigated catalyst of this work. Here, one maximum of vibration modes is 

found around 240 cm−1 where Kneebone and co-worker observed only a small mode. In this area the 

porphyrin and phthalocyanine modes are found. As already discussed, the small coordination variation 

of iron sites, result in a slightly shift of frequencies and lead to the observed pDOS behavior. By 

comparing the pDOS regime for both catalysts it is obvious that NIS is very suitable for the investigation 

of catalyst systems which are pure in case of iron sites whereas a higher number of different species 

result in a smearing of modes. The second dominant feature around 381 cm−1and 395 cm−1 was 
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previously addressed as asymmetric 𝜈50 in-plane stretching mode of Fepyr with oxygen binding. At higher 

wavenumbers no further modes are seen for the pristine catalyst. Introducing of the anion (red curve) 

shows below about 50 cm−1 no significant impact. For the deactivated catalyst a suppression of the mode 

at 137 cm−1 is observed, whereas, starting from 210 cm−1 up to 360 cm−1 modes shifted by about 

30 cm−1 and the nearly full suppression of the dominant mode around 381 cm−1 is seen. New modes 

appear in the range between 420 cm−1 to 600 cm−1. In this range mostly peroxy- and oxy intermediates 

interacting with organic iron sites 239, 240, 258 are reported. In our cases, it is assumed that they might be 

caused by the impact of sulfite ion binding through the active site. This gives the first hint to a more 

concrete nature of interaction between the sulfite ion and the iron center. DFT calculations were 

conducted by H. Auerbach (AG V. Schünemann) for four different variation possibilities. In the 

supporting figure S 5a), a six-fold iron site is bound on the bottom with a trimethylamin and deactivated 

by  SO3
2− over an O bond of the sulphite ion. For the possibility b) an O2 molecule is bonded on the 

bottom of the iron site and deactivated by  SO3
2−over an O bond. Whereas for c) and d) O2 + SO3

2− over 

the S and trimethylamin + SO3
2− over S are bonded to the iron site, respectively.  

Comparing the different models with the real pDOS data obtained from the NIS measurement, it seems 

most likely that the interaction of the anion with the catalyst active site takes place through the oxygen 

site of the sulfite ion. The simulations done for an attachment of anion through the iron site over the 

sulfur atom did not result in a similar mode characteristic as found by NIS measurements. Comparing 

the DFT calculation of a) and b) in the supplemented figure S 5a vibration mode at a wavenumber of 

384 cm−1 is seen. This is a very interesting finding as it was figured out before, that at 381 cm−1, the 

interaction of the active site with oxygen was assumed. After deactivating the catalyst powder, this mode 

completely vanishes but cannot be confirmed by the resulting DFT calculations. based on this finding it 

is questionable if the investigated sixth ligand seems realistic. 

Indeed, a possible interaction of a six-fold iron site with an oxygen molecule and peroxy- or oxy-molecule 

seems not unlikely as already mentioned by Hoon et al. 98, where DFT calculation were applied on an 

OH ligand attached through a bulk-hosted FeN4-site. They figured out that O2 does not exothermically 

bind on the iron site if OH already bond as ligand and suggested that an OH-modified site may not act 

as a single reaction site on an associative ORR pathway. Nevertheless, the assumed zigzag edge-hosted 

FeN4 with OH ligand is able to bind O2 and participate to the ORR activity. The prepared DFT calculations 

were done for a five-fold iron site, whereas in our case a six-fold site is discussed. Further, the limitations 

of those DFT calculations are given by the adjusted boundary conditions. It is well known that the 

interaction of the active site and intermediates with the environment e.g., NafionTM, water molecules, 

etc. cannot be neglected but rarely considered in the calculation due to the complexity and limited 

computational power. The same applies for the DFT calculations given here. But, as only the pure 

powders were investigated, interactions are not as dynamic as under operation conditions with an 
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applied and adjustable potential. Considering this, the results of this work are more reliable. Beside the 

use of nuclear inelastic scattering to analyze vibration modes and ligand sites, further, NIS was used to 

provide information of the atomic lattice rigidity by the supplemental factor known as Lamb-Mössbauer 

factor 𝑓𝐿𝑀. As described by Chumakov et al. 199, 203 the nuclear recoil in a lattice is equal to the recoil 

energy 𝐸R = 1.956 meV of a free nucleus for the first momentum of the energy spectrum, which follows 

Lipkin’s sum rule. Therefore, it is possible to calculate the recoil fraction of nuclear absorption from the 

area of the normalized, inelastic NIS part of the spectrum. This approach was applied for both, pristine 

and deactivated catalysts according to the corresponding temperature. The resulting average 𝑓𝐿𝑀 are 

given in Table 12. 

 

Table 12: Lamb-Mössbauer factors 𝑓𝐿𝑀 as obtained from the normalized, inelastic area of the investigated poisoned and initial 

catalysts. 

 HT600HCl HT600HCl+ SO3
2− HT800HCl HT800HCl+ SO3

2− 

Temperature / K 50 40 48 48 

𝑓𝐿𝑀  0.73 0.80 0.81 0.76 

 

Introducing the anion through the catalyst results in a reduced Lamb-Mössbauer factor for HT800HCl. 

This is explained by the high mass absorption coefficient of sulfur for the 14.4 keV Mössbauer radiation 

of μe = 17.0 cm2g−1 151. As shown by different authors 165, 168, 171, the temperature dependency of 𝑓𝐿𝑀 is 

not linear at the given range and cannot be easily extrapolated but is a possible explanation for the 

increase of 𝑓𝐿𝑀 found for the deactivated HT600HCl system. A significant drawback of using NIS to 

estimate 𝑓𝐿𝑀 is the fact that only a summed value of all iron sites is obtained, which is not very suited 

for a multi component system. Therefore, the evaluation of the Lamb-Mössbauer factor for the single 

sites like shown by Sougrati et al. 165 will be discussed in the following chapter. Beside the NIS and 

resulting pDOS data, the pristine and deactivated were investigated by NFS (Figure 40).  

The anion changes the quantum beat behavior and therefore the valance state of the iron in the catalyst, 

but as described in 3.4.4 a full analysis is rather complicated due to the speed up characteristics of 

quantum beats and the possible overlay of components. Even under the assumption that the impact of 

the anion is identical for both pristine catalysts a straight forward interpretation as known for Mössbauer 

spectroscopy is not possible. Nevertheless, the anion impact entails an even more pronounced change as 

seen in the Mössbauer spectrum. The here present results are the first NFS investigation of Fe-N-C 

catalyst and show the promising capabilities of this technique.  
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Figure 40: Change in NFS spectra by introducing the anion to the catalyst system. The pristine and deactivated catalyst 

HT600HCl is seen.    

  

Beside the synchrotron-based analysis, LT-MS was performed for characterizing the impact of sulfite 

ions. In Figure 30 the LT-Mössbauer spectra of the pristine catalysts HT600HCl at 77 K with no applied 

magnetic field and at 4.5 K with applied external magnetic field of 5 T were already discussed. By 

introducing the anion, an additional sextet species appears (Figure 41). It was not possible to fit the 

spectra with an adequate model as the area of iron components cannot satisfied assigned. The Mössbauer 

parameters (Table 13) of the new site make the assumption of a diamagnetic species likely. But the 

interactions of the introduced anion with other iron sites need to be further investigated as it is possible 

that the sulfite ion interacts with other iron sites. Therefore, additional experiments are necessary to 

elucidate the deactivation behavior.  

In this chapter the effect of sulfite ions on the ORR activity and structural constitution of Fe-N-C catalysts 

were investigated for three differently prepared Fe-N-C catalysts. By using RDE measurements it was 

possible to show that those anions are able to deactivate the active iron site and result in a degreased 

electrochemical activity and the appearance of a new Mössbauer species 52. Interestingly, other 

investigated salts showed only a neglectable impact to the Mössbauer parameters. Even though, the 

performance under RDE conditions decrease, the question of deactivation mechanism immediately arises 

for these salts. It is rather unlikely that a ligand can directly attach to the iron site and change the 

electronic structure in a way, that under RDE conditions, a decreased performance is observed, but the 

Mössbauer parameters left unchanged. It is known that the ligand field and the coordination chemistry 

can cause such a behavior, but so far, cannot be confirmed based on the given experiments. Similar to 
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our recent publication 223 it is possible that these salts do not interact directly with the iron site but 

change the chemical and kinetic boundary conditions of the FeN4-site.  

 

 

Figure 41: LT-Mössbauer spectra of the pristine and deactivated catalyst HT600HCl at 77 K with no applied external magnetic 

field. (left) The same catalysts measured at 4.2 K with a magnetic field of 5 T. The fitted deactivated species is given in cyan. 

(right) 

 

Table 13: Mössbauer parameters of the deactivated species as found by LT-MS. 

 HT600HCl+ SO3
2− HT800HCl+ SO3

2− 

𝛿iso /  mm s−1 0.56 0.47 

∆𝐸Q/  mm s−1  0 0 

𝐵ℎ𝑓/ T 53  54 

 

Room temperature Mössbauer measurements reveal an almost homogeneous composition with mainly 

FeN4 sites for HT600HCl and HT800HCl catalysts and a small contribution of inorganic sites, were found 

by LT-MS. For HT800HCl inorganic iron species are more pronounced, whereas the addition of sulphur 

(HT800HCl+S) shows FeN4 species and iron sulphide sites which eventually affects the interaction of 

this catalyst with the anion. To elucidate the overall effect of sulfide and sulfite species during catalyst 

preparation and/or electrochemistry on the performance of the catalyst, additional preparation routes 

and experiments are required and currently conducted in a master thesis project (S. Schmid 2021 Master 

thesis ESE). Further, the degree of deactivation induced by anion binding is different for porphyrin-

based catalysts compared to the alternatively prepared, sulphur-added catalyst as observed by the 

changes in RT-Mössbauer spectra. The new doublet is assigned as an axial ligation of sulfite bonded over 
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oxygen to the centered iron and was determined by NIS and the related DFT calculations. Using LT-MS 

the new deactivated species is suggested as diamagnetic component but withdraw a full characterization. 

For all investigated catalysts the ORR active FeN4-site is assigned to D1, and displays some catalytic 

activity even after introducing the anion. It is therefore difficult to say whether those anion-blocked sites 

are completely deactivated or significantly lowered in their turn-over frequency.  

 

5.3. Post Mortem MEA Characterization 

As pre-experiment for identifying the best conditions and expectations for the operando fuel cell testing 

a beamtime at ESRF was performed to measure SMS of a pristine MEA and two MEAs after performance 

in low temperature (80 °C) and high temperature (160 °C) operating fuel cell tests. The catalyst 

preparation and fuel cell tests were done by Markus Kübler as described in 4.3. In Table 14 the initial 

performance data in RDE of the used catalyst are summarized.  

 

Table 14: Electrochemical characteristics as obtained from the RDE measurements. 

U𝑜𝑛𝑠𝑒𝑡 / V Uℎ𝑤 / V 
𝑗(0.75) /

 mA cm−2  

𝑗𝑑𝑖𝑓𝑓 /

 mA cm−2  

𝑗𝑘𝑖𝑛 /

 mA cm−2  
Information 

0.8 0.65 −0.51 −5.41 −0.57 No 2nd HT 

 

The electrochemical performance of the catalyst is in good agreement with values reported in 

literature 69. Compared to the values indicated in Figure 25. The catalyst shows a less dominant D1-site 

in the Mössbauer spectrum, whereas the D2 and D3 sites are more pronounced (Figure 42 left).  

A second heat treatment is usually applied after an acid leaching step to purify the catalyst, reduce 

inorganic iron sites and heal out defects. So, the relative number of active sites increase, even so the 

total number of iron sites decrease. As described in the previous chapter, small inorganic clusters can 

contribute to the doublet sites, not resolvable as independent species due to the fast relaxation of 

domains and similar Mössbauer parameters, in RT-MS. Indeed, the LT-Mössbauer spectra measured at 

4 K of the prepared MEA (Figure 42 right) identifies three sextet sites that are assigned to inorganic iron 

species. They are addressed to 𝛼-iron (Sext1, pink), iron-oxide particles, showing a broad size and 

coordination distribution as visible from the large line width (Sext2, grey) and a third sextet, which fits 

best to iron-nitride species (Sext3, yellow) as described by Borsa et al. 259 and Kurian et al. 260. Due to 

the extremely broad line width and the resulting error, it cannot be clearly distinguished between an 

iron oxide or an iron hydroxide site. Indeed, a hydroxide site would be likely after the fuel cell treatment 

as the MEAs were under operation, whereas an oxidic species would by more likely for the untreated 

MEA and for the pure catalyst powder. Iron nitride in the form of a sextet was first reported in a Fe-N-C 

catalyst by Ferrandon et al. 86, whereas as doublet species was reported by Kramm et al. 35, 39, 100, 110, 231. 
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The origin in the different observations might be the different preparation approaches in the cited 

publications. A doublet might indicate a higher N/Fe ratio in the nitride 261 or smaller particle size 262. It 

is very likely that similar prepared catalysts show a similar distribution and number of different iron 

sites. The Mössbauer parameters of both, RT-MS and LT-SMS are given in Table 15.  

 

 

Figure 42: RT-Mössbauer spectra of the investigated catalyst powder with three organic iron sites. (left) LT-SMS spectrum of 

the prepared MEA at position C at 4 K. Beside the three doublet sites three inorganic sextet species appear. (right) 

 

The fixation of Γ is often necessary to find a suitable fit model for the investigated catalyst. The broad 

half widths for e. g., the sextet species are the result of an undefined particle sizes distribution of the 

inorganic sites and normally avoided through a second or third heat treatment and an additional 

leaching step for purification. As described in chapter 4.1, LT-Mössbauer measurements with and 

without an external magnetic field, are able to slow down the particle relaxation time and enable their 

identification. However, a fixation of the line width is problematic for the fitting models for both RT-MS 

and LT-MS, as Debrunner 179 figured out that especially for oxy-derivative ferrous low spin systems an 

anomalous line shape behavior is found, caused by non-stationary or disturbed electric hyperfine 

interactions. This results in an inhomogeneous temperature dependence of line width broadening for 

the LT-Mössbauer spectrum. The interpretation possibilities for RT-measurements were already 

discussed.  

To find an adequate fit model all fitting parameters should be set free and the influence of the line width 

has to be considered. Indeed, the fitting of multi-component systems, as it is the case for most synthesized 

Fe-N-C catalysts, makes a free running fit model hard to invest, as it possibly results in a model without 

or wrong physical meaning. Fixing the line width seems the smallest error and is done by almost every 

group applying Mössbauer spectroscopy for Fe-N-C characterization. Nevertheless, it should be clear that 

fixing the line width can result in a misleading assumption of component area, isomer shift and 

quadrupole splitting. Comparing the RT-Mössbauer spectrum with the LT-SMS spectrum, almost half of 
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the D1 site contributes to the found sextets, whereas the other two doublet species are almost not 

affected. Again, this underlines the findings of the previous analysis and show the need of LT-Mössbauer 

investigation to distinguish between the organic and inorganic contributions to the D1 site. 

 

Table 15: Mössbauer parameters of the investigated catalyst at RT. 

  𝛿iso /  mm s−1  ∆𝐸Q /  mm s−1   𝐵ℎ𝑓 /  T Γ /  mm s−1  Area / % 

RT       

 D1 0.338 (0.002) 1.015 (0.005) − 0.641 (0.008) 44.8 

 D2 0.303 (0.004) 3.017 (0.013) − 0.858 (0.018) 29.6 

 D3 0.421 (0.004) 1.955 (0.012) − 0.855 (0.053) 25.6 

SMS-LT     

 D1 0.524 (0.01) 0.777 (0.02) − 0.68∗1 20.8 

 D2 0.459 (0.008) 3.291 (0.02) − 0.79∗ 29.4 

 D3 0.559 (0.008) 1.941 (0.023) − 0.71∗ 24.9 

 Sext1 0∗ − 33∗1 1∗ 7.7 

 Sext2 0.225 (0.085) − 47.2 (0.1) 1∗ 7.0 

 Sext3 0.456 (0.035) − 22.3∗  0.7∗ 10.2 

1Parameters with * were set constant. 

 

Beside the SMS measurements of the fresh prepared MEA, SMS was used to characterize the MEAs after 

fuel cell tests under high and low operation temperature. The experimental details are given in 4.3. In 

addition, each MEA were measured under applying an external magnetic field from 0.5 T to 5 T and 

position C was studied in detail to compare the different degradation characteristics of each MEA.   

For the fresh prepared MEA (Figure 43, left) three different positions on the MEA were investigated by 

SMS to confirm the homogeneity of fabrication. As the measuring time and the cross section of the 

sample were similar for all positions, a spectra transmission of more than 50% is observed and a 

homogenous spraying of the catalyst layer being verified. The line shape model with site contribution of 

the fresh prepared MEA is given in Figure 42 and was already discussed. In Figure 43 (left, inlet) the 

flow field position of each investigated piece of the untreated MEA is given.   

By applying an external magnetic field perpendicular to the beam, the line shape of components changes 

(Figure 43 right) similar as for the discussed LT-MS investigation described in chapter 5.1., Figure 30. 

The straight lines in Figure 43 giving the position of the D3 site splitting. Indeed, the features are less 

pronounced as found for HT600HCL (Figure 30). Further, the spectrum at 5 T is much broader. The 

contribution of a variety of small iron and iron oxide particles as concluded from the fit model, results 
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in the observed line shape characteristics. Based on the less pronounced splitting of D3, it is assumed 

that the appearance of inorganic sites results in an undefined contribution, and an overestimation of the 

heme-like site. Again, the advantage of LT-MS or LT-SMS is underlined, as only both techniques are 

suitable to identify the overall composition of Fe-N-C catalysts.  

 

 

Figure 43: LT-SMS spectra obtained at 4 K of the fresh prepared MEA at three different positions. The insert gives schematically 

the flow field with the investigated positions. (left) Magnetic field dependent LT-SMS spectra at position C. (right) 

 

After running the MEA for 24 hours at 0.6 V with a fuel cell operation temperature of 80 °C, a drop of 

the current density of 25% is observed (S 6). The inlet of Figure 44 (left) shows the four positions of 

LT-SMS investigations with the resulting spectra. Even though, the spectrum of position B seems 

different, the spectra line shapes are identical for all positions, whereas the total transmission varies. 

The difference results from the absolute cross section of each sample during the measurement and the 

leaching out of iron. Indeed, the total absorption decreases to an average of 35%. Especially 𝛼-iron seem 

to be removed, as it is washed out and oxidized, during the operation of the fuel cell. The inorganic site 

of Sext3 seems not to change but becomes more pronounced, due to the missing of Sext1. In 

Kramm et al. 226, post mortem analyses of complete MEAs were investigated and the loss of iron sites due 

to leaching and carbon degradation processes were described. It was further shown that all organic iron 

sites are affected by demetallation. Indeed, in the here described case an increase of iron oxide site is 

explained mainly due to the conversion of 𝛼-iron to iron oxide or iron hydroxide, as well as demetallation 

of organic sites and agglomeration during operation. In Figure 44 (right) the magnetic field dependent 

measurements are given and underline the formation of iron hydroxide during fuel cell operation. At 5 T 
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an overlay of different sextets is found. As one site is assigned to iron oxide the second site, with a 

magnetic field of 52 T and 𝛿iso = 0.57 mm s−1 has parameters typical for ferric iron in octahedral 

coordination of oxygen (δ − FeOOH) as shown by Dézsi et al. 263. From the magnetic field dependent 

measurements, it becomes apparent that applying a magnetic field of ~ 3.5 T or larger, will result in 

better resolved sextet lines. They split-up into a high field sextets with smaller linewidths and a more 

broaden sextet with lower magnetic field, indicates a variety of particle sizes 264.  

 

 

Figure 44: LT-SMS spectra obtained at 4 K of the low temperature treated MEA at four different positions. The insert gives 

schematically the flow field with the investigated positions. (left) Magnetic field dependent LT-SMS spectra at position C. 

(right) 

 

The LT-SMS spectra of the high temperature operated MEA (Figure 45, left) show a completely different 

line shape characteristic as seen before. The operation temperature of 165 °C for 12 hours of operation 

at a constant potential of 0.6 V is far behind useful conditions for metal organic active sites as the high 

temperature result in a very fast degradation and a dramatic drop of performance during the fuel cell 

test (Appendix S 7). The position dependent measurements show a clear trend. The spectrum obtained 

at position A, has the lowest absorption (Figure 45, bottom) of all investigated positions. Further, the 

line shape of each position varies. Different sextet species are fitted into the spectra, containing iron 

oxide or hydroxide species. Whereas the doublet sites decrease to less than 10% of the previous area of 

each doublet. This dramatic decrease results in an almost deactivated MEA under operation with a net 

current close to zero. The remaining doublet sites have no or little direct access to the ORR as they are 

part of the bulk material and therefore, not able to participate during operation. Beside the change in 

line shape and the loss of active sites, the transmission of the single spectra is strongly affected by the 
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measurement position. Due to the harsh operation conditions, the catalyst shows a strong position 

dependency of demetallation. It becomes apparent that the degradation of the catalyst layer at the gas 

inlet is higher compare to positions closer to the gas outlet (Figure 45, left, bottom). As the higher 

concentration of oxygen results in a faster oxidation (burn) of carbon, the degradation and washing out 

of metal containing sites depends strongly on the oxygen supply. It is not clear, if most of the leached 

iron ions have left the fuel cell or stay inside the membrane or GDL even though the relative transmission 

strongly decreases for the HT-MEA which can only be explained by the loss of iron out of the matrix. 

The different line shape characteristics observed at each position is explained by further ion or particle 

migration. The iron ions seem to move, agglomerate and react during the way through the flow field 

until they leave the fuel cell system. Due to the higher operation temperature the catalyst becomes faster 

degraded compared to the lower temperature operated MEA. The resulting degradation products are the 

same but the amount changes over time. As seen in the Pourbaix diagram 265, 266, Fe(II) ions have a 

significant solubility at a potential of 0.6 V and acidic pH-value. As the soluble iron Fe(II) ions are not 

bounded in a lattice, Mössbauer spectroscopy cannot be used for detection of free ions as the recoil free 

absorption and emission will not be possible. Whereas, iron oxide/hydroxide particles are detected and 

found after fuel cell operation. The formation of hydroxide species seems only stable in a very narrow 

window in the alkaline regime. Nevertheless, the Mössbauer parameters found by LT-SMS make the 

existence of those species likely. It is possible that iron ions got trapped in the pores during operation 

and reacted to hydroxide species after the fuel cell was shot down. As discussed in chapter 3.2, Figure 5 

hydroxy species are part of the ORR reaction, even though they do not exist as Fe(OH2) or FeOH+ in the 

catalyst layer but bond to FeN4 centers.  

By the direct comparison of the different treated MEAs (Figure 46) the influence of operation time and 

temperature become obvious. Under high operation temperatures the degradation of the catalyst layer 

is much faster compared to the low operation conditions of 80 °C. As expected, the loss in peak power 

density was higher for HT-operation conditions (−40%) compared to LT-operation condition (−25%) 

although the time of operation was only half.  
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Figure 45: (left) LT-SMS spectra obtained at 4 K of the HT-PEM MEA at four different positions. The insert gives schematically 

the flow field with the investigated positions. (bottom) the resulting loss of absorption for each position. (right) Magnetic field 

dependent SMS LT-Mössbauer spectra at position C. 

  

From the line shape characteristics of the LT-SMS measurements it is assumed that the resulting 

degradation products are similar while the dynamics are different. The appearance of a 

superparamagnetic phase (singlet in the LT-SMS measurement without external magnetic field) is a 

result of particle migration of iron particles through the MEA during operation. This assumption is 

plausible as it is very likely that agglomerates of iron are formed during the demetallation process and 

further react under operation and become additional oxidized after the fuel cell is shutdown.  

In summary, the post mortem analysis of MEA operated at different fuel cell temperatures indicate that 

the relative absorption area (related to iron content) and – more important – the shape of the spectra 

(related to changes of iron species) varies for high- and low-temperature treated MEAs. It is confirmed 

that the degradation of the catalyst layer depends on the related position. Catalyst layers which are 

closer to the gas inlet show a stronger degradation as at positions closer to the gas outlet. This is 

explained by a faster oxidation of the carbon and a faster demetallation due to the operation temperature 

and the applied potential as well as the higher concentration of reactive species. The formation of oxides 

and hydroxides is verified caused by the demetallation and oxidation of iron sites.  
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Figure 46: Direct comparison of the different MEAs measured with LT-SMS. Untreated MEA at 0 T (black), MEA with applied 

magnetic field of 5 T (grey). MEA after fuel cell test at low operation temperature (orange) and with applied magnetic field 

(dark yellow). MEA treated at high operation temperature during fuel cell operation without magnetic field (purple), whereas 

the field depend Mössbauer spectrum is given (rose). 

 

Beside the post mortem analysis the low temperature treated MEA was investigated by temperature 

depended Mössbauer measurements similar to the work of Sougrati et al. 165 to gain additional 

information about the temperature dependency of isomer shift (𝛿iso ), quadrupole splitting (∆𝐸Q) and 

species area change at different measuring temperatures, respectively. In Figure 47 the temperature 

dependent SMS spectra with related fittings are given. The measurements were prepared without 

applying an external magnetic field and the related Mössbauer parameters are summarized in Figure 48, 

whereas the changes of corresponding spectral area sites are visualized in Figure 49. 

 

 

 

 



  

99 

 

 

 

Figure 47: Temperature depend SMS measurements of the sample for four different temperatures are shown.  

  

The temperature dependency of isomer shift and the change of corresponding spectral area sites over 

the temperature range is seen in Figure 47. By degreasing the temperature, from 278 K to 80 K iron 

oxide (Sext2, grey) and iron nitride species (Sext3, yellow) appear. These species become more 

pronounced by decreasing the temperature to lower values. At 4 K a relative surface area of 23.9% and 

18.3% for Sext2 and Sext3 is found, respectively. The existence of iron oxide is explained by the 

synthesis’s procedure of the catalyst powder, as well as demetallation and oxidation of iron sites during 

fuel cell operation, whereas the increase of iron nitride species is not clear. From the kinetic point of 

view iron oxide should be the preferred species after demetallation inside the fuel cell, as verified by 

LT-SMS measurements of the high temperature treated MEA and the discussed kinetics by Graat et al. 267 

and Nishimaki et al. 268. It is unlikely that iron nitride is formed during operation. However, it is possible 

that the resulting carbon corrosion during operation explains the finding, as FeNxC-sites are washed out 

and agglomerate. Further, it is possible that the iron nitride content degreases in the same way as 

discussed by Kramm et al. 226 but overlap with other, mainly oxide containing species, due to the very 

broad assumed line width and result in a misleading interpretation.  

It is important to mention that for all investigated fittings the line width was fixed. This was done because 

the multi component fit would otherwise result in an unphysical fitting model. Especially ferrous low 

spin sites like oxy-derivatives come up with a non-stationary or distributed electric hyperfine field which 
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result in an anomalies line shape behavior and in an inhomogeneous temperature dependency of the 

line width Γ and a distribution of quadrupole splitting 179. The appearance of sextet sites and the relative 

similar doublet sites, make reasonable fittings even more complex as the degree of freedom increases. 

To give reliable border conditions for the fittings the line width for D1, D2, D3 Sext2 and Sext3) were 

set constant to 0.68, 0.79, 0.71, 2.2 and 1.6 mm s−1, respectively. Especially the line widths for the sextet 

sites are unusual broad due to the existence of different particle sizes and species sites distribution, 

formed during fuel cell operation and summed up in only two iron containing sextet species. 

Sougrati et al. 165 found for their temperature dependent Fe57  Mössbauer investigation an increase of Γ 

by nearly 30%, going from room temperature down to 5 K. A similar behavior was found for the 

described D2-site. Even though, the given Γ for the lowest temperatures are extremely high and make 

the contribution of a further doublet site very likely, but were not suggested in their work. Unfortunately, 

the line width was not reported for all found iron sites by the group, therefore no further temperature 

dependencies of the line width relation are possible. In addition, one vulnerability of their work is the 

assumption of pure species sites. As described in the present work, even under very mild preparation 

condition relaxed oxide and iron clusters exist and partly contribute to the found doublet sites even after 

an addition acid leaching step. It is only possible to identify those sites by using LT-MS or LT-SMS with 

applying an external magnetic field as the fast relaxation of domain sites would otherwise result in a 

collapse of Zeeman-splitting and an overlap of different sites. This was not done by the authors and 

therefore a multi-site contribution cannot be excluded.  

For ferric, Fe(III) high spin sites like the discussed heme site (D3) a temperature dependency of 

quadrupole splitting, due to the thermal admixture of different orbital states, caused by the crystal field 

is found. In general, a fivefold coordination with a substantial displacement by the iron, out of the 

porphyrin plane, towards the axial ligand, is observed. In case of a six-fold coordination a weak ligand 

field appears 179. Instead, ferrous low spin sites are diamagnetic and the iron is normally centered in the 

porphyrin plane. If a fivefold coordination appears, a displacement towards the axial ligand is observed, 

whereas if a six-fold coordination appears, two weak axial ligands are bonded. By degreasing the 

temperature of the sample, the magnitude of quadrupole splitting degreases too.  

Oxy-heme proteins like the discussed D1 sites show an anomalous Mössbauer behavior compare to other 

ferrous low spin iron porphyrins. Beside the mentioned line shape characteristic, the magnitude of 

quadrupole splitting degreases by degreasing temperature 179. Indeed, the quadrupole splitting in a 

diamagnetic compound is generated by an asymmetric covalent bonding. The electronic configuration 

and orbital occupation are not sensitive to temperature as the first excited electronic level is not 

accessible by thermal activation. Therefore, the quadrupole splitting should not be affected by 

temperature. For paramagnetic compounds a substantial degree of thermal excitation electronic levels 

exists and thermal excitation by a change of 𝑘𝐵𝑇 is possible 175. Even with the view data points provided 
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herein the published trends are confirmed for our catalyst in Figure 48. Here, the temperature 

dependency of the isomer shift for D1, D2 and D3 is found, whereas the quadrupole splitting is only 

slightly affected as found by Sougrati et al. 165. It is clear, that the lack of data points, the fixation of line 

width and the similarity of iron sites, result in observations which can only give trends but is not suitable 

for giving precise values. 

 

 

Figure 48: Temperature dependence of isomer shift (𝛿iso ) from the found doublet species (left, top), whereas the 

temperature dependence of the quadrupole splitting is depicted (∆𝐸Q). (right, top) 

 

Comparing the change of surface area for the different iron sites over the temperature shows a decrease 

of the D2 and D3 with an increase of the sextet species (Figure 49). The area contribution for the D1 site 

increases from room temperature till 80 K to 24% and decreases to 16% at 4 K. From this point it is not 

clear if this is caused by the temperature dependency of the isomer shift or the fitting model.  

Herein, it is necessary to go for a very pure catalyst system, were in best case only the active iron species 

exist. Even though, the catalyst would be less active, the mechanism and the species site are more 

defined. Caused by the temperature dependence of 𝑓𝐿𝑀 reasonable values can only be determined by a 

high number of measurement points, as small variations of 𝛩M result in a significant error of 𝑓𝐿𝑀. 168 

(Figure 50).  
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Figure 49: Temperature dependency of the relative species area. The value of the relative species area is given on the vertical-

axis in percent.  

 

Further, the contribution of the sextet species to the doublet sites is not clear. Therefore, a defined 

assignment of the species cannot be made. The calculation of 𝛩M would result in meaningless 𝑓𝐿𝑀-values. 

In Figure 50 (left), 𝑓𝐿𝑀 was calculated using 𝛩M values for the D1 and D2 site as found by 

Sougrati et al. 165. Here, the dashed lines representing the temperatures of the related measurements. 

From this, two conclusions can be made. Metallic systems show a high 𝛩M between 300 ≤ 103 K, whereas 

for metallic-organic complexes and iron proteins 𝛩M is normally in the range of 100 − 200 K 151. This 

finding is in good agreement with the given data. It is not appropriate to use one and the same 𝑓𝐿𝑀 for 

two different systems, even though they might be similar. The Lamb-Mössbauer factor is a system specific 

parameter of the investigate iron site and influenced by the bonding forces to nearest neighbors. Due to 

the inhomogeneous character of Fe-N-C catalysts and the dimensional structure with covalent bonding 

forces to the nearest neighbor atoms, it is not appropriate to assume similar vibration masses. Herber 269 

pointed out that those systems show an effective vibrating mass different from the mass of the iron site. 

For the calculation of 𝑓𝐿𝑀 an effective mass 𝑀eff = 57 ( Fe57 ) was used. To reveal more reliable values 

for 𝑀eff of the different iron sites (with 𝑀eff > 57), the temperature dependent second order Doppler 

shift should be considered 151.  
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Figure 50: Temperature dependency calculated with ΘM values and related errors as published by Sougrati et al. 165.  

 

In general, it is possible to calculate the temperature dependent second-order Doppler shift (𝛿SOD) from 

the values given in Figure 48 (left, top) by using equation ( 36 ). Due to the mentioned accuracy of data, 

reliable information will not be obtained as the signal to noise ratio result in a high error of fitting 

parameters and therefore, in a misleading interpretation. Nevertheless, the possibility to investigate the 

specific values of 𝑓𝐿𝑀, 𝛩M and 𝑀eff of the related iron site will push the understanding of Fe-N-C catalyst 

forward. Therefore, it is important to improve the catalyst purity and invest high resolution temperature 

dependent synchrotron based Mössbauer measurements. So, information about the vibrating mass and 

additional, about the ligands are able to gain.  

In this section, three different MEA’s were investigated at different local positions with LT-SMS. It was 

proven that a higher operation temperature results in a faster degradation of the catalyst, found by the 

formation of oxide- and hydroxide iron sites and the measured performance loss. The out washing of 

iron, is caused most likely by carbon corrosion and the destruction of the carbon matrix. Additionally, 

the magnetic field dependent measurements at low temperatures show a position dependent 

degradation during operation and the agglomeration of iron oxide- and hydroxide sites in the MEA’s. 

The investigation of temperature dependent measurements to illuminate the specific values for 𝑓𝐿𝑀, 𝛩M 

and 𝑀eff was assumed but not able to implement due to the low number of data sets and quality.  
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5.4. Operando Fuel Cell Setup for Synchrotron based Nuclear Resonant Techniques 

Electrochemical experiments like RDE are very helpful to get an impression of the catalytic activity but 

do not ultimately represent its properties under real fuel cell conditions. For example, it is well known 

that a fuel cell catalyst which performs very well in an RDE experiment can show the opposite behavior 

in a fuel cell 40. Catalysts that provide very good stability in RDE durability tests are poorly stable under 

FC operation. Due to the different operation conditions in an RDE and fuel cell setup, the impact of mass 

transport mechanisms, conductivity, layer properties, temperature and pressure can result in a different 

performance. Therefore, it is very important to use fuel cell tests for characterizing the performance of 

any catalyst under real operation conditions. Similarly, the degradation of active site or the mechanism 

of ORR could possibly be affected by the change in condition. To get a first impression of the porphyrin-

based reference system, Mössbauer spectroscopy was performed for the origin catalyst powder, the 

sprayed GDL and after the fuel cell test (Figure 51).  

 

 

Figure 51: RT Mössbauer spectra of the porphyrin (FeTMPPCl/CB) based reference system (left), the freshly sprayed GDL with 

FeTMPPCl/CB (middle), and Mössbauer spectrum after the fuel cell operation in the standard fuel cell test station 

(t =  2 h 20 min ) (right), are given.  

 

An asymmetric doublet, well known for porphyrin systems 212, 230, 270 is seen in the Mössbauer spectra. 

The asymmetric line characteristic of the high-spin Fe(III) porphyrin is caused by spin–spin relaxation 

effects as a consequence of the large zero field splitting for such ferric porphyrins 186, 271. At room 

temperature the relaxation times of the two excited states are different, while the population remain the 

same. Based on this, an asymmetric doublet is found. Here, the amplitude of the first line was set to 1 

and of the second line was set to 0.2. As described by Hambright et al. 272 a symmetric quadrupole doublet 

is only observed at temperatures below about 10 K. Whereas, above this temperature, the lines show 
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equal absorption areas, and widths approach the ratio 3 ∶ 1 as seen in Figure 51. The resulting Mössbauer 

parameters are given in the following table.  

 

Table 16: RT Mössbauer parameters of the porphyrin (FeTMPPCl/CB) based reference system and at different preparation 

steps.  

 𝛿iso /  mm s−1  ∆𝐸Q /  mm s−1   Γ /  mm s−1∗ Area / % 

Powder 0.351 (0.007) 0.807 (0.006) 0.365 (0.003) 100 

GDL 0.364 (0.043) 0.981 (0.043) 0.378 (0.013) 100 

AF FC 0.404 (0.026) 0.973 (0.024) 0.425 (0.033) 100 

  *Values are given for the dominant line 

 

The strong decrease in absorption seen from the powder (12%) to the MEA after the fuel cell test (1%) 

is obvious. Here, the different sample thicknesses have to be considered as the overall change is not 

directly related to the loss of iron sites during operation. Indeed, in Kramm et al.  226, it was shown that 

induced by the preparation steps with NafionTM for GDL and MEA fabrication, the absorption was 

tremendously lowered. The thickness of the powder sample is 3 mm with an overall of 158.1 mg sample 

mass, whereas for the GDL measurement, three prepared GLDs were laid above each other to increase 

the total iron amount during the measurement (3.5 mg cm−2 x 3  of catalyst loading) as well as the signal 

to noise ratio and foreshorten the measuring time. In case of the measurement after the fuel cell test, 

the whole MEA was used (3.5 mg cm−2 catalyst loading + anode and membrane) which causes an 

additional absorption. The related fuel cell polarization curve was recorded in H2/O2 and is given in 

Figure 52 (left). More interesting are the changes in Mössbauer parameters (Table 16). For the GDL, an 

increase in quadrupole splitting from 0.807 mm s−1 (powder) to 0.981 mm s−1 is found. For the MEA 

after fuel cell (AF FC) operation, almost identic parameters are found compared to the GDL, which is 

caused by the interaction of NafionTM and the catalyst.  

It is well known that carbon supported porphyrins reveal some ORR activity but are not very well suited 

as fuel cell catalysts because of their low stability. Nevertheless, their well-defined characteristics are 

assumed to enable a good starting point and thus an easier interpretation of NFS results. The direct 

comparison between the porphyrin model catalyst in the standard and operando fuel cell setup is given 

in Figure 52. The catalyst loadings for both fuel cell tests, were 3.5 mg cm−2 for the cathode, whereas 

for the anode 0.14 mgPt cm
−2 were used. In the standard setup (Figure 52, left), an OCP of 0.72 V and a 

power density at 0.6 V of 4.07 mW cm−2 is found. Using the porphyrin-based reference in the operando 

fuel cell (Figure 52, right) the curve behavior looks similar. The OCP reaches 0.74 V, but the power 

density at 0.6 V is with 3.90 mW cm−2 slightly lower. The discrepancy in performance is far smaller for 

this worse performing reference material in comparison to the Pt-Pt MEA. This could indicate, that the 
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negative effect of hindered mass transport does not apply as much, as in any way the current densities 

are only low in this potential regime. The drop in performance becomes then specifically visible in the 

higher current density regime. As discussed in chapter 3.3.2, Figure 9, deviations of the OCP from the 

standard potential of the ORR are mainly caused by parasitic loss reactions. It seems, due to the lower 

OCP for the porphyrin system, that these losses are not as pronounced compare to the Pt-system in the 

cell. Indeed, the cathodic losses and the ohmic resistance losses are the dominant losses in the region of 

ohmic polarization but not in the region of activation. Whereas in the ohmic polarization region, the 

setup parameters have a big impact on the cell performance and result in a reduced maximum power 

point for both catalysts investigated in the operando setup. As activation losses are dominated by reaction 

rate losses the setup itself has only a minor portion on these losses. Further, the OCP is affected by the 

wetting behavior of the MEA and the accessibility of reactants. Both parameters can differ as the flow 

field design is not comparable, as discussed before. In both setups the region of concentration 

polarization is not reached as the cell was automatically shut down before by the setup, due to possible 

cell damages by reaching low cell voltages. Herein, it is concluded that gas transport losses are not crucial 

for this model catalyst measured in the standard and operando fuel cell setup. The comparison of the 

standard fuel cell and the custom-made operando setup shows that the operando fuel cell provides 

similar functionalities in the investigated potential range and is therefore well suited for operando fuel 

cell investigations.  

 

  

Figure 52: Standard fuel cell measurement of the porphyrin-model system as obtained in the SCRIBNER Associates Inc. setup 

(left). Operando fuel cell measurement recorded during the beamtime (right). Experimental conditions for the standard 

setup: H2/O2, cathode loading 3.2 − 3.5 mg cm−2, N212 membrane, 1 bar gauge back pressure, 0.2 L min−1 oxidant and fuel 

flow, cell temperature 80 °C, 100% relative humidity, whereas for the operando cell, the temperature of the pipes where set 

to 75 °C to avoid condensation inside the cell. All other conditions were kept the same.   

 

The normalized NFS spectra of the porphyrin-based model catalyst powder, GDL and after the fuel cell 

test measured at the P01 beamline at DESY are given in Figure 53 (top), whereas the related NFS spectra 

recorded under operation conditions in the operando fuel cell setup, are given in Figure 53 (bottom). 
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Nuclear forward scattering (NFS) is a time domain sensitive technique with a spectral line shape not 

comparable with an energy recorded spectrum like obtained by Mössbauer spectroscopy. Based on this, 

the obtained data of e.g., two Mössbauer sites are not simply their sum curve as discussed in 3.4.4. Thus, 

the detailed knowledge of the number of contributing iron environments and their related Mössbauer 

parameters are required to fit a reliable model. At the current stage, this information is only limited 

available for the reference system and Fe-N-C catalyst. Therefore, the data interpretation of the NFS 

spectra will mainly be made qualitatively, to see if distinct changes appear by a variation of the 

conditions, or not.  

 

 

 

 

Figure 53: NFS spectra of the porphyrin-based model catalyst powder, GDL and after the fuel cell test (top), and recorded 

under operation conditions in the operando fuel cell setup at the P01 beamline at DESY (bottom). Given intensity values 

reflect logarithmic plots of normalized data. 
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As for the powder sample, the GDL and the sample after fuel cell test, the Mössbauer spectra are 

available. In the NFS spectra a fast decrease in intensity is found for all three conditions, without a 

significant contribution of resolved quantum beats. Only the slope of the NFS spectrum changes due to 

the hyperfine splitting of the nuclear levels which result in a quantum beat modulation of the spatially 

coherent decay rate. The porphyrin model catalyst shows a high asymmetry in the line shape which looks 

more like a broad singlet in the Mössbauer spectrum. The similar Mössbauer characteristic results in 

almost identical NFS features for the three samples.  

Going to reaction conditions (~ 0.6 V) the NFS spectra obtained in H2/N2 and H2/O2 are compared in 

Figure 53 (bottom). Whereas, the averaged potential and current density that were applied for the two 

conditions are given in Figure 54. Under H2/N2condition (Figure 54, left) the current density was 

0.20 ±  0.12 mA cm−2 with U =  0.553 ± 0.01 V, while during H2/O2 condition (Figure 54, right) the 

current density was 13.05 ± 1.3 mA cm−2, at the same potential. For the investigated catalyst system all 

preparation steps are analyzed by both, Mössbauer spectroscopy and NFS as it will be discussed later. 

As expected, under wet conditions in the operando setup, the slope of the NFS spectra is different from 

the powder or GDL system, where a linear slope is seen, the slope of the wetted cell at ~0.6 V under 

H2/N2 looks more like the exponential slope of the fresh prepared MEA with a less strong gradient. The 

investigated conditions under H2/N2 show, only little impact on the porphyrin model catalyst in the fuel 

cell. The small variations in both potential values under H2/N2 vs. H2/O2 condition could indicate that 

still to some extent, gas residuals of either O2 (in case of H2/N2) or N2 (in case of H2/O2) remained in 

the system. Most likely, trapped and stepwise released from the humidifies. Due to the very limited time 

at the beamline, long purging times during the gas changes were not possible to be realized, but should 

be considered for future beamtimes. 

 

  

Figure 54: Averaged potential and current density that were applied during the recording of the NFS spectra. Under H2/N2 

(left) and H2/O2 conditions (right). 
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By changing the gas supply from nitrogen to oxygen and applying a potential of 0.6 V, the oxygen 

reduction reaction changes the NFS spectrum and a defined quantum beat signature becomes visible. 

This is the direct proof of the ORR using a porphyrin model catalyst in an operando fuel cell setup, 

investigated by NFS. The successful experiment underlines the power and possibilities given by 

synchrotron based resonant techniques in combination with real performing setups. So far, it was not 

possible to see the ORR under real operation conditions in a fuel cell system.  

Another big advantage is the high-count rate and the short measuring time in comparison to Mössbauer 

spectroscopy. Based on this, a fast measurement of the catalytic reaction without the impact of 

degradation processes - as it is the case for a long-term measurement over several hours – is possible. 

The found quantum beat has a periodicity of ~ 40 ns and assigned to quadrupole species. Here, the lack 

of Mössbauer reference data for similar conditions, hinder a further analysis, as at this stage it is not 

clear if only one or two doublet species arise. Nevertheless, it is proven that the local environment of the 

model catalyst changes during fuel cell operation and underlines the participation of the iron center 

during ORR. Thanks to the first NFS simulations calculated by V. Potapkin a fit with two new possible 

sites with isomer shifts of 𝛿iso =  0.46 mm s−1  and 𝛿iso = 0.35 mm s−1  and quadrupole splitting’s of 

∆𝐸Q =  2.60  mm s−1 and ∆𝐸Q =  3.64  mm s−1, respectively, were indicated under ORR conditions.  and 

make the appearance of a Fe(II) in the intermediate spin state and a Fe(III), low spin species likely. The 

resulting fittings of the NFS are given in the supplementing Figure S 8, whereas the simulated Mössbauer 

fits and parameters are given in Figure S 9 and Table S 3 but need to be used with caution due to low 

statistics of the measurement. As the NFS fitting approach under H2/O2 condition shows a discrepancy 

from the middle-time range onwards due to low statistics, it is necessary to increase the measuring time. 

Further, the adjusted time window of 180 ns needs to be extended to record later appearing relaxations 

rates.  

When the system is then switched back to the initial state (MEA after fuel cell operation), both Mössbauer 

(Figure 51) and NFS (Figure 53, top) show similar spectra as compared to the GDL state. This indicates 

that the changes observed during the reaction conditions were reversible and not related to an 

irreversible degradation. 

For the first time it is possible to examine a porphyrin-based model catalyst under real fuel cell conditions 

by NFS and demonstrate the power of synchrotron-based methods for operando setups. But it needs to 

be taken into account that further knowledge is required to get familiar with the complex data analysis 

of NFS spectra for such multicomponent systems. 

 

Beside the posed problems with the data analysis, the investigation of a real Fe-N-C catalyst is the next 

step to validate the operando fuel cell setup for a real performing catalyst and gain further insides in the 

sluggish ORR. Therefore, a polypyrrole nanotube-based Fe-N-C catalyst was prepared following a 
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preparation route developed by Markus Kübler and described in Ni et al. 42. The single membrane 

preparation steps, from the powder to the sprayed GDL, the fresh prepared MEA and after the fuel cell 

test were characterized by Mössbauer spectroscopy and NFS, each. The preparation of inks and MEAs 

were identical to the procedure described before. A Fe-N-C catalyst loading of 4.17 mg cm−2 and 

0.16 mgPt cm
−2 for the cathode and anode were calculated, respectively. In Figure 55 the Mössbauer 

spectra of the catalyst powder, the sprayed GDL, the freshly prepared MEA and the MEA after the fuel 

cell test are given whereas the Mössbauer parameters are summarized in Table 17.  

 

 

Figure 55: RT Mössbauer spectra of the investigated Fe-N-C catalyst at different stages of MEA preparation and after operation. 

Mössbauer spectrum of the fresh prepared catalyst powder (left, top), sprayed GDL without considering the sixtet species (right 

top), hot pressed MEA (left bottom) and MEA after the fuel cell operation in the standard fuel cell test station are given (right, 

bottom). 

 

The different iron sites are labeled as mentioned before. Three doublet sites were identified to fit each 

spectrum. All line widths were fixed to values obtained from previous fitting models beside the sextet 

species, which appeared only for the GDL sample but cannot be completely excluded for the other spectra 

due to spectra resolution. The found sextet species (Sext4) is assigned to iron carbide 35, 273, 274, formed 

as a byproduct of the oven process and remains in the catalyst due to an insufficient acid leaching. As 

seen in Figure S 8 and Table S 3 the consideration of the sextet species results in a shift of 𝛿iso  of the 
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doublet site D2 and is not considered for the fitting in Figure 55 due to the total amount of the iron 

carbide species (< 2%), and is further not considered in the discussion. 

The most pronounced changes of the Mössbauer parameters are observed going from the powder sample 

to the prepared electrode. It is related to an increase in absorption area of the D1 doublet from 30% in 

the powder to 40 − 50%. (GDL, MEA). In a previous work a similar change was found for a differently 

prepared catalyst. Based on reference samples it was shown that this change is due to the mixing with 

NafionTM rather than an effect of alcohol 226. As described earlier, at RT Mössbauer spectroscopy the D1 

doublet is an overlay of different oxygenated FeN4 environments and small iron oxide particles/clusters 

 42, 247. Thus, identifying the exact origin of the increase in D1 is difficult on the basis of the given data, 

but low temperature Mössbauer spectroscopy would be required to identify those sites. 

 

Table 17: Mössbauer parameters of the catalyst investigated in the operando fuel cell at the different preparation steps.  

 Site 𝛿iso /  mm s−1  ∆𝐸Q /  mm s−1   𝐵ℎ𝑓 /  T Γ /

  mm s−1  

Area / % 

Powder       

 D1 0.434 (0.007) 0.873 (0.015) − 0.641* 29.7 

 D2 0.678 (0.010) 3.312 (0.026) − 0.859* 26.6 

 D3 0.488 (0.006) 1.884 (0.024) − 0.857* 25.6 

GDL    −   

 D1 0.381 (0.001) 1.057 (0.003) − 0.641* 41.1 

 D2 0.735 (0.003) 2.942 (0.007) − 0.859* 22.6 

 D3 0.447 (0.002) 1.733 (0.010) − 0.857* 36.3 

MEA       

 D1 0.385 (0.004) 1.013 (0.01) − 0.641* 46.0 

 D2 0.760 (0.028) 2.995 (0.028) − 0.859* 22.5 

 D3 0.484 (0.009) 1.733 (0.039) − 0.857* 31.5 

After FC   −   

 D1 0.384 (0.002) 0.908 (0.007) − 0.641* 50.6 

 D2 0.775 (0.011) 2.989 (0.026) − 0.859* 22.1 

 D3 0.525 (0.009) 1.755 (0.033) − 0.857* 27.3 

 *Fixed value 

 

The electrochemical characterization of the Fe-N-C catalyst was done by fuel cell tests and enables the 

comparison of the standard fuel cell setup with the custom-made setup in combination with NFS spectra 

under operation. The fuel cell curves of both setups and related power densities are given in Figure 56. 
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On the left-hand site of Figure 56, the fuel cell curve of the prepared Fe-N-C catalyst measured in the 

standard setup is seen. The OCP is 0.97 V close to the value obtained for the reference Pt-Pt system. A 

maximum current density of 807.74 mA cm−2 was reached. A power density at 0.6 V of 134.46 mW cm−2 

is found with a maximum power density of 205.19  mW cm−2. This is almost one third of the performance 

obtained by the Pt-Pt reference but a dramatic increase compared to the porphyrin model system. The 

catalyst performance in the operando setup (Figure 56, right) follows a similar curve characteristic. An 

OCP of 0.98 V and a maximum current density of 503.95 mA cm−2 are measured. Here, the discrepancy 

between the operando measurement and the standard setup is higher. Reasons for the deviation between 

standard and operando setup were discussed before. As already indicated, they specifically apply for 

more active catalysts at higher current densities. Based on this, the MEA with the Fe-N-C catalysts only 

reach a power density of 80 mW cm−2 at 0.6 V (−65% compare to the standard setup).  

 

  

Figure 56: Pt-Fe-N-C catalyst reference measurement in the standard fuel cell setup (left). Operando fuel cell measurement 

with Pt-catalyst on the anode, MEA measured during the beamtime (right). Experimental conditions for the standard setup: 

H2/O2, cathode loading 3.2 − 3.5 mgPt cm
−2, N212 membrane, 1 bar gauge back pressure, 0.2 L min−1 oxidant and fuel flow, 

cell temperature 80 °C, 100% relative humidity, whereas for the operando cell, the temperature of the pipes where set to 

75 °C to avoid condensation inside the cell. 

 

In Figure 57 the comparison of the catalyst powder, sprayed GDL, fresh prepared MEA and the MEA 

after the fuel cell test are shown. While in Mössbauer as main change the increase in absorption area of 

D1 was found, during NFS a more complex spectra interaction between the different preparation steps 

appear. As for the porphyrin a fast decrease in intensity was seen for all related measurements, without 

a significant contribution of resolved quantum beats, the real catalyst shows for the different preparation 

steps a complex spectrum.  
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Figure 57: NFS spectra at three different states in the operando fuel cell. (dark green) Reduced catalyst state under nitrogen 

(cathode) and hydrogen (anode) at 0.6 V. (blue). The catalyst during oxygen reduction reaction with oxygen at the cathode 

and hydrogen on the anode, measured at a potential of 0.6 V. (light green) Same condition as for the dark green spectrum 

but after the degradation test and the measurement of a second polarization curve.  

 

The influence of different sites results in a speed up of quantum beats and make a qualitative 

interpretation of the spectra hard to place. Nevertheless, the NFS spectra of the powder, GDL and MEA 

after the fuel cell test show a similar quantum beat characteristics, even though the intensity after the 

fuel cell test is reduced. This means, that the preparation steps, GDL spraying and MEA fabrication, do 

not result in a permanent change of the catalyst nature, similar result has been found for the iron-

porphyrin model catalyst system. The obvious differences in the beat characteristics are found for the 

powder and the fresh prepared MEA which indicates the interaction of atmospheric water/oxygen with 



  

114 

 

the catalyst powder and the release of at least water after hot pressing of the MEA. By comparing the 

fresh prepared MEA a likewise beat structure as seen at H2/N2 condition (H2,N2_0.6 V), but missing the 

dominant beat around 150 and 160 ns, is found. In general, it is interesting to see, that beat structure 

above 100 ns are suppressed or vanish during fuel cell operation but found again after the fuel cell test. 

It is assumed that the contribution of water inside the fuel cell is one possible reason. In Figure 57 

(bottom) the NFS spectra mapped the catalyst powder, at reduced operation condition (N2,H2_0.6 V) 

and during ORR (O2,H2_0.6 V). The dominant beats around 115 ns and 150 ns are missing under 

operation conditions, compared to the powder. Whereas under operation conditions the beat 

characteristic between 15 ns and 20 ns is more dominant due to the increased interaction of the catalyst 

with water and oxygen.   

In a previous study, the LT Mössbauer spectrum of the same catalyst found a proportion of 55 % assigned 

to inorganic side phases 42. Based on this, only limited changes are expected. From this observation it is 

clear, that changes in the NFS spectra cannot be such dramatic as found for the reference porphyrin 

system, where only the pure porphyrin contribute to the carbon site and accelerate the ORR. The three 

NFS spectra are normalized and logarithmized in the same way as discussed for Figure 53 and plotted 

with the same shift to each other. Nevertheless, changes of the NFS spectra are identified for the catalyst 

system for the compared conditions. To quantify the changes, the spectra are separate in five regions to 

make the discussion easier. The first region is set from 0 to 16 ns, the second region from 16 to 24 ns 

the third region from 24 to 36 ns, the fourth from 36 to 76 ns and the fifth region from 76 to 180 ns. In 

the first region a fast linear decay of the signal under operation condition is found, whereas the powder 

shows already a beating characteristic with a less strong decay. A minimum is found (first gray line) with 

a small gap at 16.8 ns. Under ORR conditions (H2/O2_0.6 V) this gap is shifted to 18.5 ns. The following 

beat with a maximum at 23.7 ns has almost a double intensity under H2/N2 condition compare to the 

ORR condition. Further, the beat is flatter under H2/O2_0.6 V). In the third regime a minimum at 37 ns 

is found for the reduced systems, whereas under ORR condition this minimum is shifted to 34.7 ns. In 

the fourth region the slope characteristic of the catalyst under ORR conditions is flatter and the quantum 

beat with a maximum at 66.48 ns is less pronounced as under H2/N2 condition and for the catalyst 

powder. The beat characteristic in the fifth region looks similar for both operation conditions, with a 

stronger pronounced quantum beat behavior under H2/O2_0.6 V. Here, the powder shows dominant 

beats around 83 ns, 114 ns and 154 ns, whereas under operation condition only the beat around 83 ns 

is dominant.  

In Figure 58 the current-led potential adjustment during operation condition at ~0.6 V is given. Under 

nitrogen flow, a constant increase of the potential over the measuring time is seen, whereas under 

oxygen flow a leap is seen. As described before those effects are caused by the insufficient gas separation 

during operation. Indeed, the absolute impact is very little as the average discrepancy is small compare 
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to the value. Therefore, those parasitic reaction have no significant impact to the observation made, but 

should be avoid for a future measuring time.  

Thus, to conclude, while NFS provides a good way to proof changes in the local environment of Fe-N-C 

catalysts induced by fuel cell operation, the complexity in data analysis makes a full and also quantitative 

analysis quite challenging. Consequently, the technique might be useful for catalysts with higher 

purification but synchrotron based Mössbauer spectroscopy will be important in the near future for 

catalysts of similar degree of purity. 

  

  

Figure 58: Averaged potential and current density that were applied during the recording of the Fe-N-C NFS spectra. Under 

H2/N2 (left) and H2/O2 (right) conditions. 

 

For future work the following aspects should be considered: - the current flow field design enables a 

comparison of the catalyst close to the gas inlet, the center of the MEA and close to the gas outlet. 

However, for first operando studies, possibly a simpler flow field design that enables a performance 

closer to the standard setup is more desirable. The very high aspect ratio found for the operando flow 

field results in a strong turbulent gas stream inside the channels which influences the working properties. 

Therefore, a wave-like flow field would smoothen the gas flow, which would result in a smoother 

potential curve. For degradation investigations a linear flow field would be of interest, as parallel 

alignment of channels will increase the cross section during nuclear resonant measurements and 

enhance the spectrum quality by reducing the measuring time due to the penetration of several channels 

under the same conditions. But therefore, it must be clarified that for a multi-channel flow field the gas 

amount and pressure in each channel are identical. To avoid this, a single-line flow field could be an 

alternative.  

Another issue might be the existence of temperature gradients within the cell. As the cell is only heated 

from the middle, a homogenous temperature gradient over the whole cell, caused by the geometry and 

the relative thin cell itself, is rather unlikely. This can result in cold spots, condensation of vapor and a 

floating of channels and should be avoided. Here, the temperature gradient could be visualized and 
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optimized by using an infrared camera and wire-heating systems on the back instead of a single-spot 

heater.  

In addition, it remains unclear to what extent reaction kinetics and humidity are constant over the flow 

field. Based on this, conclusions on mechanism or degradation should basically focus on a similar spot 

to enable comparable conditions. The last big issue, which need to be improved are the sealings of the 

cell. The sealings make the handling of the cell rather challenging, as it is difficult to seal the cell without 

impairing the membrane. This is an important part of optimization as a small displacement of the sealing 

can result in a leakage or short cut of the cell. In the described experiment, custom made silicon sealings 

were used, placed like seen on the cross section in the supplemented Figure S 12. The new mentioned 

design would close the cell, fix the membrane and should have a higher beam transmission as carbon 

based sealings would be used instead of silicon-based ones, which absorb less radiation.  

In a long-term perspective, it would be necessary to overcome the problems with the standard setup and 

implement the operando single cell to the standard fuel cell test station, to measure impedance curves 

and determine the specific ohmic resistance, as mentioned before. This is not possible with the electric 

load build for the custom-made setup but would be of big interest for easier comparison of measurements 

and further information of catalyst performance.  

In general, it is useful to investigate Fe-N-C catalyst by synchrotron based Mössbauer spectroscopy (SMS) 

instead of nuclear forward scattering (NFS) to overcome the difficulties of data fitting. SMS is more 

suitable as the fitting procedure is identical to laboratory based Mössbauer spectroscopy. Unfortunately, 

Europe hosts only one SMS source at the ESRF so far, which was not accessible due to the maintenance 

shutdown of the synchrotron. The installation of a new SMS source at the PETRA III accelerator and the 

reopening for users of the ESRF, will push the scientific opportunities for the demonstrated operando 

setup dramatically. By taking the above-mentioned upgrades into account, the use of operando 

investigations by synchrotron techniques will help to identify the catalyst nature and intermediate states 

during operation or visualize degradation processes and help to improve the development of new Fe-N-C 

catalysts for fuel cell applications.  
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6. Summary and Outlook 

 

In the present work, nuclear resonant techniques were used to investigate Fe-N-C catalysts in the initial, 

deactivated or post mortem state as well as under operando conditions. For realization, new measuring 

setups were developed, successfully constructed and fully implemented, to illuminate the nature of the 

ORR participating active site. Thanks to the combination of nuclear resonant techniques with DFT 

calculations, it was proven that even under very mild preparation conditions and subsequent acid 

leaching, the Fe-N-C catalyst contains a considerable fraction of inorganic clusters (iron and iron oxides). 

Those contribute to the D1 site at RT and are not distinguishable without using low temperature 

Mössbauer spectroscopy (LT MS). Comparison of the partial Fe pDOS and DFT calculations, strongly 

indicate the presence of an oxy-heme-type site (sixfold coordinated ferrous low spin state), that might 

be at the origin of the ORR activity in Fe-N-C catalysts. It was demonstrated that pDOS and DFT 

calculations are very powerful tools to investigate the chemical composition of Fe-N-C catalyst, even 

though, the heterogeneous composition of Fe-N-C systems result in a broadened vibration mode 

characteristic. Ideally, in future experiments, a Fe-N-C catalyst that is pure in composition would be the 

ideal starting point for further investigation of the active site. The purification of the catalyst and the 

characterization with NIS will help to understand the ORR accelerated by Fe-N-C catalysts, as the 

vibration mode characteristics are used to clarify the chemical composition and ligand motion.  

By introducing a SO3
−2 anion the successful deactivation of different Fe-N-C catalysts were proven by 

RDE experiments and confirmed by RT- and LT-Mössbauer spectroscopy as well as NIS and NFS 

measurements. After treating the catalysts with the anion, a new doublet that seems to be assigned to 

an axial ligation of sulfite to the FeN4-site was revealed. Based on DFT calculations it became likely that 

the attachment of the anion takes place by the interaction through the oxygen site of the sulfite ion. But 

DFT calculation cannot clarify the origin of the sixth ligand. Nevertheless, either parts of the active sites 

do not get deactivated or the active sites assigned to D1 still perform the ORR but with lower turn-over 

frequency. Here, the question of the sixth ligand becomes crucial but need to be further investigated. By 

in-situ and operando electrochemical experiments with a systematic variation of the anion concentration 

further insights are possible to obtain. 

Post mortem analysis of low and high temperature treated MEAs gave insides to degradation products 

which appear after or during, fuel cell operation. An increase of oxidic iron and an overall loss of iron 

were found to go hand in hand with  performance losses. Synchrotron based Mössbauer spectroscopy 

was figured out as best suited method, as the composition characterization has a position resolution to 

spot a degradation gradient for different positions within the MEA. Nonetheless, post mortem 

characterizations have the disadvantage that they cannot distinguished whether the observed changes 

appeared already during operation or after. Due to the change of the electrochemical environment, 
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additional side reactions are possible and able to change the chemical character of the sample after 

operation. The advantage of operando methods is already a part of this work and demonstrate the big 

advantage over post mortem characterizations. However, the use of post mortem characterization as an 

additional tool, helps to understand processes which take place after operation and are easier to 

implement. Again, the purification of the catalyst, in case of contributed iron sites and chemical 

structure, is important to obtain reliable data, further to determine specific values for 𝑓𝐿𝑀, 𝛩M and 𝑀eff.  

The successful observation of the catalyst with an operando fuel cell setup has the hugest potential to 

access the sluggish ORR and will help to understand reaction paths and participating chemical sites, in 

future. As synchrotron based Mössbauer spectroscopy was not available, the proof-of-concept experiment 

was successfully performed by NFS. Electronical and chemical changes induced by the operation 

conditions were clearly indicated, but the complexity of the reaction and overlaying contribution of 

different iron sites hinder a full quantitative analysis. Nevertheless, a change in the local environment of 

iron was proven, indicating the participation of iron in the ORR. These findings underline the enormous 

possibilities of synchrotron-based techniques in combination with operando fuel cell tests. Nonetheless, 

for future experiments, the setup should be further optimized to enable conditions as close as possible 

to a standard fuel cell setup. Beside the power of the shown methods to analyze and characterize Fe-N-C 

catalysts at different states and environments it is only possible to access information directly related 

and interacting with the iron site. A possible participation of non-iron sites to the ORR are not accessible. 

Here, neutron-based experiments are necessary to investigate e.g., possible contribution of nitrogen sites 

in the catalyst system to the ORR. 

 

The discussed methods in combination with their further developments will help to enhance the 

knowledge of the participating active sites, degradation mechanisms and reaction pathways. Thus, new 

Fe-N-C catalyst will be developed which are more stable and better performing to reach the benchmarks 

for future applications.  
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226. Kramm, U. I.;  Lefèvre, M.;  Bogdanoff, P.;  Schmeißer, D.; Dodelet, J.-P., Analyzing Structural 

Changes of Fe−N−C Cathode Catalysts in PEM Fuel Cell by Mößbauer Spectroscopy of Complete 

Membrane Electrode Assemblies. J. Phys. Chem. Lett. 2014, 5, 3750−3756. 

227. Schröder, A.;  Wippermann, K.;  Arlt, T.;  Sanders, T.;  Baumhöfer, T.;  Kardjilov, N.;  Hilger, A.;  

Mergel, J.;  Lehnert, W.;  Stolten, D.;  Banhart, J.; Manke, I., Neutron radiography and current 
distribution measurements for studying cathode flow field properties of direct methanol fuel cells. 

International Journal of Energy Research 2014, 38 (7), 926-943. 

228. Yang, L.;  Larouche, N.;  Chenitz, R.;  Zhang, G.;  Lefèvre, M.; Dodelet, J.-P., Activity, 

Performance, and Durability for the Reduction of Oxygen in PEM Fuel Cells, of Fe/N/C Electrocatalysts 



  

xiii 

 

Obtained from the Pyrolysis of Metal-Organic-Framework and Iron Porphyrin Precursors. Electrochimica 

Acta 2015, 159, 184-197. 
229. Yin, X.;  Lin, L.;  Chung, H.-T.;  Babu, S. K.;  Martinez, U.;  Purdy, G. M.; Zelenay, P., Effects of 

MEA Fabrication and Ionomer Composition on Fuel Cell Performance of PGM-free ORR Catalyst. ECS 

Transactions 2017, 77 (11), 1273-1281. 

230. Blomquist, J.;  Lȧng, H.;  Larsson, R.; Widelöv, A., Pyrolysis Behaviour of Metalloporphyrins Part 

2.-A Mossbauer Study of Pyrolysed FeIII Tetraphenylporphyrin Chloride. J. Chem. Soc. Faraday Trans. 

1992, 88 (14), 2007-2011. 

231. Kramm, U. I.;  Zana, A.;  Vosch, T.;  Fiechter, S.;  Arenz, M.; Schmeißer, D., On the Structural 

Composition and Stability of Fe–N–C Catalysts Prepared by an Intermediate Acid Leaching. J. Solid State 

Electrochem. 2016, 20, 969–981. 
232. Bominaar, E. L.;  Ding, X. Q.;  Gismelseed, A.;  Bill, E.;  Winkler, H.;  Trautwein, A. X.;  Nasri, H.;  

Fischer, J.; Weiss, R., Structural, Mössbauer, and EPR investigations on two oxidation states of a five-

coordinate, high-spin synthetic heme. Quantitative interpretation of zero-field parameters and large 

quadrupole splitting. Inorganic Chemistry 1992, 31 (10), 1845-1854. 

233. Subramanian, J., Electron Paramagnetic Resonance Spectroscopy of Porphyrins and 

Metalloporphyrins. Elsevier Sci Puplishing, Amstrerdam: 1975; Vol. 1. 

234. Schünemann, V.;  Trautwein, A. X.;  Rietjens, I. M. C. M.;  Boersma, M. G.;  Veeger, C.;  Mandon, 
D.;  Weiss, R.;  Bahl, K.;  Colapietro, C.;  Piech, M.; Austin, R. N., Characterization of Iron(III) 

Tetramesitylporphyrin and Microperoxidase-8 Incorporated into the Molecular Sieve MCM-41. Inorganic 

Chemistry 1999, 38 (21), 4901-4905. 
235. Ohgo, Y.;  Chiba, Y.;  Hashizume, D.;  Uekusa, H.;  Ozeki, T.; Nakamura, M., Novel spin transition 

between S = 5/2 and S = 3/2 in highly saddled iron(iii) porphyrin complexes at extremely low 

temperatures. Chemical Communications 2006,  (18), 1935-1937. 

236. Petasis, D. T.; Hendrich, M. P., Quantitative Interpretation of Multifrequency Multimode EPR 

Spectra of Metal Containing Proteins, Enzymes, and Biomimetic Complexes. Methods in enzymology 

2015, 563, 171-208. 
237. Kozlowski, P. M.;  Spiro, T. G.;  Bérces, A.; Zgierski, M. Z., Low-Lying Spin States of Iron(II) 

Porphine. The Journal of Physical Chemistry B 1998, 102 (14), 2603-2608. 

238. Barabanschikov, A.;  Demidov, A.;  Kubo, M.;  Champion, P. M.;  Sage, J. T.;  Zhao, J.;  Sturhahn, 

W.; Alp, E. E., Spectroscopic identification of reactive porphyrin motions. The Journal of Chemical Physics 

2011, 135 (1), 015101. 

239. Zeng, W.;  Barabanschikov, A.;  Wang, N.;  Lu, Y.;  Zhao, J.;  Sturhahn, W.;  Alp, E. E.; Sage, J. 

T., Vibrational dynamics of oxygenated heme proteins. Chem. Commun. 2012, 48, 6340–6342. 
240. Sutherlin, K. D.;  Liu, L. V.;  Lee, Y. M.;  Kwak, Y.;  Yoda, Y.;  Saito, M.;  Kurokuzu, M.;  Kobayashi, 

Y.;  Seto, M.;  Que, L., Jr.;  Nam, W.; Solomon, E. I., Nuclear Resonance Vibrational Spectroscopic 

Definition of Peroxy Intermediates in Nonheme Iron Sites. J. Am. Chem. Soc. 2016, 138 (43), 14294-
14302. 

241. Li, J.;  Penp, Q.;  Barabanschikov, A.;  Pavlik, J. W.;  Alp, E. E.;  Sturhahn, W.;  Zhao, J.;  Schulz, 

C. E.;  Sage, J. T.; Scheidt, W. R., New Perspectives on Iron–Ligand Vibrations of Oxyheme Complexes. 

Chem. Eur. J. 2011, 17, 11178 – 11185. 

242. Rai, B. K.;  Durbin, S. M.;  Prohofsky, E. W.;  Sage, J. T.;  Wyllie, G. R. A.;  Scheidt, W. R.;  
Sturhahn, W.; Alp, E. E., Iron Normal Mode Dynamics in (Nitrosyl)iron(II)tetraphenylporphyrin from X-

ray Nuclear Resonance Data. Biophysical Journal 2002, 82, 2951–2963. 

243. Roldan Cuenya, B.;  Ono, L. K.;  Croy, J. R.;  Paredis, K.;  Kara, A.;  Heinrich, H.;  Zhao, J.;  Alp, 

E. E.;  DelaRiva, A. T.;  Datye, A.;  Stach, E. A.; Keune, W., Size-dependent evolution of the atomic 

vibrational density of states and thermodynamic properties of isolated Fe nanoparticles. Physical Review 

B 2012, 86 (16). 

244. Marx, J.;  Huang, H.;  Faus, I.;  Rackwitz, S.;  Wolny, J. A.;  Schlage, K.;  Ulber, R.;  Wille, H. C.; 
Schünemann, V., Simultaneous characterization of protein coated iron oxide nanoparticles with nuclear 

inelastic scattering and atomic force microscopy. Hyperfine Interactions 2013, 226 (1-3), 661-665. 



  

xiv 

 

245. Kramm, D. I. P. T. F. U. I. Die strukturelle Einbindung des Eisens in pyrolysierten Eisenporphyrin-

Elektrokatalysatoren - eine 57Fe mößbauerspektroskopische Studie. Technischen Universität Berlin, 

Berlin, 2009. 

246. Shylesh, S.;  Schunemann, V.; Thiel, W. R., Magnetically separable nanocatalysts: bridges 

between homogeneous and heterogeneous catalysis. Angew Chem Int Ed Engl 2010, 49 (20), 3428-59. 
247. Wagner, S.;  Auerbach, H.;  Tait, C. E.;  Martinaiou, I.;  Kumar, S. C. N.;  Kubel, C.;  Sergeev, I.;  

Wille, H. C.;  Behrends, J.;  Wolny, J. A.;  Schunemann, V.; Kramm, U. I., Elucidating the Structural 

Composition of an Fe-N-C Catalyst by Nuclear- and Electron-Resonance Techniques. Angew Chem Int Ed 

Engl 2019, 58 (31), 10486-10492. 

248. Li, H.;  Tsay, K.;  Wang, H.;  Shen, J.;  Wu, S.;  Zhang, J.;  Jiab, N.;  Wessel, S.;  Abouatallah, R.;  

Joos, N.; Schrooten, J., Durability ofPEM fuel cell cathode in the presence of Fe3+ and Al3+. Journal of 

Power Sources 2010, 195, 8089–8093. 

249. Sulek, M.;  Adams, J.;  Kaberline, S.;  Mark Ricketts; Waldecker, J. R., In situ metal ion 

contamination and the effects on proton exchange membrane fuel cell performance. Journal of Power 

Sources 2011, 196, 8967– 8972. 

250. Roldan Cuenya, B.;  Naitabdi, A.;  Croy, J.;  Sturhahn, W.;  Zhao, J. Y.;  Alp, E. E.;  Meyer, R.;  
Sudfeld, D.;  Schuster, E.; Keune, W., Atomic vibrations in iron nanoclusters: Nuclear resonant inelastic 

x-ray scattering and molecular dynamics simulations. Physical Review B 2007, 76 (19). 

251. Li, J.;  Noll, B. C.;  Oliver, A. G.;  Schulz, C. E.; Scheidt, W. R., Correlated ligand dynamics in 

oxyiron picket fence porphyrins: structural and Mossbauer investigations. J. Am. Chem. Soc. 2013, 135 
(41), 15627-41. 

252. Dale, B. W.;  Williams, R. J. P.;  Edwards, P. R.; Johnson, C. E., S=1 Spin State of Divalent Iron. 

II. A MössbauerEffect Study of PhthalocyanineIron (II). The Journal of Chemical Physics 1968, 49 (3445). 
253. Andres, H.;  Bominaar, E. L.;  Smith, J. M.;  Eckert, N. A.;  Holland, P. L.; Münck, E., Planar 

Three-Coordinate High-Spin FeII Complexes with Large Orbital Angular Momentum:  Mössbauer, 

Electron Paramagnetic Resonance, and Electronic Structure Studies. Journal of the American Chemical 

Society 2002, 124 (12), 3012-3025. 

254. Taube, R., New Aspects of the Chemistry of Transition Metal Phthalcyanines Pure & Applied 

Chemistry 1974, 38, 427. 
255. Sahraie, N. R.;  Kramm, U. I.;  Steinberg, J.;  Zhang, Y.;  Thomas, A.;  Reier, T.;  Paraknowitsch, 

J.-P.; Strasser, P., Quantifying the Density and Utilization of Active Sites in Non-Precious Metal Oxygen 

Electroreduction Catalysts. Nature Communications 2015, 6, 8618. 
256. Zitolo, A.;  Goellner, V.;  Armel, V.;  Sougrati, M. T.;  Mineva, T.;  Stievano, L.;  Fonda, E.; Jaouen, 

F., Identification of catalytic sites for oxygen reduction in iron- and nitrogen-doped graphene materials. 

Nat Mater 2015, 14 (9), 937-942. 

257. Klug, D. D.;  Zgierski, M. Z.;  Tse, J. S.;  Liu, Z.;  Kincaid, J. R.;  Czarnecki, K.; Hemley, R. J., 

Doming modes and dynamics of model heme compounds. Proc Natl Acad Sci U S A 2002, 99 (20), 12526-
12530. 

258. Ohta, T.;  Shibata, T.;  Kobayashi, Y.;  Yoda, Y.;  Ogura, T.;  Neya, S.;  Suzuki, A.;  Seto, M.; 

Yamamoto, Y., A Nuclear Resonance Vibrational Spectroscopic Study of Oxy Myoglobins Reconstituted 

with Chemically Modified Heme Cofactors: Insights into the Fe-O2 Bonding and Internal Dynamics of 

the Protein. Biochemistry 2018, 57 (48), 6649-6652. 
259. Borsa, D. M.; Boerma, D. O., Phase Identification of Iron Nitrides and Iron Oxy-Nitrides with 

Mössbauer Spectroscopy. Hypetfine Interactions 2003, 151/152, 31-48. 

260. Kurian, S.; Gajbhiye, N. S., Non-collinear spin structure of ε-FexN (2<x<3) observed by 

Mössbauer spectroscopy. Chemical Physics Letters 2010, 489 (4-6), 195-197. 
261. Borsa, D. M.; Boerma, D. O., Phase Identification of Iron Nitrides and Iron Oxy-Nitrides with 

M6ssbauer Spectroscopy. Hypetfine Interactions 2003, 151/152 31-48. 
262. Frątczak, E.;  Gonzalez-Arrabal, R.;  Borsa, D.; Boerma, D., Study of the phases of iron–nitride 

with a stoichiometry near to FeN. Nuclear Instruments & Methods in Physics Research Section B-beam 

Interactions With Materials and Atoms - NUCL INSTRUM METH PHYS RES B 2006, 249, 838-842. 



  

xv 

 

263. Dézsi, I.;  Keszthelyi, L.;  Kulgawczuk, D.;  Molnár, B.; Eissa, N. A., Mossbauer Study of - and  

−FeOOH and their Disintegration Products phys. stat. sol. 1967, 22, 617-629. 

264. Kündig, W.;  Bömmel, H.;  Constabaris, G.; Lindquist, R. H., Some Properties of Supported 

Smallα−Fe2O3Particles Determined with the Mössbauer Effect. Physical Review 1966, 142 (2), 327-333. 

265. Eisele, T. C.; Gabby, K. L., Review of Reductive Leaching of Iron by Anaerobic Bacteria. Mineral 

Processing and Extractive Metallurgy Review: An International Journal 2013, 35:2, 75-105. 
266. Holby, E. F.;  Wang, G.; Zelenay, P., Acid Stability and Demetalation of PGM-Free ORR 

Electrocatalyst Structures from Density Functional Theory: A Model for “Single-Atom Catalyst” 

Dissolution. ACS Catalysis 2020, 10 (24), 14527-14539. 
267. Graat, P.;  Somers, M.; Mittemeijer, E., On the kinetics of the initial oxidation of iron and iron 

nitride. Zeitschrift für Metallkunde, v.93, 532-539 (2002) 2002, 93. 

268. Nishimaki, K.;  Ohmae, S.;  Yamamoto, T. A.; Katsura, M., Formation of Iron -Nitrides by the 

Reaction of Iron Nanoparticles with Stream of Ammonia. Nano Structured Materials 1999, 12, 527-530,. 

269. Herber, R. H., Structure, Bonding, and the Mössbauer Lattice Temperature. In Chemical 

Mössbauer Spectroscopy Herber, R. H., Ed. Plenum Press: New York 1984. 

270. Kaczmarzyk, T.;  Jackowski, T.;  Dziliński, K.; Sinyakov, G. N., Asymmetry in Mössbauer spectra 

of FeIII-azaporphyrin complexes. NUKLEONIKA 2007, 52, 93−98. 
271. Blume, M., Magnetic Relaxation and Asymmetric Quadrupole Doublets in the Mössbauer Effect. 

Physical Review Letters 1965, 14 (4), 96-98. 

272. Hambright, P.; Bearden, A. J., Mössbauer Spectroscopy and Magnetochemistry of 

Metallopophyrins In Porphyrins and Metalloporphyrins, Smith, K. M., Ed. Elsevier Scientific Publishing 
Company: Netherlands, 1975. 

273. Ruskov, T.;  Asenov, S.;  Spirov, I.;  Garcia, C.;  Mönch, I.;  Graff, A.;  Kozhuharova, R.;  Leonhardt, 

A.;  Mühl, T.;  Ritschel, M.;  Schneider, C. M.; Groudeva-Zotova, S., Mössbauer transmission and back 

scattered conversion electron study of Fe nanowires encapsulated in multiwalled carbon nanotubes. 

Journal of Applied Physics 2004, 96 (12), 7514-7518. 
274. Kramm, U. I.;  Herrmann-Geppert, I.;  Fiechter, S.;  Zehl, G.;  Zizak, I.;  Dorbandt, I.;  Schmeißer, 

D.; Bogdanoff, P., Effect of Iron-Carbide Formation on the Number of Active Sites in Fe–N–C Catalysts 

for the Oxygen Reduction Reaction in Acidic Media. J. Mater. Chem. A 2014, 2, 2663–2670  

275. Chen, Y.-L.; Yang, D.-P., Mössbauer Effect in Lattice Dynamics: Experimental Techniques and 

Applications. Wiley-VCH Verlag GmbH & Co. KGaA: 2007. 
 

  



  

xvi 

 

8. Appendix 

 

 

S 1: Calculated Lamb-Mössbauer factor based on equation ( 29 ) for Fe57 . Different values for 𝜃𝑀 (from 𝜃𝑀 = 60 K to 𝜃𝑀 =

360 K) are given 275.  
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S 2: Circuit diagram of the electronic load to measure and manipulate the potential and current of the fuel cell 

during operation. The IRFS7430TRL7PP is the electric consumer made of a MOSFET. 
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S 3: Experimental X-band EPR spectra of the catalyst powder (a) and the precursor (b) (νmw  =  9.39 GHz and EPR spectral 

simulations for (c) the catalyst powder (Simulation parameters: geff  =  [5.983 5.983 1.985] and Lorentzian line broadening 

of 10.6 − 10.9 mT) and (d) the precursor (Simulation parameters: geff  =  [5.982 5.983 1.9956] and Lorentzian line 

broadening of 7 − 7.7 mT for the precursor.). See also SI of Wagner et al. 51 

 

Table S 1: Spectral areas and spin counts determined from X-band EPR (νmw = 9.39 GHz) on two precursor samples 

(FeTMPPCl/CB) with known Fe(III) content 51.  

 

 

 

 

 

 

 

 

 

 

 Weight / mg wt % Fe(III) Nspins Area (exp.*) Area (simul.*) 

FeTMPPCl/CB 01 2.08 1.62 3.63 ∙ 1017 4.83 ∙ 10−3 4.84 ∙ 10−3 
FeTMPPCl/CB 02 2.69 1.62 4.69 ∙ 1017 7.06 ∙ 10−3 7.61 ∙ 10−3 
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Table S 2: Spectral areas, spin count and Fe(III) content determined from X-band EPR measurements on three samples of the 

catalyst by comparison with the precursor sample. Spin quantitation was performed based on a simulation of the high-spin 

Fe(III) EPR signal (values in parentheses are determined from the experimental data directly) 51. 

   corresponding measurement. All other measurement parameters were the same. 
*The area corresponds to the double integral of the EPR spectrum divided by the Q-value determined for the 

 

 

 

S 4: NIS spectrum of HT600HCl in the pristine and deactivated state. 

 

 

 

 

 

 

 

 

 weight Area* 𝑁𝑠𝑝𝑖𝑛𝑠 wt% Fe(III) wt % St. 

 / mg simul. (exp.) Ref 01 Ref 02 Ref 01 Ref 02 Fe(III) Dev. 

Cat 
01 

2.38 1.12 ∙ 10−3 
(1.42 ∙ 10−3) 

8.42 ∙ 1016  
(1.07 ∙ 1017) 

6.94 ∙ 1016  
(9.47 ∙ 1016) 

0.33  
(0.42) 

0.27  
(0.37) 

  

Cat 
02 

2.42 7.84 ∙ 10−4  
(1.14 ∙ 10−3) 

5.87 ∙ 1016  
(8.57 ∙ 1016) 

4.83 ∙ 1016  
(7.59 ∙ 1016) 

0.23  
(0.33) 

0.19  
(0.29) 

  

Cat 
03 

2.46 1.47 ∙ −3  
(1.82 ∙ 10−3) 

1.10 ∙ 1017  
(1.37 ∙ 1017) 

9.05 ∙ 1016  
(1.21 ∙ 1017) 

0.41  
(0.52) 

0.34  
(0.46) 

0.29  
(0.40) 

0.08  
(0.08) 
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S 5: DFT calculations of four possible ways of sulfite ion attachment on FeN4-site, a) Trimethylamin + SO3
2− over O, b) O2 

+ SO3
2−- over O, c) O2 + SO3

2−- over S and d) Trimethylamin + SO3
2− over S. 

 

 

a) 

b) 

c) 

d) 
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S 6: Low temperature (80 °C ) fuel cell polarization curves of the Fe-N-C catalyst used for the post mortem Mössbauer study 

(5.3) at beginning of test, after 12h and 24 h. MEA 6 PEMFC was used for in total 24 hours. 

 

 

S 7: High temperature (165 °C ) fuel cell polarization curves of the Fe-N-C catalyst used for the post mortem Mössbauer study 

(5.3) at beginning of test and after 12h  
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S 8: Fitting approach of the resulting operando NFS data of the model catalyst under different operation conditions.  
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S 9: Simulated Mössbauer spectra considering the iron species that were used for the fit of the NFS data. Data are provided 

in Table S 3. 

 

Table S 3: Calculated Mössbauer parameters based on the model approach of S 9 and S 10.  

GDL  𝛿iso /  mm s−1  ∆𝐸Q /  mm s−1   Γ /  mm s−1∗ Area / % 

 Porph 0.48  1.58 75.6 

 D a 0.35 2.60 0.63 12.4 

 D b 0.46 3.64 0.60 12.0 
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S 10: Mössbauer fitting with the Sext4 species. 

 

Table S 4: Mössbauer parameters for the fitting approach including the sextet species.   

GDL  𝛿iso /  mm s−1  ∆𝐸Q /  mm s−1   𝐵ℎ𝑓/ T Γ /  mm s−1∗ Area / % 

 D1 0.384 (0.002) 1.062 (0.003) − 0.641* 42.0 

 D2 0.303 (0.004) 3.017 (0.013) − 0.859* 21.3 

 D3 0.421 (0.004) 1.955 (0.012) − 0.857* 35.4 

 Sext4 0.159 (0.007)  20.572 (0.048) 0.166 1.3 
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S 12: (left) The sealing like it was used for the operando cell. The custom-made silicon sealing (blue) fix the membrane 

(orange) and tied the cell. (right) An advanced sealing design is shown. Here, two O-rings are used to close the cell. The lower 

O-ring (dark blue) is placed in a hollow, whereas the upper O-ring is fixed on a stamp. By bringing both flow fielder (black) 

together the membrane is fixed in between the O-rings and the cell is closed tightly without cutting through the membrane. 

 

 

 

 

S 11: fuel cell polarization curve measured at the synchrotron after 1 h of operation with the operando FC setup. The 

test was performed for the Fe-N-C catalyst, catalyst loading and further conditions can be found in chapter 5.4. 
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