


 

EERA FCs&H2 JP – SP2- Catalysts and Electrodes WORKSHOP 

Bridging Experimental and Numerical Research: Development and Optimization of 
Advanced Characterization Tools Based on Electrochemical Impedance Spectroscopy 

The developments of new techniques for ex-situ and in-situ characterization of materials, as well as the 
advances made in theoretical and experimental models have motivated the development and 
implementation of new materials for fuel cells and hydrogen generation technologies. 

In frame of the EERA Fuel Cell and Hydrogen Technologies Joint Programme (EERA FC&H2 JP), the Sub-
Programme (SP2) Catalyst and Electrode will mainly target for developing a new generation highly active, 
low cost and durable catalysts and electrodes. This will be addressed by the identification of the 
requirements of each electrochemical process which defines the type of electrode to be used. By 
harmonizing activities with other SPs, especially with SP Modelling, validation and diagnostics, a rational 
catalyst and electrode design would be achieved by the joint development and optimization of advanced 
characterization tools combining numerical and experimental research. 

In order to provide reliable data for model validation and for performance prediction a big effort is 
needed to develop reliable characterization tools. In particular, ex-situ and in-situ cell tests for the 
characterization of individual phenomena, accelerated aging experiments, post-mortem analysis, and 
dedicated advanced optical and spectroscopic techniques to analyze the relation between material 
structure and operating and degradation conditions. 

Numerical modelling must be completed by specific experimental tests that provide input for the model 
(e.g. determination of physical properties of materials by tomography and 3D reconstruction of the 
structure, catalyst size distribution, hydrophobicity, electrokinetic parameters) and for model validation 
(e.g. visualization of liquid water by tomography or by optical methods, locally resolved current and 
electrochemical impedance spectroscopy (EIS) – using segmented cells, polarization curve, local 
temperature and pressure measurements). The coupling of EIS with microstructural characterization 
(post mortem analysis) can strongly increase the information capabilities. Only by correct experimental 
validation can detailed simulation effectively accelerate and optimize the achievement of next-
generation catalyst and electrodes for fuel cell and electrochemical cell systems. 

In frame of the EIS symposium, EERA FC&H2 JP SP2 is grateful to invite our scientific community to 
participate in this workshop, which will be mainly dedicated to elucidate the role and contribution of the 
current characterization tools to the experimental validation. High emphasis will be put on 
understanding the role of impedance analysis, its current contribution and foreseen challenges to join 
the development of next-generation catalysts and electrodes. 

Scope of the workshop 

In frame the EIA symposium, this workshop aims to identify what impedance can contribute to develop 
advanced characterization, catalyst and experimental validation tests. What is the best of what we are 
doing now, in which direction should we go to develop, what will be the foreseen challenges to further 
develop EIS as one of the most powerful techniques to support the experimental validation approaches. 
In addition, meeting equipment producers, we can jointly analyze what is the role of Impedance 
Spectroscopy in Energy Sources Development: (i) Recent Progress in Impedance Instrumentation. (ii) 
Advancing Requirements toward Instruments. (iii) D.C. Testing or/and Impedance Spectroscopy?  

 



 

 

Program 

 

MONDAY 2, June 

Hall BOROVETS 
Hall 
LION 

14:30 – 18:30  Afternoon Session 
Chairpersons: Luis Colmenares, Claudia Paoletti 

14:30 – 15:10  L. Colmenares 
Fuel  Cell  and  Hydrogen  Technologies  Joint  Programme  –  Sub‐programme  2: 
Catalyst and Electrodes. 

15:10 – 15:40  D. Vladikova 
Advanced Impedance Techniques in SOFC Studies. 

15:40 – 16:00  C. Boigues Muñoz 
Analysis  of  superposed  relaxation  processes  in  EIS  spectra  of  High  Temperature 
Fuel Cells in order to individualize the degradation phenomena. 

16:00 – 16:30  Coffee Break 
16:30 – 17:00  M. Cassir 

Electrochemical  impedance  spectroscopy  diagnosis  tool  for  a  cathode  supported 
solid oxide electrolysis cell. 

17:00 – 17:30  C. Paoletti 
Electrochemical Impedance Study of the Poisoning Behavior of Ni‐based Anodes at 
Low Concentrations of H2S in an MCFC. 

17:30 – 18:00  C. Chatzichristodoulou 
The  need  for  localized  electrochemical  measurements  and  the  promise  of 
Controlled Atmosphere High Temperature scanning probe microscopy. 

18:00 – 18:30  L. Colmenares 
Summary; relevant points for the discussion session, closing 1st session 
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TUESDAY 3, June 
09:00 – 12:30   Morning Session 

Chairpersons: Luis Colmenares, Claudia Paoletti 
09:00 – 09:15  L. Colmenares 

Summary of previous day session. Open the discussion session. 
09:15 – 9:45   A. Barbucci 

Study of reliability of SOFC cathode impedances at applied overpotentials. 
09:45 – 10:15  C. Chatzichristodoulou 

Intermediate temperature and pressure electrochemical reactors. 
10:15 – 10:45  Coffee Break 
10:45 – 12:00  Discussion:  Interpretation  of  the  experimental  data  –  can  construction  of 

impedance  models  be  avoided  or  replaced  with  more  simple  procedures  that 
extract  valuable  information?  Advances  of  combining  EIS  with  other 
characterization techniques. Moderators: D. Vladikova and L. Colmenares 

12:00   Workshop Closing 
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The Joint Programme on Fuel Cells and Hydrogen technologies 

The Joint Programme on Fuel Cells and Hydrogen (JP FCs&H2) will provide the strategic leadership in 
defining the research agenda for the next phase of fundamental and break-through research in this field. 
The overall objective of this Joint Programme (JP) is to align medium to long term pre-competitive 
research activities at EERA institutes and associated institutions to create a technical-scientific basis for 
further improvement of Fuel Cells and Hydrogen technologies. 

There are two main obstacles to commercialisation of FC and hydrogen technologies: life time and costs. 
To find adequate and viable solutions long-term research is highly needed. In this JP we aim to highlight 
the main areas where long-term research activities will help these technologies to reach breakthroughs 
towards real market applications, to explore the possibilities for joint European technology development, 
and identify and exploit the potential synergies therein in order to enhance the solution of the problems 
that still prevent commercialization of fuel cells and hydrogen technologies. 

The JP FCs&H2 will gather the competence, knowledge and the research infrastructures of main 
European research centres and Universities to substantially improve the cooperation on common 
strategic topics between national research institutes and universities, by collectively planning and 
implementing a joint research programme. The JP will be open to all European academic institutions and 
research organisations. 

The general objective of the JP FCs&H2 is to align medium to long term pre-competitive research 
activities at EERA institutes and associated institutions to create a technical-scientific basis for further 
improvement of Fuel Cells and Hydrogen technologies.  The JP will align and explore synergies with (i) 
the research grouping N.ERGHY (New European Research Grouping on HYdrogen and fuel cells: 
http://www.nerghy.eu/), (ii) the European public-private partnership FCH JU, and (iii) other JPs.  
 

Sub-Programme 2: Catalysts and Electrodes 

The developments of new techniques for ex-situ and in-situ characterization of materials, as well as the 
advances made in theoretical and experimental models have motivated the development and 
implementation of new materials for fuel cells and hydrogen generation technologies. In addition to this, 
the progress made in the design of more efficient systems have been an additional challenge to the 
development of catalyst and electrodes that reach the demands of activity, durability and cost needed 
for the implementation of those technologies. Thus, the development of highly active, but sufficiently 
robust and low cost materials are the incentive for the implementation of this sub-program within the 
framework of the whole JP. In order to achieve this challenge it is necessary to establish a concomitant 
work that links the expertise of each SP participant for achieving improved catalysts and electrodes. 

The SP Catalyst and Electrode will mainly target for developing a new generation highly active, low cost 
and durable catalysts and electrodes. This will be addressed by the identification of the requirements of 
each electrochemical process which defines the type of electrode to be used. By harmonizing activities 
with other SPs, a rational catalyst and electrode design will be achieved combining expertise from 
computational models and experimental approaches.  

Luis Colmenares 
luis.colmenares@sintef.no 

 



 

Advanced Impedance Techniques in SOFC Studies 

Daria Vladikova*, Zdravko Stoynov 

Institute of Electrochemistry and Energy Systems, Bulgarian Academy of Sciences, 10 Acad. G. Bonchev St., 
1113 Sofia, Bulgaria 

*d.vladikova@bas.bg 
 

Electrochemical Impedance Spectroscopy EIS) is regarded as one of the most powerful techniques for 
investigation of electrochemical systems due to its unique capability for separation of the kinetics of different 
steps comprising the overall electrochemical process. Since impedance measurements are performed in a 
large frequency range (about 9 decades), processes with big difference in velocities and time-constants can be 
monitored, distinguished and evaluated – fast electronic conduction, fast electrochemical kinetics, diffusion 
and other types of transport limitations, as well as formation and growth of new phases. 

Based on the fundamental Fourier Transform and on other mathematical and software algorithms, the 
impedance measurement technique of our days is extremely sensitive, selective and adaptive. The best 
instruments and facilities of this type may cover more than 11 frequency decades and are capable of 
measuring resistances from micro-Ohms up to Terra-Ohms and capacitances from pico-Farads up to kilo-
Farads. Well computerized equipment ensures easy performance and visualization of the measurements 
directly in the complex plain impedance diagrams and Bode plots.  

The correct interpretation of the results depends on two important steps in the impedance investigation: (i) 
measurement of reliable data of good quality, which collect information about the nature of the object; (ii) 
data analysis based on construction of objective working models of a physical type, describing the properties 
of the processes, taking place in the object under study.  

In this presentation some specific techniques and approaches for application of EIS in solid state are presented 
and illustrated with a series of examples on SOFC studies. A summary of the information which can be 
extracted from the impedance measurements and applied to provide input for mathematical modeling of fuel 
cells is also included.   

 

References  
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Analysis of Superposed Relaxation Processes in EIS Spectra of High Temperature 
Fuel Cells in Order to Individualize the Degradation Phenomena 

Carlos Boigues Muñoz1,2*, Claudia Paoletti1, Davide Pumiglia1,3, Stephen McPhail1, Dario Montinaro4, Fabio 
Polonara2 

1 ENEA C.R.Casaccia, Via Anguillarese 301, 00123 Rome, Italy 
2 Dipartimento di Ingegneria Industriale e Scienze Matematiche, Università Politecnica delle Marche, Via Brecce 

Bianche, Polo Montedago, 60131 Ancona, Italy 
3 Dafne, Università degli Studi della Tuscia, Via S. Camilo de Lellis snc, 01100 Viterbo, Italy 
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The scientific community is now concerned in improving the robustness and reliability of High Temperature 
Fuel Cells (SOFCs and MCFCs) to surpass a lifespan of 40.000 hours under diverse operating conditions. In 
order to attain this goal, ameliorated and novel analysis tools and techniques are required to study potential 
second-generation cells in-depth.  

Relevant performance information can be obtained from traditional analysis techniques (i.e. polarization 
curves), nevertheless these lack in providing high qualitative information of the diverse physicochemical 
processes occurring in the electrochemical cell: reaction kinetics, charge transfer, mass transport, Ohmic 
losses, etc… Electrochemical Impedance Spectroscopy (EIS) measurements can shed light on these different-
nature processes as each one of them has associated a unique time-constant (known as relaxation time) and 
therefore each phenomenon exhibits at a different frequency.  

Despite the suitability of impedance spectroscopy to analyze electrochemical systems attending to the above 
stated properties, due to the high complexity of SOFCs and MCFCs, the responses of the different 
physicochemical processes to the EIS excitation signal are often convoluted because the relaxation times lie 
too close together, generating an overlapping in the Bode plot and hindering the individualization of these 
processes. In order to overcome this detrimental characteristic inherent to fuel cells, an alternative approach 
for analyzing impedance spectra has been employed in the present work with a method that allows the 
calculation of a distribution function of relaxation times [1-3] and relaxation amplitudes of impedance-related 
processes from experimental data (Eq.1).  

                                                              
                                                                                     (1) 

 
The extraction of the aforementioned distribution function ( ) is not trivial as the inversion of the equation is 
an “ill-posed” problem and cannot be solved directly. The most renown and reliable method to solve these 
kinds of problems is the Tikhonov regularization algorithm [4], which has been implemented in an in-house 
program run in Matlab ®.  

The association of the relaxation processes to the physicochemical processes can be done by varying different 
operative parameters of the cell: temperature, pO2, pH2, pCO2, etc… one at a time whilst maintaining the rest 
of them constant and observing how the different peaks modify. Once each process has been identified, an 
equivalent circuit model (ECM) can be created with each element representing a single process.  

If EIS measurements are carried out periodically for endurance testing, this methodology elucidates how each 
of the physicochemical processes degrades with time under determined conditions. This is regarded as a 
crucial methodology to analyze the effects of H2S and SO2 in MCFCs and the use of biogas in SOFCs. 

References  
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Electrochemical Impedance Spectroscopy as a Diagnosis Tool for a Cathode-
Supported Solid Oxide Fuel Cell 

A.Ringuedé*, A. Nechache and M. Cassir 

Institut de Recherche de Chimie Paris, IRCP, UMR8247 Chimie ParisTech - CNRS, 11 rue Pierre et Marie 
Curie, 75231, Paris, France 

*armelle-ringuede@chimie-paristech.fr 
 
High-temperature electrolysis (HTE) is a quite recent topic where most of the studies are focused on 
performance measurements and degradation observations. Chronopotentiometry can be an interesting tool 
to achieve such purposes. However, its use has limited interest since it only leads to understanding of the 
overall cell. To get more insight on the functioning of the cell, one can use a powerful tool such as 
Electrochemical Impedance Spectroscopy (EIS).  
Indeed, when used in particular conditions, EIS allows distinguishing different phenomena contributing to 
electrochemical reaction and degradation mechanisms. Besides, the two-electrode configuration allows 
applying EIS to any single cell. In this study, EIS and chronopotentiometry were combined in order to 
characterise the electrochemical performance and behavior of a commercial cathode-supported cell.  
Analysis of different parameters such as current density, temperature, PH2O/PH2 ratio or H2O electrode gas flow 
rate and the use of Electrical Equivalent Circuit (EEC) allowed the deconvolution of impedance diagrams into 
three or four arcs, each arc characterised by specifics capacitance and relaxation frequency (see figure 1 
below). Thus, each arc can be ascribed to a phenomenon directly related to the electrochemical reactions or 
cell degradation. Our analyses conduced to the following identification: the high frequency arc characterised 
by (CHF = 1 mF/cm², fHF = 100 Hz) is related to charge transfer at the electrode/electrolyte interface, while the 
low frequency arc characterised by (CLF = 10 F/cm², fLF = 0.1 Hz) is attributed to gas diffusion at the H2O 
electrode. Further analyses are required to conclude for the middle frequency part of the impedance diagram. 
This work constitutes an important step for the in situ diagnosis by EIS of solid oxide electrolyser cell reaction 
mechanisms and degradation. 

 

 

 

 

 

 

 

Fig.1: Arrhenius plots showing relaxation frequency and capacitance orders of magnitude. PH2O/PH2 = 9 (H2O electrode), air (O2 
electrode), H2O electrode gas flow rate x1. 

 

 



 

Electrochemical Impedance Study of the Poisoning Behavior of Ni-based Anodes at 
Low Concentrations of H2S in an MCFC 

C. Paoletti1*, H. Devianto2, S.J. McPhail1, A. Moreno1  
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2 Department of Chemical Engineering, Institut Teknologi Bandung, Bandung 40132, Indonesia 
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The effect was investigated of low H2S concentrations, simulating biogas impurity, on the poisoning behavior 
of a Ni-based, molten carbonate fuel cell anode. A conventional NiCr anode was coated with ceria using dip 
coating to form a rare earth metal oxide thin layer on the surface of the anode [1-4].  

Electrochemical studies of the Ni-based samples were performed in symmetric cells under anode atmosphere 
(H2, CO2, H2O and N2 as balance) with 2, 6, 12, and 24 ppm of H2S by means of electrochemical impedance 
spectroscopy. The recorded data showed that the poisoning resistance was enhanced at low coating 
percentages of ceria; effects depend on H2S concentration and the applied load. These results were confirmed 
by electrochemical impedance tests where the cerium oxide addition appears through stable polarization 
behavior up to 6 ppm of H2S, particularly in the mass transfer region. The protection is explained by the 
depression of poisoned Ni active sites and formation of a protective layer to the metal surface [5-7]. 

The ceria coating layer is a potential solution to reduce H2S poisoning of MCFCs fuelled with biogas. 
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The Need for Localized Electrochemical Measurements and the Promise of 
Controlled Atmosphere High Temperature Scanning Probe Microscopy 

Christodoulos Chatzichristodoulou*, Karin Vels Hansen, Ming Chen, Xiufu Sun, Yuehua Wu, Torben 
Jacobsen, Peter Vang Hendriksen and Mogens Bjerg Mogensen 

Technical University of Denmark, Department of Energy Conversion and Storage, Frederiksborgvej 399, 4000 
Roskilde, Denmark 

* ccha@dtu.dk 
 
Solid oxide cells (SOCs) are traditionally evaluated by I-V curves and electrochemical impedance spectroscopy 
(EIS). These techniques provide invaluable information on the global device performance, but are incapable of 
revealing the highly inhomogeneous spatial distribution of the electric potential losses. 

Gas composition changes within the fuel electrode, temperature gradients, interfacial reactions and 
microstructural and compositional heterogeneities render the electric potential distribution in the electrode 
very inhomogeneous. This can result in complicated degradation patterns with different failure mechanisms 
appearing at different locations within the SOC (Fig. 1) [1, 2]. We have attempted to determine the local 
chemical and electric potential distribution within SOCs by 2D modeling. Selected results that help raise our 
understanding of the different degradation mechanisms will be presented.  

Fig. 1. a) Formation of Si/Zr/Al inclusions and  b) ZrO2 nano-particles on Ni grains, c) bubble and d) crack formation at YSZ grain boundaries. 

Nevertheless, the complexity of real SOC under realistic operating conditions is such that any modeling 
attempt is bound to represent a simplification of the real situation. Spatially resolved observation of the 
electrode response during operation is absolutely necessary if we are to grasp the operational complexity of 
SOCs. To achieve this, DTU Energy Conversion has developed, in collaboration with Danish Micro Engineering, 
a Controlled Atmosphere High Temperature scanning probe microscope [3]. The potential of this approach 
will be demonstrated on the basis of selected results achieved so far and ongoing efforts for further 
development.  
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Study of Reliability of SOFC Cathode Impedances at Applied Overpotentials 

A. Barbucci1*, A. Giuliano1, S. Congiu1, A. Sanson2, E. Mercadelli2, P. Pinasco2 and M.P. Carpanese1 
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In case of measuring separately the behavior of SOFC electrodes the concern of the reliability of impedance 
results was highlighted by many authors [1-3], especially when overpotentials are applied. A flat thin 
electrolyte-supported cell in a three-electrode configuration is often investigated, where the RE is deposited in 
a ring-shape around the WE, being a very convenient geometry from an experimental point of view. The 
problem arises when the RE is placed in an electrolyte region, which is not equipotential and inaccuracy 
becomes particularly pronounced when WE and CE are not aligned or have different area specific resistances. 

In this work LSM cathodes were investigated on a YSZ electrolyte-supported cell, using an electrolyte 3 mm 
thick.  

Two types of cells were prepared: the first (CellA) according to the geometric requirements suggested in 
literature [4]: little WE (diameter 3 mm) aligned to the CE and with equal Rp and time constant; RE co-planar 
around the WE and placed at a distance greater than three-electrolyte thickness from the WE; the second one 
(CellB) equal to CellA but with a larger WE (diameter 8 mm). Impedance measurements were carried out both 
in two- and three-electrode configuration, at OCV and under applied overpotentials (Fig. 1).  

A preliminary comparison between the results extracted from CellB both at two- and three- electrodes 
confirms that a thick electrolyte allows extracting suitable three-electrode impedance results in case of OCV 
conditions. On the other side, when an overpotential is applied, the impedance spectra extracted from CellA 
and CellB are comparable only at little overpotentials (η < 0.2 V). 

 
Fig. 1. Impedance spectra extracted at 850 °C, at OCV and different overpotentials. 
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