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1 Summary 

Electrochemical characterization of the cell components like the porous current distribu-
tors (PCD), the protective macro porous layer (MPL) coating on the PCD structures, as 
well as the membrane electrode assemblies (MEAs) developed within the project has 
been performed to evaluate their performance and durability in a proton exchange 
membrane electrolyzer (PEMEL) stack. Additionally, an accelerated stress test (AST) 
was designed to test the components under more stressful conditions and to abbreviate 
the testing period. The results of performance and durability measurements including 
post-test analysis of possible degradation phenomenon are the objective of this deliver-
able. 

2 Introduction 

One of the key components in a PEMEL stack is the PCD which is the connecting part 
between the bipolar plates (BPP) and the electrode of the MEA. It is responsible for col-
lecting the electrons on the anode side electrode where water splits into oxygen, pro-
tons and electrons, which need to be provided on the cathode side electrode. Further-
more, an adequate gas/water management in the cell needs to be guaranteed while 
operation. Therefore, the PCD takes over the function of the BPPs and distributes the 
water homogeneously towards the electrode. At the same time produced gases at the 
electrodes have to be removed from the active sites to ensure proper electrochemical 
reaction. Hence, used PCD has to be optimized regarding electrical conductivity and low 
contact resistance what is realized by lowering the porosity leading to performance in-
crease. The state-of-the-art material to be used at harsh conditions like on the anode 
side of an electrolyzer cell is titanium due to its advanced resistance to corrosion.  
Furthermore, one of the main challenges in the large-scale introduction of PEM electrol-
ysis is the reduction of the precious metals iridium (Ir) and platinum (Pt) as catalyst ma-
terials. While Pt is the standard material for the cathodic hydrogen evolution reaction 
(HER), Ir is used for the anodic oxygen evolution reaction (OER). Ir in particular is one 
of the rarest precious metals in the earth's crust and is mainly extracted as a by-product 
of Pt extraction, which makes it very expensive. To cope with the limited availability of 
materials, the Ir loading must be reduced. This can be achieved by developing highly 
active Ir-based catalysts or by using electrically conductive ceramics as substrate mate-
rial. The PRETZEL consortium has decided to use electro-conductive ceramics, in par-
ticular nano-sized iridium supported on SnO2:Sb aerogel catalyst. By taking advantage 
of the high porosity of the ceramic substrate, the Ir/SnO2:Sb catalyst allows a decrease 
of more than 70 wt.% of precious metal usage in the catalyst layer while keeping a simi-
lar OER activity compared to its unsupported counterpart. 

3 Deliverable in the Project 

This deliverable reports on ECell vs. current density j and ECell vs. time t characteristics of 
testing cells assembled with the particular cell components and electrochemical imped-
ance spectroscopy (EIS) of PEM electrolyzer tests. 
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4 Results and Achievements 

4.1 Coated Copper Bipolar Plates (BPP) 

The excellent corrosion resistance properties of niobium Nb are due to its ability to pas-
sivate spontaneously in contact with oxygen from air or aqueous environment, by form-
ing a thin, highly adherent and stable passive oxide layer on its surface. The thickness 
of this oxide layer is 2-4 nm and it is extremely difficult to be removed from the metal 
surface2,3. The corrosion resistance of Nb can be further increased by electrochemical 
formation of passive oxide films on its surface. The chemical composition of the anodic 
oxide film has been found to depend on the presence of the natural air-formed oxide film 
and consists of more or less stable oxides, such as NbO, NbO2 and Nb2O5

2,3. During 
anodic polarization, NbO2 is irreversibly oxidized to Nb2O5 and Nb is reversibly oxidized 
to NbO. Raman spectra revealed that the passive film formed at higher voltages con-
sists primarily of Nb2O5.

3 It has been also found that niobium Nb shows a significant 
greater corrosion resistance than Ti titanium in the presence of increased concentra-
tions of fluoride ions, which are release from the membrane, due to its stable passive 
film formed mainly by Nb2O5 with a thickness of 4-8 nm determined by X-ray photoelec-
tron spectroscopy (XPS)4. 
 
Previously we developed a Nb/Ti coating for stainless steel BPP solving the challenge 
of removing PGM coatings and replacing Ti used as base material. However, the Nb/Ti 
coating had to be produced in two steps since the thin coating of Nb was not sufficient 
to protect stainless steel against corrosion, thus the plasma sprayed coating of Ti was 
necessary. However, ideally one plasma sprayed coating of Nb would be preferable. 
Moreover, stainless steel does not possess excellent thermal and electrical conductivity 
like other less noble metals such as copper. Because of its properties and in addition to 
the lower cost compared to stainless steel, Cu would be an ideal material for the manu-
facture of BPP. However, its utilization in an electrochemical device that has such ag-
gressive environment, full water, with high oxygen content and traces of fluoride ions, 
low pH and temperatures of 80°C or above, is unthinkable.   
 
The coated copper bipolar plates were electrochemically evaluated regarding corrosion 
resistance to determine if the anti-corrosion protection layer applied on copper sheets 
meets the requirements set in deliverable D2.1. The results of corrosion measurements 
including corrosion parameters and cross-section SEM images of the coatings are the 
objective of deliverable D4.1 “Report of electrochemical evaluation of coated compo-
nents”. It was found that all investigated samples showed excellent corrosion resistance 
properties, with corrosion currents lower than 0.1 µA cm-2 and corrosion rates below 1 
µm year-1.5  
Surface morphology of vacuum plasma sprayed (VPS) Nb coatings was investigated 
before and after corrosion tests by FE-SEM and the elemental composition was 
determined by EDAX, showing that corrosion tests induce no changes on the surface 

 
 
2 Arsova IL, Prusi AR, Arsov LD. Ellipsometric study of anodic oxide films formed on niobium surfaces. J Solid State 

Electrochem 2003;7:217–22. 
3 Arsova I, Prusi A, Grčev T, Arsov L. Electrochemical characterization of the passive films formed on niobium surfaces in 

H2SO4 solutions. J Serb Chem Soc 2006;71:177–187. 
4 Li Y, Xu J. Is niobium more corrosion-resistant than commercially pure titanium in fluoride-containing artificial saliva?. 

Electrochimica Acta 2017;233:151–66. 
5 Kellenberger, A., Vaszilcsin, N., Duca, D., Dan, M.L., Duteanu, N., Stiber, S., Morawietz, T., Biswas, I., Ansar, S.A., 

Gazdzicki, P., Wirkert, F.J., Roth, J., Rost, U., Brodmann, M., Gago, A.S., Friedrich, K.A. Large Cost Reduction in Proton 
Exchange Membrane Electrolysis by Replacing Titanium with Copper in the Bipolar Plates, finalized manuscript. 
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morphology of the samples. Cross section laser confocal and FE-SEM images of the 
VPS Nb coatings after corrosion testing revealed no pinholes beneath the coating. 
Finally, the PEM electrolyzer cell for evaluating the use of Nb coating on copper pole 
plates had an active area of 25 cm2. The interconnecting components used on the an-
ode side of the cell were the Nb coated pole plates as well as a Ti based PCD (GKN 
Sinter Metals), while for the cathode side a commercial carbon based PCD (Spectra-
carb™ GDL) and coated copper pole plate was used. Membrane electrode assemblies 
(MEAs) with an Ir-based anode, Pt-based cathode and chemically stabilized Nafion 115 
membrane were used for all electrochemical tests. Polarization curves up to 4 A cm-2 
following the JRC protocol6 were performed. All measurements were carried out at 90 
°C and 8 bar hydraulic pressure. Typical examples of polarization curves obtained with 
this set-up are  shown in Figure 1.  
The reached performance of 1.90 V at 2  A cm-2 is within the range of published cell 
performances since 20107,8,9 and comparable to performances of commercial electro-
lyzers on the market like Siemens.10 The evaluation of the reported performance shows 
that the Nb-coated Cu pole plates can be operated on the anode side in a PEM electro-
lyser and compared with the state of the art. Observing the polarization curve from a 
current density of 3 A cm-2 on a deviation between the ascending and descending curve 
occurs. This behavior indicates mass transport limitations which are related to inefficient 
transport of feed water from the porous transport layers towards the particular electrode 
surface as well as removal of product gases.11,12 Further evaluation with electrochemical 
impedance spectroscopy would give detailed insight to the cell limitations. In conclusion 
it can be said that the Nb-coated pole plates are available for a long-term test in a PEM 
electrolyzer to confirm the long-term stability during operation. This can be seen as the 
final step towards commercialization. 
 

 
 
6 JRC, EU Harmonised Polarisation Curve Test Method for Low Temperature Water Electrolysis, European Commission, 

2018. 
7 Carmo, M., Fritz, D. L., Mergel, J. & Stolten, D. A comprehensive review on PEM water electrolysis. Int. J. Hydrogen 

Energy, 38, 4901–4934 (2013). DOI: 10.1016/j.ijhydene.2013.01.151. 
8 Buttler, A. & Spliethoff, H. Current status of water electrolysis for energy storage, grid balancing and sector coupling via 
power-to-gas and power-to-liquids: A review. Renew. Sustain. Energy Rev. 82, 2440–2454 (2018). DOI: 
10.1016/j.rser.2017.09.003. 
9 Lickert, T., Kiermaier, M. L., Bromberger, K., Jagdishkumar, G., Metz, S., Fallisch, A. & Smolinka T., On the influence of 

the anodic porous transport layer on PEM electrolysis performance at high current densities. Int. J. Hydrogen Energy, 45, 
6047–6058 (2020).   
10 Hackemüller, F.J., Borgardt, E., Panchenko, O., Müller, M. & Bram, M. Manufacturing of Large-Scale Titanium-Based 

Porous Transport Layers for Polymer Electrolyte Membrane Electrolysis by Tape Casting. Adv. Eng. Mater, 21, 1801201 
(2019). https://doi.org/10.1002/adem.201801201. 
11 Lettenmeier, P., Kolb, S., Sata, N., Fallisch, A., Zielke, L., Thiele, S., Gago, A.S. & Friedrich, K.A. Comprehensive 

investigation of novel pore-graded gas diffusion layers for high-performance and cost-effective proton exchange mem-
brane electrolyzers. Energy Environ. Sci., 10, 2521–2533 (2017). 
12 Gago, A.S., Ansar, S.A., Saruhan, B., Schulz, U., Lettenmeier, P., Cañas, N.A., Gazdzicki, P., Morawietz, T., Hiesgen, 

R., Arnold, J. & Friedrich, K.A. Protective coatings on stainless steel bipolar plates for proton exchange membrane (PEM) 
electrolysers. J. Power Sources, 307, 815–825 (2016). 
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Figure 1. Polarization curve of 25 cm2 PEM electrolyzer at 8 bar and 90 °C up to 4 A cm-2
. 

 

With this we have managed to implement a material with zero tolerance such as Cu for 
the manufacture of BPP for PEMWE by applying a complete dense single-step coating 
of Nb by plasma spraying on its surface. The influence of coating thickness, given by 
the number of deposited layers, on the corrosion resistance properties has been already 
investigated by electrochemical methods and revealed that even reducing the coating 
thickness from 130 to 30 µm still preserves the anti-corrosion protection of the Nb coat-
ing. 
The Nb coating fully protects the Cu substrate against corrosion in a simulated environ-
ment of PEMWE and has been successfully implemented in a complete cell based on 
the hydraulic compression technology.13 

4.2 Porous Current Distributor (PCD) 

Different Porous Current Distributors (PCD) were characterized physically as well as 
electrochemically to identify the durability of the component for PEM electrolyzer opera-
tion. Current standard operation range for PEMWE is 60 - 80 °C, 30 bar and nominal 
current density of 2 A cm-2. Optimized PEMWE cell components have already been de-
veloped for these operating parameters. Core components are the membrane electrode 
assembly (MEA), porous transport layers (PCD) and the bipolar plates (BPP). The MEA 
consists of a polymer electrolyte membrane (Nafion N115) on which the electrodes are 
applied and thus separated from each other. The electrode material used is iridium or 
ruthenium oxides (IrOx-RuOx) on the anode side and platinum nanoparticles on carbon 
(Pt/C) on the cathode side. An important key component is the PCD, which needs to 
ensure effective media transport, specifically water transport to the electrodes and 
product gas removal towards the BPP. It is well known that gas/water management 
strongly influences cell performance14,15,16 and mass transport losses must be kept low. 
Therefore, this phenomenon becomes more relevant the higher the applied current and 

 
 
13 Kellenberger, A., Vaszilcsin, N., Duca, D., Dan, M.L., Duteanu, N., Stiber, S., Morawietz, T., Biswas, I., Ansar, S.A., 

Gazdzicki, P., Wirkert, F.J., Roth, J., Rost, U., Brodmann, M., Gago, A.S., Friedrich, K.A. Large Cost Reduction in Proton 
Exchange Membrane Electrolysis by Replacing Titanium with Copper in the Bipolar Plates, finalized manuscript. 
14 Suermann, M., Takanohashi, K., Lamibrac, A., Schmidt, T. J. & Büchi, F. Influence of Operating Conditions and Mate-

rial Properties on the Mass Transport Losses of Polymer Electrolyte Water Electrolysis, J. Electrochem. Soc., 164 (9), 
F973-F980 (2017). DOI: 10.1149/2.13517109jes. 
15 Bromberger, K., Jagdishkumar, G., Lickert, T., Fallisch, A. & Smolinka, T., Hydraulic ex situ through-plane characteri-

zation of porous transport layers in PEM water electrolysis cells. Int. J. Hydrogen Energy, 43, 2556–2569 (2018).   
16 Lickert, T., Kiermaier, M. L., Bromberger, K., Jagdishkumar, G., Metz, S., Fallisch, A. & Smolinka T., On the influence 

of the anodic porous transport layer on PEM electrolysis performance at high current densities. Int. J. Hydrogen Energy, 
45, 6047–6058 (2020). 
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thus the current density, as the production rates of the product gases increase. From 
PEM fuel cells it is already well known to use carbon paper as cathode PCD and is also 
used for PEMWE.17 However, titanium-based materials are commonly used for anodic 
PCD, which is subject to oxidizing conditions due to high oxygen concentrations and 
elevated cell potentials (> 2 V).18 Anode PCDs that are commercially available vary from 
sintered powder structures, felts and meshes but also new developments like tunable 
PCDs with controlled parameters like porosity19,20 and pore structure with gradient in 
size21,22 are establishing themselves. 
Sophisticated PCDs need to be designed to minimize high overvoltages due to mass 
transport losses which reduce the efficiency of the cell. Here we investigate the perfor-
mance of newly developed PCD produced by coating titanium expanded metal sheet via 
classical powder metallurgy from titanium powder with a micro porous layer (MPL) op-
erated at 90 °C, up to 100 bar as well as up to 6 A cm-2. The electrochemical impedance 
spectroscopy (EIS) shows that the coating ensures an efficient gas/water management 
especially at the high current density and allows the operation up to 6 Acm-2. The PCD 
is evaluated under an accelerated stress test (AST) for about 500 hours at constant 
operation at 4 A cm-2 and 90 °C. A following recovery test showed that 47 % of the volt-
age differences between begin and end of test was caused by the membrane electrode 
unit and only 5 % by the PCDs. Finally, the PCD was successfully tested in a 25 kW 
PEMWE system having a stack based on hydraulic cell compression up to 100 bar. With 
the designed PCD it can be shown that the operation of PEMWE with regard to current 
density, temperature and pressure is possible far above the state-of-art. These 
achievements make PEMWE more economically attractive and could become the 
game-changer for the production of green hydrogen. 

4.2.1 Physical Characterization 

The interfacial contact resistance (ICR) of different PCD materials with respect to the 
compaction force were measured based on the method reported for measuring coated 
BPP.23 Before measurement all PCD samples were cleaned by immersing them in de-
ionized (DI) water and isopropanol baths and applying ultrasonication for 10 minutes 
after each step. The last cleaning cycle was carried out with DI water for 5 minutes, and 
thereafter, the PCD samples were placed in an oven for 20 minutes at 60 °C.  
Second, ICR measurements were performed by sandwiching the cleaned PCDs with a 
titanium plate (3.7025) and a TGP-H-90 carbon paper between two gold-coated copper 
cylinders (inset of Figure 2). The experimental setup was set in a hydraulic press, and a 
weight of 20 to 200 kg was applied in steps of 20 kg. The cylinders were connected to a 
potentiostat/galvanostat (Zahner Elektrik IM6) with a booster (Module PP240). A con-
stant current of 1.25 A cm-2 was applied, and the response voltage was recorded. The 

 
 
17 Park, S., Lee, J.-W. & Popov, B.N. A review of gas diffusion layer in PEM fuel cells: Materials and designs. Int. J. 

Hydrogen Energy, 37, 5850-5865 (2012). 
18 Carmo, M., Fritz, D. L., Mergel, J. & Stolten, D. A comprehensive review on PEM water electrolysis. Int. J. Hydrogen 

Energy, 38, 4901–4934 (2013). DOI: 10.1016/j.ijhydene.2013.01.151. 
19 Kang, Z., Mo, J., Yang, G., Retterer, S.T., Cullen, D.A., Toops, T.J., Green Jr, J.B., Mench, M.M. & Zhang, F.-Y. Inves-

tigation of thin/well-tunable liquid/gas diffusion layers exhibiting superior multifunctional performance in low-temperature 
electrolytic water splitting. Energy Environ. Sci., 10, 166–175 (2017). 
20 Schuler, T., De Bruycker, R., Schmidt, T. J. & Büchi, F. N. Polymer Electrolyte Water Electrolysis: Correlating Porous 

Transport Layer Structural Properties and Performance: Part I. Tomographic Analysis of Morphology and Topology. J. 
Electrochem. Society, 166 (4), F270-F281 (2019). 
21 Lettenmeier, P., Kolb, S., Burggraf, F., Gago, A. S. & Friedrich, K. A. Towards developing a backing layer for proton 

exchange membrane electrolyzers. J. Power Sources, 311, 153–158 (2016). 
22 Lettenmeier, P., Kolb, S., Sata, N., Fallisch, A., Zielke, L., Thiele, S., Gago, A.S. & Friedrich, K.A. Comprehensive 

investigation of novel pore-graded gas diffusion layers for high-performance and cost-effective proton exchange mem-
brane electrolyzers. Energy Environ. Sci., 10, 2521–2533 (2017). 
23 Lettenmeier, P., Wang, R., Abouatallah, R., Saruhan, B., Freitag, O., Gazdzicki, P., Morawietz, T., Hiesgen, R., Gago, 

A.S. & Friedrich, K.A. Low-Cost and Durable Bipolar Plates for Proton Exchange Membrane Electrolyzers. Sci. Rep., 7, 
44035 (2017). 
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ICR between the carbon paper and the particular PCD surface was determined by the 
following equation: 
 

 

RC/Coating = Rmeasured – RC/Au (1) 
 

 

where RC/Au is the ICR of the carbon paper with the Au-coated cylinder. In Figure 2 the 
ICR measurement of Ti-GKN which was developed by our partner GKN is compared to 
uncoated Ti-mesh before electrochemical characterization and testing within a PEM 
electrolyzer cell. At a compaction of 150 Ncm-2 which corresponds to the compaction 
during PEMEL cell assembly, Ti-GKN shows a lower contact resistance by 44 mΩ cm2 
compared to uncoated Ti-mesh.  
 

 

Figure 2. Interfacial Contact Resistance measurements of PCDs before testing 

4.2.2 Polarization Curves 

The PCD developed by our PRETZEL partner GKN Sinter Metals is referred as sample 
Ti-GKN in the following sections and compared to a commercial, uncoated Ti-mesh 
structure. To determine the ideal compaction force for the cell assembly a torque study 
was carried out. Therefore, the cell was compressed with different torques up to 200 
Ncm and the response potential of the cell at 2 Acm-2 and 65 °C was recorded as shown 
in Figure 3. Based on the results, 100 Ncm was chosen for the cell design, as this is the 
ratio between the optimization of the cell performance and the minimum required me-
chanical load on the cell.   
 

 
 

Figure 3. Torque study to ensure optimal compaction force for cell assembly with Ti-GKN PCD  

 

The polarization curves of the PCDs measured according to JRC protocol24 at 90 °C 
using commercial MEA are demonstrated in Figure 4. The reference sample Ti-mesh 

 
 
24 JRC, EU Harmonised Polarisation Curve Test Method for Low Temperature Water Electrolysis, European Commis-

sion, 2018. 
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shows the lowest performance with a cell voltage of 2.89 V at 4 Acm-2, while Ti-GKN 
has the best performance with 2.19 V. For low current densities up to 0.3 Acm-2 differ-
ences between the PCD materials are hardly noticeable, but these become clearly visi-
ble with increasing current density. Ti-mesh was only operated up to 4 Acm-2 to not ex-
ceed 3 V. On one hand the operation at potentials above 3.0 V is economically not at-
tractive and on the other hand oxides are forming on the surfaces of Ti components 
leading to higher ICR. Furthermore, a deviation between ascending and descending 
curve occurs which can be evaluated as a first indicator for mass transport limitation 
according to earlier publications.25  The exponential upward bend of the curve also indi-
cates a limitation due to inefficient gas/water management. Expanded Ti meshes as 
tested comparatively in this study have a clear price advantage but as demonstrated are 
far less efficient than sintered structures. In contrast, MPL/mesh-PCD achieves a cell 
voltage of 2.54 V at 6 A cm-2 showing a linear polarization curve which slope flattens out 
again from a current density of about 3 A cm-2. MPL/mesh-PCD combines low-cost Ti 
expanded mesh with a porous coating that allows reducing the overpotential by 693 mV 
at 4 A cm-2. If the reduction of the contact resistance is taken into account, it contributes 
a share of approx. 175 mV with regard to the increase in performance. Corresponding to 
this an unprecedented efficiency increase of approximately 24 % can be achieved which 
has a significant impact on the operational cost. A deep explanation of the observed 
phenomena is given by EIS. 
 

 
 

Figure 4. Polarization curve of Ti-mesh and Ti-GKN up to 4 and 6 Acm-2, respectively, using 
commercial MEA and according to JRC protocol. 

4.2.3 Electrochemical Impedance Spectroscopy (EIS) 

As a non-destructive measurement electrochemical impedance spectroscopy (EIS) pro-
vides information during operation on performance and cell degradation associated to 
the particular components. Therefore, the cells assembled and reported in section 4.2.2 
were also characterized by EIS according to JRC protocol26 at 90 °C between 100 KHz 
to 100 mHz at 0.25, 1 and 4 Acm-2 which are shown in Figure 5 a), b) and c), respective-
ly.  
 

 
 
25 Gago, A.S., Ansar, S.A., Saruhan, B., Schulz, U., Lettenmeier, P., Cañas, N.A., Gazdzicki, P., Morawietz, T., Hiesgen, 

R., Arnold, J. & Friedrich, K.A. Protective coatings on stainless steel bipolar plates for proton exchange membrane (PEM) 
electrolysers. J. Power Sources, 307, 815–825 (2016). 
26 JRC, EU Harmonised test procedure: electrochemical impedance spectroscopy for water electrolysis cells, European 

Commission, 2018. 
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Figure 5. Electrochemical Impedance Spectroscopy (EIS) of Ti-mesh and Ti-GKN between 100 
KHz to 100 mHz at a) 0.25 Acm-2, b) 1 Acm-2 and c) 4 Acm-2. 

 

At 0.25 A cm-2 for both samples one semicircle occurs with a peak at a frequency of 
19.75 Hz and are thus mainly caused by charge transfer resistances with respect to 
OER. The difference between the mesh-PCD and MPL/mesh-PCD can be seen in the 
intersections with the real part axis, which results from the different ohmic resistance of 
the PCDs. In contrast to the ICR measurements, the EIS at 0.25 A cm-2 reveals with 190 
and 239 mΩ cm² for mesh-PCD and MPL/mesh-PCD, respectively lower values for the 
uncoated sample. This behavior can be explained by the cell assembly. Both cells were 
compressed using a torque of 1 Nm while this force per area is significantly larger for 
mesh-PCD due to the mesh-structure than for MPL/mesh-PCD with the flat surface.  
Increasing current density to 1 A cm-2 the impedance curves start to change in their be-
havior. The ohmic resistance changes for both samples and the values approach each 
other. For mesh-PCD the resistance increases by about 15 mΩ cm², while MPL/mesh-
PCD decreases to 224 mΩ cm². For mesh-PCD the semicircle which is associated to 
the OER kinetics is insignificantly larger in size than for MPL/mesh-PCD with a maxi-
mum at 137.06 Hz, and only for mesh-PCD a second arc with an apex at 0.1 Hz ap-
pears, indicating mass transport losses. This is in good agreement with the polarization 
curves of mesh-PCD which demonstrate the exponential slope starting at about 1 A cm-2 
while the MPL/mesh-PCD shows a linear behavior.  
While at 0.25 A cm-2 the low speed of activation of the OER results in high losses, for 
mesh-PCD the mass transport limitations (MTL) become the determining factor at high 
current densities of 4 A cm-2. Here the behavior already demonstrated at 1 A cm-2 be-
comes considerably. The ohmic resistance for mesh-PCD increases to a value of 306 
mΩ cm² as well as the second semicircle related to MTL which also increases signifi-
cantly with a peak at 3.16 Hz.  From simulation the resistance with respect to the MTL 
can be determined and accounts 96 mΩ cm². This is caused by the large pores at the 
contact surface of the uncoated mesh, which means that gas bubbles can only be dis-
charged to a limited extent by capillary forces, as the pore gradient is too small. This 
blocks the active centres until a certain bubble size is reached. In addition, Ito et al. 
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show that the bubble size depends on the pore size of the PCDs.27  The larger gas bub-
bles increase the gas coverage of the transport channels and obstruct the water supply. 
This accumulation of gas at the interface of PCD/catalyst layer (CL) can also explain the 
increase in ohmic resistance due to the formed gas cushion which reduces the electrical 
contact between the components. For MPL/mesh PCD the ohmic resistance is 203 mΩ 
cm² and a second semicircle cannot be seen rudimentary. With a modal pore diameter 
of 44 µm and increased porosity, MPL/mesh-PCD ensures improved mass transport at 
high current densities. By simulating the Nyquist plots the resistance related to MTL can 
be calculated with 5.07 mΩ cm² and therefore MTL can be neglected. Since MTL has 
been practically eliminated for this sample, the gas/water management is optimized at 
particularly high current densities. As a result, the electrical contact, which is directly 
coupled to the ohmic resistance of the cell, is maintained. Due to the optimal electron 
and mass transport for MPL/mesh-PCD, the loss processes for high current densities 
are minimal compared to the uncoated sample. This enables the material to achieve low 
cell voltages at high current densities, while the operating conditions are far beyond the 
current standard operating conditions of 2 A cm-2 and 75 °C.  

4.2.4 Accelerated Stress Test (AST) on PCD 

As described in D2.4 Testing Protocol for electrolyzer operation, the accelerated stress 
test (AST) was performed with the characterized cells of section 4.2.2 and 4.2.3. The 
cells were operated at 90 °C and constant current of 4 Acm-2 while the cell potential was 
recorded over time and the results are shown in Figure 6. Cell potential of a cell assem-
bled with the Ti-mesh increased sharply within the first hours to economically irrelevant 
high values of more than 4 V. In contrary, two cells using Ti-GKN as PCD were operat-
ed for 415 and 490 h until they reached a potential of 2.78 and 3.02 V, respectively. The 
two cells performed comparable and indicated good reproducibility. After the operation 
of Ti-GKN T2, a recovery test was performed by stepwise renewal or polishing of the 
cell components. First bar of the inset of Figure 6 shows the cell potential at 4 Acm-2 
after renewal of the DI-water receiving a potential of 3.05 V. As a next step the cell was 
reassembled with a new MEA while keeping all other components unmodified resulting 
in a significant improvement of the cell potential to 2.68 V. The next four steps are relat-
ed to sanded anode BPP, sanded cathode BPP, cleaned cathode PCD and cleaned 
anode PCD, respectively. With the stepwise cleaning process a final cell potential of 
2.41 V can be achieved and compared to initial potential before starting the AST with 
2.26 V. From the results it is clear that the largest influence on cell degradation is 
caused by the commercial MEA. In contrast, the anode-side components, especially the 
PCD, have only a minor influence. 
 
 

 
 
27 Ito, H., Maeda, T., Nakano, A., Kato, A. & Yoshida, T. Influence of pore structural properties of current collectors on 

the performance of proton exchange membrane electrolyzer, Electrochim. Acta, 100, 242-248 (2013). 
http://dx.doi.org/10.1016/j.electacta.2012.05.068. 
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Figure 6. Accelerated stress test (AST) of cells with Ti-mesh and Ti-GKN at constant 4 Acm-2. 
The inset shows the cell potential after: 1) End of Test; 2) replacing the MEA with a new one, 3) 
removing oxide layer of anode BPP, 4) removing oxide layer of cathode BPP, 5) cleaning cath-
ode PCD 6) cleaning anode PCD, 7) Beginning of test. 

4.3 Macro-porous Layer (MPL) on the PCD 

From previous work28,29 it is well known that the deposition of a macro-porous layer 
(MPL) on PCDs significantly increases cell performance. Therefore, we developed a 
MPL which was applied on stainless steel substrates and tested in a PEM electrolyzer 
cell.  
Manufacturing sophisticated porous structures such as sintered powders or felts in tita-
nium is cost prohibitive. Moreover, to avoid passivation, which leads to an increase in 
cell voltage over time,30 Ti-PCD must be coated with platinum group metals (PGMs). A 
stainless steel PCD (ss-PCD) would be preferable, but it severely corrodes, thus poison-
ing the MEA with Fe and Ni.31,32 Our previous developments have demonstrated that it is 
possible to use ss as a base material for manufacturing the BPP. A dense coating ap-
plied by plasma spraying provides full protection against corrosion in the aggressive 
PEMWE environment.33 These coatings have been integrated into commercial electro-
lyser stacks and tested for more than 1000 h without the ss substrate showing any signs 
of corrosion.34,35 

 
 
28 Lettenmeier, P., Kolb, S., Burggraf, F., Gago, A. S. & Friedrich, K. A. Towards developing a backing layer for proton 

exchange membrane electrolyzers. J. Power Sources, 311, 153–158 (2016). 
29 Lettenmeier, P., Kolb, S., Sata, N., Fallisch, A., Zielke, L., Thiele, S., Gago, A.S. & Friedrich, K.A. Comprehensive 

investigation of novel pore-graded gas diffusion layers for high-performance and cost-effective proton exchange mem-
brane electrolyzers. Energy Environ. Sci., 10, 2521–2533 (2017). 
30 Rakousky, C., Reimer, U., Wippermann, K., Carmo, M., Lueke, W. & Stolten, D. An analysis of degradation phenome-

na in polymer electrolyte membrane water electrolysis. J. Power Sources, 326, 120–128 (2016). 
31 Mo, J., Steen, S.M., Zhang, F.Y., Toops, T.J., Brady, M.P. & Green, J.B. Electrochemical investigation of stainless 

steel corrosion in a proton exchange membrane electrolyzer cell. Int. J. Hydrogen Energy, 40, 12506–12511 (2015). 
32 Mo, J., Steen, S., Kang, Z., Yang, G., Taylor, D.A., Li, Y., Toops, T.J., Brady, M.P., Retterer, S.T., Cullen, D.A., Green, 

J.B. & Zhang, F.Y. Study on corrosion migrations within catalyst-coated membranes of proton exchange membrane 
electrolyzer cells. Int. J. Hydrogen Energy, 42, 27343–27349 (2017). 
33 Gago, A.S., Ansar, S.A., Saruhan, B., Schulz, U., Lettenmeier, P., Cañas, N.A., Gazdzicki, P., Morawietz, T., Hiesgen, 

R., Arnold, J. & Friedrich, K.A. Protective coatings on stainless steel bipolar plates for proton exchange membrane (PEM) 
electrolysers. J. Power Sources, 307, 815–825 (2016). 
34 Lettenmeier, P., Wang, R., Abouatallah, R., Burggraf, F., Gago, A.S. & Friedrich, K.A. Coated 
Stainless Steel Bipolar Plates for Proton Exchange Membrane Electrolyzers. J. Electrochem. 
Soc., 163, F3119–F3124 (2016). 
35 Lettenmeier, P., Wang, R., Abouatallah, R., Saruhan, B., Freitag, O., Gazdzicki, P., Morawietz, T., Hiesgen, R., Gago, 

A.S. & Friedrich, K.A. Low-Cost and Durable Bipolar Plates for Proton Exchange Membrane Electrolyzers. Sci. Rep., 7, 
44035 (2017). 
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4.3.1 Physical Characterization 

Coatings of Nb/Ti were produced by vacuum plasma spraying (VPS) on 4-layer mesh-
type ss PCDs (GDL MeliDiff in 1.4404, Melicon GmbH). The chamber pressure was 40 
mbar. The coating powders were grade 1 Ti (TLS Technik Spezialpulver) and Nb (H.C. 
Starck, currently FST Flame Spray Technologie) with a particle size of -45 + 25 µm. Six 
coating runs with Ti were first applied; specifically, the plasma spray gun was oscillated 
over the substrates six times during the coating process. Subsequently, two additional 
coating runs of Nb were sprayed on top of the finest mesh of the multi-layer mesh-type 
PCD. The produced PCD is labelled Nb/Ti/ss-PCD. In Figure 7 the ss-PCD sample with 
the Nb/Ti coating is shown schematically. For comparison purposes, similar coatings 
were applied on mesh-type Ti-PCD while the resulting sample is labelled Nb/Ti/Ti-PCD.  
For comparison purposes, similar coatings were applied on 4-layer mesh-type Ti-PCDs 
(GDL MeliDiff in Ti Grade 1, Melicon GmbH). The resulting sample is labelled Nb/Ti/Ti-
PCD. 
 
 

 

Figure 7. Scheme of the ss-mesh PCD with a plasma-sprayed Nb/Ti coating at the interface with 
the anode catalyst layer. 

 

The morphology and micro-structure of the Nb/Ti coatings were analysed by scanning 
electron microscopy (SEM). Cross-sectional image of the ss-PCD is demonstrated in 
Figure 8 with low and high magnification in a) and b), respectively. The various layers of 
ss meshes with different aperture sizes are clearly visible in a). The mesh with the low-
est aperture size contacts the anode catalyst layer of the MEA. Therefore, the mesh 
with the largest aperture size contacts the bipolar plate and acts as a flow field. The 
Nb/Ti coatings are deposited only on the finest ss-mesh and it can be observed that the 
coating is very uniformly distributed on the surface as well as it is reducing the gaps of 
the fine mesh. In Figure 8 b) the red squares indicate the areas on which energy-
dispersive X-ray spectroscopy (EDS) was performed. The corresponding results are 
listed in Table 1 and revealed the high purity of the Nb and Ti coatings since this is an 
important aspect regarding the corrosion resistance.  
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Figure 8. Scanning electron microscopy (SEM) images of ss-PCD a) with plasma-sprayed Nb/Ti 
coatings. Cutaway images of Nb/Ti on ss-PCD b), which correspond to the red square in a). The 
solid-line red squares in b) indicate the areas where EDS was carried out, and the results are 
summarized in Table 1. 

 

Table 1. EDS of the specific areas (Mw) in Figure 8. 

Area designa-

tion 

O  

[wt.%] 

Si  

[wt.%] 

Ti  

[wt.%] 

Cr  

[wt.%] 

Fe  

[wt.%] 

Ni  

[wt.%] 

Nb  

[wt.%] 

Mo 

 [wt.%] 

Mw 1 3.10 - 0.35 - - - 96.55 - 

Mw 2 3.32 - 0.57 - - - 96.12 - 

Mw 3, 4 - - 100.00 - - - - - 

Mw 5 0.71 0.39 0.54 16.99 68.93 10.03 - 2.40 

Mw 6 0.69 0.31 0.21 17.50 69.57 9.44 - 2.28 

 

The pore size distribution profiles and porosities of the Nb/Ti and Ti coatings as well as 
uncoated PCDs via mercury intrusion porosimetry (MIP) are shown in Figure 9. To per-
form these measurements the Nb/Ti and Ti coatings were removed mechanically from 
the substrates and both coatings and meshes were measured. Both mesh PCDs are 
dense since their pore size ranges from several tens of µm, and the estimated porosities 
are approximately 1%. For the Nb/Ti and Ti coatings the estimated porosities  measured 
were approximately 25% (inset of Figure 9) while most of the pores are below several 
tens of µm down to 3 µm, at which diameter the distribution curve increases sharply. It 
should be considered here that the achievable total pore volume in MIP is limited due to 
the small volume of the coating compared to the dense substrate; therefore, the pore 
distribution profiles of the Nb/Ti and Ti coatings are nearly identical within the error con-
sidering the experimental limit. 
 

a) b) 
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Figure 9. Pore size distribution from mercury intrusion porosimetry (MIP) for Ti and Nb/Ti coat-
ings on Ti-PCD or ss-mesh PCD as well as uncoated PCDs for comparison. The inset shows the 
porosities of the coatings and the mesh substrates. 

 

In addition to the optimized pore properties of Nb/Ti/ss-PCD, a good electrical connec-
tion between the plasma-sprayed coating and the catalyst layers ensures high perfor-
mance due to low interfacial contact resistance (ICR). The ICR measurements of the 
coated and uncoated PCDs with respect to the compaction force are presented in Fig-
ure 10. The method for estimating the ICRs of the plasma-sprayed coatings has been 
previously reported,36,37 and the experimental setup is schematized in the inset of the 
corresponding figure.  
The measurement revealed that all PCDs have comparable ICR, which is approximately 

100 m cm2 at a compaction force of 150 N/cm2, corresponding to the compression of 
the PEMWE cell during the assembling. This result might be characteristic of only multi-
layer mesh-type PCDs, as it has not been previously reported with state-of-the-art 
PCDs. It can be stated that for this kind of PCD, the Nb/Ti coatings have no influence in 
the ICR of the samples. This effect should be reflected in the PEMWE tests. However, 
we will demonstrate in the next section that the Nb/Ti coating has a strong influence on 
the performance of the PEMWE in which the coating reduces ohmic losses at high cur-
rent densities.  
 
 

 
 
36 Lettenmeier, P., Kolb, S., Burggraf, F., Gago, A. S. & Friedrich, K. A. Towards developing a backing layer for proton 

exchange membrane electrolyzers. J. Power Sources, 311, 153–158 (2016). 
37 Lettenmeier, P., Wang, R., Abouatallah, R., Saruhan, B., Freitag, O., Gazdzicki, P., Morawietz, T., Hiesgen, R., Gago, 

A.S. & Friedrich, K.A. Low-Cost and Durable Bipolar Plates for Proton Exchange Membrane Electrolyzers. Sci. Rep., 7, 
44035 (2017). 
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Figure 10. Interfacial contact resistance (ICR) with respect to the compaction force of Ti-mesh, 
ss-PCD, Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD. The inset shows a scheme of the experimental setup. 
 

Before starting the electrochemical characterization, the PCDs were tested to define the 
ideal compaction force while assembling the cell. Therefore, the samples were assem-
bled in a PEM electrolyzer cell using different torques and applying a constant current of 
2 Acm-2. The resulting cell potential is plotted in Figure 11. From this diagram 100 Nm 
was selected as optimal compaction force for cell assembly with regard to cell perfor-
mance and mechanical stress during the assembling.  

 
Figure 11. Torque study to define ideal compaction force on PCDs to ensure high cell perfor-
mances while keeping mechanical stress low. 
 

4.3.2 Polarization Curves 

After the physical characterization, the samples were investigated via intensive electro-
chemical testing. Figure 12 shows the ECell-j characteristics of a PEMWE operated at 
65°C with ss-based PCDs as well as the Ti-based PCDs and the ECell values at a con-
stant 2 A cm-2 using a commercial MEA. We observe that the use of an uncoated ss-
PCD causes rapid cell depolarization, reaching up to 2.28 V at only 0.4 cm-2. The cell is 
only operated up to this current density, and therefore, the ECell at a constant 2 A cm-2 is 
not plotted. The PEMWE cell becomes inoperable afterwards, turning the feedstock wa-
ter into a yellowish solution, similar to the colour of the electrolyte used for evaluating 
ss-BPPs under simulated conditions of a PEMWE. These results provide clear evidence 
for the magnitude of the challenge when using ss as a base material for the manufac-
ture of a low-cost PCD.  
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Figure 12. a) Polarization curves of PEMWE cells with Ti-PCD, ss-mesh, Nb/Ti/Ti-PCD and 
Nb/Ti/ss- PCD. The scan rate was 4 mA cm-2 s-1. b) The cell potential values of the different 
PCDs at 2 A cm-2.  
 

By coating ss-PCD with Nb/Ti, it is possible to achieve PEMWE performances compa-
rable to those of commercial electrolysers, such as those from Hydrogenics,38 Sie-
mens39 and Proton Onsite.40 Nevertheless it becomes clear that the Nb/Ti coating not 
only protects the ss against corrosion but also has a staggering influence on cell per-
formance. To understand this effect and compare the behavior, a PEMWE with a mesh-
type Ti-PCD similar to the ss-mesh was also tested since it is the lowest cost PCD in the 
market. But, as shown in Figure 12 a) and b), this PCD leads to low cell performances 
why PEMWEs use Ti felts or sinter powder plates as PCDs, although these are much 
more expensive due to the manufacturing process.  
Large differences in the slope of the polarization curve of Ti-PCD and those of Nb/Ti/ss-
PCD and Nb/Ti/Ti-PCD can be observed. This result contradicts the observations from 
the ICR measurements, which show no difference in ohmic resistance among all the 
PCDs. Furthermore, the polarization curve of the cell with Ti-PCD shows a hysteretic 
behaviour, while for the others, the forward and backwards measured curves overlap. 
Most importantly, the Nb/Ti coating reduces the ECell by more than 300 mV at 2 A cm-2 
compared with that of the uncoated Ti-PCD. This decrease in the overpotential repre-
sents an efficiency increase of approximately 12 %, which has an important impact on 
the cost of hydrogen production. EIS will provide comprehensive explanations for all 
these phenomena. 
 

4.3.3 Electrochemical Impedance Spectroscopy (EIS) 

The Nyquist plots of the PEMWE with Ti-PCD, Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD at 0.25 
and 1 A cm-2 are shown in Figure 13 a) and b), respectively. The spectra were analysed 
based on the equivalent circuit introduced in previous work.41 
 

 
 
38 Lettenmeier, P., Wang, R., Abouatallah, R., Helmly, S., Morawietz, T., Hiesgen, R., Kolb, S., Burggraf, F., Kallo, J., 

Gago, A.S. & Friedrich, K.A. Durable Membrane Electrode Assemblies for Proton Exchange Membrane Electrolyzer 
Systems Operating at High Current Densities, Electrochim. Acta, 210 502–511 (2016). 
https://doi.org/10.1016/j.electacta.2016.04.164. 
39 Hackemüller, F.J., Borgardt, E., Panchenko, O., Müller, M. & Bram, M. Manufacturing of Large-Scale Titanium-Based 

Porous Transport Layers for Polymer Electrolyte Membrane Electrolysis by Tape Casting. Adv. Eng. Mater, 21, 1801201 
(2019). https://doi.org/10.1002/adem.201801201. 
40 Ayers, K.E., Renner, J.N., Danilovic, N., Wang, J.X., Zhang, Y., Maric, R. & Yu, H. Pathways to ultra-low platinum 

group metal catalyst loading in proton exchange membrane electrolyzers. Catal. Today, 262, 121–132 (2016). 
https://doi.org/10.1016/j.cattod.2015.10.019. 
41 Lettenmeier, P., Kolb, S., Sata, N., Fallisch, A., Zielke, L., Thiele, S., Gago, A.S. & Friedrich, K.A. Comprehensive 

investigation of novel pore-graded gas diffusion layers for high-performance and cost-effective proton exchange mem-
brane electrolyzers. Energy Environ. Sci., 10, 2521–2533 (2017). 
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At 0.25 A cm-2, all three cells show comparable ohmic resistance of approximately 188 ± 
1 mΩ cm2, which is in good agreement with the ICR results of Figure 10. In general, the 
curves for Nb/Ti-coated PCDs are comparable to each other in their behaviour, while Ti-
PCD presents a slightly larger high-frequency arc. For all samples, the second semi-
circle which can be associated with the OER kinetics is equivalent in size, and only for 
Ti-PCD a small third arc with an apex at 0.1 Hz appears, indicating mass transport loss-
es. In contrast, at 1 A cm-2, the differences in the EIS between the cells with the coated 
and uncoated PCDs are very noticeable. The first most noticeable change at 1 A cm-2 is 
the increase in the ohmic resistance for Ti-PCD, while for Nb/Ti-coated PCDs, the ohmic 
resistance remains almost the same at both 0.25 and 1 A cm-2. Furthermore, the in-
crease in the radius of the medium-frequency semi-circle for Ti-PCD compared to 
Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD is an important change. Lastly, the low-frequency arc 
of uncoated PCD increases drastically, indicating higher mass transport losses, which is 
in good agreement with the hysteresis shape of the polarization curve in Figure 12 a). 
Conversely, the mass transport effects for the coated PCDs are barely visible. 
 
 

 
Figure 13. Nyquist plots for Ti-PCD, Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD at a) 0.25 and b) 1 A cm-2 
from 100 mHz to 50 kHz. All measurements were carried out at 65 °C and ambient pressure. 
 

Therefore, the Nb/Ti coatings have a significant influence on the ohmic resistance, an-
ode performance and mass transport behaviour during PEMWE. The ohmic resistance 
refers to the transitions of all cell components (PCD, BPP, membrane, catalyst layers); 
these components should have the lowest possible resistance due to their high contact 
with each other. On the one hand, this contact can be worsened by the formation of 
non-conductive passivation layers on Ti-PCD42,43 however, on the other hand, an insuffi-
cient compression and thus insufficient utilization of the possible contact area can also 
worsen the ohmic resistance. The optimum compression of the components can be re-
duced by either different material expansion coefficients depending on the temperature 
or the conceivable formation of a gas cushion between the catalyst layer and PCD. Due 
to inefficient gas-water management, which can be observed in simple PCDs44, the pro-
duced gas accumulates at the boundary layer and reduces the contact. While no mass 
transport limitation is observed for the coated PCDs, Ti-PCD is the only sample that 
shows ohmic loss shifts to higher values; thus, mass transport limitations seem to have 
a decisive effect on Ti-PCD. 
 

 
 
42 Metikos-Hukovic, M. & Ceraj-Ceric, M. Anodic oxidation of Titanium: Mechanism of non-stoichiometric oxide formation. 

Surface Technology, 24, 273-283 (1985), https://doi.org/10.1016/0376-4583(85)90077-9. 
43 Millet, P., Mbemba, N., Grigoriev, S.A., Fateev, V.N., Aukauloo, A. & Etiévant, C. Electrochemical performance of PEM 

water electrolysis cells and perspectives. Int. Journal Hydr. Energy, 36, 4134 – 4142 (2011). 
44 Van der Merwe, J., Uren, K., Van Schoor, G. & Bessarabov, D. Characterization tools development for PEM electro-

lysers. Int. Journal Hydr. Energy, 39 (26), 14212-14221 (2014). 

a) b) 
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Nevertheless, it should be noted that the increase in performance due to the application 
of the Nb/Ti coating is not only caused by the reduction in mass transport losses. The 
highly developed surfaces of the coated PCDs with their small porous particle layers 
provide a high interfacial contact area, resulting in low membrane deformation. In con-
trast, the region of the catalyst layer not in contact with the uncoated PCD surfaces in-
trudes into the large pore spaces, becomes degraded and thus loses conductivity. The 
catalyst layer at the interface between the catalyst and Nb/Ti/Ti-PCD or Nb/Ti/ss-PCD is 
highly active, whereas large areas of Ti-PCD are electrochemically inactive. This is con-
sistent with the EIS results in Figure 13b), which show improved kinetics of both HER 
and OER, for Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD. Furthermore, this finding agrees very 
well with the results of Schuler et al.,45 who revealed that the advantage of MPL lies in 
the local microscopic compression of the catalyst layer, which preserves the electrical 
catalyst percolation network. In addition to an increase in catalyst utilization, this can 
also be understood as a reduction in membrane deformation, resulting in a significant 
increase in performance. 
 
Summarizing the findings, mass transport limitations seem to have essential impact on 
PCD. While no mass transport limitation is observed for the coated PCDs, Ti-PCD is the 
only sample that shows ohmic loss shifts to higher values. But it should be noted that 
the increase in performance due to the application of the Nb/Ti coating is not only 
caused by the reduction in mass transport losses. The highly developed surfaces of the 
coated PCDs with their small porous particle layers provide a high interfacial contact 
area, resulting in low membrane deformation. 
 

4.3.4 Accelerated Stress Test (AST) on MPL 

As described in D2.4 Testing Protocol for electrolyzer operation the accelerated stress 
test (AST) was performed with the characterized cells of section 4.3.2 and 4.3.3. 
 
Figure 14 shows the ECell measured at a constant 2 A cm-2 until End of Test (EoT) is 
reached which we defined as 2.5 V. The PEMWE cell with uncoated ss-PCD is not 
measured since it is highly unstable and cannot withstand the applied load. Additionally, 
there are intermittent periods in which the cells are not operated. These intermittent in-
terruptions are applied intentionally to resemble shut-downs and induce further degrada-
tion. 
It can be observed that all cells are rapidly degrading but Ti-PCD reaches EoT already 
after 750 h of operation. The other two cells with Nb/Ti/Ti-PCD and Nb/Ti/ss-PCD 
demonstrate comparable trend and reach EoT after about 1500 h.  
Three main degradation mechanisms are known: 

i) Formation of oxide layers at interface of PCD and catalyst layer (CL) which 
cause an increase of ohmic resistance 

ii) MEA poisoning due to water impurities 
iii) Loss of polymeric material  

The cell potential decrease due to loss of polymeric material was not observed here. 
Since Ti-PCD has no coating protecting against passivation, the dominating degradation 
effect i) is to be assigned here. On the other hand, the behaviour of the coated PCDs 
indicates that the ss substrate does not corrode. Otherwise EoT would have to be 
achieved earlier by a significant increase in cell potential. To this end, a recovery test 
was carried out with the cell to validate the contribution of the components to degrada-
tion. Stepwise the water and components of the cell were replaced or cleaned. This test 

 
 
45 Schuler, T., Ciccone, J.M., Krentscher, B., Marone, F., Peter, C., Schmidt, T.J. & Büchi, F.N. Hierarchically Structured 

Porous Transport Layers for Polymer Electrolyte Water Electrolysis, Adv. Energy Mater. 10, 1903216 (2020). 
https://doi.org/10.1002/aenm.201903216. 
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is shown in the inset of Figure 14. From bars 4 and 10, major cell recovery is achieved 
when replacing the aged MEA with a new MEA. In fact, the degradation of Nb/Ti/ss-
PCD only contributes to 2.5% of the overall cell degradation, meaning less than 15 µV h-

1 under an AST. Under normal operating conditions, the effect of the degradation of 
Nb/Ti/ss-PCD should be negligible.  
 

 
Figure 14. a) Accelerated stress test (AST) of cells with Ti-PCD, Nb/Ti/Ti-PCD and Nb/Ti/ss-
PCD. The inset shows the cell potential after 1) End of Test, 2) changing the water, 3) replacing 
carbon paper with a new one, 4) replacing the MEA with a new one, 5) removing the oxide layer 
of the anode BPP, 6) removing the oxide layer of the cathode BPP, 7) cleaning the cathode 
PCD, 8) cleaning the anode PCD, 8) Beginning of Test, and 9) using an aged MEA again. 
 
 

Figure 15 shows the ECell vs. time of a PEMWE cell with Nb/Ti/ss-PCD in a conventional 
test station with ss pipes, pumps, gas separators, sensors, valves and other BoP com-
ponents. The cell temperature is indicated on the right y-axis. The left image in the inset 
shows a scheme of the cell with continuous water flow on the anode and cathode sides, 
as is the case for this test. The right image shows a photo of the PEMWE cell. Meas-
urements were performed at ambient pressure and 65 °C. As expected, the test in this 
setup does not show any increase in the ECell values due to degradation mechanisms (i) 
and (ii); rather, the ECell values decrease slightly over time, as is the case of an electro-
lyser with very stable BPPs and PCDs46, thus corresponding to degradation mechanism 
(iii). 
 

 
 
46 Lettenmeier, P., Wang, R., Abouatallah, R., Helmly, S., Morawietz, T., Hiesgen, R., Kolb, S., Burggraf, F., Kallo, J., 

Gago, A.S. & Friedrich, K.A. Durable Membrane Electrode Assemblies for Proton Exchange Membrane Electrolyzer 
Systems Operating at High Current Densities, Electrochim. Acta, 210 502–511 (2016). 
https://doi.org/10.1016/j.electacta.2016.04.164. 
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Figure 15. Cell potential (Ecell) with respect to operation time of the PEMWE cell with a 25 cm2 
active area at a constant current of 2 A cm-2.  
 

4.3.5 Post-test analysis MPL 

An AST alone is still not sufficient to prove that Nb/Ti protects ss-PCD against corrosion. 
Elemental mapping with EDS was carried out on the MEAs of PEMWE cells with 
Nb/Ti/ss-PCD and Nb/Ti/Ti-PCD that were subjected to the AST in Figure 14. The re-
sults are presented in Table 2 and Figure 16. The first column of images on Figure 16 
corresponds to the uncoated ss-PCD just after the first polarization curve shown in Fig-
ure 12 a). Fe (coloured in blue) is substantially present in the Ir-based anode, Pt-based 
cathode and the Nafion membrane. Deep analysis of the findings is given elsewhere.47 
In stark contrast, Nb/Ti/ss-PCD does not show any apparent traces of Fe in the anode, 
cathode or membrane, which is the same as the case of the cell with Nb/Ti/Ti-PCD. This 
characterization of the post-tested MEAs in the PEMWE cells with coated ss-PCD and 
ss-BPP for the anode and uncoated ss-PCD and ss-BPP for the cathode clearly 
demonstrates that ss can be used as a base material for manufacturing the metal com-
ponents of the entire electrolyser.  
 

Table 2. EDS of the MEAs of PEMWE cells with coated PCDs. 

 

 
 
47 Stiber, S. „submitted manuscript“ 
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Figure 16. EDS mapping of a-c) the cross-section of the MEA, d-f) cathode and g-i) anode sur-
faces of the PEMWE cell with uncoated ss-PCD, Nb/Ti/Ti-PCD, and Nb/Ti/ss-PCD. 

4.4 ProH+ Cell Testing 

After testing the Ti-GKN PCDs from our project partner GKN with our ambient pressure 
cell setups further characterization with the low pressure ProH+ Cell was performed. 
This cell concept is based on the high-pressure final system design using hydraulic cell 
compression.  
The cell was operated up to 6 Acm-2, 8 bar hydraulic compression pressure and 90 °C 
using a commercial MEA from Baltic FuelCell based on N117, Ir-based anode and Pt-
based cathode catalyst. The E-j characteristic curve is shown in Figure 17. The cell per-
formance demonstrates a cell potential of 2.24 V and 2.8 V for 4 and 6 Acm-2, respec-
tively.  
 

 

Figure 17. Polarization curve of ProH+ Cell using Ti-GKN as PCD up to 6 Acm-2, 8 bar and 90 °C 
following JRC protocol. 

 

The cell was additionally analyzed by EIS between 100 KHz and 100 mHz at 0.25, 1 
and 1.5 A cm-2. The measurements are shown in Figure 18 and demonstrate ohmic 
resistance of about 215 mΩ cm2 by the interception of the semi-circle with the x-axis. 
Furthermore, no mass transport limitations can be observed by a second semi-circle in 
the low-frequency region due to the highly developed PCD structure with regard to 
efficient gas/water transport. The results of polarization curve and EIS in ProH+ Cell are 
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in good agreement with the previous measurements with ambient pressure cells and 
proof again the effective transport behaviour of the developed PCDs of GKN. 
 
 

 

Figure 18. Electrochemical Impedance Spectroscopy (EIS) between 100 KHz and 100 mHz at 
0.25, 1 and 1.5 Acm-2 following JRC protocol. 

4.5  Membrane Electrode Assembly (MEA) testing 

4.5.1 A significant part of electrochemical characterization of the PEMWE sys-
tem components refers to the MEA manufacturing and testing. A lot of ef-
forts have been focused on the preparation of complete and functional 
MEAs, both at CERTH and ADAMANT facilities. The MEAs prepared during 
the activities of Task 3.4 are shown in deliverables 3.8 and 3.11 in de-

tail.MEAs prepared at lab scale facilities at CERTH 

For the first months and during the activities of Task 3.4 that were followed by Adamant 
for the upscaling of the Membrane Electrode Assembly (MEA) manufacturing process, 
CERTH was involved in the preparation of small scale MEAs through typical techniques, 
i.e. spraying technique for the application of the anode electrocatalyst directly on the 
membrane (CCM) and hot pressing of commercial ELAT Gas Diffusion Electrode with Pt 
(ELAT® LT 1400 gas diffusion layer, 0.5 mgPt cm-2) for the cathode side, employing 
mainly the reference commercial anode electrocatalyst IrO2 (Alfa Aesar), of an active 
area of 5.29cm2 (2.3cm x 2.3cm). Testing of the produced MEAs was carried out on a 
typical single test cell (square pack single cell with parallel anode flow fields, Pragma 
Industries). The standard PCD used on the anode side was a Sinter Metal Filter of Tita-
nium (SIKA-Ti 15 AX, GKN Sinter Metal Filters) decorated with platinum while 150 g h-1 
water was circulated to the anode and 100 cm3 min-1 saturated helium (helium passing 
through heated humidifier at 40°C) was flowing to the cathode.  
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Figure 19. Test bench (left) and small single cell (right) for MEAs performance evaluation 

 
 

For a first attempt, 2 MEAs were prepared and tested at CERTH, employing the devel-
oped electrocatalyst that contains 70%Ir/ATO (ARMINES) of two different loadings of 
iridium (0.865 mg Ir/cm2 and 1.82 mg Ir/cm2). Results are shown in Figure 20. 
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.  

Figure 20. iV curves of the MEAs produced with different loadings: 0.865 and 1.82 mgIr cm-2. 
Anode (CCM): 70 % Ir/ATO (ARMINES), Cathode: ELAT electrode 0.5 mgPt cm-2, Tcell=80 °C. 

IV curves were recorded in potentiostatic mode under water electrolysis conditions at 
800C. It is shown that no enhancement occurs when the loading of iridium increases, 
thus indicating that there is an optimum threshold above which the catalyst loading does 
not enhance the electrolysis cell performance. 
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Figure 21. IV curves, effect of PCD on the MEA performance. Anode (CCM): 70 % Ir/ATO (0.865 
mgIr cm-2), Cathode: ELAT (Pt/C), Tcell=80 °C. 150 ml h-1 H2O. 

In Figure 21 the effect of different PCDs on the MEA performance under water electrol-
ysis at 80 °C is presented. The MEA in both cases is exactly the same [anode (CCM): 
70 % Ir/ATO (loading: 0.865 mgIr cm-2), cathode: ELAT 0.5 mgPt cm-2], while two differ-
ent PCDs, the standard sintered Ti used at CERTH (partially coated by Pt via sputter-
ing) and the PCD from GKN (compound sheet made of expanded mesh and Ti powder 
layer) are used. It is obvious that the standard PCD, which is sputtered with platinum, 
leads to enhanced performance. The higher performance could be attributed either to 
higher conductivity or better liquid/gas management for this cell type using the standard 
PCD. Based on this finding, the standard PCD will be used for the following MEA evalu-
ation measurements.  

4.5.2 MEAs prepared at ADAMANT facilities 

For the next set of measurements, ADAMANT has performed a series of development 
actions in order to upgrade their facilities for the MEA preparation task. Towards the 
direction of using industrial scale coating methods with high production rates and yields, 
ADAMANT prepared a number of MEAs using roll-to-roll (R2R) and doctor blade tech-
niques, in order to assess their applicability for MEAs mass production. As a first step 
and in order to test the large-scale vacuum table and R2R laminating machine before 
proceed to the preparation of the large-scale MEAs, ADAMANT prepared a number of 
small-scale MEAs to be tested. Several batches of MEAs were prepared and evaluated 
at the standard small-scale PEM electrolysis test cell. In  Figure 22 the performance of 
the MEA with commercial IrO2 as anode prepared by ADAMANT using the R2R laminat-
ing machine is compared with a MEA prepared by CERTH using the hot-pressing tech-
nique. In both MEAs, IrO2 was applied directly onto the membrane by spraying at 
CERTH. The higher performance of the MEA prepared with the conventional hot-
pressing technique is obvious; however, the performance of the first generation of R2R 
fabricated MEAs is promising. This sub-performance could be attributed to the low pres-
sure applied on the R2R laminating machine. In Figure 23the Nyquist plots recorded 
under water electrolysis of the MEA produced with the R2R laminating technique are 
presented. Electrochemical impedance measurements were carried out at V=1.3-2.2 V 
with a frequency range of 100 kHz – 0.1 Hz and AC amplitude 10 mV at T=80oC. The 
spectra generally consist of two overlapping semicircles, attributed to the electrochemi-
cal processes in hydrogen and oxygen electrodes.  
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 Figure 22. iV curves of the MEAs produced 
with the R2R laminating machine and the hot-
pressing technique. Anode (CCM): IrO2 com-
mercial, Cathode: ELAT (Pt/C), Tcell=80 °C. 
150 cc h-1 H2O 

Figure 23. Nyquist plots of the MEA produced 
with the R2R laminating machine: Anode (CCM): 
IrO2 commercial, Cathode: ELAT (Pt/C), Tcell=80 
°C. 150 cc h-1 H2O 
 

shows the characteristic iV curve recorded under PEM water electrolysis for an MEA 
produced by ADAMANT using the large-scale vacuum table and the doctor blade tech-
nique for the application of the anode electrocatalyst IrO2 (1 mgIr cm-2) onto the mem-
brane. Afterwards, the CCM was hot pressed with the ELAT cathode at CERTH (340 kg 
cm-2, 130 °C, 3min), as for the conventional CCMs. The performance of this MEA is re-
markably higher than the R2R MEA, but still it underperforms compared to conventional 
(CCM for both electrodes) MEAs. Coating parameters were further investigated in order 
to optimize the whole procedure, in terms of performance, stability and durability of the 
MEAs tested.  
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 Figure 24. iV curve of the MEA produced using the large-scale vacuum table for the anode 
CCM and the hot-pressing technique. Anode (CCM): IrO2 commercial (1 mgIr cm-2), Cathode: 
ELAT (0.5 mgPt cm-2), Tcell=80 °C. 150 cc h-1 H2O 

 

Figure 25 - Figure 32 show results from all the successful MEAs constructed at ADA-
MANT and hot pressed at CERTH, giving a strong potential of achieving a high perfor-
mance, combined with stability through time of testing. In all cases, commercial IrO2 at a 
loading of 1 mg Ir/cm2 was employed as the anode electrocatalyst and ELAT Pt/C (0.5 
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mgPt cm-2) was used as the cathode electrode, and hot pressed at 130°C and 340kg cm-

2 for 3 min. For Figure 25 - Figure 26, MEA tested was prepared by doctor blade coating 
of the anode material on the membrane at a loading of 1 mg Ir/cm2 and hot pressed with 
the cathode ELAT Pt electrode. Measurements show a good performance for three days 
of testing, however a small degradation is shown after three days of measuring.  

 

 

Figure 25. iV curves of the MEA produced using the large-scale vac-
uum table for the anode CCM by doctor blade and the hot-pressing 
technique. Anode (CCM): IrO2 commercial (1 mgIr cm-2), Cathode: 
ELAT (Pt/C), Tcell=80 °C. 150 cc h-1 H2O 

 

Figure 26. Nyquist plots of the MEA produced with the doctor blade 
technique: Anode (CCM): IrO2 commercial (1 mgIr cm-2), Cathode: 
ELAT (Pt/C), Tcell=80 °C. 150 cc h-1 H2O 



 

Project 779478 - PRETZEL 
Novel modular stack design for high pressure PEM water electrolyzer tech-
nology with wide operation range and reduced cost 

 

 31 

 

The following results (Figure 27 - Figure 28) show the performance of a second MEA 
prepared at ADAMANT with the same characteristics with the previous one, coating of 
the anode material by applying doctor blade technique and hot pressing with ELAT Pt/C 
electrode on the cathode side. The MEA was tested for 6 days, showing a high and sta-
ble performance at 800C. At higher temperature (900C), enhanced MEA performance 
was achieved, as expected.  

 

 
Figure 27. iV curve of the MEA produced using the large-scale vacu-
um table for the anode CCM by doctor blade technique and the hot-
pressing technique for applying the cathode electrode. Anode (CCM): 
IrO2 commercial (1 mgIr cm-2), Cathode: ELAT (Pt/C), Tcell=80 °C. 150 
cc h-1 H2O 

 

 

Figure 28. Nyquist plots of the MEA produced with the doctor blade 
technique (same MEA as shown inFigure 27) 
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Moving towards standard techniques for the application of electrodes, ADAMANT pre-
pared MEAs using the conventional spraying technique. Commercial IrO2 was directly 
sprayed on the membrane (Nafion® N115) and sent to CERTH for hot pressing with the 
cathode electrode (ELAT Pt/C). Iridium loading was 1 mg/cm2 and all the testing condi-
tions were the same with those described previously.  

Afterwards, the effort was focused on spraying both anode and cathode electrodes di-
rectly on the membrane (double-CCMs: DCCMs) followed by hot-pressing. The MEA 
prepared by spray coating of the anode IrO2 ink on the Nafion N115 membrane in order 
to have a loading of approximately 1 mgIr/cm2. Spray coating was also applied at the 
cathode side using a cathode Pt ink, in order to have a loading of 0.4 mgPt/cm2. The 
ionomer content on anode and cathode electrocatalyst layers was 29 and 20% wt, re-
spectively. After many tests and optimisations, a high-performance double-CCM MEA 
was manufactured as shown in Figure 29 and Figure 30. As expected increased opera-
tion temperature results in enhanced performance. It is clear from the above findings 
that double-CCMs lead to enhanced performance due to the better adhesion of the 
catalyst layer on the membrane and consequently lower resistance.  

 

 

Figure 29. iV curve of the MEA produced using the large-scale vacu-
um table for the DCCM of anode and cathode materials and the hot-
pressing technique. Anode (CCM): IrO2 commercial (1 mgIr cm-2), 
Cathode (CCM): Pt/C commercial (0.4mgPt cm-2) Tcell=80 °C. 150 cc 
h-1 H2O 
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Figure 30. Nyquist plots of the MEA produced by DCCM method 
(spraying of anode and cathode materials, same MEA as Figure 29) 

 

Functional parameters and conditions during MEA preparation are an important subject 
to study, in order to enhance the material’s activity. Towards this, the pressure applied 
during hot-pressing of the DCCMs was investigated. Several tests were performed at 
various pressures, while temperature and time of pressing remained constant, 1300C for 
3 min. DCCMs were manufactured at ADAMANT, employing IrO2 at the anode (loading: 
0.5mgIr/cm2) and Pt/C (HiSPEC4000) at the cathode (loading: 0.2mgPt/cm2). Hot press-
ing was applied at CERTH at 3 different pressure values, (i) 56 kg/cm2, (ii) 112 kg/cm2 
and (iii) 340 kg/cm2. Results are shown in Figure 31- Figure 32 and it is observed that 
the optimum pressure is 340 kg/cm2 for preparing a high-performing MEA in terms of 
current density. This finding is also in good agreement with the Nyquist plots (Figure 32) 
recorded at 1.8 V with a frequency range of 100 kHz – 0.1 Hz and AC amplitude 10 mV 
at T=80oC, in which it is clearly observed that increasing of the pressure during MEA 
preparation leads to a significant reduction of the ohmic resistance of the MEA. 
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Figure 31. iV curves of the MEAs produced at various pressures 
during the hot-pressing process by DCCM (Anode, Iridium loading: 
0.3mg/cm2, platinum loading:0.4mg/cm2). 

 

 

Figure 32. Nyquist plots of the MEAs produced at various pres-
sures during the hot-pressing process (same MEAs,Figure 31) 

 

Among the electrocatalysts tested regarding the OER activity (WP4, Task 4.1 Half-cell 
electrochemical tests) for the electrochemical characterization of the materials prepared 
by ARMINES and IBERCAT for the project, three (3) materials as most promising were 
selected to be employed as anode electrocatalytic electrodes, due to their enhanced 
OER activity. After optimization of the conditions and parameters used for MEA con-
struction described above by ADAMANT, a next batch of MEAs with the most promising 
materials developed in PRETZEL was prepared and tested. Two loadings of 1mgIr/cm2 

and 0.3mgIr/cm2 were investigated for the anode side, while cathode loading was 0.5 
mgPt cm-2

 in all cases. Finalization of the MEA was performed under hot pressing at 
1300C and 340kg/cm2, for 3 minutes. All measurements during the water electrolysis 
testing were performed under the same conditions, results are shown at Figure 33 - 
Figure 34 and Figure 35- Figure 36 for the loadings of 1 and 0.3 mgIr/cm2, respectively. 
Each figure includes the results of a MEA with the same characteristics but containing 
commercial IrO2 as the anode electrocatalyst for comparison reasons. Both polarization 
curves and Nyquist plots were recorded at 80°C feeding water on the anode side and 
saturated helium on the cathode. EIS were performed using a frequency range of 
100kHz-100 mHz and 10 mV amplitude at 1.8 dc potential. For 1mgIr/cm2 anode elec-
trocatalyst loading, the commercial iridium oxide electrocatalyst showed the highest per-
formance, reaching a current density of 2 A/cm2 at a potential of 2V. 30% Ir/ATO (SA) 
followed with 250 mV higher potential at the same current density, while the MEA with 
70% Ir/ATO(ARMINES) as anode showed the worst performance. This behavior is also 
confirmed by the Nyquist plots. Both ohmic and polarization resistance are lower for 
MEAs performing higher. 



 

Project 779478 - PRETZEL 
Novel modular stack design for high pressure PEM water electrolyzer tech-
nology with wide operation range and reduced cost 

 

 35 

0 400 800 1200 1600 2000

1.4

1.6

1.8

2.0

2.2

2.4

 30% Ir/ATO(SA)

 30% Ir/ATO(ARM)

 70% Ir/ATO(ARM)

 IrO2

P
o

te
n

ti
al

 /
 V

Current Density / mA cm-2

T = 800C

1 mgIr cm-2

 

Figure 33. iV curves of the MEA produced by DCCM and the hot-
pressing technique for various anode electrocatalysts 30% Ir/ATO 
(SA), 30% Ir/ATO (ARMINES), 70% Ir/ATO (ARMINES), IrO2 com-
mercial 
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Figure 34. Nyquist plots of the MEAs produced by double spraying of 
anode and cathode materials for various anode electrocatalysts 
(same as in Figure 33) 
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Figure 35. iV curves of the MEA produced by DCCM and the hot-pressing technique for 
various anode electrocatalysts 30% Ir/ATO (SA), 30% Ir/ATO (ARMINES), 70% Ir/ATO 
(ARMINES), IrO2 commercial 
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Figure 36. Nyquist plots of the MEAs produced by double spraying of anode and 
cathode materials for various anode electrocatalysts (same as in Figure 35) 

 
For the loading of 0.3 mgIr/cm2, the current densities received are lower as expected 
due to lower iridium loading on the anode side for all MEAs. MEA with the commercial 
IrO2 anode still remains the most active one. However, there is an inconsistency in the 
sequence of performance among the MEAs with the Ir supported on ATO anodes for the 
two loadings applied. MEA with 70% Ir/ATO (ARMINES) at the anode has given re-
markably good results, while the worst activity was measured for the MEA with 30% 
Ir/ATO (ARMINES) anode. EIS results also reflect this performance. In order to explore 
if these inconsistencies appear due to manufacturing failure, a second batch of MEAs 
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with identical characteristics and 1 mgIr cm-2 of iridium loading were prepared by 
ADAMANT and sent to CERTH for testing. The anode electrocatalysts used were (a) 
commercial IrO2, (b) 30% Ir/ATO(SA) and (c) 30% Ir/ATO (ARMINES). All 
electrocatalysts were deposited on the membrane Nafion® N115 surface by spray 
coating, followed by the hot pressing. MEAs were hot pressed at CERTH and tested 
under the same conditions, at a constant temperature T=800C and water flow rate FH2O 
= 150cc h-1. Figure 37 shows the characteristic IV curves recorded under galvanostatic 
mode. The MEA with the commercial anode material IrO2 shows the highest 
performance, while 30% Ir/ATO (ARMINES) shows quite better activity compared to 
30% Ir/ATO(SA). This fact is in contrast to the previous one (Figure 33) as shown in the 
comparison Figure 38Figure 38. This finding may be correlated with many issues such 
as failure during the MEA manufacturing, the homogeneity of the anode catalytic 
material and layer on the electrolyte’s surface. Reproducibility of exactly the same MEA 
assembly still remains an important task, however and as reported in the literature, 
although iridium supported materials have high activity for the OER their efficiency as 
anode electrocatalysts in real water electrolysis is low. Iridium supported on ATO 
materials need optimization for preparing a high performing anode electrode. Therefore, 
all efforts will be focused both on achieving high efficiency and reproducible MEAs using 
iridium supported anode materials.  

 

Figure 37. iV curves of the MEA produced by DCCM and the hot-
pressing technique for various anode electrocatalysts (a) 30% Ir/ATO 
(SA), 30% Ir/ATO(ARMINES), IrO2 commercial 
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Figure 38. iV curves of the MEA produced by DCCM and the hot-pressing technique for various 
anode electrocatalysts (a) 30% Ir/ATO (SA), 30% Ir/ATO(ARMINES), IrO2 commercial – compar-
ison with the previous batch of MEAs 

Towards the manufacturing of the whole MEA using industrialized techniques instead of 
the laboratory scale hot pressing technique, heat roller was used for the DCCM press-
ing. The DCCM was fully manufactured by ADAMANT having 1 mgIr cm-2 and 0.4 mgPt 
cm-2 electrocatalyst loadings at the anode and cathode, respectively. The roll pressure 
applied was 4 MPa at 130°C with a speed of 8 mm sec-1. The MEA performance in 
comparison with the MEA using hot pressing is shown in Figure 39 indicating that the 
higher pressure (more than 4 times higher) applied under hot pressing leads to better 
adhesion of the catalyst layers on the membrane, thus lower ohmic resistance as shown 
in Figure 40, and therefore higher performance. 
 

 

Figure 39. iV curves of the DCCMs produced by spraying anode and 
cathode materials and pressed using hot press and heat roller. Anode 
(CCM): IrO2 commercial (1 mgIr cm-2), Cathode (CCM): commercial Pt/C 



 

Project 779478 - PRETZEL 
Novel modular stack design for high pressure PEM water electrolyzer tech-
nology with wide operation range and reduced cost 

 

 39 

(0.4mgPt cm-2), Tcell=80 °C. 150 cc h-1 H2O 

 

Figure 40. Nyquist plots of the DCCMs produced by spraying anode 
and cathode materials and pressed using hot press and heat roller 
(conditions as in Figure 39) 

4.5.3 MEAs ProH+ Cell Testing 

After the evaluation of the small-scale 2.3cm x 2.3cm MEAs prepared by ADAMANT 
and tested at CERTH in a small-scale conventional test cell for the PEM water electroly-
sis system, a batch of two identical MEAs were prepared, of an active area of 25cm2 
(5cm x 5cm) and tested in a similar to the final stack configuration cell based on hydrau-
lic compressed cell design. Anode material was 30% Ir/ATO (SA) in both cases at a 
loading of approximately 1 mgIr/cm2, while for the cathode Pt/C ink was sprayed on the 
membrane in order to have a loading of 0.4mgPt/cm2. Measurements were performed at 
a constant water flow rate of 100 cc/h, helium flow rate: 100cc/min through humidifier, at 
760C and at pressure of 8 bar, applied for the proper sealing of the cell, using hydraulic 
cell compression. Figure 41 illustrates the IV curves that were recorded in a galvanos-
tatic mode, according to the JRC protocol. It seems that the performance of both MEAs 
is poor and lower compared to the 2.3 x 2.3 cm2 MEAs prepared under the same condi-
tions.  
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Figure 41. iV curves of the 5cm x 5cm MEAs produced by double spraying and hot pressing. 
Anode (CCM): 30% Ir/ATO (ARMINES) (1 mgIr cm-2), Cathode (CCM): Pt/C (0.4 mgPt cm-2), 
Tcell=80 °C.  

 

In order to investigate if ultrasonic spraying may lead to enhanced-performance MEAs, 
WHS prepared a MEA using ultrasonic spraying for the application of commercial mate-
rials on the anode and cathode sides. Iridium black with a loading of 1 mg cm-2 and 0.4 
mgPt cm-2 were sprayed directly on the membrane Nafion®N115 as anode and cathode, 
respectively, followed by hot pressing at 130°C and 340 kg cm-2. The MEA having a 
geometric surface area of 5x5 cm2 were evaluated in the ProH+ test cell. For comparison 
reasons, a commercial MEA of the same dimensions by Baltic Fuel Cells was also test-
ed at the same cell and conditions. The anode was an electrode of Iridium black with 
1.2-1.4 mgIr/cm2 loading and a Pt/C as cathode with loading of 2mgPt/cm2 and Nafi-
on®N117 as the electrolyte. WHS MEA was prepared at WHS and sent to CERTH for 
testing. The performance of the MEAs are shown in comparison in Figure 42. All meas-
urements were performed at the same conditions (water flow rate: 100cc/h, Helium flow 
rate: 100cc/min through humidifier, 76oC and 8bar) and according to the JRC protocol. It 
is shown that the MEA manufactured at WHS using ultrasonic spraying has a promising 
performance and very close to the commercial one.  
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Figure 42. iV curves of the 5cm x 5cm MEAs, tested at the ProH+ test cell, FH2O = 100 cc/h, T = 
760C, P = 8 bar.  

 

The effect of operation temperature on the MEA performance was also tested for the 
ultrasonic sprayed MEA under the same conditions (water flow rate: 100cc/h, Helium 
flow rate: 100cc/min through humidifier, pressure: 8 bar). Cell heated by means of a 
flowing heated oil at the temperatures of 760C, 840C, 880C and the performance is 
shown in Figure 43. MEA activity is slightly improved when increasing the temperature, 
as expected.  
 

 

Figure 43. iV curves of the 5cm x 5cm MEA manufactured using ultrasonic spraying at 3 different 
cell temperatures, tested at the ProH+ test cell, FH2O = 100 cc/h, P = 8 bar. 
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5 Conclusions 

The coated copper bipolar plates were evaluated electrochemically regarding corrosion 
resistance to determine if the anti-corrosion protection layer applied on copper sheets 
meets the requirements set in deliverable D2.1. The samples showed excellent corro-
sion resistance properties, with corrosion currents lower than 0.1 µA cm-2 and corrosion 
rates below 1 µm year-1. No pinhole formation was found in the cross-sectional images 
of the coated copper plates after corrosion tests. The final evaluation of the component 
in an electrolyzer cell proofed the operability at 90 °C up to 4 Acm-2 with a cell perfor-
mance of 2.4 V.  
The pore-graded PCD produced by our partner GKN (Ti-GKN) can withstand the ex-
treme conditions of temperature (90 °C) and high current density (6 Acm-2) which was 
tested by intensive electrochemical characterization revealing a performance of 2.24 
and 2.8 V at 4 and 6 Acm-2, respectively. The cell potential of Ti-GKN PCD is relatively 
stable at constant current 4 Acm-2 under AST and post-test analysis via recovery test 
demonstrated neglectable degradation by the PCDs.  
The application of MPL on ss-PCD enhanced cell performance by reducing ohmic and 
mass transport losses. After performing an AST a recovery test was carried out to inves-
tigate the particular contribution of each cell component to the overall cell degradation. 
The main degradation was caused by the poisoning of the MEA with iron coming from 
the PCD as proofed by elemental mapping using EDS. With similar Fe amount for 
Nb/Ti/ss- and Nb/Ti/Ti-PCD it was proven that the entire PEMWE stack can be manu-
factured by stainless steel components. 
MEAs were prepared and evaluated successfully, both at the small-scale test cell and at 
the ProH+ test cell with a larger active area of 25 cm2 (5cm x 5cm). Many methods were 
applied for the optimization of the MEA manufacturing process. Results showed that 
double-sided CCMs by spraying have higher performance compared to the single-sided 
CCMs. A lot of effort has been made on manufacturing a high- and stable- performing 
MEA with commercial materials leading to promising results. However, high perfor-
mance MEAs were not achieved using the iridium supported ATO materials which is 
also reported in the literature. Therefore, for the remaining project period focus on man-
ufacturing working Ir/ATO electrodes will be put on. 
 
Coated Copper BPP 

✓ Coated Cu BPP demonstrated stability against corrosion in PEMWE cell tests 
✓ Operation parameters of 90 °C and 4 Acm-2 do not affect the operability  

 
Porous Current Distributor (PCD) 

✓ Ti-GKN developed highly advanced PCD 
✓ PCD can be operated at extreme conditions of 90 °C and 6 A cm-2 
✓ AST reveals stable cell performance at constant current 4 A cm-2 and 90 °C 
✓ Post-test cell recovery proofed neglectable degradation by the PCD 

 
Macoroporous layer (MPL) 

✓ The Nb/Ti MPL improves cell performance significantly, reducing ohmic re-
sistance and mass transport limitations 

✓ At the end of AST, only traces of Fe in the MEA of the cell with the Nb/Ti/ss-PCD 
are detected, which is similar to Nb/Ti/Ti-PCD  

✓ PEMWE can be produced almost entirely in stainless steel 
 
MEA 

✓ Higher pressure applied during DCCM hot pressing results in higher perfor-
mance which is attributed to the lower ohmic resistance of the MEA  

✓ Double CCMs perform higher performance compared to the single-sided CCMs 
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✓ ADAMANT developed good performing small-scale MEAs with commercial elec-
trocatalyst materials 

✓ Iridium supported on ATO materials need optimization for preparing a high per-
forming anode electrode 

 

6 Appendix  

 
 
 


