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II.  Technical Report  

This final technical report presents the progress in the different work packages (WP) within the 
last reporting period of the PRETZEL project. Additionally, a summary of the previous work done 
in each work package is provided. 
 

1. Explanation of the work carried out by the 
beneficiaries and overview of the progress 

Objectives 
 
The overall goal of PRETZEL is to develop an innovative polymer electrolyte membrane 
electrolyzer (PEMEL) that provides significant increases in efficiency and operability to satisfy 
emerging market demands. Such electrolysers are urgently needed in the context of the 
increased demands of the grid balancing market. PRETZEL is offering a break-through in 
becoming a game changer in the field of water electrolysers. 
 

1. Develop and manufacture a high-pressure polymer electrolyte membrane electrolyzer 
(PEMEL) to operate at increased temperatures. 

2. Develop and manufacture the high pressure PEMEL stack based on the novel principle 
of hydraulic compression. 

3. Set-up and undertake continuous procedures to evaluate the development process 
through all phases against PRETZEL specifications. 

4. Integrate the innovative PEMEL stack into a high pressure PEMEL test facility and 
validate the overall performance and operational criteria. 

5. Disseminate and exploit the innovations in PRETZEL to prepare the market penetration 
of this new technology. 

 
A central objective of this project is the development of a novel PEMEL system with a maximum 
25 kW electrical power consumption that generates 4.5 m3 h-1 H2 at rated power, at an output 
pressure of 100 bar and feed water temperature of maximum 90°C. At the system level, the 
specific energy demand at rated production rate will be below 25 kWh kg-1 H2 and 70% efficiency 
based on higher heating value (HHV). Furthermore, this system will be able to operate in 
overload mode referring to a production rate as high as 6.8 m3 h-1 H2 (1.5 times overload). Rapid 
response of 1 second for a hot start and 10 seconds for a cold start are the operating targets of 
the system. 
 
At the stack level, the project will implement a patented design approach based on hydraulic cell 
compression. This design allows for large planar cell components, which is required for future 
mass production, and effective cooling at exceedingly high production rates and temperature 
levels. Regarding sufficient stack conditioning, a cooling system will be developed for voltages of 
maximum 2.0 V per cell at rated power and of 2.3 V per cell in overload modus. Additionally, the 
target of PRETZEL is the development of a high pressure PEMEL stack, which opens a 
perspective for specific stack costs of below 500 € kW-1. As for the production at 100 bar, an 
additional compressor is omitted, for the targeted system specific systems costs are possible in 
the range of 750 € kW-1. 
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Overview of progress 
 

Objective Project Target Status by Month 42 (end of 
the project) 

Definition of specifications and 
requirements 

The defined specifications and 
requirements should be used 
as a validation platform and 
an inventory of tools and 
methods for component 
development tasks in the 
project. 

The requirements and 
specifications of the key cell 
components such as 
catalysts, MEAs, current 
distributors, microporous layer 
and pole plates together with 
aspects regarding stack and 
system design are defined 
and listed as well as all 
measurement procedure 
protocols. 

Manufacturing of inner cell 
components 

Manufacturing of inner cell 
components for initial test 
cells with an active area from 
4 to 100 cm2 and the final high 
pressure cell design with an 
active area of approx. 500 
cm2.  

The manufacturing of 4 to 100 
cm² PCDs for coating, catalyst 
for 4 to 500 cm² MEAs as well 
as MEAs for 4 to 500 cm² 
active area cells was 
successful. 

Component characterization Characterization and 
evaluation of the developed 
materials and components of 
WP3 to provide reliable 
feedback to WP2. 

All developed materials were 
pre-qualified, characterized 
and tested as well as adjusted 
to the needed requirements. 

Cell and stack development Development of a prototype 
high pressure PEMEL stack 
based on the principle of 
hydraulic compression. 

A cell and stack design to 
meet all the requirements of 
the project has been 
developed with respect to the 
requirements defined by the 
inner cell components.  

System integration and 2000 h 
stack test 

Integration of the developed 
stack into the electrolysis 
system. Retrofit and upgrade 
of system components 
necessary to allow system 
operation. Operation and 
characterization of the 
developed stack. 

The retrofitting of the 
electrolysis system was 
successful. The stack was 
integrated in the electrolysis 
system and put in operation. 
The 2000 h test results will be 
shared as soon as they are 
available. 

Dissemination and 
Exploitation 

Dissemination of the key 
PRETZEL results and 
innovations. Planning of the 
exploitation of the PRETZEL 
results. 

Dissemination successfully 
took place via website, social 
media, publications, and 
conferences among other 
channels. A detailed 
exploitation plan was 
prepared. 

 
 
Further objectives at work package (WP) level and the status are given in section 2. The list of 
Deliverables (D) and Milestones (M/MS) reached during the project is enclosed in Annex I of this 
document. 
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2. Summary of progress in each work package 

2.1 Work Package 1: Coordination (DLR) 

 

2.1.1 WP1 objectives and summary of results preceding the reporting period 
 

➢ Project planning and scheduling 

➢ Efficient use of resources available in the project to achieve the clearly identified 
objectives of the project 

➢ Establishment of reliable and efficient communication channels between the partners 

➢ Progress controlling and reporting 

➢ Administrative and financial management; cost controlling 

➢ Finding solutions to problems; risk assessment 
➢ Organization of kick-off, regular meetings, and the final meeting of the project 

 
In task 1.1 and task 1.2, DLR managed the PRETZEL project according to the objectives initially 
submitting a description of the critical work path (D1.1). Apart from the kick-off meeting in 
Stuttgart and the first and second semi-annual meeting and mid-term review meeting (MS2), 
DLR organized several internal workshops and telephone conferences to bring the partners 
together to discuss the individual work packages. The first and second interim reports (D1.2, 
D1.4) and the midterm report (D1.5) were prepared with input from all partners. The first annual 
data report was provided (D1.9). A confidential exchange site (PRETZEL team-site) was set up. 
At several points DLR provided specific support concerning experimental processes to different 
partners. 
 
In task 1.3, DLR designed the quality assurance plan and project handbook (D1.3), establishing 
standards and rules to ensure comparable harmonized project results between the different 
project tasks.   
 
 

2.1.2 WP1 objectives for the reporting period 
 
WP1 objectives did not change during the project. 
 
 

2.1.3 WP1 results within the reporting period 
 

2.1.3.1 Task 1.1: Administrative and financial management (month 1-42, DLR) 
 
During the reporting period, the third, fourth and fifth semi-annual meetings were organized and 
held. To support partners in MEA development (task 3.3) and material development (task 3.4) 
several phone conferences were set up and attended. Discussions about the Covid-19 crisis 
caused need for a project extension was guided. A request for a project extension by six months 
was submitted and granted. The final meeting took place on the 25th of February 2021 as an 
online event due to covid-19 restrictions (MS3). Results archived within the last few months of 
the project were presented and discussed. Due to unforeseen delays the final steps of the 
system integration and stack testing could not be completed within the project duration. To be 
able to still include these results in the final report a strict timeline was set up for these tasks in 
the final meeting.  
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2.1.3.2 Task 1.2: Scientific and technical management (month 1-42, DLR) 
 
The third and fourth interim reports as well as this final report were prepared with the input of all 
partners and submitted (D1.6, D1.7, D1.8). Also, the second and third annual data reporting for 
FCH-JU were submitted (D1.10, D.11). The partners were supported wherever necessary, but 
most prominently by: 
 

➢ Monitoring catalyst synthesis - one catalyst was developed by DLR before this project 
➢ Supporting the membrane electrode assembly (MEA) development by sharing DLR’s 

knowledge on MEA preparation and performing performance measurements 
➢ Support on the planning of tasks regarding system implementation and long-term test 
➢ Support on electrochemical impedance spectroscopy (EIS) measurements 

 
 

2.1.3.3 Task 1.3: Quality Assessment (month 1-42, DLR) 
 
The quality of measurements and reports as well as the component manufacturing and product 
synthesis was continuously monitored.  
 
 

2.1.4 WP1 Deliverables and Milestones achieved, Deviations and Explanations 
 
D1.1: Description of the Critical Work Path (DLR; Month 2; Report; Confidential) 
Status: Approved, Delivery date: 28th Feb. 2018 
 
D1.2: First Internal Interim Report (DLR; Month 6; Report; Confidential) 
Status: Approved, Delivery date: 4th Jul. 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.3: Quality Assurance Plan and Project Handbook (DLR; Month 6; Report; Confidential) 
Status: Approved, Delivery date: 4th Jul. 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.4: Second Internal Interim Report (DLR; Month 12; Report; Confidential) 
Status: Approved, Delivery date: 19th Dec. 2018 
 
D1.5: Midterm Report (DLR; Month 18; Report; Public) 
Status: Approved, Delivery date: 8th Oct. 2019 
Justification of deviations: Originally on time within the permitted 60 days period, resubmitted 
with corrections on the 8th of Oct. 2019. 
 
D1.6: Third Internal Interim Report (DLR; Month 24; Report; Confidential) 
Status: Approved, Delivery date: 2nd Jan. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.7: Fourth Internal Interim Report (DLR; Month 31; Report; Confidential) 
Status: Approved, Delivery date: 27th Jul. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.8: Final Report (DLR; Month 42; Report; Public) 
Status: Submitted, Delivery date: 31st Aug. 2021 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.9: First Annual Data Report (DLR; Month 15; Report; Confidential) 
Status: Approved, Delivery date: 21st May 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D1.10: Second Annual Data Report (DLR; Month 27; Report; Confidential) 
Status: Approved, Delivery date: 28th May 2020 
Justification of deviations: On time within the permitted 60 days period. 
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D1.11: Third Annual Data Report (DLR; Month 42; Report; Confidential) 
Status: Approved, Delivery date: 4th Mar. 2021 
 
MS1 M1.1: Kick-off meeting and consortium agreement is provided. (DLR; Month 1) Description: 
The kick-off meeting of PRETZEL project took place on 24 January 2018 in Stuttgart with all 
partners and the project officer attending. As follow-up of the meeting all presentations were 
distributed to the partners and a Minutes of Meeting document was distributed to the meeting 
participants. The Consortium Agreement between the partners existed in finalized and signed 
version by the date of the meeting and during the meeting the signed (original signatures) CA 
documents were distributed to all partners.   
Status: Submitted, Delivery date: 21st Jan. 2018 
 
MS2 M1.2: Mid-term review. (DLR; Month 22) Description: The mid-term report for the project 
review meeting held on 11th Oct 2019 at FCH-JU in Brussels was submitted including the 
technical and financial report. All partners were present at the review meeting to present the 
progress of each WP. Most objectives and milestones of the first project period were achieved 
with only minor or no deviation. 
Status: Submitted, Delivery date: 4th Sep. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
MS3 M1.3: Final Meeting. (DLR; Month 42) Description: The final meeting was held online, due 
to COVID-19 restrictions on the 25th of February 2021. Any open questions regarding the work in 
progress were discussed. The required procedures to collect contributions from the partners for 
the final report, to conclude the PRETZEL project, were laid out by DLR. 
Status: Submitted, Delivery date: 25th Feb. 2021 
 
 

2.1.5 Summary WP1 
 
Project organization, communication and progress monitoring are important issues for project 
success and achievement of project goals.   
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2.2 Work Package 2: Definition of specifications and requirements 
(CERTH) 

 

2.2.1 WP2 summary of objectives and results preceding the reporting period 
 
The objectives of WP2 are the definition of the analytical requirements for materials, operation 
conditions for compliance tests and technical specifications for system and stack components. 
 
In task 2.1 (GKN) requirements for cell components to meet the project targets i.e., anode 
catalyst and catalyst support, cathode catalyst, MEA specifications and processing, PCDs, MPLs 
and pole-plates were determined (MS4). Experimental work in WP3 and WP4 had started to 
provide further information on the required specifications and the already submitted deliverable 
D2.1 was resubmitted after additional results had been gathered.  
 
In task 2.2 (WHS) the required specifications for the stack design and system were analytically 
determined (D2.3). In task 2.3 (CERTH) measurement protocols for physical and electrochemical 
characterizations were defined (D2.2), for the characterization and evaluation of components, 
cells, and stacks of the PEM electrolysis system. 
 
 

2.2.2 WP2 objectives for the reporting period 
 
Most of the WP2 objectives were reached before this reporting period. Still not all specifications 
and requirements were finalized, as feedback from the experimental work impacts these 
requirements. Therefore, the objective of this work package within the reporting period is this 
finalization. 
 
 

2.2.3 WP2 results within the reporting period 
 

2.2.3.1 Task 2.1: Requirements for cell components (month 1-24, GKN) 
 
This task concluded before the start of this reporting period. Previous results were reported in the 
PRETZEL midterm report. 
 
 

2.2.3.2 Task 2.2: Specifications for stack design and system (month 13-24, WHS) 
 
This task concluded before the start of this reporting period. Previous results were reported in the 
PRETZEL midterm report. 
 
 

2.2.3.3 Task 2.3: Compliance testing protocols validation criteria (month 5-30, CERTH) 
 
Harmonised testing protocols are often based on compromises between different requirements of 
different programs carried out. It is obvious that while such general protocols are extremely 
useful in ensuring fair comparison of results and performance across different organisations and 
programs, they are also useful in ensuring that there is a high degree of flexibility in the use of 
such protocols. However, specifications of a particular project may not be fully considered. 
Therefore, the test protocols developed for this report have been based on those developed 
under the framework contract between the Joint Research Centre (JRC) and the Fuel Cells and 
Hydrogen 2 Joint Undertaking (FCH2JU) and further developed through annual rolling plans. 
These JRC harmonised test protocols have been established with the aim of defining protocols 
and tests to be used for the assessment of electrolysis equipment against the defined Key 
Performance Indicators (KPIs) described in the FCH JU (HARMONISED EU TEST PROTOCOL 
FOR WATER ELECTROLYSE APPLICATIONS) multi-annual work plan. 
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Within the reporting period harmonised testing protocols for the testing of the PRETZEL 
electrolysis system (25 kW stack) were defined and submitted in D2.4. For the recording of 
current controlled polarisation curves, specific current steps and dwell times were chosen and 
listed (Figure 1). The measurement of EIS is explained. As the performance goal of the 
PRETZEL stack is to operate constantly at 4 A cm-2, but also allow overload phases at 6 A/cm² 
(1 to 2 minutes), a respective 2000 h testing protocol was designed (Figure 2).  
 

 

Figure 1: Designed polarization curve: Current steps and dwell time. 

 
 
 

 

Figure 2: Proposed 2000 h dynamic stack testing protocol 
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Additionally, another dynamic testing protocol, developed in the QualyGridS project is presented 
as an option for stack characterisation. This testing protocol was carried out on a laboratory scale 
and the results were presented.  
 
The option and advantages of carrying out the different characterisation methods in an 
accelerated stress test (AST) by reducing the water volume and allowing contaminations to 
accumulate was discussed. On a stack level a significant portion of the overall long-term 
degradation is often caused by the accumulation of dissolving species, prominently metal ions, in 
the MEA. Due to the high volume of water, the constant flow and due to the water purification 
resins employed, in PEMEL stacks this degradations takes significant time. Reducing the water 
volume and removing water purification systems allows for the accumulation of contaminants. In 
measurements of different systems degradation rates can therefore be compared much easier, 
as degradation is measurable after much shorter times, making e.g., a 1000 h tests sufficient for 
the evaluation of degradation behaviour. Figure 3 schematically shows the AST setup. By these 
actions in task 2.3 Milestone 5 was reached. 
 
 

 

Figure 3: AST setup 
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2.2.4 WP2 deliverables and milestones achieved, deviations and explanations 
 
D2.1: Component specifications (CERTH; Month 4; Report; Confidential) 
Status: Approved, Delivery date: 2nd May 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D2.2: Compliance test protocols and analytics (CERTH; Month 8; Report; Public) 
Status: Approved, Delivery date: 8th Nov. 2019 
Justification of deviations: Originally on time within the permitted 60 days period, resubmitted 
with corrections on the 8th of Nov. 2019. 
 
D2.3: Stack specifications (WHS; Month 16; Report; Confidential) 
Status: Approved, Delivery date: 3rd May. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D2.4: Testing protocol for electrolyzer operation (DLR; Month 30; Report; Confidential) 
Status: Approved, Delivery date: 31st Aug. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
MS4 M2.1: Component specifications are established (CERTH; Month 4) Description: The 
component specifications were established and distributed to the partners. The definitions of 
specifications and requirements for the components are reported in the Deliverable report D2.1 
which is an initial document with an interface between all cell components for the subsequent 
stack development. The objective was to identify, define and compile all cell parameters and 
requirements with the aim to reach the targets (performance, durability). The specifications are 
based on the relevant industrial areas for each electrolyzer component.   
Status: Submitted, Delivery date: 02nd May. 2018 
 
MS5 M2.2: Tests protocols for qualification of the HP electrolyzer are conceived (CERTH; Month 
30) Description: Deliverable D2.4 defines operation protocols for the electrochemical 
characterization and validation of single-cells as well as short-stacks. The testing protocols will:  
 

➢ Facilitate the assessment of the single-cell performance and of the short stack/s, under 
specified operating conditions 

➢ Provide preliminary pre-normative results that can lead to recommended practices for the 
concept and the development of market-oriented specifications and pre-standards 

 
The development of the Testing Protocol is based on partners’ in-house testing protocols and are 
in accordance with the FCH JU harmonized testing procedures developed by the JRC in 
collaboration with European industry and researchers. 
Status: Submitted, Delivery date: 28th Aug. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
 

2.2.1 Summary WP2 
 
Within this reporting period testing protocols for preliminary lab-scale experiments as well as for 
the electrochemical characterization of the final 25 kW stack were designed and reported. 
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2.3 Work Package 3: Component manufacture (GKN) 

 

2.3.1 WP3 summary of objectives and results preceding the reporting period 
 
To provide the cell components for initial cell tests with smaller active areas, as well as, 
eventually, for the final large area high pressure PRETZEL stack the objectives of WP3 
preceding the reporting period have been the conception of the stack pole plates (PPs) (task 
3.1), the manufacturing of the porous current distributor (PCD, equivalent to porous transport 
layer (PTL)) components for testing in laboratory scale test devices (task 3.2), the first synthesis 
of Ir/antimony tin oxide (ATO) catalysts for initial MEA production (task 3.3) as well as the first 
manufacturing of MEAs for initial cell tests (task 3.4).  
 
In task 3.1 (WHS) low price copper contact springs coated with gold were chosen as the best 
option to electrically connect the single cells in the final stack. To prevent corrosion of the pole 
plates in the reaction compartments, different possibilities of coating the copper PPs have been 
discussed. Thermally spraying layers of non-precious metals (Ti, Nb), which is the most cost-
effective method was eventually selected, as these coatings were tested in WP4 and were 
shown to be highly effective in protecting the Cu from corrosion.  
 
In task 3.2 (GKN) initial, medium size samples of the coated Ti PCDs were produced and sent to 
the project partners for testing. In contrast to the expanded metal sheets, titanium felts were 
proven to be not suitable as a coating substrate. After first successful studies regarding the 
coating of the PCDs by selective laser melting (SLM), a parameter study was carried out (D3.1).  
 
In task 3.3 (IBERCAT) the optimal route for the synthesis of the desired supported Ir catalysts to 
provide economical scale-up was chosen (D3.2). First electrochemical characterizations showed 
superiority of the CTΑΒ/anhydrous EtOH method (Lettenmeier route) compared to the polyol 
method. The synthesis process was further optimized to enable higher throughput required for 
the stack MEAs and first samples of 30 and 70 wt. % Ir on commercial and calcinated aerogel 
ATO prepared by ARMINES were sent to project partners for physicochemical characterisation, 
electrochemical characterisation, and preparation of small-scale MEAs for testing in PEMEL 
standard test cells.  
 
In task 3.4 (ADAMANT) MEAs were prepared by coating of the anode catalyst on Nafion® 
membranes as the electrolyte. Commercially available IrO2 (Alfa Aesar), as a benchmark, as well 
as the synthesized 30 wt. % and 70 wt. % Ir/ATO catalysts were used. The samples were sent to 
project partners for the first cell tests (D3.3). To reach a central goal of task 3.4, the optimisation 
of the up-scaled manufacturing process for large area MEAs, a setup for film-coating of the 
anode catalyst layer as well as to laminate the commercial cathode electrode in a continuous 
process were developed. First efforts to counteract swelling of the Nafion PEM by pre-swelling 
before coating were successful. Representative samples were sent to project partners to 
evaluate the efficacy of these new techniques. Double spraying of the anode and cathode 
materials on the electrolyte were also successfully completed. 
 
 

2.3.2 WP3 objectives for the reporting period 
 

➢ Final decision on the choice of the PP bulk material, protective coating material, coating 
technique and coating parameters 

➢ Finalization of the design of the copper springs to be employed to electrically connect the 
cells in the stack with each other 

➢ Production of the necessary PCD plates for the final stack test 
➢ Optimisation of the ATO supported Ir catalyst synthesis based on the measured 

electrochemical performance in RDE and single cell tests 
➢ Bulk production of final catalyst for large scale MEA production. 
➢ Optimisation of the MEA manufacturing process and selection of the best manufacturing 

route or techniques based on the results of the electrolysis cell tests.  
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➢ Production of full size MEAs required for stack testing. 
 
 

2.3.3 WP3 results within the reporting period 
 

2.3.3.1 Task 3.1: Pole plates (month 5-27, WHS) 
 
The stack design based on hydraulic single cell compression works with planar monopolar 
plates. These plates need to fulfil different requirements. Most importantly, a high electric 
conductivity and a corresponding high thermal conductivity are necessary as well as a certain 
mechanical flexibility. The concept works with two pole plates per cell, which are in contact with a 
hydraulic fluid on the outside and in contact with the process media and the respective porous 
transport layers (PTL) on the inside of a cell. Materials need to be selected, which can withstand 
the respective conditions, especially the highly oxidative environment at the anode side. 
 
A high thermal conductivity is required, since the hydraulic fluid is also used for temperature 
management and, therefore, a good transition of the thermal energy from the process site to the 
hydraulic medium needs to be guaranteed. The electrical current is guided from one cell to 
another via several contact points. Although the in-plane distance between these points is being 
kept low, a homogeneous current distribution throughout the active area is favoured by a pole 
plate material with a high in-plane conductivity. On the other hand, the material’s thickness must 
not be too high, as the cell compression is provided by a hydraulic liquid surrounding the single 
cells and pole plates. Here, a flexible material distributes the hydraulic pressure equally to the 
active cell components, hence, guaranteeing a homogeneous compression and with that 
homogeneous operation conditions. 
 
 
Pole plate design 
 
To meet the requirements, the focus in pole plate development was on operability and long-term 
stability. To achieve high thermal and electrical conductivity, copper was chosen to be the base 
material. For good electrical contact and protection, the copper plates are gold coated. Except on 
the process media anode side where a Nb-coating and a Ti-coating was applied. Electrical 
connection between neighbouring cells is provided by flexible copper beryllium (Cu-Be) springs. 
 
Corrosion protection: 
 
Different approaches for corrosion protection at the oxidizing environment present at the anode 
side of polymer electrolyte membrane (PEM) electrolysers were discussed in the consortium. An 
already tested simple solution with a thin titanium foil was set to be the fallback option. The 
problem with this setup is the additional contact resistance between the foil and the copper pole 
plate, especially with oxide layers being present at the respective surfaces. 
  
The aim in this project was to create a corrosion protective layer for the copper pole plates, which 
keeps the electrical conductivity at a high level. This target could have, for example, been 
reached by using a bilayer structure with titanium for corrosion protection and e.g., platinum for a 
low contact resistance. But since this structure is cost intensive, an approach without the need 
for precious metals was developed with niobium as protective layer combining both desired 
properties for stability and conductivity. However, especially the possibility to withstand the harsh 
conditions at the anode side of PEM electrolysers needed to be investigated. With a Nb-
multilayer applied by vacuum plasma spraying, the coating showed excellent stability. This has 
been validated by several corrosion measurements, which are described in detail in deliverable 
report D4.1 of the PRETZEL project. 
 
At the cathode side, gold coated copper plates are used. Gold coating is commonly used in the 
field of electrical connectors to lower the contact resistance. It is also used with hydrogen 
applications for a reduced hydrogen diffusion, e.g., as membrane coating for pressure sensors. It 
has, therefore, proven its applicability as coating for the cathode side pole plates. To ensure a 
long-term stable high-quality operation, gold coating is also applied on the outer side of each 
pole plate, both anode as well as cathode side. 
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Current conduction: 
 
The concept of hydraulic single cell compression works with a liquid surrounding each cell of a 
stack. Electrical contact must be realized through the space in between two neighbouring cells. 
To keep the current density as homogeneously distributed throughout the active cell area as 
possible, current conduction from one monopolar plate to the next one needs to be established 
via as many connections as possible. Since a mechanically fixed connection of the pole plates 
would work against the principles of the hydraulic concept, a flexible solution was developed 
using Cu-Be springs. These springs are mounted to one side of each cell, as depicted in Figure 
4, contacting the backside of the neighbouring cell when stacked together. 
 
 

 

Figure 4: Computer drawing of a single cell with flexible Cu-Be  
springs attached to the pole plate. 

 
Such Cu-Be components are commonly used when it comes to electrically connect movable 
parts of a given setup. The high flexibility of the used material guarantees for a proper contact of 
each single spring. Current conduction was investigated using the selected product in advance of 
the pole plate manufacturing process. The experimental study revealed that the ohmic resistance 
of this kind of electrical connection amounts to about 10 µΩ per cell. This value corresponds to 
the usage of 85 springs per cell. Just like the pole plates themselves, the springs are gold coated 
for minimizing the contact resistance. 
 
Interconnection to the PCD: 
 
To further minimize the overall electrical resistance inside the electrolyser cells, the idea was to 
mate the pole plates with the PTLs. This would especially be beneficial with metallic components, 
as there would be no more insulating oxidation layer at the interface. The possibility to directly 
connect the components was investigated by GKN using the technique of diffusion bonding. An 
experimental study was carried out with the aim to create a structure able to meet the 
requirements for the usage at the anode side of a PEM electrolyser. The material selection was 
based on the specifications of this project. A copper plate was used as base material in 
combination with a thin titanium foil for corrosion protection. An expanded metal sheet, as it is 
part of the PTL structure, was placed on top of the titanium foil (see Figure 13). 
 
First promising results demonstrate the potential of the investigated method, but also revealed 
some difficulties, as it is challenging to establish two connections at the same time with different 
materials, respectively. It can be concluded that this production technique has the potential to 
contribute to a further improvement of the used cell components, but the process needs to be 
further developed. Therefore, this technique is not used for manufacturing the pole plates for the 
final demonstrator stack. Details on the PCD-PP bonding experiment are given in section 2.3.3.2. 
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Manufacturing process 
 
The pole plates for the 25 kW high-pressure PEM electrolyser stack were produced in 
cooperation by different partners of the PRETZEL project consortium. Manufacturing of the base 
material with the final dimensions was done by WHS. As a second step, a corrosion protective 
Nb-layer was applied by VPS at DLR to one side of the anode pole plates. Subsequently, the 
backside of the anode pole plates as well as both sides of the cathode pole plates were being 
gold coated. Finally, flexible contact springs made of copper beryllium have been attached to the 
backside of the cathode pole plates. 
 
Vacuum plasma spraying (VPS): 
 
For corrosion protection at the anode side, the respective pole plates were being coated with 
niobium using the technique of vacuum plasma spraying (VPS). VPS is a thermal spraying 
process, which enables the production of thick layers of several tens of microns with controlled 
porosity at scalable production rates. As spraying material various metallic and ceramic powders 
in the range of nanometres and hundreds of micrometres can be used. Furthermore, the plasma 
spraying technology is very suitable to produce dense coatings on low cost BPPs based for 
example on stainless steel substrate but also porous layers due to the mechanical stability and 
relevant thickness of the produced layers1. The main part of this technology is the torch, where 
the gas flows through the annular gap of a finger like cathode and a concentrically surrounding 
anode. The gas consists of a mixture of Ar, N2, H2 and He and it becomes ionized by electric arcs 
between the electrodes of several hundred amperes and is heated up to at least 10,000°C. The 
heat enables the complete or semi melting of the powder and accelerates it into the direction of 
the substrate. The plasma enthalpy, the powder injection technology and particle size of the 
material affect this process. A completely melted particle is ideal for producing dense and 
protective layers. Conversely, partly melted particles can be used for manufacturing porous 
coatings for multiple purposes. 
 
Therefore, 0.5 mm thick Cu plates were coated with 4 layers of Ti or 8 layers of Nb particles. 
Both used metal powders had particle size of 45 µm. In Figure 5 cross-sectional images of the 
dense Ti- (a) and Nb-coatings (b) at magnification of 1500 and 1000, respectively, are shown. 
 
Although the coatings appear dense, showing no open porosity whatsoever, for reasons of safety 
a film of epoxy resin was applied on top of the Ti- or Nb-VPS-coating. The liquid coating was 
exposed to a low vacuum to remove any gases from and allow the epoxy resin to penetrate the 
surface pores. After the resin layer was cured completely, all excess epoxy material was 
removed by manual sanding, leaving only the pores filled with resin, ensuring no negative impact 
on surface conductivity. This “sealing” process ensured that even at possible defect points of the 
VPS coating no copper base material would ever contact the electrolyte. 

                                                      
 
 
 
1 Fauchais P. Understanding plasma spraying. J Phys D Appl Phys 2004;37:R86–108. 
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Figure 5: Cross-sectional image of dense coating on Cu-plate a) using Ti-particles and b) using 
Nb-particles 

The cross-sectional image of Figure 5a) was done at DLR using FE-SEM Zeiss ULTRA plus in 
secondary electrons mode with charge compensation. The working distance and accelerating 
potential were 8.2 mm and 20 kV, respectively. Due to extensive electrochemical evaluation of 
the coated components Figure 5b) was done at UPT with field emission scanning electron 
microscopy (FE-SEM) using a QUANTA FEG 250 microscope. FE-SEM images were taken 
using the backscattered electrons detector, at accelerating voltage of 20 kV and with a working 
distance of 9.7 mm. 
 
Gold coating: 
 
In contrast to electrical devices, where gold coatings are applied only to realize a low contact 
resistance, for the usage in PEM electrolysers, it must also be assured that no material is present 
at the surface, which could negatively affect the process or the long-term stability. Therefore, a 
special three-layer coating was used to guarantee for the necessary stability and purity at the 
surface. After cleaning the copper plate, especially to remove the oxide layer, a nickel coating 
was applied. On top of that, a first gold layer was applied. The coating was done via galvanic 
methods. The electrolytes for these first two layers are designed to create a strong bonding 
between the different materials at the respective interfaces. At last, the so prepared pieces were 
plated with the final pure gold material. Experimental investigations of the treated samples were 
performed using scanning electron microscopy (SEM). As can be seen in Figure 6, the entire 
three-layer coating had an overall thickness of about 4.6 microns, with a gold amount of 3.4 
microns. 
 

 

Figure 6: Cross section of a copper plate coated with a three-layer structure comprising one 
nickel and two gold layers (visible as only one thick layer). 

 

a) b) 

10 µm 100 µm 
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With this kind of surface treatment, pole plates showing the desired properties regarding long-
term stability and low contact resistance were created. 
 
Flexible contact springs: 
 
The electrical connection between two neighbouring cells was established using flexible contact 
springs. The springs needed to meet the necessary specifications concerning the distance 
between the pole plates and the current load capacity. A sketch of the chosen product is shown 
in Figure 7. 
 

 

Figure 7: Schematic drawing of the Cu-Be springs used to interconnect two neighbouring cells of 
the 25 kW high-pressure PEM electrolyser stack.2 

 
The initial height of these springs amounts to 10.4 mm. It is lowered to a value of 6.1 in the 
compressed state when the springs are integrated in the completely assembled stack. The ohmic 
resistance of the chosen product is sufficiently low, as has been experimentally validated. For 
long-term stability of the electrical contact, the springs were gold-plated like the pole plates. The 
given dimensions of the pole plates and the springs allowed for a maximum number of 85 springs 
being placed at the backside of the cathode pole plate. A small piece of glue, which was situated 
at the flat area on the underside of each spring, was used to attach the springs to the pole plate. 
When the cells were stacked together, the upper round shaped side is pressed against the next 
pole plate while the free end of the spring is in contact with the surface it’s attached to. Electrical 
current is guided between neighbouring cells via these two contact points. 
 
The pole plate manufacturing process in WP 3 was successfully completed with achieving 
deliverable D3.6. Pole plates for the final demonstrator stack have been produced according to 
the procedures described above. These plates comprise a copper sheet with a thickness of 
0.5 mm, which was coated on both sides for corrosion resistance and enhanced electrical 
contact. For usage at the anode side, the front side of the final plates was coated with Titanium, 
whereas the front side of the plates intended for cathode side usage was coated with gold. The 
back side of all pole plates was gold plated. Photographs of the pole plates are provided in 
Figure 8 and Figure 9 together with other current conducting parts of the high-pressure stack, 
which were silver plated for proper electrical contact. The pole plates have a size of 
234 x 234 mm2. The additional lugs visible in both figures were necessary for the plating 
processes and have been removed before usage. 
 
 

                                                      
 
 
 
2 ZILLKON Zillgitt GmbH. (2020, March 25). Retrieved from 
https://www.zillkon.de/webmedia/images/kontaktfedern/zeichnungen/5220.jpg 
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Figure 8: Detailed view on the front side of a pole plate intended for usage at the anode side of 
the high-pressure stack. 

 

 

Figure 9: Overview on the current conducting parts of the stack including all pole plates. 
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2.3.3.2 Task 3.2: Coated porous current distributors (month 5-27, GKN) 
 
GKN manufactured a fully titanium 3D pore-graded PCD with a macro porous layer (MPL) for 
initial test cells with an active area ranging from 25 to 100 cm² and the final high-pressure cell 
design with an open porous area of 500 cm² (22.5 x 22.5 cm²). 
 
Preliminary tests preceding this reporting period disqualified the used titanium fibre sheets as the 
PCD support material because of the retention of loose powder and the risk of MEA puncturing 
by fibres sticking out. All further efforts were focused on the production, optimisation, and testing 
of PCDs employing the expanded titanium sheet (density 2 g/cm², porosity 55%) as a support. 
The component design needed to be feasible for the targeted current density of 6 A cm-². The 
microporous layer was deposited with a special filling device on top of the expanded metal 
substrate sheets. The generated pore size is about 6µm. The thickness of the deposited layer is 
approximately 500 to 700 µm. 
 
GKN followed two different manufacturing routes for the PCDs within this project: Solidification of 
and joining the fine powder layer by SLM and solidification and joining by classical powder 
metallurgical technique via diffusion bonding in a vacuum furnace. 
 
 
Experimental study on SLM for PCD manufacturing (GKN) 
 
In contrast to the classical diffusion bonding technique, SLM is a less time and energy intensive 
technique and was therefore chosen to be explored for PCD manufacturing.  
 
The SLM machine for sample preparation was a single Renishaw AM laser with a maximum 
laser power of 160 W. The chamber was operated under a protecting atmosphere of argon gas. 
After positioning the 100 x 100 mm² support material on the powder bed, the fine powder for the 
MPL was deposited with a sieve and distributed with a doctor blade. The chamber was 
evacuated and reflooded with argon three to four times to reach a low oxygen concentration of 
400 ppm. At first a 6 x 4 matrix was used for determining the best values for machine parameters 
such as laser power, single and double exposition, laser focus, etc., to achieve optimum 
solidification, open porosity and joining of support and MPL. 
 
Although satisfactory joining of the MPL and the expanded titanium sheet was archived in these 
first test, strong deformation of the PCD during SLM, caused by the selective heating, made the 
resulting parts unusable. To counteract this phenomenon the powder chamber was preheated to 
300 and 500°C to reduce the lateral temperature gradients. Still, this did not have any noticeable 
impact on the deformation process. Contrary to this, PCDs created by SLM using the titanium felt 
as support did not deform during processing, due to the flexibility of the felt mat. Nevertheless, 
because of the before-mentioned problems with the titanium felt PCDs, the option of using this 
material was not further explored. 
 
 
Manufacturing of a pole-plate PCD compound component (GKN) 
 
The results of the SLE trials suggest that a stabilizing layer is needed to reduce the PCD 
deformation during the manufacturing. This issue was solved by introducing the strategy of 
joining the PCD and the PP into a single cell component. This brings with it the advantages of an 
easier cell construction and removes the electrical interfacial resistance between the PCD 
support and the PP. Additionally small gap corrosion at these contact spot, possibly worsening 
contact quality over time during cell operation could be bypassed by this approach. First trials 
were carried out by spotwelding the expanded titanium PCD support onto a copper sheet. After a 
2 x 2 matrix test, varying laser power and single/double exposition, samples were generated with 
double exposition at 120 and 140 W laser power (Figure 10). 
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Figure 10: middle: spot welded Ti expanded metal on copper sheet (left); right: SLM sample 

 
Although this was the most promising design, not showing any intolerable sample deformation, a 
dense corrosion protection layer is needed on top of the copper plates. Here the consortium 
followed different approaches: DLR deposited a gas tight titanium layer by vacuum plasma 
spraying (VPS, see Figure 12) and GKN via diffusion bonding (Figure 13). 
 

 

Figure 11: Titanium coated copper sheets. Coated via VPS at DLR. 

 
The first approach explored for the manufacturing of the PP-PCD compound, was to directly 
deposit an MPL onto the PP. The used PP was a copper sheet coated with a dense titanium 
coating via VPS by DLR (Figure 11). Initially the plate was run through a two-roll calendar to 
produce a flat sample. Several combinations of different powder layer thickness as well as 
different powder particle sizes were tested. The best outcome in terms of uniform powder coating 
and graded porosity was achieved with 4 layers of coarse powder (100 – 200 µm) and 2 layers of 
fine powder (63 – 90 µm) deposition on top of the Ti VPS coating. The laser parameters were 
varied in a 2 x 2 matrix. Figure 12 shows this sample and some cross section microscopic 
images. Both connections, the VPS coating on the copper sheet as well as the laser welded 
powder layer show an excellent metallurgical joining. 
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Figure 12: top left: sample overview; top right: cross section showing the bonding between Cu 
support and Ti VPS-coating; bottom: cross section showing SLM powder layer on VPS-coating 

 
As a second approach, in an alternative production process GKN stacked a copper sheet 
together with a titanium foil and the titanium expanded metal sheet. Diffusion bonding was 
performed in a vacuum furnace. The cross section shows a metallurgical connection between the 
three plates with a broad diffusion area between copper and titanium (Figure 13). 
  

 

Figure 13: Cross section of copper/titanium PP-PCD compound 

 
In first SLM tests this Ti/Cu design showed lower degree of deformation than depositing the 
powder on a Ti expanded metal sheet. SLM samples were created varying laser power from 140 
to 180 W using a hatch of 0.2 mm and 80 ms exposition time. Spherical Ti powder with 100 – 
200 µm particle size was used for the MPL. 
 
In conclusion the trials carried out to demonstrate PCD manufacturing via SLM showed great 
promise in terms of cost and time saving processing as well as the opportunity to integrate 
further functionality into the Ti PCD. This will be followed up on by GKN after the PRETZEL 
project. Nevertheless, after 22 months within the project, it was decided to produce the PCD for 
the final stack via the powder metallurgical route because of the higher technical readiness of 
this process. Moreover, the required PCD size of 500 cm² could not yet be achieved via SLM. 
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The higher robustness of this process led to an easy and successful upsizing from 100 to 500 
cm² PCD structures. 
 
 
Manufacturing of Ti-GKN PCDs for testing and for the final PRETZEL stack (GKN) 
 
GKN developed an optimized production process of porous graded structures by classical 
powder metallurgical techniques. This was done on a small scale as well as in the final stack 
dimensions. In this case a fine powder layer is deposited on a coarse support structure. Here a 
new device for powder deposition was designed resulting in homogeneous powder coating on 
the expanded metal support material (Figure 16). The next step is sintering the fine powder on 
the coarse support media. Sintering was performed in a high vacuum sintering furnace to prevent 
oxide formation during heat treatment. Several samples of the resulting PCDs were sent to the 
partners WHS and DLR for physical characterization and testing in lab scale and stack scale 
PEMEL cells. The successful production of the first full size PCD was reported in demonstrator 
D3.7.  
 
Figure 14 shows a sample of a full size PCD (MPL visible) send to the partners. Figure 15 shows 
a cross section of the sample in which the graded structure of powder layer and expanded metal 
sheet is visible. For all PCDs generated via the powder metallurgical process (i.e. sintering) the 
powder fraction of 63 – 90 µm was used. 
 
 

 
Figure 14: Porous Ti material for 

partners DLR and WHS 

 
Figure 15: Cross section of the gradient 

structure. Expanded metal support material 
coated with fine Ti powder 

 
 
In Figure 16 a sketch of the powder deposition device that was designed during within the 
PRETZEL project is shown. It consists of a main plate with a mould for a furnace plate made 
from zirconia. With this material no interdiffusion between the sinter plates and the titanium 
structure occurs. On this plate the support structure is positioned, and the powder slurry is 
deposited on the support structure from a slurry feeder. Depending on the speed of the feeder 
the amount of slurry deposition can be adjusted. A doctor blade direct behind the feeder 
transport residual powder into a mould at the end of the cover plate. 
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Figure 16: Sketch of the powder coating device 

 
A following sintering process was employed for diffusion bonding of the powder particles and 
joining the MPL to the support structure. The typical used sinter temperature was 70% of the 
absolute melting temperature. The optimal sinter temperature varies also within the particle size 
distribution of the metal powder: The finer the powder the higher the diffusion activity. A batch 
furnace is used for heat treatment. The furnace was kept completely free from graphite elements 
to prevent carbide formation on the PCD. The heat treatment was performed under a vacuum of 
2 x 10-5 mbar. This was generated by a roots pump and an additional oil diffusion pump. With this 
technique seven full size PCDs for the final stack were produced and delivered to WHS. 
 
A photograph and a typical height distribution of the Ti-GKN PCD measured by WHS is shown in 
Figure 17. By the means of the developed deposition device the height deviation was reduced 
from +/- 0.15 mm to +/- 0.1 mm on a 225 x 225 mm² plate which was essential to achieve an 
effective seal around the single cells. 
 

 
Figure 17: 225 x 225 mm² PCD and its height profile 

 
Below, measured values of the MPL of the delivered Ti-GKN PCDs are listed: 
 
Thickness /mm      0.7 ± 0.1 
Pore size /μm (calculated from bubble point)  52,3 
Density /%      50–60 
Porosity /%     40–50 
Smallest pore /μm     18 
Median pore size diameter /μm    36 
Largest pore /μm     70 
Bubble Point /mbar (isopropanol):  18 
Flow /m³ h−1 m–² (air, 1 mbar)    365 
Permeability      [α /10–12 m²]: 13,5;    [β /m]: 8,5 
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This PCD manufactured at GKN by the vacuum sintering technique was chosen to be used for 
the PRETZEL stack and is denoted as “Ti-GKN” PCD/PTL from here on out. 
 
 
Testing of PCDs in laboratory scale PEMEL cells (DLR) 
 
Testing of the Ti-GKN PCDs in a laboratory scale PEMEL cell at DLR showed, that the PCD 
performance is on par with the PRETZEL project goals of reaching 6 A cm -2 without showing any 
sign of mass transport limitations. PCDs manufactured at DLR by coating mesh type PCDs 
induce mass transport limitations at very high current densities. This confirmed that the GKN 
PCDs are the best option for the final stack. Figure 18 shows polarizations curves of a PEMEL 
cell comparing the different PCDs. 
 

 

Figure 18: Pol-curves (JRC): Base, VPS-coated mesh-type and Ti-GKN PCDs; 
 90°C; 1 bar; commercial MEA; 1 N m 

 
The SLM trials, manufacturing of stack PCDs by GKN and testing thereof were reported in detail 
in deliverable D3.10. 
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2.3.3.3 Task 3.3: Catalyst synthesis (month 9-23, IBERCAT) 
 
Electrocatalyst with iridium metal supported on ATO were prepared by three different synthesis 
routes found in literature. The three synthesis routes, the Lettenmeier, Goodenough-Smotking  
and Polyol methods are schematically depicted in Figure 19.  
 

 

Figure 19: Procedures of the three different Ir/ATO synthesis routes 

 
Catalysts with 30 and 70 wt. % iridium on both commercial and calcinated aerogel ATO produced 
by ARMINES were synthesised and tested. In Table 1, the problems encountered during the 
catalyst synthesis development and the measures implemented to solve these problems are 
presented. 

Table 1: Problem solving process during catalyst synthesis development. 

Problem Solution 

Lower than expected Ir loading Increase amount of reducing agent NaBH4 30-fold to ensure 
total reduction of IrCl3 to Ir. 

Chloride and CTAB 
contamination in final product 

1. Increase amount of reducing agent 30-fold to ensure total 
reduction of IrCl3 to Ir. 

2. Increase number of water and ethanol washing steps and 
filtration time to several days. 

Burning of the organic filter 
material 

An ultrafiltration apparatus was acquired and employed for the 
catalyst filtration that enabled constant purging with inert 
argon gas. 

  
Tests preceding this reporting period had shown that the highest performance catalyst materials 
are synthesised via the Lettenmeier route.  
 
Previously three catalyst types were selected as they showed highest promise in the RDE tests:  
 

1. 70 wt. % Ir/ATO, ATO calcinated aerogel prepared by ARMINES (ARM) 
 

2. 30 wt. % Ir/ATO, ATO calcinated aerogel prepared by ARMINES (ARM) 
 

3. 30 wt. % Ir/ATO, commercially available ATO (SA) 
 



 

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

 

28 
 

The synthesis of these most useful anodic electrocatalyst selected by PRETZEL consortium was 
scaled up and improved. The procedure was sequentially elaborated to minimize the synthesis 
steps without detriment in activity and held an inert atmosphere during the process to avoid the 
oxidation of the noble metal even in the solid extraction as well as when is handled for package 
and transport. Appropriate amounts of all three catalyst types were synthesised and sent to the 
partners for characterization and MEA manufacturing. Figure 20 shows the synthesis setup. 
 

 

Figure 20: Optimized, high throughput catalysts synthesis setup 

 
Although the ATO supported Ir catalysts showed exceptional performance in RDE experiments 
(WP4), no high-performance and durable MEA based on these catalysts could be produced 
within the project duration. To enable the project to progress smoothly it was decided to employ a 
commercially available MEA in the PRETZEL stack. Still, to investigate the impact factors on 
MEA performance and find key aspects to increase performance additional catalyst material was 
synthesised for further tests. 
 
The catalyst synthesis development was reported in D3.4 and D3.5 in detail. 
 
 

2.3.3.4 Task 3.4: MEA manufacture (month 11-28, ADAMANT) 
  
In the framework of Task 3.4, the following activities were completed within the reporting period 
to achieve the upscaling: 

 
1. Design and construction of thermal vacuum table for film applicator upgrading to prepare 

the large-scale Catalyst Coated Membranes (CCMs) by ADAMANT. 
 

2.  Preparation of the MEA development and risk mitigation plan by ADAMANT.  
 

3. CCM MEAs prepared by coating of Nafion®115 commercial membranes with Ir-based 
anode electrocatalysts and Pt/C cathode electrocatalysts. The development followed a 
scale-up concept starting from reference (benchmark) materials and lab-scale 
techniques of CERTH and ADAMANT towards electrocatalysts developed within 
PRETZEL project (IBERCAT, ARMINES) and pilot-scale techniques of ADAMANT.  

 
4. For the selection of the optimum process and technique for large-scale CCMs 

manufacturing the following procedures were carried out:  
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i. Optimisation of small-scale CCMs manufacturing through preliminary tests 

through doctor blade and spraying techniques by ADAMANT and clarification of 
appropriate parameters of manufacturing based on PEMEL measurements 
performed by CERTH 

 
ii. Successful preparation of double-CCMs (DCCMs) anodes and cathodes through 

spraying by ADAMANT and PEMEL measurements performed by CERTH.  
 

iii. Based on processes and results (quality and reproducibility in preparation of 
electrodes and MEAs and their performance), the selected approach for large-
scale MEA manufacturing in the project is the preparation of double-CCMs 
applying the spraying technique. 

 
 
 
ADAMANT successfully manufactured a large-scale double-CCM (active area: 22.4 cm 
x 22.4 cm) with Ir/ATO as anode electrocatalyst and Pt/C as cathode electrocatalyst 
applying the spraying technique. 

 
5. For the selection of PRETZEL anode electrocatalyst, three batches of double-CCMs 

MEAs were manufactured, as follows: 
 

i. First batch: ADAMANT prepared 16 DCCMs with commercial IrO2 (Alfa Aesar), 
30% Ir/ATO(SA), 30% Ir/ATO(ARM) and 70% Ir/ATO(ARM) - two DCCMs of each 
anode catalyst type with two different iridium loadings each, 0.3 and 1 mg cm-2. 
Pt/C (HiSPEC4000) was deposited as cathode electrocatalyst with a platinum 
loading of 0.4 mg cm-2. All DCCMs were sent to CERTH for hot-pressing and 
testing. 

 
ii. Second batch: ADAMANT manufactured 12 DCCMs with commercial IrO2 (Alfa 

Aesar), 30% Ir/ATO(SA) and 30% Ir/ATO(ARM) - four DCCMs of each anode 
catalyst type with an iridium loading of 1 mg cm-2. Pt/C (HiSPEC4000) was 
deposited as cathode electrocatalyst with a platinum loading of 0.4 mg cm-2. All 
DCCMs were hot-pressed at CERTH. Six MEAs were tested at CERTH and six 
MEAs were tested at DLR. 

 
iii. Third batch: ADAMANT and WHS prepared ten DCCMs with commercial Ir-black, 

30% Ir/ATO(SA), 30% Ir/ATO(ARM) and 70% Ir/ATO(ARM) as anode 
electrocatalyst with an iridium loading of 1 mg cm-2. All DCCMs were hot-pressed 
at CERTH and were tested at WHS and CERTH. 

 
After MEAs testing on water electrolysis conditions, two main issues were observed based on 
results: (a) the activity of Ir/ATO and (b) the durability, which leads to the conclusion that the 
manufacturing process to receive high performances is still not found for the PRETZEL materials. 
For the optimisation of Ir/ATO electrocatalyst, ADAMANT supported ARMINES and IBERCAT to 
elaborate high performance MEA for laboratory-scale cells with manufacturing of additional 
DCCMs after the expiry of Task 3.4.  

 
Regarding the system level and project targets to fulfil stack/system testing, mature MEAs 
(commercial MEAs) were implemented for the validation of the stack/system. The MEA 
preparation development was reported in D3.8 and D3.11 in detail. MS7 was reached. 
 
The batches of MEAs delivered for the selection of the optimum technique and the selection of 
PRETZEL anode electrocatalyst are illustrated in Table 2. 
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Table 2. Batches of MEAs manufactured for the selection of the optimum technique (1-14), selection of PRETZEL anode electrocatalysts (15-37) and 
optimisation of the Ir/ATO electrocatalyst (38) 

A/A CCM 
Active area 

(mm2) 
Prepared 

by 
MEA 

Prepared 
by 

PEMEL 
measurements by  

Task 
No  

1 
5 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) sprayed on Nafion®115 at a 
loading of 1mg Ir/cm2

 

20 x 20 or 23 x23 

CERTH 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 
gas diffusion electrode (GDE) (ELAT, 

0.5mgPtcm-2) 

CERTH 
CERTH, DLR, UPT, 

WHS 
2 

2 
1 CCM manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) sprayed on Nafion®115 at a 
loading of 1mg Ir/cm2 

50 x 50 
CERTH 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
CERTH WHS 2 

3 
4 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) sprayed on Nafion®115 at a 
loading of 1mg Ir/cm2 

23 x 23 

CERTH 

Roll-to-roll (R2R) pressing for preparing 
the MEA and the adherence of a 
commercial cathode GDE (ELAT, 

0.5mgPtcm-2) 

ADAMANT CERTH 6 

4 
4 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and CERTH formulation coated 
on Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

23 x 23 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
CERTH CERTH 4 

5 

3 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and CERTH formulation coated 
on pre-swollen (with EG) Nafion®115 by doctor blade at a loading 
of 1mg Ir/cm2 

23 x 23 

ADAMANT 
Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
CERTH CERTH 4 

6 
1 CCM manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and CERTH formulation coated 
on Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

20 x 20 
ADAMANT 

R2R pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
ADAMANT DLR 6 

7 
2 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and CERTH formulation coated 
on Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

23 x 23 
ADAMANT 

R2R pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
ADAMANT CERTH 6 

8 
1 CCM manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and DLR formulation coated on 
Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

20 x 20 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2)) 
CERTH DLR 5 

9 
3 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and DLR formulation coated on 
Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

23 x 23 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
CERTH CERTH 4 

10 
6 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) and DLR formulation coated on 
Nafion®115 by doctor blade at a loading of 1mg Ir/cm2 

20 x 20 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
DLR DLR 5 
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11 
3 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) sprayed on Nafion®115 at a 
loading of 1mg Ir/cm2 

20 x 20 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
DLR DLR 5 

12 

3 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

20 x 20 

ADAMANT Hot-pressing DLR DLR 7 

13 
3 CCMs manufactured based on commercial reference anode 
electrocatalyst, IrO2 (Alfa Aesar) sprayed on Nafion®115 at a 
loading of 1mg Ir/cm2 

23 x 23 
ADAMANT 

Hot-pressing for preparing the MEA and 
the adherence of a commercial cathode 

GDE (ELAT, 0.5mgPtcm-2) 
CERTH CERTH 4 

14 

6 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 7 

15 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(SA) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 9 

16 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 9 

17 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 70%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 9 

18 

1 double-CCM manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 0.3mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 10 

19 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(SA) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 0.3mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 10 

20 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 0.3mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 10 
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21 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 70%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 0.3mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 10 

22 

2 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 0.3mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 10 

23 

2 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 12 

24 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(SA) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 12 

25 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

23 x 23 

ADAMANT Hot-pressing CERTH CERTH 12 

26 

2 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, IrO2 (Alfa Aesar) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

20 x 20 

ADAMANT Hot-pressing CERTH DLR 12 

27 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(SA) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

20 x 20 

ADAMANT Hot-pressing CERTH DLR 12 

28 

2 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.2-0.4mg Pt/cm2 

20 x 20 

ADAMANT Hot-pressing CERTH DLR 12 

29 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50  

ADAMANT Hot-pressing CERTH WHS 15 

30 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(SA) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 ADAMANT Hot-pressing CERTH WHS 15 
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31 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 70%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 ADAMANT Hot-pressing CERTH WHS 15 

32 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 WHS Hot-pressing CERTH WHS 17 

33 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 70%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 WHS Hot-pressing CERTH WHS 17 

34 

2 double-CCMs manufactured based on commercial reference 
anode electrocatalyst, Ir-Black and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 ADAMANT Hot-pressing CERTH WHS 15 

35 

1 double-CCM manufactured based on commercial reference 
anode electrocatalyst, Ir-Black and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 WHS Hot-pressing CERTH WHS 17 

36 

1 double-CCM manufactured based on commercial reference 
anode electrocatalyst, Ir-Black and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 WHS Hot-pressing CERTH CERTH 18 

37 

1 double-CCM manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 ADAMANT Hot-pressing CERTH CERTH 16 

38 

3 double-CCMs manufactured based on PRETZEL anode 
electrocatalyst, 30%Ir/ATO(ARM) and commercial cathode 
electrocatalyst, Pt/C (Alfa Aesar) sprayed on Nafion®115 at 
loadings of 1mg Ir/cm2 and 0.4mg Pt/cm2 

50 x 50 ADAMANT Hot-pressing ARMINES ARMINES 38 
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2.3.4 WP3 Deliverables and Milestones achieved, Deviations and Explanations 

 
D3.1: 25-100 cm2 PCD for coating (GKN; Month 8; Demonstrator; Confidential) 
Status: Approved, Delivery date: 03rd Sept. 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D3.2: Catalyst for 25-100 cm2 MEAs (IBERCAT; Month 8; Demonstrator; Confidential) 
Status: Approved, Delivery date: 04th Sept. 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D3.3: MEAs for 1-cell 25-100 cm2 LP electrolyzer (ADAMANT; Month 13; Demonstrator; 
Confidential) 
Status: Approved, Delivery date: 28th Jan. 2019 
 
D3.4: Catalyst for 550 cm2 MEAs (IBERCAT; Month 24; Report; Confidential) 
Status: Submitted, Delivery date: 2nd Jan. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D3.5: Report on catalyst synthesis procedure (IBERCAT; Month 23; Report; Confidential) 
Status: Submitted, Delivery date: 29th Nov. 2019 
 
D3.6: Bipolar plates for 5-cell HP stack with 550 cm2 (WHS; Month 24; Demonstrator; 
Confidential) 
Status: Submitted, Delivery date: 1st Dec. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D3.7: Coated PCD for 5-cell HP stack with 550 cm2 (GKN; Month 24; Demonstrator; 
Confidential) 
Status: Submitted, Delivery date: 10th Mar. 2020 
Justification of deviations: Unforeseen delays in manufacturing. Deliverable was submitted 70 
days late. 
 
D3.8: MEAs for 5-cell HP stack with 550 cm2 (ADAMANT; Month 24; Demonstrator; Confidential) 
Status: Submitted, Delivery date: 7th Dec. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D3.9: Report on bipolar plate manufacturing process (WHS; Month 27; Report; Confidential) 
Status: Submitted, Delivery date: 31st Mar. 2020 
 
D3.10: Report on coated PCD production (GKN; Month 27; Report; Confidential) 
Status: Submitted, Delivery date: 31st Mar. 2020 
 
D3.11: Report on MEA manufacturing process (CERTH; Month 27; Report; Confidential) 
Status: Submitted, Delivery date: 31st Mar. 2020 
 
D3.12: Summary report on material and component manufacturing process (DLR; Month 28; 
Report; Public) 
Status: Submitted, Delivery date: 5th May 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
MS6 M3.1: PCD with gradient porosity and Ir/Calcinated aerogel ATO (30wt%) catalysts are 
realized. (GKN; Month 8) Description: The PCDs with gradient porosity and Ir/Calcinated aerogel 
(30 wt. %) catalysts were produced by optimized classical powder metallurgical technique and 
synthesized through sol gel process starting from alkoxide precursors, respectively. First PCDs 
made of expanded metal and fine powders were sent to partners (DLR, WHS) for further 
treatment and testing. The prepared and characterized catalyst support of ARMINES was sent to 
partners (IBERCAT) for Iridium catalyst deposition. 
Status: Submitted, Delivery date: 3rd Sept. 2018 
Justification of deviations: On time within the permitted 60 days period. 
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MS7 M3.2: MEAs with 0.3 mg of iridium per square-cm are developed. (ADAMANT; Month 27) 
Description: After comparison of different manufacturing techniques for CCM production, 
spraying was selected as suitable technique especially for large-scale double CCM manufacture. 
Double CCMs with different anode catalysts, namely 70% Ir/ATO(ARM), 30% Ir/ATO(ARM), Ir-
black, IrO2 and 30% Ir/ATO(SA), were manufactured at two different loadings of Ir with 0.3 and 1 
mg/cm2. Based on the results which are presented in detail in D3.8, it was decided that 
commercial MEAs (Level 3 from the development and risk mitigation plan) will be implemented to 
the stack and the optimisation of Ir/ATO as well as the manufacturing process will be continued 
to elaborate high performance MEAs for laboratory-scale cells. 
Status: Submitted, Delivery date: 31st Oct. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
 

2.3.5 Summary WP3 
 
Development of corrosion resistant low-cost PP 
 

➢ Several strategies to apply a corrosion resistant low-cost Ti or Nb layer to protect copper 
PPs were discussed and experimentally evaluated. The coating of VPS layers of Nb and 
Ti was chosen to be used for the stack PPs, as this coating provides the best merging 
and therefore no additional electrical resistance. 

➢ Gold coated Cu-Be springs are employed to electrically connect the single cells of the 
stack. 

 
Development of pore graded high-performance PCD 
 

➢ GKN developed a manufacturing process to produce Ti-GKN PCDs based on sintering a 
~ 700 µm thick Ti powder layer on an expanded Ti support in a vacuum sintering 
furnace. These novel PCDs induce no significant mass transport limitations at 6 A cm-2 in 
a PEMEL test cell and are therefore chosen for deployment in the PRETZEL stack. 

➢ 7 full-size stack Ti-GKN PCDs were manufactured and send to WHS 
➢ GKN experimentally explored creating a PCD-PP compound component with a SLM 

prepared MPL. First trials were successful. Further optimisation will ensue. 
 
 
Optimisation of Ir/ATO catalyst synthesis 
 

➢ The synthesis route providing the best performing Ir/ATO catalyst (Lettenmeier-route) 
was further optimized to increase product purity and iridium loading.  

➢ Appropriate amounts of catalyst were sent to the partners for MEA manufacturing and 
characterization. 

 
MEA preparation 
 

➢ A great number of MEAs were prepared and send to partners for testing. MEAs were 
prepared to determine the best preparation procedure (doctor blade coating vs. 
spraying), the best treatment parameters (roll to roll lamination vs. hot-pressing), the best 
electrocatalyst type and optimal loading. 

 
 
A report summarizing all developments in WP3 was submitted as D3.12, MS7 was reached. 
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2.4  Work Package 4: Compliance testing and characterization (UPT) 

 

2.4.1 WP4 objectives and results preceding the reporting period 
 
The objective of this work package is to characterize and to evaluate the developed materials 
and components of WP3 to provide reliable feedback to WP2 for possible necessary 
adjustments. This included half-cell electrochemical tests evaluating both the corrosion 
resistance of the niobium coating planned to be used as protective coating on the stack PPs 
(task 4.1), physical characterization of the non-precious metal-coatings and the catalyst materials 
and layers produced (task 4.2) and small active area PEM electrolyzer tests at ambient pressure 
to gain first insights into the complete system performance of the produced MEAs (task 4.3).  
 
In task 4.1 (UPT) the corrosion resistance of the Nb-coating was evaluated in dependence of the 
coating thickness, in oxygenated low pH conditions and in the presence of fluoride ions to 
simulate the PEMEL anode environment. Corrosion resistance was shown to be excellent, 
exceeding the requirements by a large margin. Also, analysis of the end of test (EoT) electrolyte 
revealed that no significant Cu-leaching was taking place leading to the conclusion that the layer 
is compact and well-sealed. Initial RDE measurements of the different supported catalysts 
produced by IBERCAT in WP3 clearly show that the ATO supported Ir catalysts synthesized via 
the Lettenmeier route exhibit the highest performance and stability of all studied catalysts. Mass 
activity of the 30 wt. % Ir@ATO was highest, and this material was therefore chosen as the most 
promising candidate for the final MEAs.  
 
In task 4.2 (CERTH) various components manufactured in WP3 were physicochemically studied 
by BET, XRD, SEM/EDX, MIP and ICR measurements. As the high corrosion resistance of the 
Nb coatings dictates, FE-SEM imaging and EDAX analysis showed no structural or surface 
chemistry change caused by the corrosion testing. Also, Ti layers deposited on Cu PPs were 
shown to be non-porous, dense, and uniform. At DLR, trials on VPS coating Ti and Nb on Ti and 
stainless-steel (ss) mesh style PCD were conducted. Post-test EDX analysis of CCMs confirmed, 
that surface corrosion of the stainless-steel PCDs can be stopped by Ti/Nb coatings developed 
by DLR, as no Fe, Ni, Cr, or Mo contaminations were found. SEM images, TEM images and BET 
analysis was performed on the different catalyst materials and revealed that the high 
performance of the Lettenmeier type supported catalyst correlates with a high BET surface  and 
uniform catalyst decoration. EDX-SEM showed catalyst loadings were in fact lower than the 
nominal value and that the material was contaminated by chloride ions. Based on this, the 
second batch of synthesized material was washed more thoroughly which was effective in 
lowering the chloride concentration.  
 
In task 4.3 (DLR) small scale PEMEL cell test done at CERTH showed that both the spray 
coating and traditional hot-pressing process are superior to the developed doctor blade coating 
and roll to roll (R2R) laminating in producing high performance MEAs. Further optimisation was 
deemed necessary. Tests also showed that the Ir/ATO catalyst that offered the best performance 
in RDE was not able to outperform commercial IrO2 in the electrolysis cell. Comparing different 
PCDs the Ti-GKN variant clearly showed the highest performance, mostly due to the lowest 
mass transport limitations.  
 
 

2.4.2 WP4 objectives for the reporting period 
 

➢ Physical characterization of coated PPs for the PRETZEL stack (corrosion tests, ICR) 
➢ Evaluation of the effect of catalyst synthesis optimisations implemented by repeating of 

RDE measurements and physical characterization (SEM, EDS, TEM, XRD, BET) of 
catalyst batch 3 and 4 

➢ Physical characterizations of the manufactured MEAs and PCDs 
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2.4.3 WP4 results within the reporting period 
 

2.4.3.1 Task 4.1: Half-cell electrochemical tests (month 10-20, UPT) 
 
Corrosion tests and ICR measurements on coated PPs (UPT) 
 
After the initial corrosion tests on coatings with different thicknesses showed that a 30 µm Nb 
coating is sufficient to fully protect the Cu substrate against corrosion, larger pole plates have 
been manufactured with appropriate dimension to fit in the ProH+ test cell with an active area of 
25 cm2 (5 cm x 5 cm) for lab scale PEM electrolysis tests. 
 
Physicochemical characterization by FE-SEM showed areas of different porosity ranging from 
1.6 to 8.9% (Figure 21), while EDX analysis revealed the presence of Nb as the main 
component, with small percentages of C, N and O corresponding to the epoxy resin used to fill 
the pores and trace amounts of Cu originating from substrate preparation. 
 

  

Figure 21. FE-SEM images of Nb coatings on Cu pole plates showing areas with different 
porosities 

 
Corrosion testing of the Nb coating on Cu PPs was carried out according to the corrosion 
protocol defined in D2.2 by recording polarization curves up to 2 V before and after a stress test 
performed at 2 V for 6 hours. The electrolyte solution was 0.05 M H2SO4 with 0.1 ppm HF (pH = 
1.4). All measurements were carried out at 90°C in O2 saturated solutions. All results have been 
compared to a reference metallic Nb sample tested in the same conditions and are presented in 
Figure 22.    
 

  

Figure 22. Polarization curves (left) and chronoamperometric measurements at 2V (right) for Nb 
coating on Cu PPs and metallic Nb 

 
The results indicate that the Nb coating behaves similarly to metallic Nb, with a tendency to 
passivate during the stress test. The formation of a passive oxide layer during the stress test 
reduces the anodic currents from about 10-5 down to 10-7 A cm-2 or below. Corrosion current 
densities and corrosion rates are below 0.1 µA cm-2 and 1 µm y-1, respectively. During the stress 
test, the Nb coating exhibits very low current densities, stabilizing around 1.5 µA cm-2, which 
indicates that Cu substrate corrosion does not occur. This proves that Nb coating is very efficient 
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for protecting Cu against corrosion in simulated PEMEL environment and opens up the possibility 
to use low-cost materials such as Cu for the manufacturing of PEMEL PPs. 
Similarly, Ti coated Cu pole plates have been manufactured, characterised and tested according 
to the same procedure. FE-SEM images reveal porosities ranging from 2.9 to 10.2% (Figure 23) 
and EDX analysis indicated the presence of Ti as a main component, with small percentages of 
C, N and O corresponding to the epoxy resin used to fill the pores and trace amounts of Cu 
originating from substrate preparation. 
 

  

Figure 23. FE-SEM images of Ti coatings on Cu pole plates showing areas with different 
porosities 

 
Corrosion resistance of Ti coatings on Cu pole plates was investigated by recording polarization 
curves up to 2 V, before and after polarization at high anodic potential of 2 V for 6 hours. All 
results have been compared to a reference metallic Ti sample tested in the same conditions. A 
comparative overview of polarization curves and chronoamperometric measurements on Ti 
coating and metallic Ti is given in Figure 24.    
 

  

Figure 24. Polarization curves (left) and chronoamperometric measurements at 2 V (right) for Ti 
coating on Cu pole plate and metallic Ti 

 
The obtained results show an identical behaviour of Ti coating on Cu pole plate to metallic Ti, 
characterized by a passive anodic behaviour. Passivation current densities decrease from 10-5 
down to 10-6 A cm-2 after the stress test due to the build-up of a passive oxide layer. The 
excellent anti-corrosive properties of the Ti coating are also indicated by the chronoamperometric 
measurements at 2 V. The recorded current density is stable and has very low values of about 3 
µA cm-2, which is a clear indication that the Cu substrate is not corroded, even at high anodic 
potentials of 2 V.  
 
Interfacial contact resistance (ICR) versus compaction force measurements were performed for 
the Nb and Ti coatings, as well as for the Cu substrate, to evaluate the conductivity of the 
coatings (Figure 25). For the measurement, the coated PP was placed between two pieces of 
untreated carbon paper (Spectracarb 2050A-6060, 1524 µm thick) and two gold coated copper 
plates. This sandwich-like assembly was placed between two insulating poly(methyl 
methacrylate) (PMMA) plates and introduced into a hydraulic press. The ICR measurements 
were performed by applying a direct current of 1 A between the two gold plated copper plates 
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using a power source followed by measuring the voltage with a precision multimeter Picotest 
M3510A. The compaction force was varied in steps from 50 to 1500 N, which corresponds to a 
compaction pressure of approximately 30 to 800 N cm-2. The ICR of the Nb and Ti coatings was 
calculated from an electrical equivalent circuit of resistors connected in series, each resistor 
corresponding to a contact interface.  
 

 

Figure 25. Interfacial contact resistance of Nb and Ti coated Cu pole plates at different 
compaction forces. Shaded area on the X-axis corresponds to the pressure range used for 
assembling commercial PEM electrolyzer stacks. Inset shows the experimental setup for ICR 
measurements. 

 
As expected, the Cu substrate shows very low ICR values around 3 mΩ cm2, practically 
independent of the compaction pressure. In contrast, the ICR values of Nb and Ti coated Cu pole 
plate show an important decrease as the compaction pressure increases up to about 400 N cm -2. 
Starting there they remain constant around 25 mΩ cm2. In the range of 120 to 200 N cm-2, which 
is the common pressure applied for assembling commercial PEM electrolyzer stacks, the ICR 
decreases from 115 to 70 mΩ cm2 for the Nb coating and from 170 to 100 mΩ cm2

 for the Ti 
coating. ICR values of Nb coatings are lower than that of Ti coatings, most likely because Nb 
oxides are more conductive than Ti oxides. Nb coatings on copper show comparable ICR values 
to those obtained on metallic niobium and Nb coatings on different substrates such as stainless 
steel and titanium.  
 
 
Electrochemical characterization of anode electrocatalysts (CERTH) 
 
The electrochemical characterization of the anode electrocatalysts (prepared by IBERCAT) was 
performed in a typical 3-cell electrode configuration using a rotating disk electrode (RDE) as 
working electrode and 0.05 M H2SO4 as electrolyte at room temperature (25°C). Glassy carbon 
(GC, 3 mm diameter) was used as working electrode with the tip having 0.07065 cm2 geometric 
surface area. Ag/AgCl (3 M KCl) and a platinum (Pt) rod were used as reference and counter 
electrodes, respectively. During the testing procedure 60 cm3 min-1 helium (He) was flowing 
through the electrolyte solution for sufficient deaeration of the solution. Electrochemical 
characterization was performed with a rotation speed of 1600 rpm. The electrocatalysts were 
cast on the polished surface of the GC electrode (GCE) in the form of a thin layer. The catalyst 
thin layer was deposited by means of a catalyst ink consisting of the electrocatalyst, 5 % wt. 
Nafion solution and water or ethanol. Various concentrations and combinations of the above ink 
were prepared and the electrocatalyst in the form of a thin layer was electrochemically 
characterized. The results showed that the most homogeneous ink and the best performance 
was achieved using the following formulation: 5 mg electrocatalyst, 0.125 ml 5 % wt. Nafion 
solution and 0.625 ml water. The catalyst powder was milled before ink preparation. The ink was 
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sonicated for 1.5 h and then 0.64 μL were cast (dropwise) onto the GCE resulting in a catalyst 
loading of 60 μg cm-2. Performance and stability were evaluated using a potentiostat/galvanostat 
(Autolab PGSTAT302N) combined with a frequency response analyser (FRA32M). Initially, cyclic 
voltammetry measurements were performed for the electrochemical oxidation of iridium 
nanoparticles and studying the electrochemical activity of the catalysts. Then, the materials 
stability was evaluated with potentiometry by applying constant current density 1 mA cm -2 for 15 
h. Details on the testing protocols are given in Deliverable Report 2.2 and results on the 
electrochemical characterization of materials from batch 1 and 2 are given in detail in Deliverable 
report D1.5. Figure 26 shows the oxygen evolution reaction (OER) polarization curves of the 
three materials from batch 3 prepared by IBERCAT/ARMINES in comparison with the 
commercial reference material IrO2 at the same loading.  
 

 

 
Figure 26: Anodic polarization curves-RDE measurements of the third batch of electrocatalysts 
synthesized by IBERCAT/ARMINES in comparison with the commercial IrO2 electrocatalyst in 
0.05M H2SO4 electrolyte solution at 250C. Scan rate: 5mV/s, FHe=60 cc/min 
 
Figure 26 shows the polarisation curves recorded during testing of the electrocatalytic activity for 
the oxygen evolution reaction (OER). It is obvious that all materials exhibit higher activity 
compared to the commercial IrO2 electrocatalyst. The highest activity was shown for 70% 
Ir/ATO(ARMINES) electrocatalyst, while 30% Ir/ATO (ARMINES) showed the poorest activity 
among the materials tested, in agreement with the observations for Batch 2 materials. This 
implies a consistency (qualitative and to a large extent also quantitative) between the small and 
larger scale synthesis of electrocatalysts. Stability testing was completed for this batch of 
materials, results are presented in Table 3.  
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Table 3: Starting time of degradation for the 3rd batch of materials tested under 
chronopotentiometry measurements 

a/a Sample 
Starting time of 
degradation / min 

1 70% Ir/ATO (ARMINES) 200 

2 30% Ir/ATO (SA) 550 

3 30% Ir/ATO (ARMINES) 35 

 
Stability testing was performed under the same procedure described in detail in deliverable D4.2. 
Based on the results, the most stable material for the specific conditions was the electrocatalyst 
containing 30% Ir on commercial ATO, while the worst performance in terms of stability was 
recorded using 30% Ir on ATO (ARMINES). The results of the 3rd batch of materials testing come 
in close agreement to the previous ones, with slight differences regarding stability testing. These 
results can be combined with the physicochemical properties of the materials, for a more 
integrated understanding of the electrocatalytic activity.   
 
The results clearly showed that the best performance in terms of activity was achieved with 
sample of 70% Ir/ATO (ARMINES) and best stability was achieved with the electrocatalyst of 
30% Ir/ATO (Sigma Aldrich), while all materials show better activity than the commercial IrO2. 
Therefore, these materials were chosen for the synthesis of the next generation of materials 
during the project. MEAs were prepared by employing these three electrocatalysts. 
 
All results of the electrochemical half-cell tests were reported in D4.1 in detail, MS8 was reached. 
 
 

2.4.3.2 Task 4.2: Physical Characterization (month 10-24, CERTH) 
 
Physicochemical characterization of Ir/ATO catalysts (CERTH) 
 
Physicochemical characterization at CERTH has been completed for the entire range of Ir/ATO  
electrocatalysts prepared by IBERCAT (batches 1, 2, 3 and 4), by applying techniques such as 
XRD, BET, SEM/EDX, TEM. Results are shown within the next Figures.  
 
XRD patterns of the synthesized electrocatalysts are presented in Figure 27 and Figure 28. The 
diffraction peaks at around 2θ = 26.6°, 33.9°, and 51.8° are indexed to the (110), (101), and 
(211) planes of the tetragonal rutile-type SnO2 structure (JCPDS card no. 21-1250). The iridium 
diffraction peak at 40.6° is indexed to the (111) reflection of the FCC Ir metal (JCPDS card no. 
87-0715), indicating the formation of crystalline Ir nanoparticles in Ir/ATO. In some cases (Figure 
27 e) and f)), the XRD patterns indicate a more amorphous material, showing that iridium may 
not be in the crystalline state.  
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Figure 27: X-Ray Diffraction patterns of the first batch of catalysts synthesized: a. 30 % Ir/ATO 
(SA) (Lettenmeier method), b. 30 % Ir/ATO (SA) (Goodenough-Smotkin method), c. 30 % Ir/ATO 
(SA) (Goodenough-Smotkin method, different Ir precursor), d. 70 % Ir/ATO (SA) (Lettenmeier 
method), e. 30 % Ir/ATO (SA) (Polyol method), f. 30 % Ir/ATO (ARMINES) (Lettenmeier method) 
and g. 70 % Ir/ATO (ARMINES) (Lettenmeier method) 
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Figure 28: X-Ray Diffraction patterns of the third and fourth batches of catalysts synthesized:  
a. 70% Ir/ATO (ARM) – batch 3, b. 30% Ir/ATO (SA) – batch 3, c. 30% Ir/ATO (ARM) – batch 3, 
d. 70% Ir/ATO (ARM) – batch 4, e. 30% Ir/ATO (SA) – batch 4, f. 30% Ir/ATO (ARM) – batch 4, 
and g. Ir black (all synthesised with the Lettenmeier method).  
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The specific surface areas and pore volume of catalysts were measured with BET method in an 
Autosorb-1, Quantachrome instrument, while the calculation of total surface area and pore size 
was made using the Barrette-Joinere-Halenda (BJH) method. The morphology, particle size, and 
microstructure of the metal oxides were studied with electron microscopy. TEM images were 
obtained on a JEOL JEM 2010 High Resolution Transmission Electron Microscopy coupled with 
Oxford INCA X-ray EDS, and SEM micrographs were obtained with a JEOL 6300 Scanning 
Electron Microscopy equipped with Oxford ISIS 2000 X-ray EDS, for elemental analysis and 
surface mapping of the catalyst surface.  
BET measurements showed that all Ir/ATO catalysts have higher surface areas, compared to the 
commercial IrO2 (32 m2 g-1), while the material with the highest surface area is 70% Ir/ATO 
(ARMINES) for both batch III and batch IV. Results of the last two batches are very similar, 
showing good synthesis reproducibility, while having the same structural properties. Results 
come in close agreement to the electrochemical RDE measurements, showing the effect of 
higher surface area on the enhancement of the electrocatalytic activity. 
 
 

Table 4: Results of the BET analysis for the third batch of electrocatalysts 

Sample (batch III) Catalyst 
Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

IBC-PRZ-0220-02 
70% Ir / ATO 
(ARMINES) 

61 0.29 190 

IBC-PRZ-2019-07 
30% Ir / ATO 
(ARMINES) 

49 0.5 408 

IBC-PRZ-2019-08 
30% Ir / ATO 
(Sigma-Aldrich) 

58 0.25 172 

 
 
 

Table 5: Results of the BET analysis for the fourth batch of electrocatalysts 

Sample (batch IV) Catalyst 
Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

IBC-PRZ-2019-19 
30% Ir / ATO 
(Sigma-Aldrich) 

59 0.6 410 

IBC-PRZ-2019-20 
30% Ir / ATO 
(ARMINES) 

50 0.22 181 

IBC-PRZ-2019-21 
70% Ir / ATO 
(ARMINES) 

61 0.46 302 

 
 
Figure 29 and Figure 30 show the SEM (left) and TEM (right) images recorded of the third and 
fourth batch of materials synthesized, respectively. As it is clearly observed, iridium is dispersed 
uniformly on the oxide support in most of the materials. 
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Figure 29: SEM (left) and TEM (right) pictures of the third batch of catalysts synthesized:  
a) 70% Ir/ATO (ARMINES), b) 30% Ir/ATO (ARMINES), c) 30% Ir/ATO (Sigma-Aldrich) 
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Figure 30: SEM (left) and TEM (right) pictures of the fourth batch of catalysts synthesized:  
a) 70% Ir/ATO(ARMINES), b) 30% Ir/ATO (ARMINES), c) 30% Ir/ATO (Sigma-Aldrich) 

 
The results during the EDX/SEM analysis of batches 1 and 2 have shown that in most of the 
cases, iridium amount is lower compared to the nominal value calculated based on the amount of 
the iridium precursor during the material synthesis. Moreover, high amounts of chloride were 
detected for all samples of the third batch, which could be due to insufficient removal of Cl upon 
synthesis procedure. No Cl was identified in any of the samples of the fourth batch of materials. 
Batches 3 and 4 show significant improvement regarding the amount of iridium compared to the 
nominal values, while the percentage of Cl is significantly reduced. 
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Physicochemical characterization of MEAs (CERTH) 
 
Physicochemical characterization has also been completed for a batch of MEAs manufactured at 
ADAMANT, while one of the MEAs was prepared at CERTH, for comparison. Characterization 
was performed through SEM analysis, with a wide range of SEM images taken. Cross section of 
the MEAs was also tested, to get information about the MEA thickness, uniformity, and particle 
size distribution. Results are shown in Figure 31. MEAs (a) - (e) were manufactured by double 
spraying at ADAMANT while (f) was prepared at CERTH facilities, for comparison. Anode 
material was 30% Ir/ATO(ARM) for most of the samples, while the reference commercial IrO2 
and 70%Ir/ATO(ARM) were also used. The loading of iridium was 1 mg cm-2. HiSPEC4000 was 
used for the cathode side, at a loading of 0.4 mgPt cm-2. All the MEAs were cut into small pieces 
and embedded in epoxy resin, before the cross-section SEM measurements. All the 
measurements were performed after the electrochemical testing of the MEAs through water 
electrolysis reaction. At the left side of each SEM image, the cathode electrode was identified 
while the anodic material was at the right side. While the cathode side of the materials seems 
similar for all MEAs, anode side shows slight differences in terms of thickness and uniformity. 
 

 

Figure 31: SEM images of the cross-section of MEAs of (a) 30% Ir/ATO(ARMINES) giving the 
best performance, (b) 30% Ir/ATO (ARMINES) giving the worst performance, (c) 30% Ir/ATO 
(SA), (d) commercial IrO2, (e) 70% Ir/ATO (ARMINES), (f) 30% Ir/ATO (ARMINES) prepared at 
CERTH. 
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Since additional analysis was deemed necessary to assess in the layer quality of deposited 
anode and cathode electrodes detail, more cross-section SEM images were taken at both used 
and freshly prepared MEAs. Results are shown in Figure 26, regarding two fresh MEAs and two 
used ones, all of them were manufactured at ADAMANT by double spraying of anode and 
cathode materials. Anode material was the commercial reference electrocatalyst IrO2 at a loading 
of 1 mg cm-2 and cathode material was the commercial Pt/C (Hispec 4000) at a loading of 0.4 
mgPt cm-2. At the left side of each SEM image, the cathode electrode was identified while the 
anodic material was at the right side.  
 

 

Figure 32: SEM images of the cross-section of MEAs of (a)-(b) IrO2 freshly made MEAs and (c)-
(d) IrO2 electrochemically tested MEAs, prepared at ADAMANT 

 
SEM cross-section results show not much difference before and after MEA testing, indicating that 
the whole procedure of MEA testing in the electrolysis test cell does not cause significant 
morphological changes (e.g. cracks) on the electrodes, which is further confirmed by the fact that 
these MEAs can be easily reused and tested, showing the same performance. Manufacturing 
process of the MEAs was successfully optimized at ADAMANT facilities, based on 
physicochemical and electrochemical results that gave feedback to this optimisation procedure. 
 
All results of the physical characterization were reported in D4.2 in detail. 
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ICR measurements of the Ti-GKN PCD and VPS-MPL PCDs (DLR) 
 
To determine and quantify the ability of the designed PCDs to electrically connect the catalyst 
layer in the PEMEL cell, ICR-tests of the components have been carried out at DLR. Figure 33 
(left) shows the ICR vs. pressure plot comparing the developed Ti-GKN PCD to a commercially 
available Ti-mesh PCD. Evidently, the increased contact area of the porous MPL increases 
interface conductivity by at least 40% at the stack relevant clamping pressure of 150 N cm -2. 
 

 

Figure 33: ICR plots comparing the Ti-GKN PCD to the Ti-mesh PCD (left) and comparing mesh 
PCDs (Ti and ss) to Nb/Ti VPS-coated mesh PCDs (Ti and ss) 

 
Inspection of the ICR plots on the right in Figure 33 allow the conclusion, that the Nb/Ti VPS 
coating also decreases ICR at stack-relevant pressures, but to a much lower extent than the Ti-
GKN MPL.  

 
 
Physical post-test analysis of MEAs deployed with VPS-MPL PCDs (DLR) 
 
Figure 34 shows the elemental distribution map of the electrode surfaces and of the cross 
section of the EoT MEAs used in the VPS-MPL PCD AST presented in chapter 2.4.3.3 (Task 4.3) 
in case of the coated PCDs and the polarisation curve in case of the uncoated ss PCD. Figure 35 
presents the associated elemental distribution values. Clearly, employing a non-coated ss PCD 
rapidly caused significant iron deposition on both electrode surfaces and within the PEM. In 
contrast, the Nb/Ti VPS-coated PCDs caused no significant iron contamination of the MEA, even 
after 1000 h in the AST.  
 

 

Figure 34: EDS mapping of a-c) the cross-section, d-f) the cathode and g-i) the anode surface of 
EoT commercial MEAs tested in cells employing the uncoated ss-PCD (pol-curve), Nb/Ti/Ti-PCD 
(AST), and Nb/Ti/ss-PCD (AST) respectively.  
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Figure 35: EDS the cathode and anode surface of EoT commercial MEAs tested in cells 
employing the uncoated ss-PCD (pol-curve), Nb/Ti/Ti-PCD (AST), and Nb/Ti/ss-PCD (AST) 
respectively. 

 

2.4.3.3 Task 4.3: Small area PEM electrolyzer tests at low pressure (month 14-24, DLR) 
 
Testing of the Nb coated Cu pole-plates (CERTH) 
 
Nb coated Cu pole plates were implemented in a single cell PEMEL using hydraulic compression 
of the cell components. The PEM electrolyzer cell for evaluating the use of Nb coated Cu pole 
plates was the ProH+ cell, with an active area of 25 cm2. The interconnecting components used 
on the anode side of the cell have been the Nb coated Cu pole plate as well as the Ti-GKN PCD 
(GKN Sinter Metals), while for the cathode side a commercial carbon based PCD (Spectracarb™ 
GDL) and gold coated Cu pole plate was used. A commercial membrane electrode assembly 
(MEA) with an Ir-based anode, Pt-based cathode and chemically stabilized Nafion 115 
membrane was used. Examples of polarization curves up to 2 A cm-2 recorded following the JRC 
protocol are given in Figure 36. All measurements were carried out at 80°C, 8 bar hydraulic and 
1 bar electrolysis pressure.   
 
 

 

Figure 36: Pol-curve (JRC) using a Nb coated Cu anode PP and Ti-GKN anode PCD; 80°C; 1 
bar; commercial MEA; 8 bar hydraulic compression. The inset shows the ProH+ PEM 
electrolyzer cell used for the test. 

The reached performance of 1.9 V at 2 A cm-2 shows that the Nb coated Cu pole plates can be 
successfully operated on the anode side in a PEM electrolyzer with results comparable to the 
state of the art. 
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Initial electrochemical characterization of the Ti-GKN PCD (DLR) 
 
For the preliminary electrochemical characterisation of the designed Ti-GKN PCD and to 
compare reached performance to commercial PCDs, small scale cell tests (4 cm² active area) 
were carried out at DLR. To determine the optimal clamping pressure, balancing performance 
and mechanical stress, a torque study was done. Figure 37 presents the cell potential at 2 A cm-2 
and 65°C at different cell screw torques using a commercial MEA. 1 N m was selected as the 
best setting and employed for the following characterisations. In all following characterisations by 
DLR anode and cathode PCDs were identical, while on the cathode an additional carbon paper 
MPL is applied between the catalyst layer (CL) and the PCD. 
 

 

Figure 37: Results of torque study on Ti-GKN PCD, 65°C, 1 bar, commercial MEA 

 
The full range comparative characterization of the developed Ti-GKN PCD was done at 90°C, 
and up to 6 A cm-2, in accordance with the PRETZEL performance goals, following the JRC EU-
harmonized protocols3,4. Again, a commercial MEA was employed. The Polarization curves 
comparing the mesh-type and Ti-GKN PCD are shown in Figure 38. The reference sample Ti-
mesh shows the lowest performance with a cell voltage of 2.89 V at 4 A cm-2, while Ti-GKN has 
the best performance at 2.19 V. For low current densities up to 0.3 A cm-2 differences between 
the PCD materials are hardly noticeable, but these become clearly visible with increasing current 
density. The Ti-mesh cell was only operated up to 4 A cm-2 to not exceed 3 V. A deviation 
between the ascending and the descending curve occurs, which can be evaluated as a first 
indicator for mass transport limitation according to earlier publications.5 The upward bend of the 
curve also indicates 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-PCDs combine low-cost Ti expanded mesh with a porous 
coating that allows for reducing the overpotential by 693 mV at 4 A cm-2. 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 shown in Figure 39. The Nyquist plots show two semicircles with a peak frequency 
of 20 – 140 Hz and a peak frequency 0.1 to 3 Hz respectively. The former is attributed to the 
electrolysis reaction itself, while the latter is attributed to the mass transport process. The 
significance of the low frequency semicircle increases with current density for both PCDs but 
becomes overwhelmingly dominant only with the mesh-type PCD. Clearly the mesh-type PCD is 
not able to efficiently remove the emerging gases causing an extreme efficiency loss at current 
densities greater than 1 A cm-2. This is connected to the large pores at the contact surface of the 
uncoated mesh, which means that gas bubbles can only be discharged to a limited extent by 
capillary forces, as the pore gradient is too small. This blocks the active centres until a certain 

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

2018 
4 JRC, EU Harmonised test procedure: electrochemical impedance spectroscopy for water electrolysis cells, European 

Commission, 2018. 
5 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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bubble size is reached, causing a lack of reactant, and slowing down the electrolysis process. 
Correlated to the increase in mass transport resistance, the cell impedance at the initial cross 
section with the x-axis, the ohmic resistance of the cell, increases sharply with increasing current 
densities when using the mesh-type PCD. This can be explained by the accumulation of gas at 
the interface of PCD and catalyst layer reducing the effective contact area available for charge 
transfer. 
 

 

Figure 38: Pol-curves (JRC) Ti-GKN vs. mesh-type PCD; 90°C; 1 bar; commercial MEA; 1 N m 

 

Figure 39: Nyquist plots of EIS (JRC) Ti-GKN vs. mesh-type PCD; 90°C; 1 bar; commercial 
MEA; 1 N m. Recorded at a) 0.25 A cm-2, b) 1 A cm-2 and c) 4 A cm-2; 100 kHz to 100 mHz 

 
The results of the electrochemical characterization clearly manifest the superiority of the 
PRETZEL designed Ti-GKN PCD compared to a commercial mesh-type PCD and underline the 
success of this key development process during the PRETZEL project. At the target current 
density of 4 A cm-2 ohmic resistance and mass transport resistance is reduced by 30% and 95% 
respectively, making mass transport losses entirely insignificant in terms of electrolysis efficiency 
by employing the newly designed Ti-GKN PCD. 
 
 
Testing of the Ti-GKN PCDs: AST (DLR) 
 
To evaluate cell durability, accelerated stress tests, as described in D2.4, again comparing a 
commercial mesh-type PCD to the Ti-GKN PCD were carried out. The cells were operated at  
90°C and a constant current density of 4 A cm-2 while the cell potential was recorded over time. 
The results are shown in Figure 41. The cell potential of a cell assembled with the Ti-mesh 
increased sharply within the first hours to economically irrelevant high values of more than 4 V. In 
contrary, the two cells using the Ti-GKN PCD were operated for 415 and 490 h, at which point 
they had reached a potential of 2.78 and 3.02 V, respectively. The two cells performed 
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comparably which indicates good reproducibility. After the operation of Ti-GKN T2, a recovery 
test was performed by stepwise renewal or polishing of the cell components. The first bar of the 
insert in Figure 40 shows the cell potential at 4 A cm-2 after renewal of the DI-water (3.05 V). 
Next, the cell was reassembled with a new MEA while keeping all other components unmodified 
resulting in a significant reduction of the cell potential to 2.68 V. The next four steps were 
sanding of the anode PP, sanding of the cathode PP, cleaning of the cathode PCD and cleaning 
of the anode PCD, respectively. With the stepwise cleaning process a final cell potential of  
2.41 V was achieved. The initial cell performance of 4 A cm-2 at 2.26 V is not reached, despite 
changing out every cell component, which can be explained by the anew MEA degradation 
stemming from the repeated testing. The results show clearly that the degradation of the MEA 
has the biggest impact on cell degradation, while the Ti-GKN PCDs do not play any significant 
role in the degradation process. In contrast the mesh-type Ti PCD caused immediate and 
catastrophic degradation, which might be connected to the quick deterioration of the PCD/CL 
interface caused by the heavy oxidation of the titanium at 3 – 4 V as well as the physical 
destruction of the catalyst layer by the high-pressure build-up due to insufficient gas removal.  
 

 

Figure 40: Cell potential recorded over time (AST) of cells with Ti-mesh and Ti-GKN PCDs at 
constant 4 A cm-2; 65°C; 1 bar; commercial MEA; 1 N m. The insert 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 cathode PCD 6) cleaning anode PCD and 7) 
beginning of test. 

 
 
VPS-MPL modified PCDs (DLR) 
 
From previous work6,7 it is well known that the deposition of a macro-porous layer (MPL) on 
PCDs significantly increases cell performance. The attained experimental results showing the 
superiority of the Ti-GKN PCD compared to a mesh-type PTL also confirmed this. Manufacturing 
sophisticated porous structures such as sintered powders or felts in titanium is cost prohibitive. 
Moreover, to avoid passivation, which leads to an increase in cell voltage over time,8 Ti-PCDs 
must be coated with platinum group metals (PGMs). A stainless steel PCD (ss-PCD) would be 

                                                      
 
 
 
6 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). 
7 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 
membrane electrolyzers. Energy Environ. Sci., 10, 2521–2533 (2017). 
8 Rakousky, C., Reimer, U., Wippermann, K., Carmo, M., Lueke, W. & Stolten, D. An analysis of degradation phenomena 

in polymer electrolyte membrane water electrolysis. J. Power Sources, 326, 120–128 (2016). 
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preferable, but it severely corrodes, thus poisoning the MEA with Fe and Ni.9,10 Our previous 
developments have demonstrated that it is possible to use ss as a base material for 
manufacturing the PP. A dense coating applied by plasma spraying provides full protection 
against corrosion in the aggressive PEMEL environment.11 These coatings have been integrated 
into commercial electrolyser stacks and tested for more than 1000 h without the ss substrate 
showing any signs of corrosion.12,13 In the scope of the PCD design in the PRETZEL project, DLR 
transferred this coating process from the BPP to the PCD component. DLR developed a MPL 
which was applied on stainless steel PCD substrates via VPS and tested in a PEM electrolyzer 
cell. 
 
The PCDs coated for this design were two structurally equal mesh-type PCDs, one made from 
stainless-steel (“SS-PTL”), and one made from titanium (“Ti-PTL”). Samples of each were coated 
with a base layer of Ti by VPS, followed by a thinner layer of Nb metal via VPS, creating a rough, 
partly porous MPL. Cross section microscopic imaging and EDS analysis of the coated PCD 
structures were carried out preceding this reporting period and presented in the PRETZEL mid-
term report.  
 
 
Electrochemical characterization of VPS-MPL modified PCDs (DLR) 
 
To determine the optimal cell screw torque, a torque study using the identical setup that was 
used for the Ti-GKN PCD was executed. Once again 1 N m was determined to induce the 
optimal cell clamping force and used for the following characterisations. Results are presented in 
Figure 41. 
 

 

Figure 41: Results of torque study on VPS-MPL PCD, 65°C, 1 bar, commercial MEA 

The full range comparative characterization of the VPS-coated and uncoated mesh-type PCDs 
(Ti and ss) was done at 65°C, and up to 2 A cm-2, following the JRC EU-harmonized protocols. 
Again, a commercial MEA was employed. The Polarization curves and cell potential at  
2 A cm-2, comparing the mesh-type and VPS-coated mesh-type PCDs are shown in Figure 42. 

                                                      
 
 
 
9 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). 
10 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). 
11 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). 
12 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). 
13 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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It is apparent, that the use of an uncoated ss-PCD causes rapid cell degradation, quickly 
reaching up to 2.28 V at only 0.4 A cm-2. The PEMEL cell becomes inoperable, turning the 
feedstock water into a yellowish solution, like the colour of the electrolyte used for evaluating ss-
PPs under simulated conditions of a PEMEL. These results provide clear evidence for the 
magnitude of the challenge of using ss as a base material for the manufacture of a low-cost 
PCD. The polarization curves show, that by coating the ss-PCDs with Nb/Ti, this significant 
degradation process due to the bare stainless-steel surface is stopped completely. The coated 
PCDs show no degradation, independent of PCD base material. EDS analysis presented in 
Figure 34 and Figure 35 show that indeed, the VPS coating did prevent MEA poisoning entirely. 
Using the developed VPS-coated PCDs it is possible to achieve PEMEL performances 
comparable to those of commercial electrolysers, such as those from Hydrogenics,14 Siemens15 
and Proton Onsite.16 Nevertheless it becomes clear that the Nb/Ti coating not only protects the 
ss against corrosion but also has a strong influence on cell performance. Like the effect of the 
MPL in the Ti-GKN PCDs, the partly porous MPL applied by VPS again reduces mass transport 
limitations and ohmic resistance at high currents, arguably by the exact same mechanisms of 
increasing bubble detachment due to smaller pore sizes. The Nyquist plots of the recorded EIS 
comparing the effect of the different PCDs, presented in Figure 43, confirm this. The decrease in 
the overpotential leads to an efficiency increase of approximately 12 %, at 2 A cm-2, which again 
is significant improvement in terms of the operational cost of an electrolyzer with these PCDs.  
 
 

 

Figure 42: a) Pol-curves (JRC): Base and VPS-coated mesh-type PCDs; 65°C; 1 bar; 
commercial MEA; 1 N m b) Respective cell potential at 2 A cm-2 

                                                      
 
 
 
14 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. 
15 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. 
16 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. 
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Figure 43: Nyquist plots of EIS (JRC): Base and VPS-coated mesh-type PCDs; 65°C; 1 bar; 
commercial MEA; 1 N m. Recorded at a) 0.25 A cm-2 and b) 1 A cm-2; 100 kHz to 100 mHz 

 
Still, polarization curves directly comparing the Ti-GKN PCDs to the VPS-MPL PCDs recorded at 
90°C and up to 6 A cm-2, shown in Figure 44, reveal that the thin MPL applied by VPS cannot 
enable the same mass transport efficiency and contact quality as the MPL applied by sintering at 
GKN. Further optimisation of the pore structure and coating thickness is necessary. 
 

 

Figure 44: Pol-curves (JRC): Base, VPS-coated mesh-type and Ti-GKN PCDs; 
 90°C; 1 bar; commercial MEA; 1 N m 

 
Degradation testing on VPS-MPL modified PCDs (DLR) 
 
To evaluate cell durability, accelerated stress tests, as described in D2.4, comparing the 
uncoated commercial mesh-type Ti PCD to the VPS-coated PCDs, were carried out. The cells 
were operated at 65°C and a constant current density of 2 A cm-2 while the cell potential was 
recorded over time. The tests were stopped when the EoT criterium of the cell potential being 
equal to 2.5 V was reached. The results are shown in Figure 45. Using the uncoated Ti-mesh, 
the cell potential reached 2.5 V after 750 h, showing the highest degradation rate between the 
three cells. In contrast, the VPS-coated PCDs (Ti and ss mesh) reached the EoT after 
approximately 1500 h.  
 
PEMEL degradation is often separated into three main mechanisms: 
 

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

ii) MEA poisoning due to water impurities, prominently by dissolved metal cations 
iii) Loss of polymeric material causing membrane thinning  
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Membrane thinning is a slow process, causing a decrease in ohmic resistance, increasing total 
cell performance, and is overshadowed by the degradation by i) and ii) in the AST. As the VPS-
coated and noncoated PCDs were directly compared, keeping all other parameters the same, the 
increased degradation of the uncoated Ti-PCD can likely be directly attributed to the first 
degradation mechanism, the oxidation of the PCD surface. This leads to the conclusion, that the 
Nb layer is either effective in reducing passivation or that PCDs degradation is less severe 
because of the higher conductivity of niobium oxides compared to titanium oxides.  
 
Provided a Ti/Nb VPS-coating was applied, titanium and stainless-steel PCDs show a 
remarkably similar degradation behaviour. The VPS-coating can therefore be assumed to be 
totally effective in preventing oxidation reactions of the steel that would otherwise poison the 
MEA, causing the immense and fast degradation that was seen before using bare ss PCDs. 
 
A recovery test was carried out with the Nb/Ti/SS-PTL after the AST. The results are also 
presented in Figure 45. The results show that the gross of the degradation can be ascribed to the 
MEA, while the PCD degradation contributed only 2.5%, or 15 µV h-1 in the AST. Under normal 
conditions (no AST) the PCD degradation can therefore be viewed as negligible. 
 

 

Figure 45: Cell potential recorded over time of AST of cells with Ti-mesh and VPS-MPL PCDs at 
constant 2 A cm-2; 65°C; 1 bar; commercial MEA; 1 N m. The inset shows the cell potential after 
1) end of test, 2) changing the water, 3) replacing the 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. 

 
The results of a degradation test employing the Nb/Ti/ss-PCD in a conventional (non-AST) setup 
confirm this assumption (Figure 46). The cell potential remains stable, even decreasing slightly 
over time, as is the case of an electrolyser with very stable PPs and PCDs17, showing a 
behaviour corresponding to the degradation mechanism of membrane thinning (iii). 
 

                                                      
 
 
 
17 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 46: Cell potential and electrolyte temperature of a cell employing the Nb/Ti/ss-PCD in a 
conventional setup recorded over time at constant 2 A cm-2; 65°C; 1 bar; commercial MEA; 1 Nm 
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MEA testing in single cell unit (CERTH) 
 
Several batches of MEAs were prepared at CERTH and sent to project partners for MEA testing. 
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 optimisation of the MEA manufacturing process. Results showed that double spraying CCMs 
leads to higher performance compared to the ELAT CCM. A lot of effort has been made on 
manufacturing a high performing and stable MEA with commercial materials leading to promising 
results. However, high performance MEAs were not achieved using the iridium supported ATO 
materials which is also reported in the literature. Still, for the remaining project period the focus 
will be put on the manufacturing and optimisation of Ir/ATO electrodes. 
 
Results were also presented during the meetings and reported in detail at deliverable D4.3. MS9 
was reached. Further measurements were performed, to optimize MEA manufacturing process 
and improve the electrode quality and properties to the desired levels. 
 
 
Stability tests of DBCCM-MEAs produced by ADAMAT (CERTH) 
 
Figure 47 presents the results of a short term degradation test of a N115 MEA with a large-scale 
vacuum table doctor blade coated anode (IrO2 commercial, 1 mgIr cm-2) and a commercial ELAT 
(Pt/C) cathode (hot-pressed). After 100 h no degradation is visible. Although the total 
performance reached is lower than what is reached with the commercial MEA, durability seems 
to be adequate. 

 

Figure 47: Polarisation curves (left) and Nyquist plots of EIS at 1.8 V (right) of a N115 MEA with 
a large-scale vacuum table doctor blade coated anode (IrO2 commercial, 1 mgIr cm-2) and a 
commercial ELAT (Pt/C) cathode, hot-pressed, showing short term degradation behaviour. 
Tested at 80°C and 150 cc h-1 H2O, 1 bar. 

 
To simplify all further development, MEAs were prepared by the conventional spraying of both 
catalyst layers (double CCM, DCCM) followed by a hot-pressing step from here on out. 
 
 
Hot-pressing parameter study on DCCM MEAs (CERTH) 
 
DCCM MEAs prepared by ADAMANT employing commercial IrO2 on the anode (loading: 0.5 mgIr 
cm-2) and Pt/C (HiSPEC4000) on the cathode (loading: 0.2 mgPt cm-2) on Nafion N115, were hot-
pressed at CERTH employing three different pressure levels. Ionomer loadings of anode and 
cathode were 29 and 20 wt. %, respectively. Hot-pressing was carried out for 3 minutes at 
130°C. Polarization curves were measured at 80°C, and 1 bar, shown in Figure 48. 
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Figure 48: Polarisation curves (left) and Nyquist plots of EIS at 1.8 V (right) of sprayed N115 
DCCM MEAs, anode: IrO2 commercial 0.5 mgIr cm-2, cathode: Pt/C (HiSPEC4000) 0.2 mgPt cm-2, 
comparing different hot-press pressure levels. Tested at 80°C and 150 cc h-1 H2O, 1 bar. 

 
A significant reduction of the cells ohmic resistance by 35% is achieved by increasing the hot-
pressing pressure from 56 to 340 kg cm-2, which can be explained by a reduction of overall MEA 
thickness and an increase in interparticular connectivity inside the catalyst layers. Additionally, 
low frequency impedance is reduced by high pressure hot-pressing, possibly due to a change in 
pore structure lowering mass transport limitations. Performance very close to SoA values is 
reached by spraying DCCMs with a much lower loading of precious metal catalysts than used in 
commercial MEAs after optimizing manufacturing parameters at ADAMANT. 
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Evaluation of Ir/ATO catalyst performance in small scale PEMEL cells (CERTH) 
 

 

Figure 49: Pol-curves comparing DCCM MEAs prepared with the synthesised Ir/ATO catalysts; 
80°C; 1 bar. Left: 1 mgIr cm-2; Right: 0.3 mgIr cm-2 

 

Figure 50: Repeat measurements as in Figure 49 of a second batch of DCCMs 

As can be seen in Figure 49, characterizations of DCCM MEAs using the Ir/ATO catalysts 
synthesised by IBERCAT show very significant deviations between measurements, that cannot 
be easily explained by effects of loading. Reproducibility remains a challenge. Repeat 
measurements (Figure 50) showed that employing the Ir/ATO catalysts can lead to a cell 
performance close to using unsupported IrO2 but did never surpass it. The goal of increasing the 
iridium catalyst utilization by decorating it on a conductive support was clearly successful looking 
at the RDE results presented in chapter 2.4.3.1 (task 4.1), but this improvement is not carried 
through to the actual MEA. In no test, performance was increased by using the supported 
catalyst at the same iridium loading. This disconnect might be caused by the interaction of the 
ATO support with the ionomer and membrane, which is not relevant in RDE measurements. 
 
 
Trials to increase Ir/ATO catalyst performance in MEAs 
 
An effort to improve the electrocatalytic layer in terms of conductivity was also performed, by 
adding carbon black in anode ink of the spraying technique. Two identical MEAs were prepared 
(MEA 138 and MEA 139), by adding carbon black (Vulcan XC-72) to 30%Ir/ATO (ARMINES) 
(batch IV), with a loading of 1 mgIr cm-2 (ration C:catalyst 50 wt.-%). The cathode side was Pt/C 
with a loading of 0.4 mgPt cm-2 (HiSPEC4000). Results shown in Figure 51, proper comparison is 
achieved with MEA 131 which has the same materials, loadings, and methods of preparation, but 
no carbon was added at the anode side ink. Results indicate that the addition of carbon does not 
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improve the MEA’s activity, as visible in the IV curves (Figure 51), which are in good agreement 
with the Nyquist plots (Figure 52). 
 

0 300 600 900 1200 1500 1800

1.4

1.6

1.8

2.0

2.2

2.4

 ΜΕΑ131

 ΜΕΑ138

 ΜΕΑ139

P
o

te
n
ti

al
 (

V
)

Current Density (mA/cm2)

T = 80oC

 

Figure 51: iV curves of the DCCMS produced by spraying anode and cathode materials and 
pressed using hot-pressing technique. Anode: CCM 30% Ir/ATO(ARMINES) (1 mgIr/cm2) + 50% 
carbon (Vulcan XC-72) for MEAs 138-139, cathode: CCM Pt/C commercial (0.4 mgPt/cm2), 
Tcell=800C, 150 cc/h H20 
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Figure 52: Nyquist plots of the DCCMs produced by spraying anode and cathode materials and 
pressed using hot pressing technique (conditions described in Figure 51) 

 
 
MEAs ProH+ cell testing (CERTH) 
 
After the evaluation of the small-scale 2.3 cm x 2.3 cm MEAs prepared by ADAMANT and tested 
at CERTH in a small-scale conventional test cell for the PEM water electrolysis system, one MEA 
was prepared at ADAMANT, of an active area of 25cm2 (5cm x 5cm) and tested in a similar to 
the final stack configuration cell based on hydraulic compressed cell design. Comparison was 
performed with a commercial MEA (Baltic Fuel Cells) and one MEA prepared at WHS and sent to 
CERTH for evaluation. 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 bars, applied for the 
proper sealing of the cell, using hydraulic cell compression. Figure 16 illustrates the IV curves 
that were recorded in a galvanostatic mode, according to the JRC protocol. It seems that MEA 
with electrocatalyst 30% Ir/ATO (ARMINES) at the anode has a poor activity, while Ir black MEA 
shows results like the commercial one.  
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Figure 53: 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)/ Ir black (WHS)/ commercial (Baltic Fuel 
Cells), Tcell=76 °C 

 
 
Ultrasonically sprayed Ir-metal / Pt/C MEAs (CERTH) 

 

Figure 54: Pol-curves of the 5cm x 5cm MEAs, tested in the ProH+ test cell, 
 FH2O = 100 cc/h, T = 760C, P = 8 bar. 

 
WHS prepared MEAs via ultrasonic spraying. The MEAs were prepared with Ir-metal as anode 
catalyst (loading: 1 mgIr cm-2) and Pt/C (loading: 0.4 mgPt cm-2) as cathode catalyst based in a 
Nafion N115 PEM. Hot-pressing was carried out at 130°C and 340 kg cm-2 for 3 minutes. 
Measurements were carried out in the ProH+ test cell. The performance is compared to a 
commercial MEA based on a Nafion N117 PEM with 1.2-1.4 mgIr/cm2 (Ir-metal) and 2mgPt/cm2 
(Pt/C) (Figure 54). A very similar performance was reached at lower precious metal catalyst 
loadings. This and the higher controllability of the automated process present ultrasonic spraying 
as a the most usable and mature route for MEA manufacturing investigated in this work package.  
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2.4.4 WP4 deliverables and milestones achieved, deviations and explanations 
 
D4.1: Report of electrochemical evaluation of coated components (UPT; Month 20; Report; 
Public) 
Status: Submitted, Delivery date: 1st Sep. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D4.2: Report on the physical characterization of anode electrocatalysts (CERTH; Month 24; 
Report; Public) 
Status: Submitted, Delivery date: 10th Feb. 2020 
Justification of deviations: On time within the permitted 60 days period.  
 
D4.3: Report of performance and durability of components in LP electrolyzer (DLR; Month 24; 
Report; Public) 
Status: Submitted, Delivery date: 27th Aug. 2021 
Justification of deviations: Because of the publication of the results in a scientific magazine, the 
submission of this public report had to be held back. 
 
MS8 M4.1: Catalysts and coating pass compliance tests in half-cell meeting the requirements 
(UPT; Month 20) Description: Half-cell electrochemical tests have been performed to establish if 
catalysts and coated components pass the compliance tests. The electrochemical evaluation of 
coated components, namely planar bipolar plates, and of anode electrocatalyst is part of Task 
4.1 due in M20 and physical characterization of materials and components is part of Task 4.2 
due in M24. Electrochemical tests on coated samples revealed excellent corrosion resistance 
properties, as proved by the values of corrosion parameters, which are below the limits set in 
deliverable D2.1. The determined values of corrosion currents (< 0.1 µA cm-2) and corrosion 
rates (< 1 um year-1) are below the ranges of 0.71 - 2 µA cm-2 and respectively 0.012 - 0.035 
mm year-1 specified in deliverable D2.1. Electrochemical tests on the anode electrocatalysts 
allowed selecting the best synthesis method and best performing material based on activity for 
oxygen evolution reaction and stability tests, to comply with deliverable D2.1. 
Status: Submitted, Delivery date: 31st Aug. 2019 
 
MS9 M4.2: Manufactured components pass compliance tests in LP electrolyzer meeting the 
requirements (UPT; Month 24) Description: Stack components were intensively characterized by 
physical and electrochemical testing while the project requirements of 90 °C and peak current 
density of 6 Acm-2 were considered. The coated copper bipolar plates were evaluated 
electrochemically regarding corrosion resistance of the protective layer applied on copper sheets. 
The samples showed excellent corrosion resistance properties, with corrosion currents lower 
than 0.1 µA cm-2 and corrosion rates below 1 µm year-1. The pore-graded PCD can withstand 
the extreme conditions, 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 achievements meet the 
requirements of the project targets. 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). 
Since the ATO-based MEAs need further improvement to reach high performances, commercial 
MEAs will be used for the 2000 h HP stack test. Details are reported in D4.3. 
Status: Submitted, Delivery date: 14th Dec. 2020 
Justification of deviations: On time within the permitted 60 days period. 
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2.4.5 Summary WP4 
 
Pole-plates 
 

➢ Again, corrosion tests at UPT have shown that the Nb VPS-coating protects Cu in 
PEMEL anode PP conditions as well as Ti (corrosion rate 1 µm y-1) 

➢ Nb VPS-coatings show a lower ICR than Ti VPS-coatings 
 
→ The PRETZEL target of designing a low cost, high performance, stable PP is achieved, Ti and 
Nb coated Cu PP’s will be deployed in the PRETZEL stack. 
 
 
Ir/ATO catalyst 
 

➢ The Ir/ATO catalysts synthesized by IBERCAT, again had higher activity than a 
commercial IrO2 catalyst, with 70% Ir on calcinated aerogel ATO (ARMINES) leading 
significantly.  

➢ BET measurements show a correlation of specific surface area and catalyst activity. 
➢ Optimisations implemented at IBERCAT increased the quality of the catalyst batches 3 

and 4 in terms of real iridium loading and chloride contamination. 
➢ The high activity seen in RDE results did not carry through to MEA performance, 

commercial IrO2 outperformed the Ir/ATO catalyst in every cell test. Adding conductive 
carbon to the anode catalyst layer did not improve performance. 

 
→ No high performance Ir/ATO based MEAs could be manufactured. Further basic research on 
the interactions of the ATO support and other components of the MEA must be carried out. 
Commercial MEAs will be deployed in the PRETZEL stack. 
 
 
PCD characterization 
 

➢ The novel PRETZEL-designed Ti-GKN PCD reduces mass transport and ohmic 
resistances by 90% and 35% respectively compared to a mesh-type Ti PCD. At 4 A cm-2 
an overall efficiency increase of 24 % is achieved. This can reduce the operational costs 
of an PEMEL system significantly. The Ti-GKN PCD can operate efficiently at extreme 
current densities of 6 A cm-2 at 90°C. Durability testing in a 1500 h AST at 4 A cm-2 did 
not reveal any significant PCD degradation. 

➢ Nb/Ti VPS-coatings developed at DLR were shown to be able to effectively protect ss 
anode PCD surfaces from corrosion thereby preventing MEA poisoning completely 
during a 1000 h AST. Additionally, the rough, partly porous coating acted as an MPL and 
increased PEMEL efficiency by 12 %, at 2 A cm-2. These results affirm that a PEMEL 
system based completely on stainless-steel (PP, PCD) is possible, enabling a significant 
reduction of investment costs. 

 
→ The Ti-GKN PCD outperformed all other commercial and PRETZEL-developed PCDs in small 
scale tests. Ti-GKN PCDs will be deployed in the PRETZEL stack. The cheap stainless-steel 
VPS-MPL PCDs showed great promise, but further optimisation is necessary to enable efficient 
deployment at 6 A cm-2.  
 
 
MEA manufacturing parameter studies 
 

➢ DCCM MEAs with sprayed catalyst layers were shown to produce the best electrolysis 
performance between all manufacturing techniques. 

➢ Increasing the hot-pressing pressure to 340 kg cm-2 produced the best results. 
➢ ADAMANT developed good performing small-scale MEAs with commercial 

electrocatalyst materials 
➢ Iridium supported on ATO materials need optimisation for preparing a high performing 

anode electrode 
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2.5  Work Package 5: High pressure stack (WHS) 

 

2.5.1 WP5 objectives and summary of results preceding the reporting period 
 
The objective of WP5 is the development of a prototype high pressure PEMEL stack with a 
maximum of five cells, based on the principle of hydraulic compression that meets the 
requirements set in WP2 to reach the PRETZEL project targets. This includes the cell and cell 
stack development (task 5.1), the design of the required pressure housing (task 5.2) and the 
actual stack manufacturing (task 5.3).  
 
Task 5.1 (WHS) was completed by reaching milestone M5.1, documented in the submitted D5.1. 
The cell and stack design as well as the material selection was finalized.  
 
In task 5.2 (iGas), the development of the pressure housing was initiated.  
 
Lastly, in task 5.3 (WHS), a parts list of all needed cell and stack components was prepared and 
first offers for the needed materials are requested and collected to ensure price effective 
acquisition later. 
 
 

2.5.2 WP5 objectives for the reporting period 
 

• Implement changes to cell and stack design if necessary. 

• Finalize pressure housing design and manufacturing. 

• Acquisition or manufacturing of all cell and stack parts. 

• Stack manufacturing. 
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2.5.3 WP5 results within the reporting period 
 

2.5.3.1 Task 5.1: Cell development (month 5-15, WHS) 
 
Basic objectives of the PRETZEL project are the high-pressure operation up to 100 bar hydrogen 
output pressure, high temperature operation at 90°C, and high current densities of up to 6 A cm-2 
in overload mode. Reaching these objectives required a cell and stack concept capable of 
enabling operation at the mentioned conditions. The approach of hydraulic single cell 
compression provides several benefits regarding PEMEL operation and was, thus, chosen as the 
designated concept for the HP stack.  
 
Concerning the ambitious aims of the PRETZEL project, most important was the possibility to 
increase the cell compression accordingly to the gas productions pressure keeping cell 
compression constant at any pressure level on the one hand, while on the other hand 
temperature management via a separate hydraulic medium circulation could be provided 
independent of the actual electrolysis process. Combined with the homogeneous pressure 
distribution throughout the entire active area of each single cell, this concept enabled the 
operation at high pressures, high temperatures and high current densities. The principles of the 
concept have been investigated in laboratory studies in advance of the PRETZEL project, 
yielding promising results on a small scale. Both the process independent temperature 
management and the constant cell compression at elevated hydrogen production pressures have 
been validated.  
 
Within the PRETZEL project, a stack based on the principles of hydraulic single cell compression 
was to be build, in order to validate the suitability of this concept for future industrial usage. 
Details of the concept are described in detail in an earlier publication showing laboratory scale 
experimental studies18. Specific passages from this publication are provided in this chapter to 
give a brief overview of the principle. The basic functionality of crucial parts is being described 
and the modular concept is being introduced. 
 
 
Hydraulic single cell compression 
 
Pressure within a hydraulic medium is equally distributed. The same force applied everywhere to 
a planar surface facing hydraulic pressure. With two or more planar, parallel, and flexible 
components, like e.g., thin metal plates, inserted into a flexible pocket, which is surrounded by a 
hydraulic medium, a completely homogeneous compression of these components is ensured. 
Therefore, using the described setup to compress a PEMEL cell assembly, homogeneous cell 
compression and current density distribution are guaranteed independent of the size of the 
actual active area. Furthermore, the pressurization of the hydraulic medium may be adjusted to 
the gas output pressure keeping the cell compression at a given value independent of the actual 
hydrogen production pressure. With an additional circulation of the hydraulic medium, also extra 
cellular temperature management is possible (Figure 55). 
 

                                                      
 
 
 
18 F.J. Wirkert, J. Roth, S. Jagalski, P. Neuhaus, U. Rost, M. Brodmann, A modular design approach for PEM electrolyser systems with 

homogeneous operation conditions and highly efficient heat management, International Journal of Hydrogen Energy, Volume 45, Issue 2, 
2020, Pages 1226-1235, ISSN 0360-3199, https://doi.org/10.1016/j.ijhydene.2019.03.185. 
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Figure 55: Schematic drawing to illustrate the principles of hydraulic single cell compression. 

 
Using a stack design with flexible pockets, the electric current as well as the process media need 
to be conducted from one cell to another via a connection outside the pocket. This fact becomes 
an issue when the active cell area is increased towards an industrial scale, as the cross sections 
of the media channels and the current conductors need to be increased accordingly causing 
overall system efficiency losses and the necessity of using a high amount of raw material, 
negatively affecting both operational and investment costs. Hence, for using the concept of 
hydraulic cell compression with industrial scale active cell areas, a novel cell design was 
developed. 
 
Forming a flexible pocket with the copper polar plate as part of the pocket allows for a direct 
current conduction from one plate to the next. For this purpose, a polar plate made of a copper 
foil is integrated in a plastic cell frame forming one half of the new designed flexible pocket as 
can be seen in Figure 56. Flat gaskets made of FKM are used as sealing material between the 
polar plates and the cell frame. 
 
 

 

Figure 56: Two laboratory scale half cells consisting of plastic cell frames with integrated media 
channels comprising a monopolar plate each form a flexible pocket for the compression of the 
inner cell components. 

 
Bringing two of these half cells together, the empty space in between the flexible monopolar 
plates represents the flexible pocket, where the inner cell components, the PCDs and the CCM, 
could be placed. Having a pressurized hydraulic medium surrounding such a cell, the pressure of 
the medium directly and homogeneously compresses the cell assembly. Process media transport 
between the single cells is provided by media channels integrated in the cell frames at each of 
the four sides of the frame. Two opposing media channels are connected to the inner space and 
the PCD via small channels equally distributed along both sides of the active area forming 
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process media inlet and outlet of each half cell. Channels are produced by means of milling and 
subsequently covered with a thin plastic sheet. Number and cross section of these small 
channels are chosen to produce a pressure drop from the process media inlet to the outlet to 
guarantee for an equal process media flow through all cells of a stack. 
 
 
The modular stack concept  
 
A single cell is assembled by placing two PCD structures and a CCM in between two cell frames 
comprising an integrated monopolar plate each. The two sides of a cell are separated from each 
other by the CCM. As both half-cell frames are of the same basic structure, process media inlets 
and outlets at both sides of the cell are orthogonal to each other. Which means that two 
opposing process media channels provide process media transport to the anode side, while the 
orthogonal channels provide process media transport to the cathode side of each single cell. This 
is depicted in Figure 57. Where the PCD on the upper side of the membrane is connected to the 
process media channel on the right-hand side, and the PCD on the lower side of the membrane 
is connected to the process media channel on the left-hand side. Process media flow through the 
cells is established directly through the PCD structures. 
 

 

Figure 57: Cross section in detail of one laboratory scale single electrolyser cell illustrating the 
concept for process media transport to and from the active sites. 

 
With this cell design, an arbitrary number of single cells can be stacked together to form a 
PEMEL stack, as shown in Figure 58. Current conduction from one cell to another is hereby 
established via flexible beryllium copper springs connecting two neighbouring monopolar plates. 
 

 

Figure 58: Schematic drawing of a laboratory scale PEMEL stack to illustrate the modular stack 
concept working with a variable number of single cells.  

 
To have the single cells pressurized, the whole stack is integrated into a pressure housing that is 
filled with a hydraulic medium comprising a detachable blank flange on one side. The hydraulic 
medium surrounds each single cell as it can penetrate the space in between two cells via 
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notches in the plastic cell frames acting as hydraulic media channels (Figure 58). Besides 
providing a completely homogeneous cell compression, the hydraulic medium also acts as a 
coolant, as it is circulated through the stack and the empty spaces between the cells along the 
monopolar plates’ outer surfaces, guaranteeing for an efficient process water independent 
temperature management. 
 
While the hydraulic medium is simply pumped into the pressure housing on one side and out of 
the pressure housing on the other side of the stack, a more complex solution is necessary to 
connect the process media channels to the external circulation. A specially designed adapter 
plate is placed in between the flange of the pressure housing and the first single cell. In addition 
to that, the electrical current needs to be distributed homogeneously throughout the active cell 
area. Therefore, thick, and non-flexible copper plates are utilized on both ends of the stack, 
which are connected to the current pass-throughs integrated in the base plate.  
 
The cell frames shown in Figure 59 to Figure 61 used to create the HP stack within the 
PRETZEL project have been designed according to the described principle of hydraulic single 
compression to meet the specifications defined by the consortium as given in deliverable report 
D2.3. In the following sections, details on the manufacturing process as well as the stack 
assembly are given. 
 

 
Figure 59: Technical drawing of the cell frame for the inner cell components. 

 



 

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

 

71 
 

 

Figure 60: Computerized 3D model of the cell frame – top side 

 
 

 

 

Figure 61: Computerized 3D model of the cell frame – bottom side. 

 
 

2.5.3.2 Task 5.2: Pressure housing (month 5-21, iGas) 
 
The base plate of the pressure housing with the integrated pass-throughs for electrical current 
and process media has been identified as another crucial part of the stack besides the cell 
frames. It needed to provide the possibility to stack single cells on top of it inside the pressure 
housing ensuring a tight connection of all channels, while connecting the interface to the 
operating external system on the outside. A blank flange made of stainless steel was utilized for 
this purpose. On the inside, a specifically designed PEEK-component was attached to this flange 
to distribute the process media to the respective channels integrated in the cell frames. Silver 
coated copper rods were used to guide the electrical current into the pressure housing being 
shielded via POM-bushings for electrical insulation. Process media channels in the pressure 
housing, as well as gaskets and sealings were designed to meet the project specifications. After 
evaluating different manufacturing techniques and materials, development of the pressure 
housing was completed. 
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2.5.3.3 Task 5.3: Stack manufacturing (month 16-27, WHS) 
 
Different opportunities for purchasing the necessary materials were checked. Raw material and 
additional components for cell frame manufacturing, standard parts (O-ring sealings, screws, 
nuts, cables…) were purchased and delivered. A route for easy stack build-up by stacking pre-
assembled half cells was conceived. Single cell temperature and voltage measurement was 
integrated. 
 
The stack was assembled by stacking four single cells on top of the base plate with its integrated 
pass-throughs. A mechanical compression plate was used to tighten the sealings. Subsequently 
the whole assembly was put into the pressure housing, which was connected to the base plate 
and surrounding the stack. 
 

Manufacturing process 

After having the specifications fixed, computer graphics of each single component had been 
produced using CAD software. Several simulations on the manufacturing and assembly process 
were being run to check on the compatibility and producibility of the different components. This 
design process was carried out being in close communication with the respective manufacturers. 
Specially designed parts were manufactured both inhouse and by external companies as 
applicable. Besides that, necessary standard components have been purchased from different 
suppliers according to technical specifications and financial guidelines. Components produced by 
project partners are not listed here, as they are subject of different chapters of this report. 
 
Standard components: 
 
Raw materials for inhouse manufacturing as well as standard components like screws, pipes, 
connectors, and O-ring sealings were chosen as applicable and purchased from the respective 
companies. Details on the respective materials as well as the supplier companies are given in 
Table 6. 

Table 6: List of purchased standard components. 

purchased part Raw Material Company 

DIN Screw (nuts, washers…) Stainless steel Schraubenhandel Machholz 

Electrical connectors (BL14N 
bushings, nuts, washer) 

Silver plated brass Stäubli 

Media connectors and pipes Stainless steel HyLok 

Cable guiding connector Stainless steel BAX Engineering 

Cathode PCD Graphite Caplinq / Spectracarb 

Copper springs Copper-beryllium Zillkon 

CCM - Confidential 

O-ring sealings FKM ShA75 Arcus O-Ringe 

Titanium foil Titanium in stock 

Plugins and cables Brass in stock 

Temperature sensors PT100A Digi-Key 

 
Specially designed components – external manufacturing: 
 
Components, which were specially designed for the PRETZEL HP stack, were purchased from 
external manufacturers when applicable, i.e., whenever the respective component could not be 
manufactured inhouse or when it was cheaper to have it made by an external company. A list of 
all specially designed components purchased from external manufacturers including details on 
the raw materials used as well as the manufacturing process are given in Table 7. 
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Table 7: List of externally manufactured specially designed components. 

Part Raw Material 
Manufacturing 
process 

Company 

Pressure housing, Flange, and 
pressure housing bolted joints 

Stainless steel 
S317 

Milling/ Welding 
Schwarz 
systems 

Compression plate Stainless steel Milling WOWI 

Copper plate top outside Copper CW008 
Milling/ 
Electroplating 

WOWI/ 
Wieland 

Copper plate top inside Copper CW008A 
Milling/ 
Electroplating 

WOWI/ 
Wieland 

Copper bar anode Copper CW008A Milling WOWI 

Copper bar cathode Copper CW008A Milling WOWI 

Copper plate bottom Copper CW008A 
Milling/ 
Electroplating 

WOWI/ 
Wieland 

Media distribution PEEK Milling 
ADS 
Drehe-
servivce 

Copper rod flange Copper CW008A 
Milling/ 
Electroplating 

WOWI/ 
Wieland 

Copper rod stack Copper CW008A 
Milling/ 
Electroplating 

WOWI/ 
Wieland 

Copper plate thin Copper CW008A Electroplating Wieland 

Monopolar plates Copper CW008A Electroplating Wieland 

 
Specially designed components – inhouse manufacturing: 
 
Components, which were specially designed for the PRETZEL HP stack, were produced inhouse 
if applicable, i.e., whenever the respective component could be manufactured cheaper inhouse. 
This includes not just the production process itself, but also the whole development process. 
Components like the cell frames were developed in an iterative process, where compatibility had 
to be checked experimentally after each step and the design needed to be adapted accordingly 
for a few times. This could be realized quicker, and thus, more efficiently by producing the parts 
inhouse. 
 
A list of all components manufactured inhouse including details on the raw materials used as well 
as the manufacturing process applied are given in Table 8. 
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Table 8: List of inhouse manufactured components for the HP stack. 

Part name Raw Material 
Manufacturing 
process 

End frame PEEK Milling 

Uncoated monopolar plates Copper CW008A Milling 

Insulation foils POM Milling 

Flat gaskets FKM Cutting 

Uncoated copper plate thin Copper CW008A Milling 

Cathode PCD Graphite Milling 

FKM sensor holders FKM Cutting 

Anode frame for flat gaskets POM Milling 

Cathode frame for flat gaskets POM Milling 

Cathode cell frame PEEK Milling 

Anode cell frame PEEK Milling 

Micro channel covers PEEK Cutting 

POM bushings POM Machining 

 
During the production process, one critical issue was identified concerning cell frame 
manufacturing. With the current design, a high degree of dimensional accuracy is necessary to 
guarantee for the sealing concept to be functional. This issue increases the effort and the 
workload for producing a single cell frame in such a manner that is not applicable for future large-
scale production. This was not a major problem to produce the HP stack in this project but needs 
to be addressed regarding intended external producibility in large numbers. 
 

Assembly process 

The following overview on the components used for building the HP stack as well as the 
assembly process itself deals with preparing the preliminary testing of the stack. The parts shown 
represent the final state of design, but not all the stack components were used for preliminary 
testing, for example coated monopolar plates, wires, sensors, and CCMs were excluded, to avoid 
damages before the final assembly. These were replaced by dummy parts of the same 
dimension were necessary and applicable, to gain valid information on the stack’s functionality. 
To illustrate the assembly process, the different steps are described in detail in the following 
subsections, including information on the number of used components, pictures of the assembly 
after each step and the corresponding exploded view made using CAD software. 
 
Base plate: 
  
The assembly process started with the positioning and tightening of the media connectors and 
the cable bushing connectors to the flange´s exterior face. Once they were mounted, the flange 
was turned around and positioned in a support structure. On the inside, the flange has two 
additional holes with a diameter of 3.0 mm, in which positioning rods could be inserted. 
Corresponding holes to fix the right position are integrated in the media distribution, which was 
subsequently mounted after integrating the respective sealings. The POM bushings for the 
current pass-through on the inside with O-ring sealings included were to be assembled next.  
Before integrating the copper plate top outside, it was first preassembled with the respective 
components, as can be seen in the exploded view from Figure 63. These are the BL14N 
Bushings, which were mounted to the plate using washers and nuts, and the copper rods, which 
were screwed into it. The remarking point here is that the nuts for the tightening of the POM 
Bushings first had to be placed on the copper rods and positioned in the right height before 
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screwing the rods into the plate. The copper plate top inside was also preassembled with copper 
rods in the same way as the copper plate outside. 
 
Once these two preassemblies were finished, the copper plate top outside was mounted into the 
media distribution followed by an insulation foil and finally by the copper plate top inside, 
inserting the copper rods into the POM bushings in the same step. At last, the POM bushings 
from the outside were placed onto the copper rods and into the flange and nuts were screwed on 
the outside thread of the copper rod flanges to tighten the assembly. The utilized components 
are listed in Table 9. A photograph of the completely assembled base plate is shown in Figure 
62. 
 

Table 9: List of components utilized for the base plate assembly. 

Name Quantity 

Flange 1 

POM bushings 16 

Media distribution 1 

Copper plate top outside 1 

Copper plate top inside 1 

Separator foil 1 

Copper rod flange inside 4 

Copper rod flange outside 4 

Process media and hydraulic connectors 8 

Cables guiding connector 1 

BL14N 16 

Ring bolt 4 

DIN 9021-22 washer 16 

DIN 934 – M20 nut 24 

DIN 127 – A20 spring washer 8 

Positioning rod 3 mm D 2 

MUE/M22x1 nut 16 

UE/M22 x1 washer 16 

Gasket fitting 8 
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Figure 62: Photograph of the completely assembled base plate of the HP stack. 
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Figure 63: Exploded CAD graphic of the base plate of the HP stack. 
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Single cells: 
 
A single electrolyser cell consists of two half cells, cathode, and anode, which were separately 
assembled starting with the respective cell frame. The first parts to be integrated were the flat 
gaskets, followed by the PCDs. Once these parts were correctly placed, the monopolar plates 
were positioned on top of them and fixed in the cell frame with the help of the POM frames and 
an integrated clipping system. After that, the cells were turned around and the micro channel 
cover sheets were placed on the micro channel surfaces. Once the micro channel covers were 
correctly attached to the cell frame, the O-ring sealings for the cells inner side were put into the 
seal slots. Finally, the cells were one more time turned around and O-ring sealings of the cell 
outside were mounted. 
 
This assembly procedure was used with each of the half cells. In the final assembly, coated 
monopolar plates with the copper springs glued onto the outside facing the hydraulic medium 
was used for the cathode half cells instead of simple copper plates as depicted in Figure 64 and 
Figure 65. The utilized components are listed in Table 10. 
 

Table 10: List of components utilized to assemble a single electrolyser cell of the HP stack. 

Name Quantity 

Anode cell frame 1 

Cathode cell frame 1 

Micro channels cover sheet 2 

Cathode frame 1 

Anode frame 1 

Cathode PCD 1 

Anode PCD 1 

Flat gasket 2 

Copper springs 40 

CCM 1 

O-ring 27_1,5 24 

O-ring 20_1,5 12 

O-ring 337_2 1 

O-ring 303_2 1 

3760 electrical connector 1 

c-1-1473562-4-f-3d electrical connector 1 

c-1-1746741-4-a-3d electrical connector 1 

c-62887-1-l-3d 
electrical connector 

2 

Alpha Wire 172619 
- 
 

Temperature sensor 1 

FKM sensor holder 3 
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Figure 64: Photograph of a completely assembled single cell of the HP stack. 
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Figure 65: Exploded CAD graphic of a single electrolyser cell of the HP stack. 

 
Mechanical compression: 
 
The pre-mounted eight half cells were consecutively stacked on top of the base plate utilizing the 
positioning bars to fix the right position. The positioning bars were inserted in a previous 
assembly step. The cells were stacked according to the following order: First a cathode half-cell 
and then an anode half-cell, whereas each CCM was placed onto the inner surface of a cathode 
half-cell directly before positioning the respective parts. As mentioned, for preliminary testing the 
CCMs were replaced by spare foils. Once all the cells were stacked, the end frame, 
preassembled previously with its respective O-ring sealings, was positioned. This part was also 
guided with the positioning bars into the right position. The copper plate at the bottom of the 
stack being the end plate for the current conduction needed to be preassembled with the BL14N 
bushings before usage. These BL14N bushings were working as a flexible connection between 
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copper rods and copper plates. After the copper plate had been positioned, the copper rods were 
inserted into the bushings electrically connecting the bottom copper plate and the top copper 
plate outside providing the connection to the corresponding current pass-throughs integrated in 
the base plate. 
 
After that, an insulation foil and the compression plate were positioned, and the threaded rods 
were inserted into the flange as illustrated in Figure 66. Finally, nuts were screwed onto the 
threaded rods and tightened with a torque wrench. This last-mentioned tool was important to 
reach a homogeneous mechanical compression of the cells, which is responsible for the sealing 
concept to be functional. With the stack completely assembled, it was ready for being integrated 
into the pressure housing (Figure 67). The utilized components are listed in Table 11. 
 

Table 11: List of components used to mechanically compress the HP stack. 

Name Quantity 

Copper plate bottom 1 

Insulation foil 1 

End frame 1 

Copper rod flange 8 

Copper plate thin 1 

BL14N 8 

MUE/M22x1 nut 16 

UE/M22 x1 washer 16 

Threaded bars 24 

DIN 934 – M20 24 
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Figure 66: Exploded CAD graphic of the entire HP stack. 

 

 

Figure 67: Photograph of the completely assembled HP. 
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2.5.4 WP5 Deliverables and Milestones achieved, Deviations and Explanations 
 
D5.1: Cell parts and CAD design of HP electrolyzer stack (WHS; Month 15; Demonstrator; 
Confidential) 
Status: Approved, Delivery date: 01st Apr. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D5.2: 5-cell HP stack with 550 cm2 (WHS; Month 24; Demonstrator; Confidential) 
Status: Submitted, Delivery date: 3rd Nov. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D5.3: Report on HP stack details and assembly process (WHS; Month 27; Report; Confidential) 
Status: Submitted, Delivery date: 12th Jan. 2021 
Justification of deviations: On time within the permitted 60 days period. 
 
MS10 M5.1 Design of the HP stack is completed. (WHS; Month 15) Description: This deliverable 
marks the successful completion of task 5.1 (Cell development) in WP 5. The computerized 3D 
model of the cell frame for the inner cell components is finalized, the CAD drawing of the HP 
electrolyzer stack is also finalized. With this, milestone M5.1 (Design of the HP stack is 
completed) is successfully reached. 
The two most crucial components are the cell frame for the inner cell components on the one 
hand, and the HP flange, which works as the base plate for the rest of the stack and contains the 
connections for media and electrical current, on the other hand. 
Status: Submitted, Delivery date: 29th Mar. 2019 
 
MS11 M5.2 Manufacture of 5-cell HP stack with 550 cm2 is finalized. (WHS; Month 24) 
Description: The realized HP PEMEL stack is based on the principles of hydraulic single cell 
compression. The assembly process is divided into three major steps before the stack could be 
integrated into the pressure housing. First, the base plate needs to be assembled by integrating 
the media and current pass-throughs as well as the media distribution plate. After that, half cells 
are prepared by integrating pole plates, gaskets, PCDs, and CCMs in the corresponding cell 
frames. Finally, half cells are stacked onto the base plate and fixed mechanically via a stainless-
steel compression plate. After that, the stack together with the pressure housing is ready for 
system integration. Details are reported in D5.3. 
Status: Submitted, Delivery date: 12th Jan. 2021 
Justification of deviations: Unforeseen delays in manufacturing. Deliverable was submitted 73 
days late. 
 
 
 

2.5.5 Summary of WP5 
 
WP5 concluded with the submittal of D5.2 and D5.3 reaching the project milestone M11. The 
high-pressure PRETZEL stack was designed, has been assembled and was integrated inside the 
developed pressure housing in the electrolysis system. 
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2.6 Work Package 6: 25kW system integration and operation (iGas) 

 

2.6.1 WP6 objectives and summary of results preceding the reporting period 
 
In WP6, already existing PEMEL stack periphery, developed in the project “HiPressPEM” 
(funding number 03FH012IN6, BMBF), is to be adapted and upgraded for the integration of the 
PRETZEL stack and to enable the accomplishment of the target performance (6 A/cm², 100 bar, 
90°C). This entails the system engineering (task 6.1), the integration of updated BoP 
components (task 6.2), the integration of the high-pressure PRETZEL stack designed and 
manufactured in WP5 (task 6.3) and finally, the electrochemical characterization of the stack 
according to the, in WP2 developed testing procedures based in the JRC harmonized protocols. 
 
Only task 6.1 (iGas) has been started preceding the reporting period. It was found that additional 
cooling capacity in the form of two additional coolant pumps is necessary. The remaining 
periphery was carefully checked concluding that no other additional retrofitting was necessary.  
 
 

2.6.2 WP6 objectives for the reporting period 
 
The objectives of WP6 within the reporting period is to upgrade the electrolysis system according 
to the previous and present findings and the installation and characterisation of the PRETZEL 
stack with the designed measurement protocols. 
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2.6.3 WP6 results within the reporting period 
 

2.6.3.1 Task 6.1: System engineering (month 5-21, iGas) 
 
Task 6.1 was concluded by the submission of deliverable D6.1 presenting PID and CAT 
drawings of the final PEMEL system (Figure 68). 
 

 

Figure 68: CAD drawing of the final PRETZEL PEMEL system 

 
 

2.6.3.2 Task 6.2: Integration of updated BoP components (month 18-27, iGas) 
 
In this project it is planned to operate the electrolysis system at an operating temperature up to 
90°C. Previously the system allowed only for a maximum temperature of 70°C. To enable the 
planned operating temperature of 90°C, it was necessary to improve the control of the water 
supply on both the anode and cathode side. For this purpose, both circuits (anode and cathode) 
must each be supplemented by a micro control valve, which is used to control the flow. The 
control valves must fulfil the following characteristics: 
 

➢ Control valve with pneumatic actuator (pressure of 5 to 6 bar) 
➢ Positioner setpoint controlled by 4 to 20 mA input current 
➢ Medium: Ultrapure water (Electrical resistance small than 0.1 µS cm-1) 
➢ Working pressure of 100 bar 
➢ Material for all wetted parts: Stainless-steel 1.4401 (316 L) 
➢ Pressure difference of 3 bar 
➢ Volume flow anode 3 to 12 L min-1 
➢ Volume flow cathode 1.5 to 6 L min-1 
➢ Temperature: 20 to 90°C 
➢ Threaded process connection 
➢ Housing strength: 120 bar. 

 
As a check and to ensure the correct flow, a mass flow meter must also be installed in both 
circuits. The mass flow meters must fulfil the same requirements. 
 
The cooling circuit must be operated at a constant temperature of 90°C. To be able to guarantee 
this, the integration of a hot-cooling system was necessary, consisting of a hot circuit and a 
cooling circuit. The hot circuit consists of a 5.5 kW immersion heater with a minimum flow rate of 
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1 m³ h-1 to generate heat, pumps to distribute the water and a three-way control valve to control 
the flow. The refrigeration circuit, consisting of a refrigeration unit with 12.7 kW refrigeration 
capacity and a three-way control valve is used to limit the refrigeration circuit temperature to  
90°C. The refrigeration circuit is controlled by a pump. To distribute the cooling and heating, a 
hydraulic separator is required which mixes the two water flows and passes them on to the 
cooling circuit at the desired temperature 
 
Due to the increased flow rate for stack cooling, two additional pumps were necessary in the 
cooling circuit. Since the reaction media volume flow on the anode and cathode side was 
simultaneously reduced, the pumps installed for the reactant feed were now oversized. These 
were therefore installed in the cooling circuit and replaced on the cathode and anode side by 
new pumps with the following specification: 
 

➢ Control valve with pneumatic actuator (pressure of 5 to 6 bar) 
➢ Medium: Ultrapure water (Electrical resistance small than 0.1 µS cm-1) 
➢ Working pressure of 100 to 110 bar 
➢ Material for all wetted parts: Stainless-steel 1.4401 (316 L) 
➢ Pressure difference of 3 bar 
➢ Volume flow anode 3 to 12 L min-1 
➢ Volume flow cathode 1.5 to 6 L min-1 
➢ Temperature: 20 to 90°C 
➢ O-ring seal: EPDM  
➢ Connections: 3/4" NPT, internal thread 
➢ Housing strength: 150 bar 

 
 

2.6.3.3 Task 6.3: Integration of high-pressure stack (month 25-31, WHS) 
 
To investigate the capability for high-pressure operation of the design approach used to 
manufacture the stack for the PRETZEL project, a stack consisting of seven single cells with an 
active cell area of 210 cm2 has been used, as shown in Figure 69, which was initially produced 
within a former project at WHS. For the experiments carried out within the scope of the 
PRETZEL project, the stack was operated with three single cells each being equipped with the 
novel PCD structures provided by GKN. Details of this experiment are described in a collective 
publication19. 
 

                                                      
 
 
 
19 S. Stiber, H. Balzer, A. Wierhake, F. J. Wirkert, J. Roth, U. Rost, M. Brodmann, J.K. Lee, A. Bazylak, W. Waiblinger, 
A.S. Gago, K.A. Friedrich, Porous Transport Layers for Proton Exchange Membrane Electrolysis under Extreme 
Conditions of Current Density, Temperature and Pressure, Adv. Energy Mater. 2100630 (2021), DOI: 
10.1002/aenm.202100630 
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Figure 69: Photograph of the PEMEL stack used for high-pressure operation. For the tests within 
PRETZEL project, it was operated with three single cells. 

 
The test run was performed with the stack being integrated in the containerized test system with 
the integrated pressure vessel being capable of 100 bar operation. Pictures of the utilized test 
environment are shown in Figure 70. 
 

   

Figure 70: Photograph of the test environment taken both from the inside and the outside.  

 
After stack installation followed by an initial break-in procedure (slowly increasing the current 
density to 1 A cm-2 and maintaining this current density for 1 h), the experimental test run was 
started by increasing the hydrogen production pressure to 95 bar at a constant current density of 
2 A cm-2. Once high-pressure operation was established, a polarization curve was recorded up to 
a current density of 6 A cm2 at an operational temperature of 52°C, to investigate the capability of 
this design approach for high power density operation. Subsequently, the current density was set 
to 2 A cm-2 and maintained for 600 h, to investigate the long-term behavior of the stack. The 
temperature of the stack was established at about 65°C during this long-term test. Cell voltage of 
the cell placed in the middle of the stack was recorded the entire time representing the behavior 
of cells in the environment of a larger stack. 
The polarization curve recorded initially at the beginning of the test run is depicted in Figure 71. 
The mostly linear slope of the polarization curve shows that no mass transport limitations occur 
in the stack.  
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Figure 71: Polarization curve recorded at 52 °C and 90 bar hydrogen output pressure. 

 
However, this result may be addressed not just to the stack and cell design, but also to the 
advanced inner cell components provided by the partners. The not entirely linear behaviour of 
the cell voltage with increasing current may originate from an increasing temperature at elevated 
current densities. 
 
Results obtained from the subsequently conducted long-term test are shown in Figure 72. 
Fluctuations in the recorded curves are visible, as the system was sensitive to environmental 
temperature changes. The drop visible after around 500 h of operation was caused by an 
externally induced safety shutdown of the whole system. The average degradation recorded 
during 600 h of operation was 4.43 µV/h.  
 

 
Figure 72: Cell voltage, overall current, and stack temperature recorded over 600 h of operation. 

 

It can be concluded that the investigated cell and with that the entire stack showed a polarization 
behaviour and degradation rate like state-of-the-art PEMEL systems validating the capability for 
large-scale high-pressure hydrogen production. Nevertheless, further investigations were 
necessary to fully understand the influence of high-pressure operation, especially when high-
pressure operation is maintained over a longer time. 
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Hence, long-term testing was planned to be the final step of the PRETZEL project. To prepare 
this test run, the PRETZEL stack with 500 cm2 of active cell area as described in detail in 
section 2.5.3 was integrated into the test system after the system was updated. Initial 
investigations without an actual CCM installed, but with all other components equipped, were 
conducted, in order to characterize the behaviour of the stack and the whole system in terms of 
media flow both process media and hydraulic medium in combination with the increased active 
area at elevated pressures of up to 100 bar and temperatures of up to 90°C. These initial tests 
were crucial to determine the capability of the concept for operation at the ambitious conditions 
set as goals for this project. 
 
In a first step, temperature management was investigated by heating up the system via the 
hydraulic medium. The pressure in the hydraulic circuit was set to be 8 bar, while the pressure 
inside the process media circuits was kept at ambient level, to create conditions, which will be 
present at the beginning of actual stack operation and hydrogen production at an ambient 
pressure level. All media circulation pumps were started and brought to automated operation. 
Hydraulic medium flow was set to 2000 l h-1 resulting in a pressure drop of 0.3 bar from the inlet 
to the outlet of the stack. Process media flow was successively increased in both circuits’ anode 
and cathode until either the desired water flow was reached or the differential pressure between 
inlet and outlet reached a level of 1.0 bar. As a result of this starting procedure, the water flow at 
the anode circuit created a differential pressure of 0.45 bar at a flow rate of 1 ml min-1 cm-2 
corresponding to a total of 120 l h-1, while the maximum water flow possible in the cathode circuit 
was determined to be 60 l h-1 corresponding to 0.5 ml min-1 cm-2. After establishing automated 
system operation, the temperature level was increased in several steps up to the desired level at 
90 °C, while the temperature was monitored at different spots inside the single circuits. The 
results of this test run are shown in Figure 73. 
 

 

Figure 73: Progress of temperatures recorded at different spots of the system during external 
heating-up process. 

As can be seen, the whole operational system was heated up from ambient conditions to the 
desired temperature of 90 °C in less than six hours. Deviations between the single temperatures 
result from the spots, where the respective sensors are placed, as not every little bit of the piping 
system could be isolated thermally. Nevertheless, it can be concluded that a stable system 
operation at 90 °C is possible according to these results. After investigation the temperature 
behaviour of the system, in the next step, the capability for high-pressure operation at elevated 
temperatures was checked. With the system being in a stable operation at 90 °C and ambient 
pressures, as described above, the pressure levels in the anode and cathode compartment were 
increased successively, while the hydraulic pressure was regulated automatically by the system. 
For this purpose, an external nitrogen supply via a high-pressure bottle has been connected to 
both circuits’ anode and cathode, respectively. However, the results of this high-pressure test 
cannot be included in this report, as the test could not be finished until the present date. The 
results will be delivered along with the results of the final 2000 h test run as soon as possible. 
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2.6.3.4 Task 6.4: Stack tests according to JRC testing procedures (month 31-36, DLR) 
 
The installation of the PRETZEL HP stack with active components and the successive 
electrochemical characterization and 2000 h degradation testing was not completed withing the 
submission period of this report. This process is ongoing, and all results will be provided to the 
FCH JU and the public as soon as they are available and discussed in the consortium. 
 
 

2.6.4 WP6 deliverables and milestones achieved, deviations and explanations 
 
D6.1: CAD drawings and PIDs of container with BoP and HP stack (iGas; Month 19; 
Demonstrator; Confidential) 
Status: Approved, Delivery date: 29th Jun. 2019 
 
D6.2: Report of commissioning tests (iGas; Month 38; Report; Confidential) 
Status: Submitted, Delivery date: 1st Oct. 2021 
Justification of deviations: Significant delays caused by the COVID-19 crisis. 
 
MS12 M6.1: HP stack is installed and put in operation (commissioning completed) reaching 100 
bar, 90°C and 6 A cm-2. (iGas; Month 41) Description: A prototype stack was successfully 
installed into the PEMEL system and put in operation in close to target conditions. 
Electrochemical characterisation showed an absence of mass transport limitations and a low 
degradation rate of 4.4 µV h-1. The final PRETZEL-stack will be put into operation after the end of 
the submission period. All experimental results will be reported as soon as possible. 
Status: Submitted, Delivery date: 1st Feb. 2021 
 
MS13 M6.2: 2000 h final test is completed. (iGas; Month 42) 
Status: Pending 
Justification of deviations: 2000 h test run could not be initiated within the submission period of 
the final report. All results will be submitted at a later date. 
 
 

2.6.5 Summary of WP6 
 
In WP6 iGas performed the engineering for the necessary retrofit of the WHS high pressure 
PEMEL test facility regarding the specifications defined in WP2. A special focus on the 
development is the optimisation of the cooling systems for the stack and the produced hydrogen, 
respectively.  
 
The manufacturing of engineered cooling systems (for hydrogen purification and stack cooling) 
was  subcontracted to relevant industry. iGas and WHS will integrated the new hardware into the 
test facility. iGas developed a software update for the automation and control unit and performed 
compliance tests for a safe system operation of hydraulically compressed high pressure PEMEL 
stacks. 
 
Preliminary tests of a prototype stack at lower than target temperatures revealed that the PEMEL 
system can operate at the target pressure of 100 bar. No mass transport limitations were 
detected at high current densities, confirming the stack design’s ability to enable efficient process 
media distribution. Within 600 h an average low degradation rate of 4.4 µV h.1 was measured. 
 
The full-size PRETZEL stack was integrated in the updated containerised PEMEL system and 
first commissioning tests without active components were started. Temperature control was 
shown to be accurate, while pressure tests are still ongoing. The commissioning of stack and 
system, as well as the 2000 h durability test will complete after the submission period of this 
report. 
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2.7 Work Package 7: Dissemination and exploitation of results 
(IBERCAT) 

 

2.7.1 WP7 objectives and summary of results preceding the reporting period 
 
The objective of WP7 is to reach the scientific community, the industry, as well as the interested 
stakeholders including policy makers, regulators, and international organizations to openly 
disseminate the project scope, research plan and project results. The dissemination strategy is 
defined through dissemination instruments such as the project website and profiles on social 
media, the publication of a project fact sheet and the publication of results in peer reviewed 
scientific journals and during scientific conferences and workshops in accordance with the Grant 
Agreement (GA) and the Consortium Agreement (CA) to protect IPR of the partners.  
 
In task 7.1, “dissemination and communication”, the PRETZEL web page (www.pretzel-
electrolyzer.eu) was set up and published (D7.1), Twitter and LinkedIn profiles were created. The 
project factsheet was completed and uploaded to the website (D7.2 / D7.3). The plan for 
dissemination and communication activities was submitted as deliverable D7.3. 
 
In task 7.2, “organization of workshops”, two workshops, one internal (among consortium 
partners, held at CERTH premises) and one public (digital event co-organized with NEPTUNE 
project) were organized by CPERI/CERTH with the aim of IBERCAT. Documents D7.7 and D7.8  
report on the content of the events: the scientific topics discussed, and the presentations given 
during the workshops 
 
In task 7.3, “exploitation”, a first draft of the exploitation plan was submitted as deliverable D7.5. 
Herein the elements required to set up a business plan, such as market analysis, market 
potential analysis and the identification of key players and competitors, that is to be followed to 
ensure complete and efficient market up-take were included. To fulfil the exploitation objectives, 
established marketing and business tools were employed.  
 
 

2.7.2 WP7 objectives for the reporting period 
 
The objectives during the reporting period were firstly, to maintain and frequently update the 
PRETZEL website content as well as other online presences (LinkedIn, twitter, YouTube), 
secondly, to plan and initiate the organizing of the internal and public workshop and lastly to 
finalize the exploitation plan. The dissemination and communication of the PRETZEL project 
follows the strategy presented in D7.6, to address to the maximum amount of interested 
stakeholders not only by web page, but also by social media such as Twitter and LinkedIn. For 
reinforcement, a YouTube video was also elaborated and disseminated to approach the project 
content to the public in general. Tools for dissemination were reasonably used to analyse interest 
in electrolyser counterpart and perform a market research, potential end-users, and systems 
integrators to elaborate an exploitation plan on supported iridium electrocatalysts. 

http://www.pretzel-electrolyzer.eu/
http://www.pretzel-electrolyzer.eu/
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2.7.3 WP7 results within the reporting period 
 

2.7.3.1 Task 7.1: Dissemination and Communication (month 1-36, IBERCAT) 
 
An update on the webpage was performed with the new company (WLC). The PRETZEL online 
presence was continuously updated during the reporting period. During the total PRETZEL 
project, the following peer-reviewed papers were published in scientific magazines based on the 
PRETZEL results. They are presented in chapter 5.3.1. Most successfully, the novel Ti-GKN 
PCD has sparked the interest of several potential customers and this innovation was publicized 
in the high impact factor journal Advanced Energy Materials (Figure 74).  
 

 

Figure 74: Front page of Vol. 11, No. 33 AEM showing a scheme of the  
novel Ti-GKN PCD in a PEMEL stack. 
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2.7.3.2 Task 7.2: Organization of Workshops (month 14-34, CERTH) 
 
The internal scientific PRETZEL workshop, organized by CPERI/CERTH, took place on July 15th, 
2019, in Thessaloniki, Greece at the premises of CERTH. Deliverable D7.7 describes the event 
and the scientific topics discussed. The goal of the internal scientific workshop was to present 
and to discuss the progress on PEM water electrolysis. Presentations were given by PRETZEL 
partners in topics related to PEM electrolysis and results within PRETZEL project or other 
parallel activities. The following researchers were invited as selected stakeholders from the 
scientific community in consideration of their significant contribution and relevance to the core 
research of PRETZEL project:  
 

➢ Professor Pierre Millet from the Institut de Chimie Moléculaire et des Matériaux d'Orsay, 
CNRS, Paris.  

➢ Professor Evelina Slavcheva from the Institute of Electrochemistry and Energy of the 
Bulgarian Academy of Sciences.  

➢ Professor Dimitrios Tsiplakides from the Department of Chemistry of Aristotle University 
of Thessaloniki and collaborating faculty member of CPERI/CERTH  

➢ Dr. Simon Geiger from Department of Electrochemical Energy Technology of German 
Aerospace Centre (DLR)  

 
During the NEPTUNE-PRETZEL collaboration meeting held in Brussels, on the 27th of February 
2020, the possible organization of the public PRETZEL workshop together with that of NEPTUNE 
was discussed and later decided. This joint public workshop took place online on the 17th of June 
2021. Deliverable D7.8 describes the event and the scientific topics discussed. The workshop 
“Game Changer Proton Exchange Membrane (PEM) Water Electrolysers" came from an initiative 
of the FCH JU Neptune and PRETZEL projects to discuss next generation polymer electrolyte 
membrane electrolysers. The workshop covered specific discussions about materials 
development, degradation effects, stack, and system development. A link to demonstration 
activities and national plans for developing advanced green hydrogen production technologies 
was also included. 
 
 

2.7.3.3 Task 7.3: Exploitation (month 14-36, IBERCAT) 
 
To improve the already submitted exploitation plan draft, the “Support Service for Exploitation of 
Research and Results – SSERR” was contacted. The feedback of the SSERR provided the 
necessary information to prepare and submit the improved finalized PRETZEL exploitation plan 
as deliverable D7.9. 
 
Services from “Horizon Booster Results” were used by IBERCAT during this reporting period to 
improve and develop the exploitation plan. Among these “portfolio dissemination and exploitation 
strategy”, “business plan development” and “go to market” were effectively employed. 
 
The summary report on exploitation plan referred to supported iridium-based electrocatalyst for 
PEMEL was performed at the present reporting period going through market analysis in noble 
metal market, potential manufacturers, stakeholders, and customers, presented in deliverable 
D7.9 and showing the opportunity for offering the electrocatalyst as product and service in 
addition to a strategy for a commercialisation and marketing focused on a business plan and 
potential financial economic plan. 
 
 
 

2.7.4 WP7 Deliverables and Milestones achieved, Deviations and Explanations 
 
D7.1: Project website (IBERCAT; Month 5; Other; Public) 
Status: Approved, Delivery date: 07th Jun. 2018 
Justification of deviations: On time within the permitted 60 days period. 
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D7.2: Project fact sheet (IBERCAT; Month 6; Report; Public) 
Status: Approved, Delivery date: 03rd Jul. 2018 
Justification of deviations: On time within the permitted 60 days period. 
 
D7.3: Plan for use and dissemination of foreground (IBERCAT; Month 12; Report; Public) 
Status: Approved, Delivery date: 19th Dec. 2018 
 
D7.4: Technical update on project fact sheet (IBERCAT; Month 18; Report; Public) 
Status: Approved, Delivery date: 12th Jul. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D7.5: Draft Exploitation plan (IBERCAT; Month 18; Report; Confidential) 
Status: Approved, Delivery date: 30th Jun. 2019 
Justification of deviations: On time within the permitted 60 days period. 
 
D7.6: Final plan for use and dissemination of foreground (IBERCAT; Month 24; Report; Public) 
Status: Submitted, Delivery date: 2nd Jan. 2020 
Justification of deviations: On time within the permitted 60 days period. 
 
D7.7: Summary report on internal workshop (IBERCAT; Month 24; Report; Confidential) 
Status: Submitted, Delivery date: 18th Oct. 2019 
 
D7.8: Summary report on public workshop (IBERCAT; Month 36; Report; Public) 
Status: Submitted, Delivery date: 04th Aug. 2021 
Justification of deviations: On time within the permitted 60 days period. 
 
D7.9: Final Exploitation plan (IBERCAT; Month 36; Report; Confidential) 
Status: Submitted, Delivery date: 04th Aug. 2021 
Justification of deviations: On time within the permitted 60 days period. 
 
MS14 (M7.1): Internal workshop (IBERCAT; Month 20) Description: The internal scientific 
workshop on PEM Water Electrolysis organized by CPERI team from CERTH was held within 
PRETZEL project in Thessaloniki (Greece) on July 15th, 2019. The Internal Workshop is an 
essential part of the project dissemination strategy. Scientific Topics were discussed and the 
presentations that were given by PRETZEL project partners, the project officer and four external 
invited stakeholders will be described in D7.7 which is due in December 2019. By the end of 
PRETZEL project, a public workshop opened to a much broader audience will be organized. 
Status: Submitted, Delivery date: 31st Aug. 2019 
 
MS15 (M7.2): Public workshop (IBERCAT; Month 32) Description: The collaborative public 
workshop of the PRETZEL and NEPTUNE project titled "Game Changer Proton Exchange 
Membrane Water Electrolysis" took place online, due to Covid-19 restrictions, on the 17th of 
June 2021. A report summarizing the event was prepared and submitted (D7.8). 
Status: Submitted, Delivery date: 17th Jun. 2021 
 
 
 

2.7.5 Summary of WP7 
 
During this reporting period the dissemination tools (website, social media) have been developed 
with frequent updates to increase the interest on this technology to stakeholders and the public in 
general. Additionally, scientific journal papers have been published to present the obtained 
results to the scientific community. The final exploitation plan has been elaborated including the 
product description, market analysis to describe a strategy for commercialization for potential 
end-users and/or PEM water electrolyser integrators. 
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2.8 Impact 

The Impact as described in the DoA does not need to be updated. As described in section 2 of 
the DoA the impact is to demonstrate the improvements of single components but also the 
interaction of the innovations in a game changer electrolyzer system of 25 kW scale which is 
related to the major step enhancement in terms of cost reduction, performance, and efficiency. 
The KPI targets of the FCH-JU in terms of cost, efficiency, lifetime, and operability are expected 
to be surpassed by 2023 with further development based on this project. More details are given 
in the DoA. The archived contributions of the PRETZEL project to the Impacts listen in the DoA 
are shown in Table 12. 
 

Table 12: Contribution to the FCH2-JU work plan impacts 

Impact Contributions of the PRETZEL project 

A step-change improvement 
in water electrolysis 

In terms of performance: 
➢ 31% efficiency increase with novel Ti-GKN PTL 

compared to SoA (@ 4 A cm-2) 
➢ Effective heat management due to hydraulic 

compression design → Operation at 90°C 
 

In terms of cost: 
➢ Low cost VPS-coated copper polar-plates shown to be 

stable and viable as a Ti-PP substitution 
➢ High current density demonstrated lowers CAPEX 

significantly 
➢ Efficacy of coating cheap stainless-steel mesh PTLs 

with Ti or Nb via VPS to be used as PEMWE PTLs was 
demonstrated in 1000 h accelerated durability tests.  

 
Dynamic behaviour and durability of PRETZEL stack at target 
operation conditions is to be determined in ongoing 2000+ h 
stack test. 

Enabling additional 
commercial roll-out of 
electrolysers post 2025 

The step-change improvements demonstrated in the PRETZEL 
project will contribute in the commercial roll-out of electrolysers. 
iGas will enter the market as a new electrolyser company In 
Europe. 

The development and 
validation of a prototype 
game changer electrolyser 

The lessons learned during the development and validation 
process of the PRETZEL stack were publicly shared and will 
help future endeavours of this kind.  

New knowledge with respect 
to the design and operation 
of an electrolyser with high 
pressure electrolysis with 
hydrogen output pressure of 
at least 100 bar 

Target pressure stack tests are currently being carried out. The 
suitability of the novel hydraulic compression design was 
demonstrated in prototype tests. 

New knowledge with respect 
to the design and operation 
of an electrolyser with rapid 
response of below 1 second 
for a hot start and below 10 
seconds for a cold start 

The dynamic behaviour of the PRETZEL stack at target 
conditions is currently under investigation. 

New knowledge with respect 
to the design and operation 
of an electrolyser with 
increased base load current 
density to at least 4 A/cm2 

A 2000+ h long term test of the final PRETZEL stack at  
4 A cm-2 and intermittent 6 A cm-2 is ongoing. In the 
development of the novel high performance PTL (Ti-GKN), 
strategies to allow high current density PEMWE operation were 
elucidated. 
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New knowledge with respect 
to the design and operation 
of an electrolyser with 
electrolysis at water 
temperature of above 80°C 

The hydraulic compression / hydraulic tempering design should 
reduce hot-spots and therefore prolong lifetime even at very 
high temperatures. Long term tests at 90°C are ongoing. 

Other step-change 
improvements in water 
electrolyser stacks or 
balance of plant which can 
significantly improve 
efficiency or cost 

➢ PRETZEL-design stack can be used in low cost 
pressure housing 

➢ Decoupling of cooling and reactant loop reduces 
contamination and pumping costs 

Assessment of the additional 
commercial opportunities 
that are achievable with the 
game changer electrolyser 
compared with current 
electrolysers 

Price calculations comparing the PRETZEL system to SoA 
PEMWE systems have not been carried out. 

With further development, 
the technology must be able 
to meet or surpass the 
efficiency, lifetime and cost 
targets set out in the MAWP 
of 50kWh/kg @ 1000kg/day, 
1.5M€/ (t/d), <1s hot start, 
<10s cold start (table 
3.1.1.2) and the central trend 
lines in the Study on 
development of water 
electrolysis in the EU 
[E4Tech and Element 
Energy, Feb 2014] 

Price calculations comparing the PRETZEL system to SoA 
PEMWE systems have not been carried out. 

 
Societal and environmental impact 
 
As any significant advances increasing PEMWE efficiency while reducing costs, the PRETZEL 
project was an important step towards a hydrogen based, green energy, mobility and chemical 
industry. In this PRETZEL contributed to the necessary fight against a catastrophic climate 
change. 
 
The PRETZEL project was carried out as a joint research effort of Spanish, Romanian, Greek, 
French and German research institutes and companies. New professional relationships have 
been established, allowing for future cooperation.  
 
The promotion of the PRETZEL project on social media was able to capture the attention of 
several hundred visitors and followers helping to establish PEMWE technology in the public eye. 
 
 
Further Impacts 
 

➢ Ti-GKN PTL: Potential use case as filter, carrier material in battery electrodes or other 
electrochemical components 

 
➢ VPS coatings: Many possible use cases in other technologies where protective coatings 

are relevant 
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3. Update of the plan for exploitation and 
dissemination of results 

 
The Exploitation Plan within WP7 “Dissemination and Exploitation of Results” identifies the 
exploitation pathways and the corresponding tasks and roles of the different partners into the 
PRETZEL project. Thus, the “Draft Exploitation Plan” (deliverable D7.5) for PRETZEL project that 
has been delivered, introduces a guideline to elaborate the strategy and initial steps to ensure an 
optimal matching between progresses and results and to identify the emerging market uptake 
opportunities after the end of the project. A revised, complete exploitation plan (D7.9) was 
submitted. 
 
As a starting point, the individual exploitation goals of each partner will be considered with 
respect to its strategic objectives, since each partner has a different view on exploitation based 
on its nature. More specifically, the consortium is constituted by research organizations, 
universities, SMEs, and industrial partners. Exploitation within the PRETZEL project 
acknowledges two different lines, one of them referring to the commercial use of results and, the 
second one relates to the use of the gained knowledge within the project and the use of research 
results. Such results could provide for additional benefits, although not commercially exploitable, 
as development of competences or strengthening of existing capacity. 
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Dissemination 
 
A detailed updated plan for the dissemination activities was submitted as D7.6. Concrete 
dissemination activities in planning for the future, that were not included in D7.6 are presented in 
the following.  
 
 

Table 13: Future planned dissemination activities 

Partner Dissemination activities planned based on PRETZEL results 

DLR 

 
DLR has submitted a scientific publication to be published in the journal “Energy 
and Environmental Science” presenting the novel approach of employing VPS-
coated stainless-steel PCDs. 
 

WHS 

 
WHS is hosting a workshop “Hydrogen as an Energy Carrier” on the 29th of 
September 2021 in which PRETZEL based results will be shared and discussed.  
 
The results of the final 2000 h durability test run of the PRETZEL stack will be 
published in an open access journal. 
 

UPT 

 
UPT has prepared and submitted a peer-reviewed scientific publication on Nb 
coated copper PPs, currently under review in the Journal of Power Sources. An 
additional manuscript on Ti coated copper PPs is in preparation. 
 
UPT will participate in the EUROCORR convention (28th of August to 1st of 
September 2022 in Berlin, Germany).  The concepts of corrosion preventing VPS 
coatings on non-titanium PPs for PEMEL developed in the PRETZEL project will be 
presented. 
 

ADAMANT 

 
ADAMANT will present the large-scale double-CCM demonstrator manufactured by 
the novel DB-coating and R2R-laminating approach (active area: 22.4 cm x 22.4 
cm²) in a scientific exhibition. 
 

GKN 

 
GKN is continuously promoting and advertising the commercialised Ti-GKN PCD 
developed in the PRETZEL project. 
 

CERTH 

 
CERTH is planning to prepare and submit publications around the PRETZEL 
results. 
 

iGas 

 
iGas plans to promote the successful commissioning and characterisation of the 
PRETZEL electrolyser on social networks (LinkedIn) and via the iGas webpage. 
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Exploitation 
 
A detailed updated plan for the exploitation activities was submitted as D7.9. Key, exploitable 
results and their respective owner and concrete plans for the exploitation of these key results are 
listed in Table 14. 
 
 

Table 14: The PRETZEL key results, their planned exploitation, and owners. 

Key Result Owner Exploitation of key PRETZEL result 

 
VPS coated 
PCDs 
 

DLR 

 
DLR’s novel coated PCD design attracts attention from the 
industry. Currently a cooperation of DLR with the Swedish steel 
company Sandvik testing a new generation of thermally coated 
stainless-steel PCDs is ongoing. 
 

Ti-GKN PCD GKN 

 
GKN has commercialized the novel PRETZEL designed Ti-
GKN PCD. Several businesses have already shown interest in 
the product (e.g., Smoltek). GKN is aiming to further 
functionalize the PCD structure by depositing Ir or carbon fibres 
on the MPL surface to increase contact quality. 
 

Hydraulic 
compression-
based stack 
design 

WHS 

 

WHS has patented the concept of the hydraulic compression-
based stack design and will licence the technology to a spin-off 
company for commercialisation. 

WHS is applying for new projects to further develop the HP-EL 
technology approach. 

 

 
Corrosion 
testing 
protocols 
 

UPT 

 
UPT will share and employ the corrosion testing procedures 
developed in PRETZEL in other EU research projects (CoDe-
PEM)  
 

 
Double-CCM 
DB-coating/ 
R2R technique 
 

ADAMANT 

 
ADAMANT will further develop and optimise the high 
throughput DB-coating / R2R laminating process to eventually 
commercialise the method. 
 

HP-PEMEL 
stack system 

iGas 

 
iGas is now able to offer its electrolysis systems commercially 
in combination with stacks operated at higher temperatures, 
higher pressures, and higher current densities than state-of-the-
art systems. 
 

Other - 

 
Partners will prepare specialized human resources for research 
related to PEMEL, by integrating Master students and PhD 
students in research activities started in PRETZEL 
 
UPT will use the ProH+ PEMEL cell from PRETZEL to provide 
students with knowledge and practical skills in electrolyser 
operation. 
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4. Update of the data management plan 

Due to the decision not to participate in Open Data, no data management plan will be delivered 
as described in the DoA. All partners take care of the aware storage and organization of the data 
acquired in the project. 
 

5. Follow-up of recommendations and comments 
from mid-term review 

Table 15: Follow-up of recommendations 

Rec./Comment Action taken by the PRETZEL consortium 

Term “aerogel” is 
misleading 

Henceforth, the term “calcinated aerogel” was used instead 

High degree of 
duplication between 
report and deliverables. 

In the final report some effort was put to present the relevant results 
without direct copy and paste from the deliverables. 

Reports lacking in some 
respects 

More time and effort was spent on the reports in the second half of the 
PRETZEL project. 

WP3 was close to the 
end, but MEA 
performance wasn’t 
reached yet. 

A four-level risk mitigation plan was developed by ADAMANT and 
presented in D1.6. Eventually the decision was made to employ a 
commercial MEA. 

Safety concerns not 
mentioned 

The members of the consortium are aware of the dangers of 
pressurized hydrogen proximity to pressurized oxygen at high 
temperatures.   

In depth HAZOP 
workshop on the 100-
bar electrolysis system 

The designed system has appropriate fail-safe mechanism in place 
and was checked and approved by the German TÜV. A in depth 
workshop is deemed unnecessary. 

The exploitation plan is 
not examined in detail 

IBERCAT participated in the service provided by the European 
Commission “Support Service for Exploitation of Research Results – 
SSERR”. The feedback of the SSERR provided the necessary 
information to prepare and submit the improved finalized PRETZEL 
exploitation plan as deliverable D7.9. 
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6. Deviations from Annex 1 and Annex 2 

 
 

a) Tasks implemented 
 
All tasks scheduled in the grant agreement were successfully implemented, although significant 
delays occurred due to the COVID-19 crisis in 2020 and 2021. On-site work and testing was not 
possible due to mandatory lock-downs. Additionally, sub-contracting work and component 
shipping was delayed significantly. Because of these complications a 6-month project extension 
was requested, granted, and amended to the grant agreement in July 2020. The revised Gant 
chart is shown in Figure 75. 
 

 

Figure 75: Revised Gant chart from grant agreement amendment July 2020 

 
Within the extended project duration all tasks of WP1, WP2, WP3, WP4, WP5 and WP7 were 
implemented on schedule and nearly all Deliverables and Milestones were submitted within the 
allowed 60-day period. Deliverable D1.8, the final PRETZEL report, was the only exception, as it 
was deemed necessary that results from WP6, which were delayed further are included in the 
final report. WP6 (25 kW system integration and operation, iGas) experienced further significant 
delays during the system retrofitting caused by the COVID-19 crisis, which could not be 
compensated. Task 6.2 (Integration of updated BoP components) was delayed by several 
months. Therefore, the stack integration (task 6.3), system commissioning and stack testing (task 
6.4) could only ensue in month 43, 44 and 45 respectively, after the end of the project. As the 
PRETZEL stack is a culmination of all individual developed components and design optimisation, 
the results of the stack characterization are of great importance. The submission of the final 
report was held back by an additional two weeks after the allowed 60-day period, as only in this 
way the initial stack characterisation data could be included. The pending 2000-hour durability 
test of the stack will continue after the submission of the final report. The results of this test will 
be shared with all PRETZEL partners and will be submitted to the EU portal. 
 
In WP5 iGas was working in Task 5.2 about the dimensions of the pressure housing and Stack-
flange-interface for retrofit of the WHS high pressure PEMEL test facility. In the system 
engineering WP6 Task 6.1 the engineering for the necessary retrofit of the WHS high pressure 
PEMEL test facility as performed by iGas. The special focus on the development was the 
optimisation of the cooling system for the stack and the produced hydrogen. Both tasks were 
brought forward by 3 months whereby the work was started in month 5 instead of month 8. 
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b) Critical objectives not achieved 
 
In the framework of WP3 (task 3.4), ADAMANT supported ARMINES and IBERCAT to elaborate 
high performance MEA for laboratory-scale cells with manufacturing of additional double-CCMs 
MEAs after the expiry of task 3.4, since two main issues are observed after MEAs testing on 
water electrolysis conditions: (a) the activity of Ir/ATO and (b) the durability, which leads to the 
conclusion that the manufacturing process to receive high performances is still not found for the 
PRETZEL materials and further optimisation of Ir/ATO electrocatalyst was carried out. Catalyst 
synthesis and MEA manufacturing optimisations did increase MEA performance and stability, but 
not to the desired degree. It was decided, that a commercial MEA based on a Nafion N115 PEM 
was to be employed in some preliminary tests characterising the PRETZEL PCDs and PPs but 
also in the final PRETZEL stack. The critical objective of high performance MEA manufacturing 
was not achieved. 
 
Due to significant delays caused by the COVID-19 crisis, the 2000 h stack durability test could 
not be concluded during the PRETZEL project duration but is ongoing. MS13 will only be 
achieved after the project officially ends. 
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c) Use of resources 
 
Table 16 shows the cost distribution among the partners during the entire PRETZEL project. No 
significant deviation did occur. 
 

Table 16: Cost distribution among the partners during the entire PRETZEL project 

Beneficiary Direct 
Personnel 
Cost (GA) 
/€ 

Direct 
Personnel 
Cost 
(Actual) /€ 

Direct costs of 
Subcontracting 
(GA) /€ 

Direct costs of 
Subcontracting 
(Actual) /€ 

Other 
direct 
costs 
(GA) /€ 

Other 
direct 
costs 
(Actual) 
/€ 

1 DLR   255,691.00 251,922.00 200.00 0.00 63,850.00 60,424.54 

2 WHS  192,500.00 213,519.78 75,000.00 50,500.01 47,500.00 45,741.69 

3 ARMINES 107,948.00 179,773.43 0 0.00 22,000.00 20,839.30 

4 UPT  106,200.00 112,522.63 0 0.00 30,000.00 19,682.67 

5 ADAMANT  90,000.00 91,664.42 0 0.00 30,000.00 26,893.13 

6 GKN  119,158.00 99,752.17 0 0.00 42,600.00 37,161.10 

7 CERTH  110,000.00 119,886.19 0 0.00 63,000.00 50,663.10 

8 IBERCAT  69,036.00 97,646.28 11,979.00 8,510.00 44,244.80 17,633.66 

9 iGas  118,800.00 114,556.41 0 0.00 17,000.00 14,047.87 

Total 1,169,333.00 1,281,243.31 87,179.00 59,010.01 360,194.80 293,087.06 

 

 
d) Unforeseen subcontracting 

 
No unforeseen subcontracting by any partner. 
 
 
 

e) Unforeseen use of in-kind contribution from third party against payment or free of 
charges 

 
Not applicable. 
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7. Critical Implementation risks and mitigation actions 

5.1 Foreseen risks 

Table 17: Foreseen risks 

Risk 
No. 

Description of Risk WP concerned Proposed risk-mitigation measures Risk level at the time 
of submitting the 
report 

State of the 
Play Mitigation 
Measures 
Applied 

State of the Play 
Risk 
Materialized 

Comments. Ff the risk-mitigation measures 
couldn’t be applied an explanation is given. 

1 

Pressure controls 
(hydraulic pressure, 
differential pressure 
(gas)) fail in 
operation 

WP2, WP6 

Use of industrial standard 
automation and control unit, 
redundant pressure 
measurements and fast 
responding safety valves will 
reduce this risk significantly. 

1 Yes No - 

2 

Formation of 
explosive gas 
environments due to 
1. gas cross over 
due to thin 
membranes 2. gas 
leakage due to 
membrane puncture 
3. Appearance of 
gas nests 4. 
unwanted oxygen in 
the hydrogen water 
separator 

WP2, WP3, 
WP4, WP5, 
WP6 

The design, construction, and 
operation of the PEMEL will 
reduce these risks to a minimum. 
Hydrogen detection in the oxygen 
piping system. Use of stronger 
membranes, but decreased cell 
efficiency. Use of HOR catalyst at 
the anode side, operation of the 
PEMEL system just at high current 
densities e.g., above 1 A cm-2. 
Use of even structures for current 
collectors, determination of 
pressure distribution. 
Determination of current density 
distribution by segmented cell 
measurements. Oxygen 
measurement in hydrogen gas. 

1 Yes No - 

3 
Hot spots due to 
inhomogeneity 

WP2, WP3, 
WP4, WP5  

Segmented temperature 
distribution measurements 
combined with segmented current 
density analysis will keep this 
potential risk under control. 

1 No No 
Segmented current density and temperature 

measurement was not implemented. 
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4 

Production of cell 
frame impossible for 
targeted operation 
conditions 

WP2, WP3, 
WP4, WP5 

Use of materials which claim 
applicability at elevated 
temperature level and possible 
injection moulding process. 

0 Yes No 
Cell frame successfully designed and 

manufactured. 

5 

Implementation of 
MPL on SLS-
structure from GKN 
not successful 

WP2, WP3, 
WP4, WP5, 
WP6 

Implementation of MPL on state-
of-the-art sintered metal from GKN 
(below a mesh for water 
distribution). Implementation of 
VPS sprayed structured current 
collectors 

0 No  No Implementation was successful 

6 
MPL not able to 
withstand differential 
pressure 

WP5, WP6 
Changing of material powder to 
ensure physical stability 

0 No No MPL does withstand differential pressure 

7 
VPS coating on Cu- 
or Al- polar plate not 
dense enough 

WP2, WP3, 
WP4, WP5, 
WP6 

Sealing with polymer resin and 
thicker coating approach 

0 No No 
Corrosion tests at UPT demonstrate the 

coating stability. Epoxy resin was used to seal 
the coating. 

8 

VPS coating on Cu- 
or Al- bipolar plate 
reduce flexibility 
(embrittlement) and 
lead to non-
homogeneous 
contact pressure 

WP5, WP6 
2 other protective approaches for 
protecting the Cu- or Al- bipolar 
plate ensure success 

0 No No VPS-coatings are stable. 

9 

Tested materials 
does not meet 
requirements 
regarding corrosion 
resistance 

WP4 
Optimisation of production 
parameters and/or use of alloying 
materials   

0 Yes No Requirements fulfilled 

10 
Catalyst shows 
insufficient catalytic 
activity for OER 

WP4 Use of commercial OER catalyst. 0 No No 
Ir/ATO catalyst shows high OER performance 

in RDE 

11 

Thick fibre ends 
stick out the current 
collector plate and 
perforate the 
membrane 

WP2, WP3, 
WP4, WP5, 
WP6 

Rolling of the support before 
coating with fine powder or using 
powder-based support. 

0 No No Fibre based PCDs were not used in cell tests. 

12 
Insufficient quality of 
SLM manufactured 
current collectors 

WP2, WP3, 
WP4, WP5, 
WP6 

Use alternative manufacturing 
route 

0 Yes Yes 
Classical vacuum sintering was successfully 
employed. 

13 

Non-homogeneous 
coating of the anode 
catalyst on the PEM 
substrate (low) 

WP3 
Optimisation of process 
parameters 

0 Yes Yes Process parameters were optimised. 
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14 
MEAs fail to meet 
the defined 
requirements (low) 

WP3 
Optimisation of process 
parameters 

0 Yes Yes 

Manufacturing process of the MEAs was 
successfully optimized at ADAMANT facilities, 

based on physicochemical and 
electrochemical results that gave feedback to 

this optimisation procedure. 
However, regarding the system level and 
project targets to fulfil stack/system testing, 
mature MEAs (commercial MEAs) were 
implemented for the validation of the 
stack/system to mitigate the risk. 

 

15 

Dissemination of the 
project results is not 
sufficient to create 
impact 

WP7 

The consortium is strongly 
determined to create sustaining 
impact, and the partners have 
substantial experience in the 
international R&D business; 
dedicated tasks for dissemination, 
and exploitation planned and 
executed this goal and prevent this 
risk. 

0 Yes No - 

16 

Failure to properly 
disseminate the 
results of the project 
among the 
stakeholders 

WP7 

Explicit compilation of required 
expertise that needs to be 
provided by partners, providing 
excellent positions to approach 
relevant European actors while 
others have a wide technical and 
others RTD dissemination 
background. Additionally, 
dedicated workshops provided 
direct contact opportunities for 
adequate dissemination of the 
project outputs, while a dedicated 
communication strategy did 
among others address social 
networks, media, and web 
channels 

0 Yes No - 
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17 

Lack of interest by 
public bodies, 
stakeholder or policy 
makers 

WP7 

Development of solid 
dissemination strategy as well as 
exploitation plan including target 
group interests and means of 
dissemination prevented lack of 
interest. All partners have been in 
good position to approach relevant 
European and non-European 
actors, standardisation bodies, 
and similar/ complementary 
projects. Public bodies or policy 
makers were also approached by 
project workshops and 
participation in conferences 
devoted to energy. 

0 Yes No - 

18 
Coordination and/or 
management of 
SPES fails 

WP1 

The project coordination team as 
well as the consortium members 
have exhaustive experience in 
managing and running EU 
research projects, and the 
professional project management 
planned and pro-actively avoided 
deviations and failures. 

0 Yes No - 

19 
Key person leaves 
consortium 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

If the partner cannot provide a 
replacement, a reallocation of 
responsibilities between partners 
will be implemented with high 
priority. Only if this fails a new 
partner will be invited. 

0 Yes Yes - 

20 

Lack of 
communication or 
consensus within 
consortium  

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

Within the proposal, management 
procedures have been defined for 
enabling effective decision 
making. The project coordinator 
and the members of the General 
Assembly have the necessary 
skills to resolve such conflicts by 
adequate negotiation. Additionally, 
close contact within the 
consortium is kept by regular 
telephone conferences and virtual 
meetings, also facilitated by 
regular TelCos in support of the 
WP specific work. 

0 Yes No - 
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21 

Partner 
overspending 
resources and/or 
allocated budget 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

The project management 
monitored the partner spending 
through WP-reports and 6-monthly 
internal progress reports.  

0 Yes No - 

22 
Disputes between 
partners 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

The beneficiaries agreed to use 
reasonable endeavours to try to 
amicably settle any dispute arising 
among them in relation to the 
implementation of the project and 
for such purpose, to bring the 
dispute at the appropriate 
management body level. 

0 Yes No - 

23 
Bankruptcy of a 
partner and financial 
risks 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

Although consortium consists of 
well and for many years 
established organisations, it was 
envisaged to minimise the risk of 
not being able to reclaim funds 
from a bankrupt partner for work 
not yet accomplished in the 
project, by continuously monitoring 
the project progress, also to be 
reported in the periodic reports. 
Moreover, to further minimise the 
financial risks, pre-financing and 
interim payments was limited and 
each partner contributed to a 
guarantee fund and the partners 
agreed payment tranches in 
relation to successful deliverables 
realisation to be agreed in the 
Consortium Agreement. 

0 Yes No - 

24 
Missing 
accomplishment of 
partners' obligations 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

The consortium is composed of a 
well-balanced team providing all 
the required competencies to 
accomplish the planned activities. 
To assure the realisation of the 
envisaged results, each task was 
assigned to a specific partner 
overtaking the responsibility for 
coordinating and monitoring.  

0 Yes No - 

25 
Not suitable quality 
of deliverables 

WP1, WP2, 
WP3, WP4, 
WP5, WP6, 
WP7 

Definition of a reviewing process 
for all deliverables, including the 
formal appointment of reviewers 
(partners) for each deliverable. For 
specific cases, reinforce partners 
participating in the deliverable. 

0 Yes No - 
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26 
Publication of results 
in high impact factor 
journals is rejected 

WP7 

Manuscripts were submitted  
instead to more specialized 
journals with lower impact factor 
but high visibility and interest 
among the experts. Scientific and 
technical results were 
disseminated in other non-peer-
review forms of publications such 
as conference papers, magazines, 
or technical reports to maximize 
the impact of the achievements in 
the community.   

0 Yes No 
Results were published or are submitted to 

high impact factor journals. 

27 

Difficulties in 
managing know-
how, IPR and 
licensing 

WP7 

Timescales for IPR protection 
measures and management are 
adjusted according to the needs of 
the different partners of the 
consortium. Obstacles and 
barriers for commercialisation are 
removed as much as possible to 
accelerate the implementation of 
the new component at the 
commercial scale. Licensing 
procedures are simplified and filing 
patents is encouraged and pursuit 
to protect the findings to the 
largest extent. 

0 No No - 
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28 

Conflict of interest 
hinders the 
development of the 
exploitation plan 

WP7 

Background and foreground  IPR 
is defined more clearly. Flow and 
transparency of information about 
materials and knowledge, 
manufacturing procedures is 
improved. Existing IPRs, copyright 
protection, related rights, design 
rights, patent rights, plant variety 
rights, similar forms of protections 
(e.g., sui generis right for 
databases) is clearly documented 
and circulated among the partners 
of the consortium. Limited 
unprotected know-how is handled 
carefully with support of legal 
entities and representatives for 
each partner. Adequate 
frameworks are established 
protecting the interest of each 
party. Future business partnership 
and supply chain are highlighted 
as driving forces for the 
negotiations 

0 No No - 

29 

New components 
and system do not 
meet cost 
requirements for 
commercialization 

WP7 

Cost analysis is reviewed and 
business strategy development for 
commercialization is developed 
further. The choice of materials 
and manufacture procedures is re-
evaluated.  Expensive parts are 
identified, and cheaper substitutes 
are proposed. Unnecessary 
production steps are eliminated. 
The quality benefit (performance, 
durability) is put in evidence if it 
still cost is above the expectations 
for market penetration.  Market 
potential, value and accelerators is 
extended to other applications 
where currently efficiency, 
reliability, and robustness are 
priorities rather than cost 
reduction. 

0 No No - 

 
 



 

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

 

109 
 

5.2 Unforeseen risks 

 

Table 18: Unforeseen risks 

Causes and Description Possible Impact Corrective actions Risk level Link to WP 

Cell development Most efficient solution for 
EL-operation might be 
cost intensive 

Discuss possible 
compromise with partners 
and decide for final 
solution 

Low WP4, WP6 

Cell development New cell design might 
require changes in 
interface stack - BoP  

design and manufacture 
adapter 

Low WP6 

Webpage subcontracted 
company 

No maintenance 
services and public 
documents uploading 
released. 

A new company 
(Whitelabelcoders) was 
hired 

Low WP7 

Global pandemic 
(COVID-19) 

Extreme shipment 
delays of necessary 
parts. Forced shut-down 
of on-site work for 
several months. 

Extend project duration by 
6 months. Stack 
characterization will 
continue even after that. 
The results will be shared 
with all partners and 
uploaded to the EU-portal, 
after the official PRETZEL 
project ending. 

Did occur  All work packages, but most significantly WP1 and WP6.  
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5.3 Dissemination and exploitation of results 

5.3.1 Scientific publications 

Table 19: Scientific publications 

Type of 
scientific 
publication 

Title of the 
scientific 
publication 

DOI ISSN / 
eSSN 

Authors Title of the 
journal or equ. 

Number, 
date 

Publisher Place of 
publication 

Year of 
publication 

Relevant 
pages 

Public & 
private joint 
publication 

Peer 
review 

Is/Will open 
access 
provided to 
this publication 

Article in a 
Journal 

A modular design 
approach for PEM 
electrolyser 
systems with 
homogeneous 
operation 
conditions and 
highly efficient 
heat management 

10.1016/j.ijh
ydene.2019
.03.185 
 

03603
199 

F. J. Wirkert, J. Roth, 
S. Jagalski, P. 
Neuhaus, U. Rost, M. 
Brodmann 

International 
Journal of 
Hydrogen 
Energy 

45(2) Pergamon 
Press Ltd. 

United 
Kingdom 

2020 1226-1235 Yes Yes Yes 

Article in a 
Journal 

Doped tin oxide 
aerogels as 
oxygen evolution 
reaction catalyst 
supports 

10.1016/j.ijh
ydene.2019
.07.152 

03603
199 

l. Sola-Hernandez, F. 
Claudel, F. Maillard, 
C. Beauger 

International 
journal of 
hydrogen energy 

44/45 Pergamon 
Press Ltd. 

United 
Kingdom 

2019 24331-
24341 

No Yes Yes 

Article in a 
Journal 

Insight into the 
Mechanisms of 
High Activity and 
Stability of Iridium 
Supported on 
Antimony-Doped 
Tin Oxide aerogel 
for Anodes of 
Proton Exchange 
Membrane Water 
Electrolysers 
 

10.1021/acs
catal.9b044
49 

21555
435 

V. A. Saveleva, 
L. Wang,  
O. Kasian,  
M. Batuk,  
J. Hadermann,  
J.-J. Gallet,  
F. Bournel,  
N. Alonso-Vante,  
G. Ozouf,  
C. Beauger,  
K. J. J. Mayrhofer,  
S. Cherevko,  
A. S. Gago,  
K. A. Friedrich,  
S. Zafeiratos, 
and E. R. Savinova 

ACS Catalysis 10/4 American 
Chemical 
Society 

United 
States 

2020 2508-2516 No Yes Yes 
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Article in a 
Journal 

Porous Transport 
Layers for Proton 
Exchange 
Membrane 
Electrolysis Under 
Extreme 
Conditions of 
Current Density, 
Temperature, and 
pressure 
 

10.1002/ae
nm.202100
630 

16146
832 

S. Stiber, H. Balzer, 
A. Wierhake, F. J. 
Wirkert, J. Roth, U. 
Rost, J. K. Lee, A. 
Bazylak, W. 
Waiblinger, A. S. 
Gago, K. A. Friedrich 

Advanced 
Energy Materials 

11/33 Wiley-
VCH 
Verlag 

Germany 2021 2100630 Yes Yes Yes 

Article in a 
Journal 

Electrochemical 
Evaluation of 
Niobium 
Corrosion 
Resistance in 
Simulated Anodic 
PEM Electrolyzer 
Environment 

10.20964/2
020.11.47 

14523
981 

A. Kellenberger, D. 
Duca, N. Vaszilcsin, 
C. M. Craciunescu 

International 
Journal of 
Electrochemical 
Science 

15 Electroche
mical 
Science 
Group, 
University 
of 
Belgrade 

Serbia 2020 10664-
10673 

No Yes Yes 

Article in a 
Journal 

Spatially graded 
porous transport 
layers for gas 
evolving 
electrochemical 
energy 
conversion: High 
performance 
polymer 
electrolyte 
membrane 
electrolyzers 

10.1016/j.e
nconman.2
020.113545 

01968
904 

Jason K. Lee, 
ChungHyuk Lee, 
Kieran F. Fahy, 
Pascal J. Kim, Jacob 
M. LaManna, Elias 
Baltic, David L. 
Jacobson, Daniel S. 
Hussey, Svenja 
Stiber, Aldo S. Gago, 
Kaspar A. Friedrich, 
Aimy Bazylak 

Energy 
Conversion and 
Management 

226 Pergamon 
Press Ltd. 

United 
Kingdom 

2020 113545 No Yes No, in this 
publication 
only partial 
work was 
done in the 
framework of 
PRETZEL 

Article in a 
Journal 

Toward 
developing 
accelerated stress 
tests for proton 
exchange 
membrane 
electrolyzers 

10.1016/j.co
elec.2020.0
2.024 

24519
103 

Pia Aßmann, Aldo 
Saul Gago, Pawel 
Gazdzicki, Kaspar 
Andreas Friedrich, 
Michael Wark 

Current Opinion 
in 
Electrochemistry 

21 Pergamon 
Press Ltd. 

United 
Kingdom 

2020 225-233 No Yes No, in this 
publication 
only partial 
work was 
done in the 
framework of 
PRETZEL 
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5.3.2 Dissemination and communication activities 
 

Table 20: Dissemination 

Type of dissemination and communication activities Number 

Organisation of Conference - 

Organisation of a workshop 2 

Press release 1 

Non-scientific and non-peer reviewed publications (popularised publications) 1 

Exhibitions 7 

Flyers (Factsheet) 1 

Training 2 

Social media 5 

Web-site 6 

Communication campaign (e.g., radio, TV) 3 

Participation to a conference 6 

Participation to a workshop 6 

Participation to an event other than a conference or workshop - 

Video/film 1 

Brokerage event 1 

Pitch event - 

Trade fair 2 

Participation in activities organised jointly with other H2020 projects 2 

Other - 

 

Table 21: Communication 

Type of audience reached in the context of all dissemination and 
communication activities (‘multiple choices’ is possible) 

Estimated number of 
persons reached 

Scientific Community (higher education, research) The number of persons 
reached in each 
category is very difficult 
to predict. 
PRETZEL LinkedIn and 
Twitter accounts 
altogether hold 120 
followers. Many others 
may know the project 
from the partners 
activities at fairs and 
workshops. 

Industry 

Civil Society 

General Public 

Policy makers 

Medias 

Investors 

Customers 

Others 

 

8. Patent 

Table 22: Patents 

Intellectual Property Right Type and 
Confidentiality 

Number IPR 
confidential 

Application 
title 

Embargo 
End Date 

Patent - - - - 

Trademark - - - - 

Registered Design - - - - 

Utility Model - - - - 

Other - - - - 
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9. Innovation 

Table 23: Does the project include the following activities and if so, how many of each? 

Activities developed within the project Number 

Prototypes 4 

Testing activities (feasibility/demo) 4 

Clinical trials 1 

 
 
Table 24: Will the project lead to launching one of the following into the market? (Several 
possible) 

New product (good or service) Yes (2) 

New process Yes 

New method No 

 
 
Table 25: How many private companies in your project have introduced or are planning to 
introduce innovations? (Within the project lifetime or 3 years thereafter): 
 

 Total number of companies Number of SMEs 

Companies introducing innovation(s) 
new to the market 

4 2 

Companies introducing innovation(s) 
only new to the company 

4 2 

 

10. Gender 

Table 26: Gender of researchers and other workforce involved in the project 

Beneficiaries Number Women 
researchers (all 
levels, incl. 
postdocs and PhD 
students) 

Number Men 
researchers (all levels, 
incl. postdocs and 
PhD students) 

Number 
Women in the 
workforce other 
than 
researchers 

Number Men in 
the workforce 
other than 
researchers 

DLR 2 3  1 1 

CERTH 5 0 0 0 

GKN 1 2 0 0 

UPT 3 3 1 0 

ADAMANT 1 3 0 0 

ARIMINES 1 3 2 2 

WHS 0 6 4 1 

iGas 0 1 1 3 

IBERCAT 2 2 0 0 

 



 

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

 

114 
 

III. Annex I 

 

Table 27. List of Deliverables successfully submitted in the project marked in green.  

Deliver
able 
Numbe
r  

Deliverable Title 
WP 
number 

Lead 
beneficiary  

Type Dissemination level 
Due 
Date (in 
months) 

D1.1  
Description of the 
critical work path  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

2 

D1.2  
1st internal interim 
report  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

6 

D1.3  
Quality Assurance 
Plan and Project 
Handbook  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

6 

D1.4  
2nd internal interim 
report  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

12 

D1.5  Midterm report  WP1  1 - DLR  Report  Public  18 

D1.6  
3rd internal interim 
report  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

24 

D1.7  
4th internal interim 
report  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

30 

D1.8  Final Report  WP1  1 - DLR  Report  Public  36 

D1.9 

First Annual Data 
Reporting to FCJ-
JU 
Database 

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

15 

D1.10 

Second Annual 
Data 
Reporting to FCH-
JU Database 

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium  
(including the Commission 
Services) 

27 

D1.11  
Third Annual Data 
Reporting for FCH-
JU  

WP1  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

36 

D2.1 
Component 
specifications and 
requirements 

WP2  7 - CERTH  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

4 

D2.2  
Compliance test 
protocols and  
analytics  

WP2  7 - CERTH  Report  Public  8 

D2.3  
Stack 
specifications  

WP2  2 - WHS  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

16 

D2.4  
Testing protocol for 
electrolyzer 
operation  

WP2  1 - DLR  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

32 

D3.1  
25-100 cm2 PCD 
for 
coating  

WP3  
6 - GKN 
Filters  

Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

8 

D3.2  
Catalyst for 25-100 
cm2 MEAs  

WP3  8 - IBERCAT  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

8 
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D3.3  
MEAs for 1-cell 25-
100cm2 LP 
electrolyzers  

WP3  5 - ADAMANT  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

13 

D3.4  
Catalyst for 500 
cm2 MEAs  

WP3  8 - IBERCAT  Report  

Confidential, only for  
Members  of the consortium 
(including the Commission 
Services) 

24 

D3.5  
Report on catalyst 
synthesis 
procedure  

WP3  8 - IBERCAT  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

23 

D3.6  
Bipolar plates for 
5-cell HP stack 
with 500 cm2  

WP3  2 - WHS  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

33 

D3.7  
Coated PCD for 5-
cell HP stack with 
500 cm2  

WP3  
6 - GKN 
Filters  

Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

24 

D3.8  
MEAs for 5-cell HP 
stack with 500 cm2  

WP3  5 - ADAMANT  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

34 

D3.9  

Report on bipolar 
plate 
manufacturing 
process  

WP3  2 - WHS  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

27 

D3.10  
Report on coated 
PCD production  

WP3  
6 - GKN 
Filters  

Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

27 

D3.11  
Report on MEA 
manufacturing 
process  

WP3  7 - CERTH  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

27 

D3.12 

Summary report on 
material and 
component 
manufacturing 
process 

WP3  1 - DLR  Report  Public  28 

D4.1 

Report of 
electrochemical 
evaluation of 
coated 
components 

WP4  4 - UPT  Report  Public  20 

D4.2 

Report on the 
physical 
characterization of 
anode 
electrocatalysts 

WP4  7 - CERTH  Report  Public  24 

D4.3 

Report of 
performance 
and durability of 
components in LP 
electrolyzer 

WP4  1 - DLR  Report  Public  34 

D5.1 
Cell parts and CAD 
design of HP 
electrolyzer stack 

WP5  2 - WHS  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

15 

D5.2  
5-cell HP stack 
with 
500 cm2  

WP5  2 - WHS  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

34 

D5.3 

Report on HP 
stack 
details and 
assembly 
process 

WP5  2 - WHS  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

35 

D6.1 

CAD drawings and 
and PIDs of 
container with BoP 
and HP stack 

WP6  9 - iGas  Demonstrator 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

19 
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D6.2  
Report of 
commissioning 
tests  

WP6  9 - iGas  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

38 

D7.1  Project website  WP7  8 - IBERCAT  Other  Public  5 

D7.2  Project fact sheet  WP7  8 - IBERCAT  Report  Public  6 

D7.3 
Plan for use and 
dissemination of 
foreground 

WP7  8 - IBERCAT  Report  Public  12 

D7.4  
Technical update 
on 
project fact sheet  

WP7  8 - IBERCAT  Report  Public  18 

D7.5  
Draft Exploitation 
plan  

WP7  8 - IBERCAT  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

18 

D7.6 

Final plan for use 
and dissemination 
of 
foreground 

WP7  8 - IBERCAT  Report  Public  24 

D7.7  
Summary report on 
internal workshop  

WP7  8 - IBERCAT  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

24 

D7.8  
Summary report on 
public workshop  

WP7  8 - IBERCAT  Report  Public  42 

D7.9  
Final Exploitation 
plan  

WP7  8 - IBERCAT  Report 

Confidential, only for 
members of the consortium 
(including the Commission 
Services) 

42 

 

Table 28. List of Milestones successfully submitted in the project marked in green. 

Milestone 
Number  

Milestone title 
WP 
number  

Lead 
beneficiary 

Due Date (in 
months) 

Means of 
verification 

MS1 
Kick-off meeting and consortium 
agreement is provided 

WP1  1 - DLR  1  M1.1 

MS2  Mid-term review  WP1  1 - DLR  18  M1.2 

MS3  Final meeting  WP1  1 - DLR  42  M1.3 

MS4 

Component specifications are 
established  
Component specifications are 
established 

WP2  7 - CERTH  4  M2.1 

MS5 
Tests protocols for qualification of the 
HP electrolyzer are conceived 

WP2  7 - CERTH  32  M2.2 

MS6 

PCD with gradient porosity and 
Ir/Calcinated aerogel (30 wt-%) 
catalysts are 
realized 

WP3  6 - GKN Filters  8  M3.1 

MS7 
MEAs with 0.3 mg of iridium per cm2 

are developed 
WP3  5 - ADAMANT  34  M3.2 

MS8 
Catalysts and coating pass 
compliance tests in half-cell meeting 
the requirements 

WP4  4 - UPT  20  M4.1 

MS9 
Manufactured components pass 
compliance tests in LP electrolyzer 
meeting the requirements 

WP4  4 - UPT  34  M4.2 

MS10  Design of the HP stack is completed  WP5  2 - WHS  15  M5.1 

MS11 
Manufacture of 5-cell HP stack with 
500 cm2 is finalized 

WP5  2 - WHS  34  M5.2 

MS12 
HP stack is installed and put in 
operation (commissioning completed) 
reaching 100 bar , 90 °C and 6 A cm-2 

WP6  9 - iGas  38  M6.1 

MS13  2000 h final test is completed  WP6  9 - iGas  41  M6.2 

MS14  Internal workshop  WP7  8 - IBERCAT  20  M7.1 

MS15  Public workshop  WP7  8 - IBERCAT  41  M7.2 

 


