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Executive Summary 

Among the marketable electrolysis technologies available, proton exchange membrane water electroly-

sis (PEMWE) technology is the most promising one due its low footprint, compactness, simplicity, wide 

range of operation, fast dynamics, safety, high hydrogen purity and the possibility of reaching high dif-

ferential pressures. However, the main drawback of PEMWE technology is the high cost of the materials 

and components used in the stack. Currently, only a few materials can be used for the operation in the 

harsh acidic environment of PEMWE. These include critical raw materials (CRM), such as iridium and 

platinum. WP1 has as overall goal the development and production of advanced catalysts based on ultra-

low loading CRM and non-CRM for anodes and cathodes to replace or drastically reduce the CRM content 

of anode and cathode catalyst layers in PEMWE while maintaining SoA performances and durability. 

 In scope of this deliverable electrochemical protocols have been defined for setting reference baseline 

and as a screening method for material. To produce advanced catalysts, existing synthesis routes have 

been investigated or new synthesis routes have been developed. Initial physiochemical and electro-

chemical characterization and evaluation has been done for the down selection of materials at lab scale.  
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1 Introduction 

The Deliverable 1.1 report consists of a thorough literature research and down selection of promising 

materials as electrocatalysts for water electrolysers as well as a harmonized characterization protocol 

of catalyst testing that will ensure a proper and goal-oriented selection of catalysts and its development. 

The risks associated with the development of the catalyst are also a part of this report.  

The literature research section of the deliverable leads to a broad overview and deep insight of promis-

ing materials for reduced CRM and CRM free catalyst for OER and HER. Following this a down selection 

of potential materials is performed. Broader and deeper survey of materials from an enormous material 

pool ensures that the material selections are in alignment with the general project objectives. This doc-

ument also consists of indicative routes of synthesis of the down selected materials. A great attention 

has been parted specifically towards assessment of the risks related to the development of reduced and 

free CRM catalysts and their mitigation strategies through backup catalysts development.  This also 

grantees the compliance with the EU’s regulations and classifications on critical raw materials. 

To allow a harmonized characterization of materials that will ensure a proper and goal-oriented selec-

tion of catalysts, characterization protocols are developed. For this, several testing methods are envi-

sioned at lab level to characterise and evaluate the materials. General aspects on procedures and key 

performance indicators to ensure that the results are comparable and suitable for the down-selection 

of materials. To compare the catalytic activity between different catalysts electrochemical techniques 

such as cyclic voltammetry, EIS, rotating disc electrode measurements, etc. and their boundary condi-

tions (catalyst loading, potential range, rotating speed, temperature, electrolyte composition, pre-con-

ditionings…) are defined as part of the harmonised characterisation protocol. In addition, accelerated 

stress test protocols such as potential cycling, prolonged operation at high potentials to evaluate the 

degradation of both catalyst active phase and support also have been envisaged in the document. 

Additionally, ante and post-mortem physio-chemical characterization test is defined to further shed 

light on the stability of the materials. 

All these procedures should be used as means of verification to assess the achievement of project objec-

tives and milestones. 
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2 Literature Review 

Critical raw materials (CRM) such as Pt, Ir and Ru are currently used as catalyst for the hydrogen and 

oxygen evolution reaction (HER and OER) due to the harsh environment of PEMWEs.  The high costs, 

the supply risks due to the scarcity and the environmental issues represent drawbacks to overcome in 

order to reduce costs and environmental impacts and to promote PEMWE technology.  The task 1.1 has 

been started with a thorough literature research leading to a broad overview and deep insight of prom-

ising materials for reduced CRM and CRM free catalyst for HER and OER in acidic environment. Follow-

ing this a screening of the potential materials is performed. 

2.1 CRM reduced Catalysts 

2.1.1 Oxygen Evolution Reaction (OER) 

The state-of-the art OER catalysts for water splitting are all based on iridium, which comes at a huge 

cost of just under 50 k€/kg. In addition to the cost, Iridium is also one of the scarcely available metals 

in the nature which is a significant roadblock for the sustainability of this technology.  CRM loading in 

PEMWE is with approximately 2-3 mg cm-2 too high to meet the long-term cost targets for energy mar-

kets. In one hand, reduction of precious metal/CRM loading is significant and in the other hand enhance-

ment of catalytic stability is of equal importance to make the technology economically viable. Long-term 

operation at high current density up to thousands of hours is particularly challenging with an Ir loading 

less than 1 mg cm-2. The balance between activity and stability for Ir-based OER catalysts is relevant and 

it strongly depends on the chemical nature of the oxide and its surface properties. 

One strategy to reduce the amount of CRMs includes minimisation of the precious metal catalysts to a 

level comparable to that of the automotive fuel cells (< 0.2 mg cm-2; <50 €/kW) that have already 

reached the phase of commercialisation. Nano-structured thin film (NSTF) catalyst-based electrolysis 

cell have been demonstrated for 5000 h with a constant current load of 2 A cm-2 and 0.25 mg/cm2 Ir 

loading.1 IrOx catalyst, prepared by flame-based reactive spray deposition, has also achieved ∼4500 h 

operation in single cell electrolyser at 1.8 A/cm2 and 80 °C with ultra-low iridium loading of 0.08 

mg/cm2. However, the degradation rate appears still significantly higher than the industry standard of 

less than 5 μV/h.2 The degradation rate increases proportionally with the operating turn-over frequency 

(TOF) or the site time yield (number of evolved oxygen molecules per second on a single catalytic site) 

of the anode catalyst in a PEM electrolysis cell. Catalyst operation at high turnover frequency was ob-

served to cause a progressive change of Lewis acidity characteristics with time for both Ir and Ru cations 

thus influencing their ability to promote water oxidation. This evidence clearly indicates the impossibil-

ity to achieve stable operation with low catalyst loadings for the present unsupported Ir-based catalytic 

systems.3A change in strategy is required by involving supported catalytic systems and stabilisation 

strategies in order to significantly increase OER activity and stability of the Ir-based catalysts. 

In recent years, DLR has addressed the catalyst problem in PEMWE by developing cost-effective mate-

rials with high activity-iridium mass ratio. Amorphous IrOx nanoparticles were synthetized, displaying 

a 10-fold higher oxygen evolution activity than commercial Ir-black.4 Further activity increase was 



  
 

D1.1: 1st report on development of electrocatalysts: Initial performance and risk assessment 
 

11 

demonstrated for Ir electrocatalyst derived from an amorphous IrRuOx via an electrochemical route, 

exhibiting 13 times higher OER activity compared to the rutile phase of Ir1-xRuxO2.5 

Enhanced OER activity of vertical aligned IrOx nanoarrays was correlated to the surface area of exposed 

nanoparticles and to the improved ion transport, performing almost the same current density of com-

mercial IrO2 NPs with only 1/20 Ir loading amount.6 In separate instance Rozain and Pham et al.7 used 

micro-sized titanium particles as support for IrO2 nanoparticles in PEMWE achieving 1.73 V at 1 A cm-2 

and 80 °C. Metal loading of 0.1 mg cm-2 of IrO2 as anode catalyst along with 50 wt.% of metallic Ti has 

allowed to obtain similar performance with respect to the conventional loadings of several mg cm-2 of 

IrO2 at the anode side. 8 Notably superior performance was demonstrated by core-shell IrO2@TiO2 cat-

alyst compared to commercial benchmark IrO2 and IrO2/TiO2 catalysts with 3-fold higher loadings.7 It 

also has been shown that application of advanced electro-ceramic supports such as  Ti4O7 9and SnO2:Sb-

aerogel10, Sb-doped SnO2 microparticles11, has enables the usage of Ir to be decreased by more than 

70%, while keeping the same activity and significantly enhancing the stability compared to its unsup-

ported counterpart.  

2.1.2 Hydrogen Evolution Reaction (HER) 

Pt is the benchmark material used as cathode catalyst in PEM electrolysers (for instance, Pt black and 

other Pt alloys registered by Tanaka Corp., Johnson & Matthey, and BASF). The HER reaction in acid 

media on Pt surface is very fast and consequently low Pt loadings are found in electrolysers 12 however, 

even in low amounts, Pt is still expensive and scarce for large-scale commercialization, so several strat-

egies are being followed to increase the Pt efficiency or finding substitutes without precious metals.  

The most common strategy is to reducing Pt particle size, that is to say by increasing Pt dispersion and 

thus increasing the number of Pt accessible active sites.13 Usually this strategy is performed by using 

(high area) carbon supports. Carbon materials suit as catalyst support owing to properties for instance 

stability in both acidic and basic electrolyte, good conductivity, and high surface area for dispersion of 

metal catalyst. Various types of carbon black supports are available commercially. Recently carbon 

nanotubes have gathered much attention as support material for noble metal catalysts because they 

usually possess superior electron conductivity and corrosion resistance compared to carbon blacks. 

CNT properties can also be customized for enhanced electrocatalytic activity, electrical conductivity and 

stability with N, P, S and B doping.14 Graphene also have attracted traction in recent research due to its 

high surface area for better catalyst/metal dispersion, high electrical conductivity, and good thermal 

properties.15  Another strategy is to tailor Pt electronic properties to enhance its intrinsic activity by, for 

instance, synthesizing bimetallic solid solutions with Re, Co, Ru, Fe, Ni etc.16 Replacing Pt with  other 

noble metals with tailored morphologies can allow for a more efficient use of active sites. For instance, 

Pd can be easily modified to grow as nanoparticles or nanosheets with high specific surface area. In this 

modified structures it is expected that the strength of the Pd–H bonding, that makes H desorption the 

rate-limiting step in the HER process, is reduced.17,18 
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2.2 CRM free Catalysts 

2.2.1 Oxygen Evolution Reaction (OER)  

A long-term approach would consist in replacing platinum group metals (PGMs) with stable and active 

non-CRM materials. The investigation, identification and development of an active and stable CRM-free 

OER catalysts (based on e.g. nickel, iron or manganese materials with a cost of about 1-2 €/kg) are re-

quired to make non-PGM systems stable and active for OER in the presence of protonic electrolyte mem-

branes.  

For the anode (OER), a ground-breaking approach consists in the total replacement of CRM by Ti-based 

catalysts, e.g., MnTi2O4, doped with silver (non-CRMs). In addition, a moderate risk approach consisting 

in the severe decreasing of CRM (<0.2 mg cm-2) by designing advanced Ir mixed oxides and Ir oxide/hy-

droxide may be also considered as backup solution. These formulations aim at providing a cost-effective 

solution where the active phase is stabilised by forming a solid solution with stable oxide systems. Ag, 

Mn and Ti are not included in 2017 EU CRM List19 and have significantly lower cost than Platinum Group 

metals (PGMs).1  

As previously reported in literature, Ag doped Co3O4 has showed high electrocatalytic performance for 

oxygen evolution reaction in acidic environment (0.5 M H2SO4) exhibiting higher activity and better du-

rability20. Ag-doping greatly enhances not only the conductivity but also the stability of electrocatalyst 

in acidic media. Ti-based spinels can be investigated as catalyst supports for oxygen evolution reaction 

catalysts in PEM electrolysers since they may show very high conductivities at room temperature (~10-

100 S cm-1) although their stability need to be assessed. 21 

Non-PGM catalysts based on Co spinels have been explored for operation in a proton exchange mem-

brane electrolysis environment. The efforts should however be addressed in this project to replace Co 

(a critical raw element) with Mn and Ti in the spinel structure. 

As also evidenced in the literature, the proposed solution to replace CRMs and to enhance stability and 

activity of non-CRM materials is to combine spinel systems, which are stable in the acidic environment 

such as MnTi2O4 with a tailored Ag insertion. With respect to literature results, the approach used in the 

present project goes beyond by avoiding CRM materials, such as cobalt, while providing a better stabi-

lization for the spinel oxide. This is achieved using a Ti-Mn based spinel where the inserted Ag acts as 

both dopant and surface promoter, since Ag-doped transition metal oxides seem to be promising alter-

native mesoporous nanostructures for efficient OER in acid. 

 

 
 
1 The latest published (3rd Sep’20) 2020 EU CRM list71 identifies Ti as a critical raw material.  
However at the time, proposal for this project was written and approved in late 2019/early 2020, 2017 EU CRM list19 was 
considered in which Ti was not included. Therefore, in this document, Ti containing catalysts or supports will be considered as 
non-CRM bases catalysts.  

Nonetheless consortium is fully aware of the new available 2020 EU CRM list71 and efforts will be made to try and adhere to 

the new CRM list. 
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2.2.2 Hydrogen Evolution Reaction (HER) 

A much more aggressive yet risky strategy is to replace CRM (including Pt) altogether from the cathode 

side. In 2005 Hinnemann et al. 22 reported that the (101) Mo-edge structure in MoS2 has high HER activ-

ity. In 2007, Jaramillo et al.23 prepared different MoS2 nanoparticles of different sizes of with the pre-

dominance of the sulphide Mo-edges. They reported that the catalytic performance of MoS2 nanoparti-

cles is related to the edge state length, rather than the area coverage, directly establishing the 

relationship between MoS2’s edges and the catalytic active sites. After those findings, many works have 

been reported confirming the high catalytic performance MoS2 for the HER.24,25 Also, several approaches 

have been undertaken to improve its activity;  

(i) Increasing the number of exposed active sites,  
(ii) Enhancing the reactivity of active sites, or  
(iii) Improving the electrical contact to active sites. 
 The electronic conductivity engineering can be achieved by two ways:  
(i) Doping suitable heteroatoms into the lattice of MoS2 and 
(ii) Coupling MoS2 with conductive species, such as carbon nanotubes and graphene.26–28 
It has been reported that doping MoS2 with Ni, Fe or Co improves its HER performance. In fact, Ni, Co 

and Fe sulphides present comparable HER performance than MoS2 by themselves.29 Therefore, Fe and 

Ni sulphides are promising catalyst for the HER since they are earth abundant, non-expensive, resistant 

to sulphide poisoning, and depending on its morphology, present high HER performance. Kong et al.30 

found that both FeS2 and NiS2 (pyrite) were active non-precious HER catalysts in acidic electrolyte. FeS2 

and NiS2 have comparable catalytic activity towards HER, but FeS2 has higher stability in acidic solution. 

Moreover, FeS2 exhibited a higher catalytic activity than the analogous selenides and tellurides. Fe-

based sulphide catalysts still have lower catalytic activity than MoS2, however, in view of their natural 

abundance; it is significance to search for high performance Fe-based sulphides.30 Peron et al.31 carried 

out a detailed study to compare the performance of FeS2, Fe3S4 and Fe9S10 electrocatalysts for proton 

exchange membrane (PEM) electrolysers and concluded that FeS2 is the most active sulphide. The sta-

bility of FeS2 nanoparticles at different pH was reported on 32. In this work, they found that FeS2 is rea-

sonably stable in acid media.  Several approaches will be followed in this project to improve the HER 

activity of FeS2 in acid media such as (a) modify FeS2 morphology, (b) FeS2-supported on conductive 

carbon structures and (c) metal-doped (Co and Ni) FeS2. There are several previous studies demonstrat-

ing the advantages of the approaches: 

(a) Tuning FeS2 morphology.  

FeS2 disks present elevated HER activity in acid media33; mesoporous FeS2 nanoparticles also present 

promising performance in alkaline media32 FeS2 nanoparticles were reported with a Tafel slope of 65 

mV/sec, an overpotential of 240 mV at 4 mAcm−2 and stable during 1000 HER potential cycles ; and with 

a Tafel slope 76 mV dec−1 in acid media.33 

(b) FeS2-supported on conductive carbon structures. 

FeS2/C immobilized on Ni foam has been proved as active bifunctional catalyst for HER/OER. For the 

HER it was reported an overpotential of 202 mV at 10 mAcm−2 being stable during 100 cycles, with an 

overall water-splitting process of 1.72 V at 10 mA cm−2.34 FeS2 nanoparticles embedded in rGO (reduced 

graphene oxide) display an overpotential of 139 mV at 10 mAcm−2, a Tafel slope of 66 mV dec-1, and 

long-term stability in acidic conditions.35 Hexagonal FeS2 nanoclusters embedded in a rGO matrix pre-

pared by hydrothermal synthesis reached a Tafel slope of 61 mV dec⁻¹ and stability during 36 h at 200 
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mV in acid media.36 The hybrid electrocatalyst FeS2@MoS2/rGO exhibits excellent HER activity and out-

standing electrochemical durability in acid media, with an overpotential of 123 mV at 10 mA cm-2, a 

Tafel slope of only 38.4 mV dec-1 and excellent stability.37 

(c) Metal-doped (Co and Ni) iron sulphide materials. 

Since Co is a CRM, we will first focus on the doping of Fe sulphides with Ni. Ultrathin nanosheets of NiFeS 

with abundant pores and vacancies, and therefore increased number of active sites, have reported to 

have a high HER activity in acid electrolyte, with an overpotential of 81 mV at 10 mA cm-2.38 Its stability 

has been studied in alkaline media, being stable during 2000 cycles. In this medium, it records 208 mV 

at 10 mAcm−2 and a Tafel slope of 109 mV dec-1.39 Fe3Ni6S8/NC reaches 196 mV at 10 mA cm-2 and a Tafel 

slope of 55 mV dec-1. 40 NiFeMoS records 210 mV at 10 mAcm−2 and a Tafel slope of 88 mV dec−1 in 

alkaline media.41 Finally, FeNixS2-rGO (x = 0.05–0.3) yields lower Tafel slope, smaller electrochemical 

impedance and reduced overpotential than FeS2/rGO with an overpotential of only 42 mV at 10 mA cm-

2 and a tafel of 72 mV dec-1 in 0.5 M H2SO4.42 

Electrocatalysts as FeNixS2-rGO in which very low overpotentials have been found in acid media makes 

it worth to try Ni doping on FeS2. However, most of the studies with Ni have been performed in alkaline 

media, since Ni is not very stable in acid media. Therefore, although Co is a critical raw material, the 

activity of FeS2 clearly increases with Co doping and its stability is, at least, maintained. For instance, in 
35 the authors presented a comparison of different Fe-Co doping sulphides, finding that the HER activity 

in  0.5 M H2SO4 goes from an overpotential of 139 mV for FeS2 or 140 mV for CoS2, to 120 mV for 

Fe0.9Co0.1S2 and 69 mV for Co:FeS2:CoS2, at 10 mA cm-2. This last catalyst is ultrafine Co: FeS2/CoS2 het-

erostructured nanowires (NWs) formed on carbon fiber paper, which were prepared by a facile hydro-

thermal route. The HER in acid electrolyte was 69 mV at 10 mAcm−2, Tafel slope of 46 mV dec-1 and a 

shift of only ~ 3 mV over 1000 cycles.43 In44 the authors proved the enhancement in HER activity of the 

Co-doped FeS2 structures in comparison to undoped FeS2 with Fe0.5Co0.5S2 supported on oxidized Ketjen-

black, that presents an overpotential of 150 mV at 10 mA cm−2 and only decreased by 1 mV after 500 

catalytic cycles. Also Co doping in highly dispersed FeS2 (ca. 5 nm size) on ordered mesoporous carbon 

enhanced the HER to 92 mV at 10 mA cm−2 and Tafel slope of 59 mV dec-1.45 
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3 Material Synthesis Strategy 

3.1 CRM reduced Anode Catalysts: 

Pursuing the strategy of using  a support material to improve the catalytic activity and stability of the 

catalysts for the OER will allow a significant reduction of the CRM by depositing the catalyst of top of 

support materials thus increasing the surface area. These support materials can be effective via two 

different mechanisms which are redox couple mediated OER and water dissociation reaction. 

For the first mechanism for redox couple mediated OER based on the support materials, the 

approach combines both chemical and electrochemical reactions. In case of water electrolysis 

such as constellation should possess however, the redox potential of the redox couple below 

the electrochemical water splitting potential of the catalyst to act as a mediator. Amstutz et al. 
46 & Mills et al.47 described the OER to be managed via a mediator being a soluble redox couple 

of CeO2 (e.g. Ce3+ / Ce4+ Ions). Such a mediator has the benefit that the OER will proceed signif-

icantly faster compared to typical electrochemical route. The choice of a starting support mate-

rial will be cerium oxide48,49 due to its redox potential as mentioned earlier which need to be 

below the redox potential of the actual electrochemical potential of the catalyst for the OER. 

The systems described in the above cited works contain soluble redox couples, which is not 

directly applicable for a real PEM electrolysis application due to potential crossover issues of 

the redox couples through the membrane. Therefore, it is envisaged to apply this methodology 

to  

a) solid and non-soluble redox couples and  

b) if possible, to different non-CRMs to achieve the lowest use of CRM, especially PGMs.  

Mills et al. shows the relief from the anodic oxidative stress on the ruthenium with cerium mediated 

OER, which leads in system without mediator to the ruthenium’s dissolution and make this material less 

useful. However the redox potential of Ce3+ / Ce4+  is quite strongly modulated by the attendant solvent 

phase as reported by Reed et al48, it ranges between 1.28-1.74V (vs RHE) in different acidic electrolytes. 

However, since Reed48 and Walsh49 are only referring to soluble cerium ions the redox potential of the 

Ce3+/Ce4+ will be only dependant on the surface concentration of Ce3+. At the bulk scale, cerium oxide 

can exist as pure CeO2 (Ce4+) or Ce2O3 (Ce3+). Yet, at the nanoscale, cerium oxide contains a mixture of 

Ce4+ and Ce3+ at the surface. As the diameters decreases from 20 nm to 2 nm, there is a measurable loss 

of oxygen atoms and an increase in the number of Ce3+ sites on the NP surface.48 Therefore, it is aimed 

to synthetize cerium oxide nanoparticles with a size below 5 nm in order to allow high Ce3+ coverage 

thus the redox reaction will be more sustainable and not hindered through the particle size. This is 

therefore in agreement with our foreseen task to synthetize rather small nanoparticles to increase the 

surface Ce3+ concentration. 

To prove this strategy of solid redox couple cerium oxide can be used for the OER as a starting support 

material with a ruthenium oxide catalyst, which can be deposited onto of it. Cerium oxide, especially 

CeO2 will be synthetized by wet chemical synthesis route. For the next stage, a metal salt (Ir/Ru) will be 

introduced and deposited on the cerium oxide. This will in turn provide the catalyst in which the Ru/IrOx 

is supported by CeO2. 
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The second mechanism is based on support materials for water dissociation. As a starting support ma-

terial, TiO2 will be evaluated first, as it has been proposed to be highly effective for this type of reaction 

in its anatase phase.50 It is reported that Ti4c-O2c pairs with a different orientation located at the ridges 

delimited anatase TiO2 (101) surfaces show a significant increased hydroxyl formation. This is due to 

their high acidity/basicity combination and a stabilization effect associated to the chemical bonds of the 

hydrogen atoms. However, in order to make use of this property without any issues of stability the na-

noparticles of the anatase phase need to be around 14 nm as reported by Zhang et al.51As OER catalyst, 

CENmat’s iridium nano would be employed in this approach and deposited on the TiO2. In case the ohmic 

resistance of the catalyst layers is still too high, then the TiO2 may be chemically doped with W, 

Ti1−xWxO252, to reduce the bandgap of TiO2, and have the right balance between the creation of the hy-

dronium and hydroxyl ions and electronic conductivity. TiO2 may be synthesized via a hydrothermal 

synthesis route where a solution of Titanium isopropoxide with ethanol and water will be prepared 

through hydrothermal reaction.53 In the next step as desired Ir/Ru salt solution will be deposited on the 

TiO2 to provide supported catalyst. 

Another concept of using mixed oxides, with reduced Ir content is also looking promising. For 

instance, perovskites with one B site occupied by Ir and the other by a non-CRM transition metal 

[M], i.e., A2MIrO6. CSIC partner has already prepared and tested this type of double perovskites, 

in particular Sr2MIrO6 (M= Ca, Mg, Ni, Zn…) with high catalytic performance to the OER in acid 

media. Depending on the pure iridium-based reference materials Sr2MIrO6 can outperform the 

OER activities by far with noticeably lower Ir content. For instance, similar OER performance is 

achieved by Sr2CaIrO6 (ca. 4 μg Ir cm-2) than by IrOx-Ir, currently one of the best OER catalyst 

reported (10.2 μgIrcm-2). 54 The current density and mass activity of M= Ca and Mg (97 and 31 

Ag-1 @ 1.48 V) are higher than that of benchmark Ir phases. In order to improve stability, 

PROMET-H2 aims to prepare catalyst with La in the A position, which is known to be less prone 

to dissolution than alkaline metals.  

In another approach, Ru oxides will be investigated, as they present the lowest overpotentials among 

OER catalysts; however, they are very unstable since Ru4+ oxidizes with the potential to soluble Ru>4+ 

phases. 55 Preliminary results from CSIC partner show an improvement on SrRuO3 activity and stability 

by Na doping, due to the generation of stable Ru4+/5+ mixed valences in the perovskite.56 Phases with 

very low Ru content and enhanced durability will be studied by controlling Ru oxidation state and envi-

ronment.  

3.2 CRM reduced Cathode Catalysts: 

In sync of the previously described section of redox mediated support of OER catalysts, V(II)O can be 

used as cathode redox mediator support. Amstutz46 uses the V2+ / V3+ couple as interacting protagonists 

with the cathode. The actual HER however happens when the V2+ interacts with a non-noble metal cat-

alyst (Mo2C) and the H+ to form H2. This allows using reduced CRM free catalyst for the HER. For the 

HER the starting support material will be made from vanadium-based materials like the highly conduc-

tive vanadium (II) oxide (VO) nanomaterials. As catalyst for the HER, it is envisaged to make use of Pt. 
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This combination as in the OER case will be serving to validate the effectiveness of the strategy of the 

solid redox couple support materials. For the synthesis of V(II)O, first V2O3 powders will be prepared by 

prepared by a facile one-step hydrothermal method using a vanadium source.57 In the next step as syn-

thesized V2O3 will thermally evaporated to in a tube furnace to give V(II)O. 58 

Water splitting support materials will also be used for reducing the Pt loading of the material. As already 

described in the Reduced CRM anode material section TiO2 splits the water thus increasing the ionic 

concentrations. For the HER catalyst it is envisaged to start with platinum deposited on top of the TiO2. 

The platinum will be deposited on the TiO2 via a CENmat developed route, ensuring a homogeneous 

distribution of the platinum on the TiO2 to allow full utilization of thee platinum and the TiO2 surface. 

 In a later stage Mo2C will be a candidate, among many other possible candidates, as catalyst replacing 

the Pt. The nano porous molybdenum carbide nanowires will be prepared through precipitation. The 

product will be filtered, dried subsequently calcined in an argon flow and finally, stored in a vacuum 

desiccator.59,60 

A less risky strategy is to eliminate Pt and any other PGM elements from the cathode but keeping the 

presence of other very active CRM elements (for instance Co or P). The most active non-PGM catalyst 

reported to date is Ni5P4 with ƞ= -0.023 V @ 10 mA cm-2.61 In general, phosphides present very high HER 

activities in acid media. Ni2P was found to deliver an excellent HER activity, with low onset potential, 

low Tafel slope, and high exchange current density, reaching 100 mA cm−2 with an overpotential of 180 

mV.62 Other earth-abundant metal phosphides are also highly active to the HER; for instance, CoP, MoP, 

WP and FeP nanoparticles, with Tafel slopes between 46 and 50 mV dec−1.63–66 It has been also demon-

strated that the phosphorous and metal content are relevant for the HER. For instance, 67 suggests that 

phosphide with higher P content exhibits higher performance, following the trend Ni12P5 < Ni2P < Ni5P4. 

In this sense, we are also focused on preparing the most promising catalysts for HER without PGM ele-

ments such as Ni-P phases (Ni5P4 and Ni2P).68 We expect to achieve overpotentials of ca. 0.023 and 0.04 

V vs. RHE at 10 mAcm-2 in RDE. 

In PROMET-H2 we will explore the most promising strategies for the synthesis of PGM-free HER cata-

lysts. We will synthetize HER catalysts with advanced morphologies, e.g. Pd-nanosheets and aerogels. 

These phases are reported to display very high specific surface area and a high fraction of (low-coordi-

nation) defect sites (kinks, edges) resulting in materials with high intrinsic activity for certain electro-

catalytic process.69 We will also focus on the most promising catalysts for HER without PGM elements 

such as Ni-P phases (Ni5P4 and Ni2P).68 We expect to achieve overpotentials of ca. 0.023 and 0.04 V vs. 

RHE at 10 mAcm-2 in RDE. 

3.3 CRM free Anode Catalysts 

For the oxygen evolution reaction (OER), highly efficient and stable nanostructured transition metal 

oxides and alloys based on non-CRMs Ag-Ti catalysts with high surface area will be developed. Advanced 

CRMs formulations include Ag-doped or Ag-substituted Ti-spinel (Ag-MnTi2O4), Ag doped Ti-suboxides 

and nanosized Ag-Ti alloys. Improved durability for the active phase consisting of silver (I) oxide in the 

protonic environment is achieved by developing solid solutions with stable Ti structures, such as spinel 

and sub-oxides, characterized by proper conductivity. Anode catalysts will be prepared by electrospin-

ning to obtain nanowire mesoporous morphologies, characterised by enhanced electronic conductivity 

and reduced mass transport, and by wet chemical methods combined to ball milling. The aim is to 
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achieve nanosized particles and nanowires with a diameter in the range of 20-50 nm and BET surface 

area > 150 m2/g. The electronic conductivity of MnTi2O4 spinel is sufficiently good for this application 

(>30 S cm-1 in a wide temperature range from ambient to 90 °C) but it can be further enhanced by doping 

the oxide substrate with silver.  

For the non-CRM anode catalyst, Ag is used at low contents (10 %) to activate the process of water ad-

sorption at a stable titanate substrate. Formation of O-O bonds is improved through tailoring of the in-

teratomic distances (insertion of Ag into the MnTi2O4 spinel causes an increase of the crystallographic 

unit cell size resulting into larger lattice parameter), while affecting the surface energy and introducing 

electronic levels into the bandgap of the spinel oxide. This greatly enhances the electronic conductivity. 

Formation of mesoporous nanowires arrays using an electrospinning preparation procedure further 

improves the electronic percolation through the catalytic layer. A similar approach has been very re-

cently reported in the literature showing both good performance and conductivity for an Ag/Co3O4 elec-

trocatalytic system for oxygen evolution in acidic (0.5 M H2SO4) environment20. However, the approach 

used in the present project goes beyond by avoiding CRM materials, such as cobalt, while providing a 

better stabilization for the spinel oxide. This is achieved using a Ti-Mn based spinel where the inserted 

Ag acts as both dopant and surface promoter. As also evidenced in the literature, it appears that Ag-

doping greatly enhances not only the conductivity but also the stability of electrocatalyst in acidic me-

dia7. The activity of this specific route is thus addressing a complete replacement of critical raw materi-

als (CRMs) in PEM electrolysers with highly efficient and stable nanostructured high surface area tran-

sition metal oxides and alloys based on CRM-free Ag-Ti catalysts. The goal is to achieve an activity > 0.6-

1 A cm-2 at 1.8 V RHE (IR-free) and a mass activity of 100 Ag-1 at the same voltage efficiency, which is 

significantly higher than the current industrial benchmark for non-noble OER electrocatalysts, whilst 

avoiding the use of CRM materials such as iridium and ruthenium. The aim is also to limit the CRM-free 

catalyst loading to less than 5 mg cm-2. 

3.4 CRM free Cathode Catalysts 

The cathode catalysts will be based on Fe and Mo sulphides and nitrides. Through optimizing the mor-

phology and composition, the catalytic performance and stability towards the HER are foreseen to be 

enhanced. In a first approach, the fraction of edge sites will be increased through the control of the par-

ticle size. This strategy has been proved successful to enhance HER performance of MoS2. Also, coordi-

nation number (CN) of the active metal has been reported to govern the HER. Thus, surface (100) planes 

in FeS2 exhibit square-planar co-ordinations (CN=4) with S-Fe-S terminations are more active to the 

HER than FeS6 octahedra (CN=6). FeS2 with different morphologies will be synthetized to favour the 

formation of these active surfaces, for instance, by growing nanoparticles, nanowires or nanosheets. 

Mesoporous FeS2 with an overpotential of ca. 0.1 V (vs RHE) at 10mAcm-2 has been reported. The syn-

thesis of these MoS2 and FeS2 materials with enhanced HER activity and durability will be realized 

through techniques such as microemulsion or colloidal techniques. It has been reported that Co and Ni 

doping can enhance the HER catalytic activity of iron sulphides. In a second approach we will deposit 

the active transition metals on different supports, for instance heteropoly acid structures. 



  
 

D1.1: 1st report on development of electrocatalysts: Initial performance and risk assessment 
 

19 

4 First Developments 

4.1 CRM reduced Anode Catalysts 

As initial anode catalyst with reduced Ir content, IrRuOx was synthesized according to the paper70 by 

CENmat. The herein presented catalysts are synthesized via direct co reduction of Ir and Ru salts pro-

tected via a capping agent via a wet-chemical method. A brief synthesis route is as follows. A known 

amount of anhydrous IrCl3 and RuCl3 salts are dissolved in absolute ethanol to make a homogeneous 

solution through ultrasonication for 10 min.  Amount of salts are adjusted such that the final product 

will have wt.% ratio of Ir:Ru as 7:3. A second solution of CTAB and absolute ethanol was prepared which 

was then introduced in the metal salt solution and ultrasonicated for 10 min. After that, the as prepared 

solution is mixed using a magnetic stirrer. Meanwhile another solution of sodium borohydride (NaBH4) 

as the reducing agent and ethanol is prepared with the assistance of an ultrasonication bath for 10 min. 

The reducing agent solution is added at 2–3mlmin-1 to the metal salt-surfactant solution which is addi-

tionally purged with argon and now mixed at 600 rpm. This co-reduction of metal salts takes place 

within an hour colouring the solution from greenish to blackish. Solution was stirred for 12 more hours 

to ensure an entire reduction. Afterwards, the as-synthesized nanoparticles are separated from the liq-

uid phase by a centrifuge. For removing contaminations, the powder is washed four times with ethanol 

and four times with deionized water as well. Finally, the wet powder is dried in a furnace at 40°C under 

an air atmosphere. 

RDE characterization was chosen as technique to quickly screen the catalytic activity of as synthesized 

IrRuOx and to draw an activity comparison to the benchmarking catalyst Iridium black.2  

 

Figure 1 OER activity comparison between Ir black and IrRuOx catalysts 

For quick screening, the important parameter of overpotential at 10 mAcm-2 of the catalysts are com-

pared which was found to be 270 mV and 300 mV (vs RHE) for IrRuOx and Ir black, respectively. As a 

first glance it can be realised that inclusion of ruthenium into iridium increases the potency towards 

 
 
2 RDE was performed at room temperature with 1600 rpm and a catalyst loading of 200 µgcm-2 keeping ionomer to catalyst 
ratio 0.2 in 0.5M H2SO4. 
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OER, on the other hand it also opens the door of making CRM catalysts relatively inexpensive as ruthe-

nium is cheaper than iridium. However, it is a topic of discussion that why inclusion of ruthenium in-

creases the catalytic activity of Iridium. It is also not advisable to reach any conclusion in absence of 

more rigorous electrochemical and physiochemical characterization. In the next stages as-synthesized 

catalyst will be deposited on redox mediator and water splitting support to reduce the loading of CRM 

materials in anode catalysts. 

CSIC have explored the strategy of CRM reduction via synthesizing iridium double perovskites. The syn-

thesis approach to prepare Ir perovskites is using the citrate method followed by high temperature 

treatments (between 800-1100 °C). In the oxides where Ir is in a high oxidation state inside the structure 

(e.g. Sr2CaIrO6) then high oxygen pressures are required for the synthesis. As first catalyst Sr2CaIrO6 is 

prepared and characterized.  

 

Figure 2 (a) XRD structural refinement of Sr2CaIrO6. The inset shows a schematic view of the crystal 
structure. (b) TEM images of Sr2CaIrO6 and particle size distribution. 

Figure 2a shows the XRD data of the mixed oxide. The Rietveld refinement of the crystal structure indi-

cates that the mixed oxide is a pure oxide with double perovskite structure and monoclinic space group 

(P21/n). Figure 2b shows the TEM and HRTEM images together with a particle size distribution.  

In line with the material synthesis strategy ruthenium bases catalysts will also be prepared. The synthe-

sis procedures followed for Ru phases will also be based on wet chemistry, trying to lower the final syn-

thesis temperatures and therefore reduce the particle size in order to improve the number of active sites 

exposed to the reaction. 

4.2 CRM reduced Cathode Catalysts 

CSIC has started working on Ni-P phases and Pd nanosheets/aerogels. Colloidal methods are being used 

to prepare  Ni5P4 nanoparticles. In our first trial,  Nickel(II) acetylacetonate (Ni(acac)2; Aldrich, 95%) 

was mixed with trioctylphosphine (TOP, Aldrich, 97%) as a phosphorus source and trioctylphosphine 

oxide (TOPO; Aldrich, 99%) as a coordinating solvent. The mixture in the flask was heated to 360 °C and 

refluxed for 1 h in an Ar atmosphere. The resultant particles were isolated by centrifuging the mixture 

and washed with a mixture of hexane, ethanol and acetic acid (10: 4: 1). On the other hand, also Ni4P5 
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nanoparticles were synthetized using a solid-state procedure. For this route 1.5 mol % stoichiometric 

excess of P(red) (Alfa - Aesar 99%) and stoichiometric amounts of Ni(s) (Sigma-Aldrich < 150µm) were 

thoroughly mixed in a mortar. The mixture is introduced into a quartz tube in which is evacuated, sealed 

under N2 atmosphere, and heated to 700 °C during 24 h.  

Ni2P nanoparticles have been also reported as good catalyst for HER. Ni2P will be synthetized by heating 

nickel (II) acetylacetonate (Ni(acac)2) in 1-octadecene, oleylamine and octylphosphine (TOP) at 320 °C 

for 2 h. The obtained powder will be washed with ethanol and hexane, and isolated by centrifugation. 

In PROMET-H2 CSIC have also synthetized HER catalysts with advanced morphologies, e.g. Pd-

nanosheets and aerogels. These phases are reported to display very high specific surface area and a high 

fraction of (low-coordination) defect sites (kinks, edges) resulting in materials with high intrinsic activ-

ity for certain electrocatalytic process.69 Pd nanosheets are prepared via reduction methods using CO as 

reducing agent.  

 

Figure 3 (a) XRD patterns of Ni-P phases. (b) TEM study of Pd nanosheets 

Figure 3a shows the XRD patterns of two Ni-P samples. The first one shows Ni2P structure. The XRD 

pattern presents very broad reflections indicating the small size of the phosphide particles. On the other 

hand, Ni5P4 has been also prepared and the XRD pattern is also shown in the figure. The particle size of 

such phosphide is larger, as it is evidenced by the sharper XRD reflections. 

Figure 3b illustrates the TEM study of Pd nanosheets. We are successfully forming very thin 2D 

nanosheets with the preferential orientation of [111] planes in the surface. 
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4.3 CRM free Anode Catalysts 

Synthesis route for Ag doped MnTi2O4 has been established by CNT-ITAE. The synthesis route consists 

of three main steps, namely synthesizing Silver nanoparticles, MnTi2O4 support and wet impregnation 

of silver active phase on MnTi2O4 catalytic support. 

Silver nanoparticles were synthesized by reducing AgNO3 (Aldrich, 99.995%) with a weak reducing agent 

in the presence of ultrasonic waves. 0.1 M silver nitrate solution (AgNO3, Aldrich ACS reagent ≥99.5%) 

was added to a conical flask in an ultrasonic cleanser (Elmasonic S 100/h ultrasonic device operating at 

an ultrasonic frequency of 37 kHz and with a power of 550 W). 0.1 M citric acid solution (Aldrich ACS 

reagent ≥99.5%) was added dropwise to the aqueous solution of AgNO3 in the presence of ultrasonic 

waves. After the acid addition, the pH has been corrected to ~5.2 and the resulting mixture became dark 

brown and was further sonicated overnight. The suspension was then filtered, and the precipitate was 

washed three times with hot ultra-pure water to remove any water-soluble impurities and eventually 

decompose further citrate-silver complex in the solution. The light grey precipitate was then dried in an 

oven at 50 °C for 3 h.  

MnTi2O4 was synthesized by solid state procedure starting from analytically pure manganese (II) acetate 

and titanium oxides (TiO2 and Ti2O3), all the reagents were supplied by Aldrich. The spinel structure was 

obtained by a two-step process. In a first step, manganese acetate and TiO2 were mechanically mixed in 

the molar ratio of 1:1 in a porcelain mortar and were fired together in alumina crucible at 1200°C for 16 

hours to obtain MnTiO3. The precursor was then mixed with stoichiometric amounts of Ti2O3 and TiO2. 

The materials were ball milled in a planetary mill and fired at 860°C for 16 hours to obtain MnTi2O4. 

 
Ag-doped MnTi2O4 catalyst was prepared by incipient wetness impregnation method using a 20% wt. 

% of Silver. Ag nanoparticles were dispersed in water and the Ag-based solution was added to the 

MnTi2O4 support. The catalyst was then dried and calcined in oven at 150°C for 1 h to remove the volatile 

components and to obtain silver oxide nanoparticles on the catalyst surface. 

Morphological examination of as prepared Ag-doped MnTi2O4 catalyst has also been done. High magni-

fication image in the inset shows the homogeneous dispersion of silver oxide nanoparticles on the cata-

lyst surface. 

 

500 nm

Figure 4 SEM micrographs of Ag-doped MnTi2O4 catalyst at different magnifi-
cation. 
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4.4 CRM free Cathode Catalysts 

The nanoporous molybdenum carbide nanowires (np-Mo2C NWs) were prepared according to reported 
method60 with some modifications by CENmat. Typically, ammonium heptamolybdate and aniline were 
added to distilled water. As the next step aqueous HCl (1 M) was added dropwise to the above solution 
while stirring the solution magnetically at room temperature until a white precipitate was obtained at 
pH 4–5. After additionally stirring the solution at 50°C for 6 hours, the product was filtered, washed with 
ethanol, and dried at 50 °C in an oven for a further 10 hours. After expelling air for 4 hours at room 
temperature using argon, the products obtained above were calcined at 725 °C for 5 hours in an argon 
flow in a tube.  
Some of the morphological examination of the catalyst are shown in figure 5 and 6 
 
 

 

Figure 5 SEM images of Mo2C catalyst 

Figure 5 shows the SEM image of the as synthesised Mo2C catalyst. Mo2C catalyst shows needle or wire 
like shape of the particles with a smooth surface as intended during synthesis.  
 

 
 

(a) (b) 

 

Figure 6 TEM image of Mo2C in different magnification 

The images shown in figure 6 are TEM images of Mo2C in different magnification. In figure 6a the picture 
on left we can see unilateral alignment of crystallites a typical characteristic of nanowires, while in 6b 
we can see that the crystallites are small in size (approx. 10 nm). 
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RDE testing was done to judge HER activity of as synthesized Mo2C-CENmat and commercially available 
Mo2C and comparison was done with @C benchmark catalyst as depicted in figure 5. Over potential at 
10mAcm-2 was found to be 25 mV, 145 mV and 236 mV (vs RHE) for Pt@C, Mo2C-CENmat and Mo2C 
commercial, respectively. As synthesized Mo2C was found to have impressive catalytic activity for HER 
when compared to commercially available Mo2C, but lags in performance to that of Pt.3  

 

Figure 7 HER activity comparison between Pt@C (40%), Mo2C CENmat and Mo2C commercial cata-
lysts 

Considering above characterizations, we can safely assume that that uniform one-dimensional morphol-
ogy, nano crystallite size collectively with large surface area associated with nanowires. All the previ-
ously stated features significantly boost the efficiency of the Mo2C towards HER.59 In the next stages of 
the project, Mo2C-CENmat will characterized deeply and also will be deposited on a redox mediator sup-
port namely VO to lower effectively the overpotential.. 
 
Parallelly CSIC have started with the synthesis of MoS2 supported on different carbon structures. A sol-

vothermal synthesis route has been followed for the synthesis of MoS2 supported on black pearls. As 

molybdenum precursor, (NH4)2MoS4 was mixed with black pearls (2:1) and added to NN-dimethyl. After 

10 minutes, hydrazine was added to the solution and the mixture was sonicated for 30 min. In a Teflon 

container and it was brought to 200 ºC in a furnace for 10 hours. Once it is at room temperature, the 

solid was recovered by centrifugation, washing three times with MiliQ water and one time with ethanol. 

CSIC is also exploring various routes for the synthesis of FeS2 nanoparticles using different salts such as 

FeCl2 · 4H2O (Sigma, ≥99%) or Fe(NO3)3 (Sigma, ≥99.95%) as iron precursors, and Na2S2O3 · 5H2O 

(Sigma, ≥99.5%) and L-cysteine (HSCH2CH(NH2)CO2H; (Sigma, 97%) as Sulfur sources. Solvents such as 

dimethyl sulfoxide (DMSO; Sigma, ≥99.99%) or ethanolamine (ETA; Sigma, analytical reagent, 99%) and 

thioglycolic acid (TGA; Sigma, ≥99 %) as stabilizers for the formation of nanoparticles are being ex-

plored. The synthesis routes are typically being performed between 140°C and 200°C between 12h and 

24h under conditions of continuous reflux. The samples formed will be isolated with a centrifuge and 

several washes were carried out with water and ethanol. Another route that will be followed for the 

 
 
3 RDE was performed at room temperature with 1600 rpm at 5 mVs-1 sweep rate and catalyst loading of 250 µgcm-2 

keeping ionomer to catalyst ratio 0.2 in 0.5M H2SO4 
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synthesis of FeS2 nanoparticles is by Fe2O3 sulfurization. Fe2O3 will be heated to 150 °C, under H2S flow 

and Sulfur powder added as the sulfur sources. 

The characterization of MoS2 and FeS2 catalysts is currently being developed. However, we have per-

formed the first HER activity measurements for CRM free and reduced cathode catalysts. For the HER 

studies, a three-electrode cell has been used. As a reference electrode an Ag / AgCl (sat) is used (all 

potentials are represented vs. RHE). A graphite rod is used as a counter electrode and a glassy carbon 

RDE is used as the working electrode, where the catalyst is deposited as an ink. Catalyst conditioning is 

performed in Ar-saturated electrolytes by recording 20 cyclic voltammograms at scan rate 50 mVs-1 

between 0.05 and 1.2 V (vs. RHE) in 0.5M H2SO4. For the HER measurements the electrolyte is saturated 

with H2 and cyclic voltammograms are recorded at 5 mVs-1 and 1600 rpm in a window potential between 

-0.4 and 0.1 V. 

The first HER measurements have been made for MoS2 and Ni4P5 catalysts (figure 8). The results show 

overpotentials of ca. 104 mV and 148 mV vs. RHE at 10 mAcm-2 in RDE for MoS2 and Ni5P4 respectively.  

 

Figure 8 HER activity of MoS2 and Ni5P4 in 0.5 M H2SO4 recorded at 5 mVs-1 and 1600 rpm 
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5 Properties of Electrocatalysts 

5.1 Physio-chemical Characterization: 

The nature of the catalyst including composition, textural properties, phases, surface composition, mor-

phology, number of active sites, active sites environment, oxidation states, defects etc., will be evaluated 

ante and post-mortem. During the durability experiments, the dissolution of the active phase in the elec-

trolyte will be examined by analysing the composition of the electrolyte by ICP-Plasma. 

• Crystal structure information, phase identification, crystalline domain size or unit cell dimen-

sions from Debye-Scherrer equation will be determined through XRD. 

• Elemental composition and surface morphology of as prepared catalyst as well as used MEA 

(without any treatment) for investigating morphological changes, membrane and catalyst layer 

thinning, particle agglomeration through SEM and EDX. 

• Detection of elements at any concentration, detection of possible impurities will be determined 

through ICP (Inductively Coupled Plasma). 

• To determine surface morphology and chemical structure (nature of atoms at surface) before 

and after use, X-ray photoelectron spectroscopy (XPS) is carried out. 

• For surface area measurement and pore size distribution investigation BET (Brunauer Emmett-

Teller) measurement will be used. 

• TEM (Transition Electron Microscopy) will be carried out to assess the mean particle size, par-

ticle size distribution of as prepared and used catalyst also the changes in the parameters will 

be investigated. Identical Location-TEM may also be used for precise investigation of changes in 

catalyst post use. 

• PND (Powder Neutron Diffraction) technique may be very useful to characterize the crystal 

structure of CRM-free catalysts elements, being a powerful technique for a detailed characteri-

zation of sulphides, oxides, phosphides etc.  

• To determine the environment of the atoms in the catalysts (ante and post-mortem) such as 

coordination number, oxidation states and bond distances. Hard and soft X-rays can be used to 

study heavy elements and light elements, respectively XAS (X-ray absorption spectroscopy) may 

be used. 

• In addition, XRF (X-ray fluorescence) may also be carried out to determine chemical modifica-

tions.  
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5.2 Electrochemical Characterization 

5.2.1 Materials and Methods 

Screening of catalysts are carried out through half-cell, RDE and single cell measurements in the pres-

ence of standard reference electrolytes and polymer electrolyte membranes developed in the project 

Half-cell investigation will be carried out regarding both anodic and cathodic reactions to evaluate in-

dividual activation overpotentials, stability in acidic environment and electrocatalytic activity.  Below is 

the measurement condition and available options and values are described: 

Table 1 Measurement conditions for Half cell 

 

At this moment, no base line has been identified for non-critical raw materials since no commercial or 

standard CRM materials have been identified or are available for the acidic environment. During devel-

opment of non-CRM catalysts, the appropriate optimum baseline will be selected and used. 

RDE is most sought out method to provide a reliable way for screening the performance for HER/OER 

reactions of novel electrocatalysts. It presents several advantages for instance the amount of catalyst 

need is small and hold same argument for time for testing the catalyst material, which allows us to test 

a large amount of catalysts in rapid time. 

High purity chemicals (including solvents and gases) should be used. Glassware should be cleaned thor-

oughly before each experiment. It is recommended to soak cells in concentrated solution of NaOH fol-

lowed by immersion in piranha solution (98% H2SO4 and 30% H2O2 in 3:1 v/v) for 24 h followed by 

rinsing in abundant Millipore water. In all cases, the potential of the electrode should be calibrated be-

fore each experiment potentials should be reported vs RHE by considering the offset potential (Eoffset). 

Eoffset is the departure for E= 0.0 V at current = 0 mA), so that ERHE= Emeasured - Eoffset. 

 

Table 2 Measurement conditions for RDE 

Parameters Selected values 

Electrolyte Solution 0.5M H2SO4 

Temperature of testing 25 °C 

Bubbling Gas N2/Ar 

Parameters Selected values 

Electrolyte Solution 0.5M H2SO4 

Temperature of testing 25-80 °C 

Bubbling Gas N2/Ar 

Reference electrode 
RHE, MMO, Hg/HgSO4 

(all the results will be depicted vs RHE) 

Baseline anode 
Ti / SS grid with catalytic layer 

(loading -2-3 mg cm-2 of PGM Ir, Ru, IrOx) 

Baseline Cathode 
Carbon paper/Carbon cloth 

(loading -0.5 mg cm-2 of 40% Pt/C,) 
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Reference electrode RHE, MMO, Hg/HgSO4 

(all the results will be depicted vs RHE) 

Rotation speed 1600 rpm 

Counter electrode Pt wire, Pt foil, graphite bar 

Working electrode GCE 

 

Electrocatalyst testing in single cell will allow carrying experiments in situ and at temperature and 

pressure conditions which may be not accessible in half-cell. The aim is to assess the catalysts while 

there are operating inside a MEA Moreover, these experiments will provide information about cata-

lyst/polymer electrolyte interface performance and stability. For diagnostic experiments in single cell 

dealing with the anode, hydrogen is fed to a Pt/C cathode which acts both as reference and counter 

electrode. In this specific case, for diagnostic purposes, the Pt loading at the cathode can be significantly 

large (1 mg cm-2) than the project target to avoid significant polarization of this electrode as required 

for a reference system. Correction for ohmic drop using ac-impedance, mainly due to the membrane, 

will allow to determine overpotentials at a specific current. Polarisation curves can be reported as raw 

curves vs. RHE (or DHE), IR-free curves and Tafel slopes. Overpotentials are determined from IR-free 

Tafel plots after ohmic resistance correction. This is determined from series resistance in the AC-

impedance spectra. 

Single cell testing of CRM-free and ultra-low loading CRM cathode catalysts can be carried out using 

hydrogen pumping cells with the counter/reference electrode fed with hydrogen and containing large 

Pt loading as reported above to avoid polarization compared to ultra-low loading CRM and  non-CRM 

cathodes. 

For a rapid identification of the most promising materials in the pre-screening phase, single cell hard-

ware  already  available  in  the  partners  laboratories  e.g.  4 cm2, 5 cm2, 8 cm2 and 25 cm2, 100 cm2 may 

be used. MEAs will be developed by proper methodologies in the Consortium laboratories and discussed 

with the other partners for cross-comparison. The selected reference membrane is Nafion 117. Alterna-

tively, in some experiments, benchmark Nafion 212 (50 µm) can be used to minimise ohmic losses when 

this is required.  

5.2.2 Catalytic Ink and drying: 

Given the diversity of the catalysts that will be prepared and used in scope of this project, the there is 

no strict guideline for ink and electrode preparation for half-cell /RDE measurements. For half-cell, the 

backing layer is cleaned thoroughly with acidic solution and wasted with ultra-pure water. For the prep-

aration of anode as prepared ink in either sprayed, rolled, or spin casted on the backing layer. The elec-

trode is then dried in an oven, heating plate, or leaving in room environment. 

For RDE measurements the desired catalyst will be casted on a GCE by means of an ink. The thickness 

of the catalyst layer should be around 1 µm. The catalyst ink is prepared by dispersing the catalyst in a 

mixture of solvents. 

 Some options for preparing the ink are given in the table below. 
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Table 3 Catalytic ink preparation for Half cell and RDE 

Parameters Selected values 

Solvents Water, IPA, EtOH, DMF, NMP 

amount As required 

Ionomer used Nafion 

Ionomer to catalyst ratio (wt.%) Half-cell-0.25  

RDE-0.2 

 

The composition of the ink cannot be anticipated beforehand since it will depend on the physicochemi-

cal properties of the catalyst (surface area, polarity, hydrophobic/hydrophilic balance etc.). Usually, the 

ink contains solvents such as isopropanol, DMF, ethanol and DI water in different ratios. The addition of 

Nafion ionomer (e.g. 5 wt. %) is recommended, maintaining an ionomer to catalyst ratio (I/C) around 

0.25 for Half-cell and 0.2 for RDE measurements. A known amount of the catalyst under study is dis-

persed in the mixture using an ultrasonic bath or probe, during e.g. 20 min. When the catalyst presents 

low conductivity, (typically oxides or sulphides) it is recommended to add ca. 20 % (weight) of an inert 

conducting material, typically carbon. Caution should be taken since at high potentials (OER) carbon 

corrosion can take place.  

A known amount of the catalyst ink should be dropped onto the working electrode. For catalysts based 

on oxides, sulphides, nitrides etc., catalyst loading around 0.28 mg catalyst cm-2 disk is known to provide 

reliable results. To assure and homogeneous deposit of the catalyst on the electrode it is necessary to 

avoid the preferential evaporation of the solvent at the periphery of the electrode. This can be achieved 

by the rotational-air dry approach, whereby the catalyst-ink is deposited on an inverted rotator and let 

dry under rotation. 

For inks for single cell test to prepare MEAs depends of the methods to prepare/assimilate the MEAs. 

Inks will be developed by proper methodologies in the Consortium laboratories and discussed with the 

other partners for cross-comparison 

 

5.2.3 Protocols for Electrochemical Testing: 

5.2.3.1 Electrocatalyst testing in Half cell: 

Testing 
Methods 

Description 

Polarization 
Curve 

• Change the anodic or cathodic current density in steps as re-
ported in Table 5 (See appendix).  

• Allow the voltage to stabilise until a steady state conditions are 
achieved ( 2 mV/min). 

•  If the steady state is not achieved in 2 mins change the step by 
sampling data and record the corresponding variation. 

• The cut-off voltage is fixed at 2.0 (vs RHE) for the anode and -0.5 
(vs RHE) for the cathode. 

• At the end of the I-V curve measurements, the current density 
will be set to zero (OCV). 
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• Ohmic resistance is determined from series resistance in the AC-
impedance spectra 

• Polarisation curves are also corrected by the ohmic losses using 
the series resistance obtained from the ac-impedance tests 

• E vs Log I to determine Tafel slopes. Overpotentials are deter-
mined from IR-free Tafel plots 

EIS • EIS can be carried out in potentostatic or under galvanostatic 
mode.  

• In half cell, EIS spectra of the anode can be recorded in potenti-
ostatic mode starting from OCV thereafter at 1.5 V RHE, 1.8 V 
RHE; under galvanostatic mode at 50 mA cm−2 and maximum 
achieved current.  

• In the potentiostatic mode, apply  a  sinusoidal  AC  perturbation  
signal  with  an  amplitude  (peak-to-peak)  of  maximum  10  mV  
and  a perturbation frequency in the 1 MHz to 10 mHz range as 
well as in the reverse order with 10 data points per decade  in  
logarithmic  spacing.   

• In the case of galvanostatic mode, 10% sinusoidal oscillations.  
The impedance measurements are plotted as Nyquist plots (neg-
ative imaginary part vs. real part) and Bode plots (impedance 
amplitude, real and imaginary part vs. perturbation frequency 
and/or phase shift).  

• The cell ohmic resistance is determined from the series re-
sistance i.e. from the high frequency intercept on the real axis.  

• The polarisation resistance is the difference between the low and 
the high frequency intercepts on the x-axis of the Nyquist plot. 

Cyclic Volt-
ammetry 

CRMs reduced catalysts  

• For cathode catalysts cycling in the potential range 0.1 to-1.25 (v 

RHE) and for the anode catalysts 0.0 to1.8 (vs RHE) with  a  

sweep  rate  in  the  range  10-150  mV  s -1 .   

• Determination  of  ECSA  for  the cathode is made by integration 

of H adsorption (theoretically 0.210 mC/real cm2) peaks (0.02-

0.4 V RHE) after subtraction of double layer charging at 0.4 (v 

RHE); whereas for the anode, active area expressed as specific 

charge q* is obtained from integration in the 0.4-1.4 potential 

window.  

 

For the CRM-free catalysts 

• Similar CV analyses will be carried out after having investigated 

the stability range of potentials. Some CRM-free catalyst may 

give raise to faradaic processes in the above reported potential 

range with irreversible modifications. This should be investi-

gated by CV. Once the stability range is identified, CV are carried 

out as above 
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•  Coulombic charges are recorded and used to compare and 

screen catalyst and interfaces. Coulombic charge q* is obtained 

from integration in the specific potential window.  

Alternatively, the double layer capacitance may be used for non-CRM catalysts. The dou-

ble layer capacitance is related to the active surface area and is reported as mF cm−2 

and/or mF mg−1. The capacitance in mC/cm2 is calculated from AC-impedance, preferably 

at OCP, and it is divided by the catalyst loading in mg. Deconvolution of the double layer 

capacitance from the pseudo capacitance can be done using equivalent circuits, this 

method serves mainly as comparison.  

The voltametric surface charge  is  generally considered an indication of the electrochem-

ical active surface area even if a conversion of the charge into surface area is difficult be-

cause the nature of the surface reactions is not known precisely.  

 
Catalyst 
Degradation 

• Accelerated stress tests consisting of potential holding at 2.2 V 

for 48 h in a three-electrode configuration. Potential holding at -

0.5 V vs. RHE for 48 h will be used to test the stability of the cath-

ode in a three-electrode configuration mode. These procedures 

apply to both reduced CRM (ultra-low loading) and CRM free cat-

alysts. 

• Dynamic behaviour for catalysts is made by potential cycling. 

This is carried out preferably in single cell (see below). Eventu-

ally, initial tests in half-cell can be carried out by varying the po-

tential between 1 and 1.8 V RHE for the anode and 0 to -0.4 V 

RHE for the cathode (1 min per step) for 100 – 1000 h.   

Reference cyclic voltammetry to investigate ECSA loss will be carried 
out at the beginning and end of the tests (BoT and EoT).  This is carried 
out as reported above for the different catalyst categories. 

 

Reference cyclic voltammetry to investigate ECSA loss will be carried out  at the begin-

ning and end of the tests (BoT and EoT).  This is carried out as reported above for the 

different catalyst categories. 

 

5.2.3.2 Electrocatalyst testing in RDE 

  

Testing 
Methods 

Description 

Cyclic Volt-
ammetry 

HER Catalysts 

• Working electrode cleaning and catalyst condition conditioned 

in Ar-saturated electrolytes by recording 5-20 cyclic voltammo-

grams at high scan rate (50-200 mVs-1) between 0.05 and 1.2 V 

(vs. RHE).  
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• The electrolyte will be replaced and saturated in H2 to ensure H2 

saturation so that the potential is not affected by hydrogen evo-

lution. 

• ECSA may be measure by cycling the catalysts between 0.05-1.2 

V (vs RHE) 3 or more times at a scan rate of 20 mVs-1. 

• A series of cyclic voltammograms will be recorded at 5 mVs-1, 

1600 rpm. For the initial catalyst screening, the HER potential 

window will be selected so that the current density is below 2 

mA/cm2 since higher current densities usually result in the for-

mation of hydrogen bubbles. 

• The potentials should be corrected by the ohmic resistance  

• At least, the potential to obtain a current density of 10 mA/cm2, 

since this value will be the first benchmarking RDE value to as-

sess the quality of the catalysts. If the catalysts are highly active 

the potential window can be extended to obtain higher current 

densities. 

 

OER Catalysts 

 

• Working electrode cleaning and catalyst condition conditioned 

in Ar-saturated electrolytes by recording 5-20 cyclic voltammo-

grams at high scan rate (50-200 mVs-1) between 1 and 1.7 V vs. 

RHE).  

• Electrochemical oxidation and OER activity testing will be done 

between 0-1.7 V (vs RHE) till the stable CV is obtained. 

• The potentials will be corrected for ohmic resistance. 

 

However, if at low scan rates the electrochemical signals seem to be noisy and unreliable, 

the scan rates may be adjusted accordingly.  

 

Key performance indicators (see Table 6 in appendix) will be determined during the testing. 

 

The most accurate way to assess catalytic performances is to determine the intrinsic ac-

tivity or turn over frequency (TOF), which refers to the number of times the reaction 

takes place (or number of exchanged electrons) in an active site per time unit. However, 

the determination of the number of active sites is not straightforward, especially when 

dealing with non-noble metal-based catalysts. Instead, the metrics usually employed to 

benchmark catalytic activity are the specific activity (SA) and the mass activity (MA). SA 

is the activity normalized to the surface area of the catalyst. The surface area of the elec-

trocatalysts is usually referred to as the electrochemical surface area (ECSA) and several 

methods can be used to determine ECSA of metal catalysts, including Hupd, metal UPD and 

COad stripping. However, the determination of ECSA of CRM-free catalysts is challenging. 
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Methods such as recording adsorption desorption isotherms of gases (typically N2) usu-

ally referred to as BET method allows for obtaining the total specific surface area of the 

catalysts. Also, catalyst dispersion can be determined from catalyst particle size obtained 

by TEM assuming spherical particles. Finally, the determination of the area of CRM-free 

catalysts can be assessed from the double-layer capacitances (Cdl) values recorded at dif-

ferent scan rates. According to the equation i = Cdl. Cdl is related to the ECSA via the specific 

capacitance (in F/cm2), sadly, specific capacitances are usually unknown. 

 

Catalyst Sta-
bility 

• Continuous potential sweeps at a scan rate of 50 mV s−1 or 100 

mV s-1 in 0.5 m H2SO4. The potential window will depend on the 

activity of the catalysts, however, a potential window between -

0.4 0.1 V vs. RHE for HER and 1.3-1.8 V for OER can be a good 

starting point. The dynamic degradation will be reported as % 

loss of activity after 1000-10000 HER/OER cycles.  

• The potential is set to the value at which the current density is 

10 mA cm-2 (E10). The steady-state degradation will be tested by 

the voltage decay determination after, at least 10-15 h of meas-

urement.  

 

 

5.2.3.3 Electrocatalyst testing in single cell 

Single cell test in this report will be done with the cells the partners already have.  

Testing 
Methods 

Description 

Single Cell 
Conditioning 

• Single cell must be equilibrised at 80 °C with distilled water (<0.1 

μS), fed to both compartments at ambient pressure,  

• A flow rate of 2 ml min-1 cm-2 will be maintained. 

• An applied load of 0.2 A cm-2 for 2 h (for CRM catalysts) or 0.05 A 

cm-2 (for CRM-free catalysts) for 24 hours to favour membrane 

hydration and in-situ purification.  

• This is only a guideline, and it can be adapted to reach the maxi-

mum performance 

Polarization 
Curve 

• Polarization curves are carried out in the galvanostatic mode by 

recording the cell voltage vs. the imposed current density.  

• For catalyst assessment in MEAs, the current density values are 

selected according to a logarithm mode between 0.005 and 2.2 V 

(See Table 5 in Appendix). 

• Allow the voltage to stabilise until a steady state conditions are 
achieved ( 2 mV/min). 

•  If the steady state is not achieved in 2 mins change the step by 
sampling data and record the corresponding variation. 
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• For a cell test at a fixed cell temperature, inlet temperature must 

be maintained at the same cell temperature.  

• The current density is preferably increased to the maximum 

achievable current with a cut-off voltage of 2.2 V.  

• At the end of the I-V curve measurements, the current density 

will be set to zero (OCV) before stopping all the testing equip-

ment. 

 

 

Influence of the cell temperature: By maintaining constant feed of the reactant as above, 

repeat the I-V curve measurements at increasing temperatures from RT or 30° to 90 °C 

(in steps of 10-20 °C).  The cell temperature should be stabilised under OCV for a mini-

mum of 20 minutes before proceeding with the next I-V curve measurement. 

 

EIS • EIS can be carried out in potentostatic or under galvanostatic 
mode.  

• EIS spectra of the anode can be recorded in potentiostatic mode 
starting from OCV thereafter at 1.5 V RHE, 1.8 V RHE; under gal-
vanostatic mode at 50 mA cm−2 and maximum achieved current.  

• In the potentiostatic mode, apply  a  sinusoidal  AC  perturbation  
signal  with  an  amplitude  (peak-to-peak)  of  maximum  10  mV  
and  a perturbation frequency in the 1 MHz to 10 mHz range as 
well as in the reverse order with 10 data points per decade  in  
logarithmic  spacing.   

• In the case of galvanostatic mode,10% sinusoidal oscillations.  
The impedance measurements are plotted as Nyquist plots (neg-
ative imaginary part vs. real part) and Bode plots (impedance 
amplitude, real and imaginary part vs. perturbation frequency 
and/or phase shift).  

• The cell ohmic resistance is determined from the series re-
sistance i.e. from the high frequency intercept on the real axis.  

• The polarisation resistance is the difference between the low and 
the high frequency intercepts on the x-axis of the Nyquist plot. 

Cyclic Volt-
ammetry 

• For ultra-low loading anodic CRM-based catalyst, this is carried 

out as specified for the half cell measurement by feeding humid-

ified H2 at the cathode (flow rate 100 ml min-1).  

Partners who do not have the cell capable of doing the test, will perform 

the test with existing single cells that they possess. 

• The dew-point temperature is equal to cell temperature.   

• Reference cyclic voltammetry for the cathode is carried out as 

specified for the half cell measurement by feeding humidified H2 

at the anode (flow rate 100 ml min-1).   

• The dew-point temperature is equal to cell temperature.  
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• The Pt/H2 interface acts both as reference (RHE) and counter 

electrode. Determination of the  ECSA  is  reported  above  for  the  

half  cell.   

 

This procedure can be in a first attempt adopted also with non-noble metal anode cata-

lysts. Preferably, non-noble metal catalysts should be tested in half-cell with an external 

reference electrode. For anode characterization, since the oxygen evolution is the rate 

determining step, we assume that the anode contribution is prevailing, but the double 

layer capacitance contribution is lowered due to the contribution of both electrodes. 

Thus, the surface area determination from the capacitance values should be preferably 

carried out in half-cell. 

 

Catalyst Sta-
bility 

• For ultra-low loading CRM-based catalyst, steady-state galvanos-

tatic cell operation at 1 or 2 A cm-2 for at least 1000 hrs is carried 

out under temperature and pressure relevant conditions.  

• Cell conditioning, water feed, selected cell hardware as above.  

• Data logging is at a frequency of 10-2 Hz.  

• Degradation rate in µV/h is estimated from the cell voltage raise 

vs. time using best fitting procedures.  

• Specific assessment of the dynamic behaviour for non CRM an-

ode catalysts in single cell can be  carried out by varying the an-

ode potential between 1 and 1.8 V RHE  (cell under electrolysis 

mode with reference electrode) and between 0 and -0.4 V vs. 

RHE for the cathode (hydrogen pumping mode).  

• These tests should be preferably of 1000 h with 1 min/step.  

Eventually, the single assessment of the electrodes dynamic be-

haviour can be replaced by the overall cell durability assessment 

for cycled operation (next point). 

• This test consist in 1000 hrs cycling between 1 – 1.8 V (vs RHE), 

1 min/step, at relevant temperature and pressure operation con-

ditions for a complete MEAs based on the selected anode and 

cathode catalysts (no in-situ reference electrode).  

• Under high cell potentials e.g. 1.8 V (vs RHE), the cathode, espe-

cially those based on non-CRM catalysts, will be negatively po-

larised vs. RHE as designed for the analysis of the dynamic be-

haviour in half-cell.  

Reference polarization curve and ac-impedance spectroscopy at the be-

ginning and at the end of the experiment.  
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6 Data treatment:  Determination of key performance indica-
tors 

Electrocatalyst performance evaluation in Half-cell & Single cell: 

 

Initial experiments will be carried out in the presence of high catalyst loading (≤ 5 mg cm-2) for CRM-

free and ultra-low loadings (≤ 0.2 mg PGM Pt cm-2) for precious catalysts. 

 

Anode potential (Ea vs RHE) and overpotential (Ea – Etn) will be measured from IR-free polarisation 

curves at 0.6 - 1 A cm-2 (CRM-free) and at 2 A cm-2 (reduced CRM) in liquid electrolyte or in MEAs under 

relevant temperature and pressure conditions.  

 

A reference electrode is used in liquid electrolyte and values converted to RHE; Pt is used as cathode as 

reference/counter electrode in MEAs. 

 

Cathode  potential and overpotential  (Ec vs RHE) measured  at  1 (CRM-free) and 2  (reduced CRM) A  

cm-2 from  the  IR-free   polarization  curves carried out in liquid electrolytes in half cell or under hydro-

gen pumping mode in single cell. 

 

A reference electrode is used in half-cell; in single cell a Pt reference electrode is used in the pumping 

mode. Alternatively, cathode potential is determined as the difference Ec = Ecell - Ea where Ea is deter-

mined as above using a reference/counter Pt-based electrode. Catalyst loading ≤ 0.2 mg cm-2 for CRM-

free and ≤ 0.05 mg PGM Pt cm-2 for ultra-low loadings precious catalysts.  

 

Ohmic resistance for IR correction is determined from high frequency intercept on the real axis of the 

Nyquist plot obtained from AC-impedance spectroscopy and reported in Ohm cm2. 

 

For determining catalyst durability dynamic tests degradation reported as % in 1000 h (for cycling test 

1-1.8 V vs. RHE, anode and 0 -0.4 V RHE cathode). For Steady-state degradation tests:  voltage decay 

determined by curve fitting from galvanostatic durability test at 1-2 A cm-2. 

 

See Table 7 (in Appendix) for a sample sheet for characterization data. 
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7 Initial risk assessment  

The CRMs reduction and the use of non-CRMs suppose risks that may occur with high probabilities and 

impacts and may affect performance, stability, and recycling of stack electrocatalysts and the objectives 

set out in the project. Regarding risk control, a risk identification and mitigation process (including qual-

itative and quantitative analysis) has been set among the Management Support Team (MST), supported 

by the WP Leaders. The process included and continues to include a plan of answers to develop options 

and actions, allowing reducing threats and increasing opportunities. Partners will be trained by DLR on 

the risk management to enhance the efficiency of risk approach all along project progress and in order 

to optimize continuously the answers to risks.  

For catalyst development, the description of initial risk assessments is reported in the Table 4 along 

with the related probability occurrence and impact.  

A mitigation process has been identified and proposed for each risk to meet the expectations set out in 

the project objectives with high probability and to facilitate margins for improvement. 

Table 4 Baseline for risk assessments and mitigation actions 

Description of risk Probability Impact Proposed risk-mitigation 
measures 

Bad performance, low effi-
ciency, and stability of elec-
trocatalysts   

High High 

The best candidates will be se-
lected considering as key prior-
ities stack integration and re-
sults in single cells. This will 
enable the detection of any is-
sue and of the required further 
improvement. 

Poor possibilities for recy-
cling of electrocatalysts 
compared to Life-cycle anal-
ysis goals (LCA) 

Low High 

CRMs recycling and reduction 
strategies are a cornerstone to 
achieve the desired CAPEX re-
ductions to approach energy 
storage markets. The previous 
experience from partners in the 
field will ensure progress in re-
cycling of stack components as 
well as cost model and life cycle 
assessment respectively, sup-
porting the components devel-
opment towards circular econ-
omy considerations.  

Performance of advanced 
catalysts is not as good as 
expected 

Low High 

WP 1 aims at developing indi-
vidual components including 
key steps such as materials se-
lection, design and simulation 
tasks and development of a se-
ries of candidates for final se-
lection to ensure that individual 
performance of the selected 
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components will be best in 
class, meeting the expectations 
set out in the objectives with 
high probability.   

CRM reduction for catalysts 
is lower than 
expected 

Low High 

Most CRM reduction will be 
tackled by means of WP1, 
where the work will be ori-
ented to develop and test at lab 
scale the performance of mate-
rials.     
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Appendix  

 

Table 5 Protocols for polarization curves in half-cell and Single cell 

 

Current 

Density 

(A∙cm-2) 

Cell 

Volt-

age 

(V) 

   0.0005  

0.001  

0.002  

0.005  

0.01  

0.02  

0.03  

0.04  

0.06  

0.08  

0.1  

0.15  

0.2  

0.25  

0.3  

0.35  

0.4  

 

Current 

Density 

(A∙cm-2) 

Cell 

Voltage 

(V) 

0.45  

0.5  

0.6  

0.7  

0.8  

0.9  

1  

1.1  

1.2  

1.3  

1.4  

1.5  

1.6  

1.7  

1.8  

1.9  

2  

 

Table 6 KPIs in RDE testing 

 
 

 
 
 
 
 
 

 

 

Indicators Fresh Catalyst Used catalysts after 10000 cycles 

Eonset @ 1 mA cm−2   

E10 @ 10 mA cm−2   

E100 @ 100 mA cm−2   

Tafel plots   

j0   
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Table 7 Table of Characterization Data 

 unit result method 

Catalyst/support formulation     

Batch No    

Application as anode or cathode    

Bulk and possibly surface composition    

Physico-chemical parameters:  structure    

Physico-chemical parameters: particle 
size/crystallite size 

nm   

Electrochemically active surface area m2/g;  
mC/mg  
mC cm-2 
mF mg-1 
mF cm-2 

  

IR-free anode potential (Ea vs RHE) and over-
potential (Ea – Etn) measured at 0.6 - 1 A cm-2 
(CRM-free) and at 2 A cm-2 (reduced CRM).  
Data reported at specific loading (mg cm-2) 
in the presence of specific electrolyte, tem-
perature (°C) and pressure (bar) conditions  
 

V vs RHE 
V vs Etn 

  

cathode potential and overpotential  (Ec vs 
RHE) measured  at  1 and 2  A  cm-2 at spe-
cific loading (mg cm-2) in the presence of 
specific electrolyte, temperature (°C) and 
pressure (bar) conditions  
 

V vs RHE 
 

  

Steady-state Durability: Voltage loss in 1000 
h steady state tests at 1 or 2 A cm-2 

µV/h   

Dynamic Performance Degradation in MEAs 
in 1000 h dynamic tests (cell 1-1.8 V, 1 
min/step) 

%   

Dynamic Performance Degradation in half 
cell in a 1000 h dynamic tests (anode  1-1.8 
V RHE, cathode 0—0.4 V RHE, 1 min/step) 

%   

Electrochemical surface area loss in acceler-
ated tests vs. initial conditions 

%   

 
 

 

 


