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Summary 
 

Water electrolysis is a very promising technology for sustainable hydrogen generation using renewable 

electrical energy. The excellent performance and dynamic behaviour for storing electrical energy in 

hydrogen allow polymer electrolyte membrane (PEM) electrolysis to cover the gap between the 

intermittent renewable power production and the grid demand at different time horizons and scales. 

This deliverable is mainly addressed to the development and characterization of high performance 

nanostructured Ir-Ru-oxide electro-catalyst achieving for the rate determining oxygen evolution 

reaction a current density of 3 A cm-2 at about 1.8 V (>80% enthalpy efficiency) with a low catalyst 

loading (0.34 mg cm-2). The stability characteristics were studied in practical PEM electrolysis cells 

operating at 80 °C, using several durability tests of 1000 h each to evaluate the reliability of this electro-

catalyst for real-life operation. Further insights on the degradation mechanism were acquired by 

subjecting the catalyst to potential steps in a specially designed electrochemical flow cell under 

corrosive liquid electrolyte with on-line monitoring of the dissolved ions. Structural, morphology, 

composition and surface analysis of the anode electro-catalyst after operation in the electrolysis cell, 

complemented by in-situ electrochemical diagnostics, provided important insights into the 

degradation mechanisms. Catalyst operation at high turnover frequency was observed 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. 

Nanosized  Ir-black  (3  nm)  and  Ir-oxide  (5  nm)  oxygen  evolution  electrocatalysts  showing  high 

performance in polymer electrolyte membrane (PEM) water electrolysis based on Aquivion® short-

side chain ionomer membrane were, also, investigated to understand the role of the Ir oxidation state 

on the electrocatalytic  activity  and  stability.  Despite  the  smaller  mean  crystallite  size,  the  Ir-black  

electrocatalyst shows significantly lower initial performance than the Ir-oxide. During operation at high 

current density, the Ir-black shows a decrease of cell potential with time whereas the Ir-oxide catalyst  

shows  increasing  cell  potential  resulting  in  a  degradation  rate  of  about  10  µV/h, approaching 

1000 h. The unusual behaviour of the Ir-black results from the oxidation of metallic Ir to IrOx . The Ir-

oxide catalyst shows instead a hydrated structure on the surface and a negative shift of about 0.5 eV 

for the Ir 4f binding energy after 1000 h electrolysis operation. This corresponds to the formation of a 

sub-stoichiometric Ir-oxide on the surface. These results indicate that a hydrated IrO2 with high  

oxidation  state  on  the  surface  is  favourable  in  decreasing  the  oxygen  evolution overpotential.  

Modifications  of  the  Ir  chemical  oxidation  state  during  operation  can  affect significantly the 

catalytic activity and durability of the electrolysis system. 
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1 Introduction  
 

Hydrogen is widely considered a promising energy vector that can act as a mediator between 

renewable sources and sustainable mobility. As an alternative fuel, hydrogen is characterized by 

proper energy density and clean combustion. Its wide spread use will assume in the future an 

increased environmental and societal relevance to address energy issues, pollution, global warming 

and related climate change effects. Water electrolysis systems connected to renewable power sources 

represent a reliable process for an efficient and sustainable hydrogen production to power next 

generation fuel cell vehicles. Among the various water electrolysis technologies, proton conducting 

polymer electrolyte membrane systems possess the ability to rapidly follow the intermittent energy 

production from renewable power sources and provide excellent grid-balancing service characteristics 

to mitigate the differences in energy generation and consumption.  

However, PEM electrolysis devices make use of noble metal catalysts, such as Ir, Ru and Pt to work at 

elevated current densities and to operate durably at high potentials in a protonic environment. The 

impact of the noble metal catalysts on the cost of PEM electrolysis systems is relevant although these 

materials are employed with a high level of utilization in electrochemical systems thanks to their 

nanostructured properties. In principle, the use of noble metal catalysts allows the PEM electrolysis 

system to operate at high current density (>1 A cm-2) with a corresponding reduction of the 

electrolyzer capital costs. However, due to the limited availability of noble metal catalysts, a useful 

strategy is to maximize their utilization in the electrolysis process while operating the electrolysis 

system at high hydrogen production rates. However, this high current density operation increases 

both cell potential and temperature thus causing significant durability issues. Commercial PEM 

electrolysis systems operate at temperatures below 60 °C in order to combine good durability and 

proper operation of the balance of plant.  

However, beside the durability issues, operation at high current density also causes relevant heat 

management issues. Accordingly, almost all of the state-of-the art PEM electrolysis systems are still 

operated at current densities of 1 A cm-2 or less. The upper temperature limit for operating the present 

electrolysis cells is about 80 °C. This is essentially determined by the available perfluorosulfonic 

membranes, e.g. Nafion®. Thus, providing that the balance of plant characteristics and stability of the 

membrane-electrode assembly (MEA) are improved for high temperature operation, increasing the 

system operating temperature would result in larger current density and lower overpotentials as 

result of the accelerated reaction kinetics. 

Generally, the degradation of electrolysis systems is affected by pH, electrode potential and 

temperature effects whereas the components that are mainly subjected to degradation are the anode 

electrocatalysts (operating at high potentials), bipolar plates and membrane. In particular, the anodic 

oxygen evolution reaction, is the rate determining step of the entire process and it affects significantly 

the system stability. An efficient and durable anode operation is a pre-requisite for achieving suitable 

life-span for the PEM electrolysis systems. This has been recently targeted at 100,000 h. Whereas, to 

minimize the noble metal catalyst loading, the use of nanosized catalysts with very high surface area 

is highly desirable. These are however intrinsically less stable than bulk metals or oxides. On the other 

hand, improving reaction kinetics will imply operation at lower overpotentials for the same hydrogen 

production rate (making the operating potential window of the electrolysis system smaller) with 

beneficial effects on the stability. 
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Most of the efficiency losses occur at the oxygen evolution electrode as this process the rate 

determining step. Iridium or ruthenium oxides are currently used as oxygen evolution catalysts; they 

combine proper activity with good corrosion resistance and suitable electronic conductivity. 

Ruthenium oxides are characterized by higher activity but lower stability than IrO2. Combining 

ruthenium and iridium oxides represents a suitable approach to get a trade-off between stability and 

activity. A very promising method is to form a solid solution by high temperature annealing in order 

to improve the stability of Ru-oxide while taking advantage of the electronic effects on RuOx on Ir-

oxide. However, the high temperature treatment causes a growth of the oxide particles, with a 

decrease of surface area. Another interesting route is to produce a segregation of the most stable 

oxide on the surface of the catalyst particles with the least stable phase concentrated in the bulk. This 

core-shell structure is pursued in many applications, including fuel cells, to (i) get advantage of the 

electronic effects of the solid solution while avoiding exposing to the electrolyte less stable elements 

on the catalyst surface and also to (ii) increase electrochemical active surface area (ECSA). Corrosion 

could be initiated by the presence of an unstable phase on the surface and propagate inside the 

nanoparticle compromising the stability of the catalytic system. 

The purpose of this Deliverable is to provide a structural, composition, surface, and 

morphology characterization of a solid solution Ir-Ru oxide catalyst with enriched Ir-oxide content on 

the surface and to study its degradation properties under electrolysis operation at high current 

densities. The stability characteristics were studied in practical PEM electrolysis cells operating at 80 

°C, using several durability tests of 1000 h each and low noble metal loading electrocatalysts to 

evaluate the reliability of these catalysts for real-life operation. Only a few studies have dealt with the 

analysis of durability of PEM electrolysis systems using low electrocatalyst loadings and these have 

essentially regarded monometallic IrO2 and RuO2 electro-catalysts.  A systematic study on the stability 

of the Ir-Ru catalyst used at low loading is strongly necessary both in terms of electrochemical and 

physicochemical analysis. To get more insights on the degradation mechanism, this was exacerbated 

by subjecting the catalyst to potential steps in a specially designed electrochemical flow cell under 

corrosive liquid electrolyte with on-line monitoring of the dissolved ions through inductively coupled 

plasma mass spectrometry (ICP-MS).  

Structural, morphology, composition and surface analysis of the electrolysis cell components, 

complemented by in-situ electrochemical diagnostics provided important insights into the degradation 

mechanisms. In this Deliverable, we show that dissolution of active species in the Ir-Ru oxide solution 

occurs according to their surface occurrence rather than the intrinsic stability of the single phases. 

Thus, the surface segregation offers an appropriate route to stabilize oxygen evolution electrocatalysts 

while combining advantages in terms of electronic effects to promote electrocatalytic activity.   

Recently, significant emphasis has been addressed to the modulation of the Ir oxidation state 

in the anode catalyst by chemical and electrochemical methods in order to prepare catalysts with 

enhanced surface roughness corresponding to an increased electrochemically active surface area and 

improved electrocatalytic activity. However, this argument is still object of debate since other scientific 

reports have shown that partial reduction of Ir or Ru oxide to form a sub-stoichiometric phase does 

not appear to bring positive effects.  

To provide an additional contribution to the level of knowledge in this field, we have also 

prepared high surface area metallic Ir and Ir-oxide catalysts with essentially similar primary particle 

size and evaluated their performance during operation in the PEM electrolysis environment where 
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formation of a sub-stoichiometric Ir-oxide phase on the surface occurs in both cases. A highly 

performing short-side chain perfluorosulfonic Aquivion® membrane and ionomer dispersion, 

specifically designed for water electrolysis, were used to reduce the ohmic resistance thus allowing to 

investigating the catalyst behaviour at suitable current density with high voltage efficiency. Aquivion® 

is characterized by both larger crystallinity and higher glass transition temperature than Nafion® with 

consequent reduction of gas cross-over and improvement of the thermal stability, respectively.  It was 

observed that the oxidation state of the anode catalyst affects significantly the performance and 

efficiency as well as the stability of the electrolyser. Under galvanostatic operation, the catalyst 

properties may cause a positive or negative cell voltage variation with time resulting in a specific 

degradation rate or efficiency improvement, respectively. This seems to depend if the catalyst surface 

transforms into a more or less active phase. Such evidence requires reconsidering how the impact of 

the catalyst behaviour on the durability of a PEM electrolysis system is assessed. It appears evident 

that electrocatalysts showing higher degradation rate but operating at a much better efficiency than 

other catalytic systems may indeed provide better results during the life span of the electrolysis 

system. 

 



 
 

D3.4 Publishable report on catalyst development 8 / 43  
   

2 High performance nanostructured catalyst for sustainable 
water electrolysis  

 

Water electrolysis is a very promising technology for sustainable hydrogen generation using renewable 

electrical energy. The excellent performance and dynamic behavior for storing electrical energy in 

hydrogen allows polymer electrolyte membrane (PEM) electrolysis to cover the gap between the 

intermittent renewable power production and the grid demand at different time horizons and scales. 

This activity is addressed to the development and characterization of high performance 

nanostructured Ir-Ru-oxide electro-catalyst achieving for the rate determining oxygen evolution 

reaction a current density of 3 A cm-2 at about 1.8 V (>80% enthalpy efficiency) with a low catalyst 

loading (0.34 mg cm-2). The stability characteristics were studied in practical PEM electrolysis cells 

operating at 80 °C, using several durability tests of 1000 h each to evaluate the reliability of this electro-

catalyst for real-life operation. Further insights on the degradation mechanism were acquired by 

subjecting the catalyst to potential steps in a specially designed electrochemical flow cell under 

corrosive liquid electrolyte with on-line monitoring of the dissolved ions. Structural, morphology, 

composition and surface analysis of the anode electro-catalyst after operation in the electrolysis cell, 

complemented by in-situ electrochemical diagnostics, provided important insights into the 

degradation mechanisms. Catalyst operation at high turnover frequency was observed 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. 

 

2.1 Materials and methods for IrRuOx catalysts 
 

A nanosized IrRu-oxide electro-catalyst was prepared using the Adams method according to the 

procedure reported in D3.1; in the present case, the final thermal treatment (500 °C for 10 min) was 

optimized to achieve a good compromise between average crystallite size smaller than 10 nm while 

improving crystallographic properties. A leaching in perchloric acid 0.1 M for 1 h at 80 °C followed by 

extensive washing was carried out.  A sulphite complex procedure (D3.1) was used for preparing a 30% 

Pt/C cathode catalyst. A 90 m polymer electrolyte extruded membrane from Solvay Specialty 

Polymers based on a chemical stabilized Aquivion® SSC ionomer (E98-09S) with 1000 g/eq equivalent 

weight (EW) was used [32]. The catalyst-coated membrane was prepared by spray-coating using a 

catalyst ink, containing  Ir0.7Ru0.3Ox at the anode and Pt/C at the cathode in combination with an 

Aquivion® D83-06A dispersion (Solvay Specialty Polymers).  The CCM was subjected to a hot-pressing 

procedure at 190°C for 1.5 min under a compressive force of  20 kg·cm-2. A carbon cloth based diffusion 

layer was used at the cathode as backing layer whereas a titanium fibre mesh (Bekaert Toko Metal 

Fiber Co.) was used as backing layer for the anode.  The MEA was installed in a single cell test fixture 

with 5 cm2 active area  made of machined titanium plates. Two different catalyst loadings were used 

for the anode i.e. 0.34 mg Ir+Ru cm-2 (referred as low loading) and  1.27  mg Ir+Ru cm-2 (referred as 

high loading) whereas the Pt loading at the cathode was kept constant at 0.1 mg cm-2. 

The performance and stability of the electrolysis cells was studied at 80 °C and under ambient 

pressure using an Autolab PGSTAT 302 Potentiostat/Galvanostat equipped with a 20 A booster 

(Metrohm) and FRA (frequency response analyzer).  Deionized water (Milli-Q Integral, Millipore, 18.2 
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MΩ∙cm) was fed to the anode at 4 mL·min-1 and recirculated at the same cell temperature. 

Chronopotentiometric studies were carried out at constant current density (1 A cm-2 or 3 A cm-2) for 

1000 h. At the beginning and the end of the chronopotentiometric tests, polarization curves in 

galvanostatic mode electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (20 mV·s-1) 

were carried out to serve as in-situ electrochemical diagnostics.   

Structural, chemical, surface and morphology ex-situ characterization was carried out on the raw 

catalysts as well as on both fresh and used (after the 1000 h durability test) electrocatalytic layers.  

X-ray diffraction (XRD) was carried out using a Panalytical X-Pert instrument with a CuKa  radiation. 

The diffraction patterns were interpreted using the Joint Committee on Powder Diffraction Standards 

(JCPDS). The morphology and nanostructure was investigated by scanning transmission electron 

microscopy (STEM) carried out in a Cs corrected microscope CF-ARM Jeol operated at 200 kV, equipped 

with a SSD Jeol EDX spectrometer. The specimens were prepared by sample dispersion in alcohol and 

subsequently depositing a few drops of the suspension on a carbon-coated copper grid. The  surface  

composition  of  the  IrRu oxide-based anodes,  before  and  after the 1000 h time-test, was  investigated  

by using  a  Physical  Electronics  (PHI)  5800-01  spectrometer.   A monochromatic Al Kα X-ray source 

was used at a power of 300 W. X-ray photoelectron spectra were obtained with a pass energy of 58.7 

eV for elemental analysis.  The pressure in the analysis chamber of the spectrometer was 1·10-9 Torr 

during the measurements. Quantitative analyses were carried out by dividing  the  integrated  peak  

area  by  atomic  sensitivity  factors,  which  were  calculated  from  the ionization  cross-sections,  the  

mean  free  electron  escape  depth  and  the  measured  transmission functions of the spectrometer. 

XPS data were interpreted by using the on-line library of oxidation states implemented in the PHI 

Multipak 6.1 software. 

In the setup an electrochemical flow cell is coupled with ICP-MS. In summary, a commercial BASi 

electrochemical flow cell (Cross-Flow Cell Kit MW-5052) with a homemade silicon gasket of a 1 mm 

thickness was coupled with an Agilent 7500ce ICP-MS instrument (Agilent Technologies, Palo Alto, 

USA) equipped with a MicroMist glass concentric nebulizer and a Peltier cooled Scott-type double-pass 

quartz spray chamber. A forward radio frequency power of 1500 W was used with Ar gas flows: carrier 

0.85 L/min, makeup 0.28 L/min, plasma 1 L/min, and cooling 15 L/min. 0.1 mol/L HClO4 (Aldrich 70%, 

99.999% trace metals basis) acid was used as the electrolyte carrier medium. Solutions were pumped 

at 153 μL/min using a syringe pump (WPI sp100i). Catalyst thin film preparation was as follows: catalyst 

powder was dispersed in Milli-Q water resulting in a concentration of 0.1 mg/mL. Suspension was cast 

dropped over a gold disk electrode (d = 3mm) and stabilized by a 5 µL of Nafion diluted by isopropanol 

(1/50). The deposited amount of catalyst was 0.5 µg resulting in a catalyst loading of 7 µg/cm2
geo. 

Experimental procedure was initiated by OCP measurement for 300 s. Afterwards a sequence of: three 

potential holds at 1.6 V vs RHE each of which lasted for 120 s. In between each of these holds, an OCP 

measurement was conducted for 120 s. Afterwards three potential holds at 1.8 V for 120 s were 

performed, in between each, an OCP measurement of 120 s was conducted. After these three potential 

holds at 1.6 V vs RHE for 120 s were performed, again each of which was interrupted for 120 s of OCP 

monitoring. 

 

 
 

https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscope
https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscope
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2.2 Results and Discusison on IrRuOx Catalysts 
The structural properties of the mixed Ir- and Ru-oxide oxygen evolution catalyst prepared by a 

modified Adams synthesis followed by a surface leaching treatment in hot acid solution (HClO4, 0.1 M, 

80 °C) were investigated by X-ray diffraction. IrO2 and RuO2 oxides are characterized by the same rutile 

structure with very similar lattice parameters; thus, it is difficult to differentiate between separate 

phases and solid solution. The X-ray pattern in Fig. 1 shows the typical reflections of the tetragonal 

rutile crystallographic structure of IrO2 and RuO2. However, the shift of the diffraction peaks towards 

higher Bragg angles (e.g. the 211 reflection  occurs at 54.40° as shown in the inset of Fig.1 with respect 

to 54.15° expected for IrO2) indicates the occurrence of a lattice contraction as consequence of the 

formation of a solid solution. Moreover, the presence of a single diffraction peak at 66.5° in the region 

where two reflections, 310 and 112, of similar intensity typical occur in RuO2 or in separate IrO2 – RuO2 

mixtures is also indicative of the presence of solid solution (Fig.1). A 70:30 at. composition for the solid 

solution IrO2:RuO2 is estimated from the shift of diffraction peaks in accordance with the nominal 

composition. This composition was selected to obtain complete solubilization of RuO2 in the IrO2 lattice 

while avoiding excess of RuO2 on the surface that may corrode in acidic environment through oxidation 

to RuO4 and subsequent dissolution. The mean crystallite size determined from the Debye-Scherrer 

equation is about 7.6 nm.  

 

 

Fig.1a-c  X-ray diffraction patterns of the anodic IrRuOx catalyst and high resolution scans of specific 

two theta regions 
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The IrRu-oxide catalyst morphology investigated by transmission electron microscopy, showed a 

mixture with small irregular shape particles and faceted particles (Fig. 2a-b). For what concerns the 

faceted particles, squared shape nanocrystals (2D-image) were clearly evident together with elongated 

or rod-like (rectangular shape) particles. Most of the square shape particles were characterized by a 

dimension smaller than 10-15 nm where a few rod-like particles showed a length up to 25 nm (Fig. 2b). 

Analysis at higher magnification (see below) showed the occurrence of very small regular nanocrystals 

together with fine irregular particles (<10 nm). A particle size distribution cannot be easily carried out 

for this type of morphology and particle shapes. However, it seems that the average crystal size 

estimated from the broadening of X-ray diffraction provides a good representation of the mean 

particle size of the material. Electron diffraction (Fig. 2c) essentially confirmed the rutile structure and 

the polycrystalline nature of this material whereas the broadening of the diffraction rings was 

indicative of the prevailing occurrence of very fine particles. 

  

Fig. 2a-c Transmission electron micrographs (a,b)  of the anodic IrRuOx catalyst and electron diffraction 

pattern (c). 

 

High-angle annular dark-field imaging (HAADF) for faceted and irregular shape particles is shown in Fig. 

3a. This technique is sensitive to the atomic number of atoms present in the material (Z-contrast). 

Being the atomic number of iridium and ruthenium quite different (Ir=77 and Ru=44), it is possible to 

make distinctions on the basis of Z-contrast imaging; however, chemical information from EDX is useful 

to support. It seems that there is a good intermixing between Ir and Ru especially in the particles with 

irregular shape (Fig. 3b). Squared (2D-image) nanocrystals with dimension as small as 3 nm are also 

present (Fig. 3a). The nanocrystals with irregular shape are crystalline in nature; most of them show 

small dimensions e.g. 5 nm. The presence of different crystal orientations is clearly seen in the irregular 

particles. It is however unclear why some particles have crystallized forming well defined nanocrystals 

of very low size whereas other particles have kept the irregular shape conformation of the amorphous 

precursor which is an intermediate phase of this preparation procedure. This may be related to an 

inhomogeneous heat flow during thermal treatment or a transition state which has not achieved its 

thermodynamic equilibrium state. We have tailored the temperature and time of the treatment in 

order to have the optimal trade-off between well crystallized particles while avoiding relevant growth 

that causes loss of surface area and decrease of the number of sites available for the reaction. 
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Fig. 3a-b High-angle annular dark-field imaging (HAADF) for faceted and irregular shape particles at 

two different magnifications for the IrRuOx anode catalyst. 

 

However, it should be pointed out that oxygen evolution is a structure sensitive reaction and the 

presence of small nanocrystals with well defined orientation (Fig. 4a), most of them show well defined 

(110) facets, as evident in the reciprocal space (Fig. 4a,b), may play a relevant role for the process. A 

close analysis at high magnification shows that the regular particles are indeed prevailing (Fig. 5a) even 

if some of them, being very small in size, may appear irregular at low magnification. It is also clear that 

elongated particles show defined (110) facets, some of them with very regular shapes and free of 

defects whereas other particles show the presence of lattice defects and dislocations (Figs. 5b).  

  

Fig. 4a-b Microstructural properties of the IrRuOx anode catalyst 

 

 Fig. 5a-b Crystallinity and defects characteristics of fine particles in the IrRuOx catalyst 
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Beside the microstructural aspects, the surface chemistry of this catalyst is very important in terms of 

both activity and performance. Scanning transmission electron microscopy (STEM) annular dark field 

imaging was also performed in parallel to Energy-dispersive X-ray spectroscopy (EDX) mapping (Fig. 6). 

In principle, the distribution of both Ir and Ru appears homogeneous along the agglomerate (Fig. 6). 

However, it is noted that the contours (edges) of the agglomerate are more easily reproduced by the 

Ir M mapping (Fig. 6c) than the Ru mapping (Fig. 6d) as compared to the STEM BF and ADF images. The 

contours of the agglomerate observed from O K mapping (Fig. 6e) appear more similar to the Ir map 

even if the Ir M distribution better represents the agglomerate shape. According to this evidence, the 

surface contours of the agglomerate are mainly composed by Ir atoms whereas it is not exclude that 

some internal regions are enriched of Ru as it may be seen from the overlay image (Fig. 6f).  

  

Fig. 6a-f Bright field  (a), annular dark field (b) Imaging and EDX mapping (c-f) of the IrRuOx catalyst 

agglomerate at low magnification.  

 

This evidence was confirmed by doing the same analysis at higher magnification (Fig. 7). In particular, 

the shape of a large rectangular particle (indicated by an arrow in Figs 7a-f) is well reproduced in terms 

of contours by the Ir mapping whereas the edges of this particle are less clear in both the Ru and O 

mapping (Figs 7 d,e). Interestingly, the Ir mapping (Fig. 7c) shows that the core of the rectangular shape 
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particle is somewhat empty of Ir atoms and the same core regions are enriched with Ru atoms. The 

overlay image (Fig. 7f) confirms such aspect. This is a clear evidence of an enrichment of the core of 

faceted particles with Ru atoms whereas their surface is essentially composed of Ir atoms. The fact, 

that also oxygen atoms are less occurring on the surface would indicate the presence of sub-

stoichiometric Ir atoms in the outermost layer. This is also confirmed by XPS analysis of the catalyst 

powder (see below). Beside the shaped particles also the other regions of the agglomerate show Ru 

atoms more concentrated in the inner parts where the Ir atoms are prevailing at the contours of the 

agglomerate (Fig 7). EDX line scan analysis of large rectangular particles (Fig. 8a-b) clearly shows an Ir 

enrichment close to the edge of the particle whereas Ru is essentially concentrated in the core of the 

particle. Distribution of oxygen atoms is showing almost constant distribution in the bulk of the particle 

but decreasing rapidly at the surface where Ir atoms appear prevalent with very likely sub-

stoichiometric properties. 

  

Fig. 7a-f Bright field  (a), annular dark field (b) Imaging and EDX mapping (c-f) of the IrRuOx catalyst 

agglomerate at high magnification.  
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Fig. 8a-b  Energy dispersive X-ray analysis (EDX) line scan along an IrRuOx catalyst particle 

 

Although several sample regions where analyzed by TEM and the picture provided above appears 

representative of the entire sample, it was appropriate to corroborate such evidences by an X-ray 

electron spectroscopy analysis. The most relevant portion of the XP survey spectrum is shown in Fig. 9 

where the main Ir and Ru photoelectron lines are shown. The surface atomic ratio between Ir and Ru 

was about 3.9 as determined from the Ir 4f and Ru3p3/2 analysis. The Ru3p3/2 was selected for the 

quantitative analysis since it is not affected by any interference as opposite of the more intense Ru3d 

peak (see below). The large Ir/Ru ratio indicates some segregation of Ir on the surface. After a 

sputtering procedure, the Ir/Ru ratio obtained by XPS decreased to 2.3 that is similar to the nominal 

composition (Ir:Ru 70:30). Regarding the XPS derived composition, it is important to mention that the 

depth analysis of this technique is around 3 nm; thus, the XPS results deal with the average 

composition of several outermost layers; however, the results are in agreement with those obtained 

from electron microscopy. 

  

Fig. 9 Survey XP spectrum of the pristine and sputtered IrRuOx catalyst 
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High resolution XPS analysis of the Ir 4f7/2 peak (Fig. 10) shows its occurrence at 62 eV; deconvolution 

confirms the prevailing occurrence of sub-stoichiometric Ir3+ (56%) in the outermost layers. This 

seems to be not the case of Ru. The analytical 3d Ru peak at 281 eV is clearly associated to the Ru4+ 

oxidation state i.e. in agreement with the even distribution of oxygen inside the particles where Ru is 

mostly occurring.  

  

Fig. 10a-b High resolution Ir 4f (a) and C1s-Ru3d (b) XP spectra of the pristine IrRuOx catalyst 

 

As discussed in the Introduction, the oxygen evolution is the rate determining step in a PEM electrolysis 

process. Accordingly, commonly a high overpotential is necessary to allow the oxygen evolution to 

occur at high rates. On the other hand, hydrogen evolution on carbon-supported Pt electrodes occurs 

at high rate with a very low overpotential. In a PEM electrolysis cell, the cathode, where hydrogen 

evolution reaction occurs, can be treated as counter and reference electrode. Being very little 

polarized also at high current densities, its potential does not differ significantly from the reversible 

hydrogen electrode. The membrane has the major impact on the ohmic resistance. Ohmic drop can be 

relevant at high currents especially in the presence of a thick membrane. This is often selected to avoid 

hydrogen gas cross-over due to high differential pressure operation used in PEM electrolysis. In the 

present work, we have selected a 90 µm thick short-side chain perfluorosulfonic acid Aquivion® 

membrane, characterized by higher crystallinity than conventional Nafion®, lower equivalent weight 

(EW), i.e. 980 g/eq, and reduced gas cross-over. The ohmic resistance recorded at 80 °C for the PEM 

electrolysis system under study was about 0.09 Ohm∙cm2. In a relevant working mode, the cathode 

(hydrogen electrode) is not contributing to the cell degradation since it is being operated at very low 

potential. 

Degradation of PEM electrolysis cells is instead strongly related to the anode catalyst characteristics 

since the electrode is exposed to high potentials. The variables that are usually considered to drive the 

corrosion of an electrode material are essentially the operating pH, temperature and potential. In our 

study, we have kept constant the temperature (80°C) and the protonic (pH) environment, which is 

determined by the specific membrane and ionomer dispersion used in the composite electrocatalyst 

layers while we have varied the current load and catalyst loading. In particular, we have selected two 
























































