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ɶYou can never know everything, and part of what you know is always 
wrong. Perhaps even the most important part. A portion of wisdom 
lies in knowing that. A portion of courage lies in going on anyway.ɷ 

Robert Jordan, Winterɴs Heart. 
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Abstract  

Electrochemical energy conversion devices such as fuel cells (FCs) and water electrolyzers 
(WE)  have attracted attention from the scientific community for their unique ability to 
store electrical energy in the form of hydrogen and then generate electricity by the reverse 
process. Unfortunately, those devices rely on a significant amount of precious platinum 
group metals (PGMs) ð rare and expensive raw materials ð to catalyze the reactions 
involved, i.e. plat inum-based catalysts for oxygen reduction reaction (ORR) and hydrogen 
oxidation reaction (HOR) in proton exchange membrane (PEM) FCs and iridium for 
oxygen evolution reaction (OER) on one side of WE and Pt for hydrogen evolution reaction 
(HER) on the other side. The high prices and scarcity of materials are a bottleneck for the 
widespread application of those technologies and slowing down the transition to clean 
energy. Therefore, reducing the cost and consumption of PGMs while keeping the same 
performances (activity and stability ) is of primordial importance. Several strategies have 
been commonly used to optimize the utilization of PGMs, like the deposition of precious 
metals as nanoparticles on high surface area support or alloying with less noble metals. In 
the case of PEMFC (ORR and HOR), these methods have been proven effective and Pt-
M (M : Co, Cu, Ni or Fe) supported on carbon black is becoming the state-of-the-art 
catalyst. Nonetheless, no suitable support has been widely accepted as the state-of-the-art 
support for OER catalysts in acidic media as carbon cannot be used in the highly oxidative 
environment of OER where it oxidizes to CO2. Moreover, alloying Ir  with some less-noble 
metals leads to heavy leaching during OER and poisoning in the WE. Therefore, a 
conductive, high surface area and stable support still needs to be found. Another possibility 
to decrease the overall price of these technologies is by combining them into one unitized 
regenerative fuel cell (URFC) able to perform as FC when electric energy is needed and as 
WE when a surplus of energy is available. In this device, one catalyst should be able to 
perform both HOR and HER, i.e. an ultra -low amount of Pt  supported on carbon. On the 
other side, for ORR and OER, the current state-of-the-art bifunctional catalyst is a 
physical mixture of unsupported Pt and Ir  powders. The former one is currently not 
suitable for large-scale production as it still requires significant amounts of PGMs. 
Nonetheless, Pt/Ir nanoparticles deposited on appropriate support, able to withstand OER 
conditions, would ideally allow a decrease in the price of the technology while keeping the 
same performances. Hereby, we investigate possible support for OER and bifunctional 
catalysts. The material chosen as potential support was titanium oxynitride ( TiON x). TiO 2 
is stable under OER conditions but not conductive while TiN is conductive but not as 
stable. Therefore, TiONx was investigated as it could exhibit the best properties of both. 
First, this support was studied in combination with Ir nanoparticles for OER. Modification 
by adding a carbon template was used to additionally increase the surface area of the 
catalyst. Finally, different metal nanoparticles able to catalyze both ORR and OER 
catalysts were deposited on our carbon-modified TiON x and the performance of this 
bifunctional nanocomposite was investigated. The choice of the compounds for ORR 
catalyst was made after a careful comparison of different Pt-alloys while Ir + Ru was used 
for OER. 
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Povzetek  

Naprave za elektrokemično pretvorbo energije, kot so gorivne celice (FC) in vodni 
elektrolizatorji (WE), so pritegnile pozornost znanstvene skupnosti zaradi svoje edinstvene 
sposobnosti shranjevanja električne energije v obliki vodika in nato ustvarjanja električne 
energije z obratnim procesom. Na źalost so te naprave odvisne od znatne količine plemenitih 
kovin platinske skupine (PGM) ɰ redkih in dragih surovin ɰ za kataliziranje vključenih 
reakcij, tj. katalizatorjev na osnovi platine za reakcijo redukcije kisika (ORR) in reakcijo 
oksidacije vodika (HOR) v protonsko izmenjevalno membrano (PEM) FC in iridij za 
reakcijo sproşčanja kisika (OER) na eni strani WE in Pt za reakcijo sproşčanja vodika 
(HER) na drugi strani.  Visoke cene in pomanjkanje materialov so ozko grlo za şiroko 
uporabo teh tehnologij in upočasnjujejo prehod na čisto energijo. Zato je izrednega pomena 
zmanjşanje stroşkov in porabe PGM ob ohranjanju enakih zmogljivosti, aktivnosti in 
stabilnosti. Za optimizacijo uporabe PGM se pogosto uporablja več strategij, kot je uporaba 
nosilca z visoko povrşino, odlaganje plemenitih kovin kot nanodelcev ali zlitje PGM z manj 
plemenitimi kovinami. V primeru PEMFC (ORR in HOR) so se te metode izkazale za 
učinkovite in Pt-M (M je Co, Cu, Ni ali Fe), podprt na sajah, s PtCo postaja najsodobnejşi 
katalizator źe v uporabi v avtomobilih. Kljub temu nobena ustrezna podpora ni bila sploşno 
sprejeta kot najsodobnejşa podpora za katalizatorje OER v kislih medijih. Dejansko ogljika 
ni mogoče uporabiti v zelo oksidativnem okolju OER, kjer oksidira v CO2. Poleg tega zlitje 
Ir z nekaterimi manj plemenitimi kovinami povzroči močno izpiranje med OER in 
zastrupitev v WE. Zato je şe vedno treba najti prevodno visoko povrşino in stabilno 
podporo. Druga moźnost za zniźanje skupne cene teh tehnologij je njihova zdruźitev v eno 
enotno regenerativno gorivno celico (URFC), ki lahko deluje kot FC, ko je potrebna 
električna energija, in kot WE, ko je na voljo preseźek energije. V tej napravi bi moral biti 
en katalizator sposoben izvajati tako HOR kot HER, in sicer katalizator z ultra nizko 
količino Pt na ogljiku. Po drugi strani pa je za ORR in OER trenutni najsodobnejşi 
bifunkcionalni katalizator fizikalna meşanica nepodprtih Pt in Ir praşkov. Prvi trenutno ni 
primeren za velikoserijsko proizvodnjo, saj şe vedno zahteva znatne količine PGM. Kljub 
temu bi nanodelci Pt/Ir, odloźeni na ustrezno podlago, ki lahko prenese pogoje OER, v 
idealnem primeru omogočili zniźanje cene tehnologije ob ohranjanju enakih zmogljivosti. 
Material, izbran kot potencialna podpora, je bil titanov oksinitrid (TiON x). Dejansko je 
TiO 2 stabilen v pogojih OER, vendar ni prevoden, medtem ko je TiN prevoden, vendar ni 
tako stabilen. Zato je bil TiON x raziskan, saj bi lahko pokazal najboljşe lastnosti obeh. 
Najprej so to podporo proučevali v kombinaciji z Ir nanodelci za OER. Modifikacija z 
dodajanjem karbonske şablone je bila uporabljena za dodatno povečanje povrşine 
katalizatorja. Končno so bili različni kovinski nanodelci, ki lahko katalizirajo katalizatorje 
ORR in OER, naneseni na naş z ogljikom modificiran TiONx in raziskana je bila 
učinkovitost tega bifunkcionalnega nanokompozita. Izbira spojin za katalizator ORR je bila 
narejena po natančni primerjavi različnih Pt-zlitin, medtem ko je bil Ir + Ru uporabljen 
za OER. 
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Chapter 1 

1. Int roduction  

1.1 Hydrogen Cycle 

In the last few years, the effects of global warming have become more visible as the number 
of natural disasters has increased all over the world1. These events, not only more frequent 
but also more intense (fires, storms, floods, droughts, etc.), are due to the steep increase of 
CO2 emissions in the last 70 years (Figure 1.1a)2. On the 9th of August 2021, the 
intergovernmental panel on climate change (IPCC) released the first report of the 6th 
assessment on global warming where the experts highlighted the rapid evolution of our 
climate due to human influence and the urge to tackle the incoming/present crisis by 
reducing the emission of greenhouse gases3. At the same time, the overall worldwide energy 
demand is expected to rise, and thus new, greener, efficient sources of energy are needed 
more than ever4, 5.  

The main three energy demanding sectors are industry, residential/commercial 
powering (e.g. housing, heating and cooling) and transport6. While the first two can in 
principle be sustained by renewable stationary stations, transport needs a mobile energy 
carrier. Therefore, conversion and storage processes need to be developed alongside the 
worldwide establishment of sustainable energy technologies. Unfortunately, renewable 
energy sources with the most extension potential, i.e. wind and solar, have major 
drawbacks. Indeed, such supplies of energy vary in the amount of electricity produced and 
obey to some cycle (e.g. day/night , summer/winter cycles for solar power, Figure 1.1b)7. 
Thus, an efficient energy conversion process would not only benefit the transport sector 
but also make intermittent renewable energy sources like wind and solar more reliable and 
ease their implementation.  

Figure 1.1: a) Augmentation of annual CO2 emission since 19502. b) Energy production 
from renewable sources in Germany during September 20227.  
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Hydrogen is particularly interesting as an energy carrier as it possesses the highest 
weight-specific energy density (142 MJ/kg) 8. Currently, almost all of the hydrogen is 
produced via steam reforming of fossil fuels, producing CO and CO2 in addition to H2 and 
is therefore not a green process (called gray hydrogen)9, 10. If hydrogen is to be used as a 
green energy carrier, a cheap, competitive, and sustainable production of hydrogen needs 
to be implemented (Figure 2a)11. A promising green technique to produce hydrogen is the 
electrochemical splitting of water to its prime compounds, hydrogen and oxygen (oxygen 
evolution reaction, OER), in a water electrolyzer (WE)12, 13. The only requirement is to 
provide energy from renewable sources in a form of electricity  and water. I t has the 
advantage to produce purer H2 compared to steam reforming where CO contamination is 
an issue14. Moreover, H2 and O2 can then be combined again (oxygen reduction reaction, 
ORR) in a proton exchange membrane fuel cell (PEMFC) which will produce energy and 
have only water and some heat as a side product13. These two reactions formed the so-
called hydrogen cycle, which is the base of a hydrogen economy15.  

In the case where the energy supply to break down water comes from renewables, the 
hydrogen cycle is a perfectly green process as there are no pollutants and the only 
product/reagent besides electrons are water and heat, which can also be used. In this case, 
hydrogen becomes the perfect green energy carrier for the transition from fossil fuel-based 
energy society (Figure 1.2b).  

 

Figure 1.2: a) Objective of the U.S. Department of Energy in terms of hydrogen 
production11. b) Schematic of the hydrogen cycle economy16. 

The overall reaction of the hydrogen cycle can be written as (Eq. 1).  

 O2 + 2 H 2 ː 2 H2O + energy  E = 1.23 V RHE (1) 

The thermodynamic/equilibrium  cell potential (E) of this reaction is 1.23 VRHE. In 
practice, an overpotential is observed for every electrochemical reaction. It means that 
additional energy needs to be applied to run the reactions due to the sluggish kinetics17 
and the binding strength (free energy of adsorption) of the intermediates18, 19. Therefore, 
the OER occurs at a more positive potential than 1.23 VRHE (around 1.5 ɰ 1.7 VRHE) while 
the ORR is happening at a more negative potential (0.9 - 0.6 VRHE). Catalysts are required 
to limit the overpotentials and be as energy efficient as possible13. The best ones currently 
known are based on precious and rare platinum group metals (PGMs) which present an 
important cost and supply bottleneck in the production of WE and FC. Due to their 
scarcity and usefulness the European Union declared the PGMs as critical raw materials 
(CRMs)20. Therefore, their usage must be optimized or even omitted if possible. The 
detailed reaction and state-of-the-art of these devices, t heir catalysts, and the different 
options to efficiently increase the PGMs utilization are presented below. 
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1.1.1 Fuel cell  

A fuel cell is a device able to combine hydrogen and oxygen gas to produce electricity. It 
is composed of two electrodes (anode and cathode) which are separated by an electrolyte. 
Specific ions can be transferred through the electrolyte/membrane from one electrode to 
the other. Several technologies exist and they are differentiated by the electrolyte pH, ions 
travelling from one electrode to the other, and operating temperatures21, 22. Namely, alkaline 
fuel cells (AFCs) and (usually) molten carbonate fuel cell (MCFC) have a high pH 
electrolyte while proton exchange membrane fuel cells (PEMFCs) and phosphoric acid fuel 
cell (PAFC)  have an acidic electrolyte but operate at various temperatures (Figure 1.3). 
In solid oxide fuel cell (SOFC), O2- ion is passing through a solid electrolyte (ceramic). 
They operate at the highest temperature among all the fuel cells. 

Alkaline fuel cells have several advantages over their acidic counterpart23. They use 
cheap and abundant materials as catalysts which drastically decreases the production 
cost24. They have high energy efficiency (electricity produced/hydrogen consumed) and can 
be operated at low (ambient) temperatures. However, due to the problem of electrolyte 
poisoning by CO2 (formation of CO3

-), high maintenance cost, high risk operation (crossover 
of H2 and O2), and stability issues, the acidic devices are seen as more promising and thus 
they are the state-of-the-art FC23, 25. 

 

Figure 1.3: Schematic of the different type of fuel cells and their basic properties26. 

Among the various fuel cells, PEMFC is the only one that operates with a good 
efficiency at moderated temperature (around 80°C, while 200°C for PAFC, 600-700°C for 
MOFC and 500-1000°C for SOFC), which increases the durability of materials and makes 
them more suitable for transport applications22. Moreover, The PEMFC also has a shorter 
start-up and transient response than the high temperature fuel cells (sec/min vs hours)27. 
Therefore, they became the most studied fuel cell and are the most promising technology 
using the hydrogen cycle in transport applications28.  

Nonetheless, the principle of operations is similar for all the acidic fuel cells. Hydrogen 
is split into H +  (Hydrogen Oxidation Reaction, HOR, Equation 2) on the anode. The 
protons then travel through the membrane to the cathode side. At this electrode, the 
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protons are combined with O2 to produce water (ORR, Equation 3) as schemed in Figure 
1.4. 
 

 2 H2 Ą 4 H+  + 4 e -   E°(H+ /H 2) = 0 V RHE (2) 

 O2 + 4 H +  + 4 e - Ą 2 H2O  E°(O2/H 2O)= 1.23 V RHE (3) 

 

 

Figure 1.4: Representation of a fuel cell system12. 

In order to improve the kinetics of the reaction, catalysts are used on both electrodes. 
HOR on the anode is already fast and only a low amount of Pt deposited on carbon is used 
as catalyst (0.025 mgPt/cm 2)29. On the other side, the ORR exhibits slower kinetics. It is 
the limitin g reaction in the fuel cell and the efficiency of the device depends on the efficiency 
of this reaction. Currently, the state-of-the-art catalyst is also Pt supported on carbon, but 
to compensate for low ORR activity , higher loading is needed30. 

The catalysts are evaluated based on the potential needed to reach a certain current 
density or, oppositely, based on the current density provided at a specific potential. In the 
case of ORR, the mass- and/or electroactive surface area-normalized current density at 0.9 
VRHE is the comparison point31.  

1.1.1.1 Hydrogen oxidation reaction  

The hydrogen oxidation reaction generates 2 electrons and implies two elementary steps. 
Two different pathways are possible, and the mechanism of reaction follows either the 
Tafel/Volmer or the Heyrovsky/Volmer pathway 32 (Figure 1.5).  

General reaction: H2 Ą 2 H+  + 2 e-  E = 0 V RHE (4) 

First, Hydrogen dissociates via either the Tafel or the Heyrovsky step. 
Tafel step (dissociative adsorption of H2): 

 H2 + 2* Ą 2 Hads (5) 

Where * is a free adsorption site. 
Or the Heyrovsky step (dissociation ionization): 
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 H2 Ą Hads + e - + H +  (6) 

And the adsorbed H is then transformed into proton with the loss of an electron in the 
Volmer step (oxidative desorption): 

 Hads Ą H+  +e - (7) 

For an ideal catalyst, the binding of Hads, H2 and H+  is the same. Theoretically, if the 
binding of Hads is too strong, the Volmer step limits the reaction. On the other hand, if the 
binding is too weak, the Tafel/Heyrovsky step is the limiting step12, 33. According to the 
latest research, in acidic media with a Pt catalyst, the rate of the hydrogen adsorption and 
HER reactions is so high that  the rate determining step is actually the mass-transport34. 
Only low amounts of Pt are needed (0.025 mgPt/cm 2)29 and thus, the anode does not 
contribute much to the overall price of PEMFC compared to the ORR electrode. 

 

Figure 1.5: Scheme of the proposed HOR mechanisms in acidic medium. Modified from35.  

1.1.1.2 Oxygen reduction reaction  

The oxygen reduction reaction is a more complex process that involves multiple steps and 
the transfer of up to 4 electrons. Wroblowa et al. proposed the following mechanism 
pathways (Figure 1.6)36. 

  

Figure 1.6: Scheme of the proposed ORR and OER mechanisms13. 
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Different mechanisms can occur, the two electrons pathway, also called the peroxo 
mechanism (or second associative, Figure 1.7) as it involves the formation of H2O2 as 
intermediate, and two pathways involving a transfer of four electrons, associative or 
dissociative mechanisms13, 36, 37. The 4 electrons pathways are desired in a fuel cell as the 
peroxide produced in the 2 e- mechanisms can decompose in radical species which degrade 
the components of the fuel cell (e.g. the membrane)38. The peroxide route also has a lower 
energy conversion efficiency39. The Pt-based catalysts used are propitious to lead to the 4 
e- pathway19. At low current densities, the dissociative mechanism is predominant19, 40. It 
can be written with three different steps. First, oxygen breaks during the adsorption and 
2 atomic O are adsorbed. 

 O2 + 2* Ą 2 Oads (8) 

Where * is a free adsorption site 
Then, the atomic O further gains two electrons in two consecutive steps 
 

 Oads +  H+  +  e- Ą OHads (9) 

 OHads + H +  + e - Ą H2O + *  (10) 

At higher current density range (and thus higher overpotentials), the associative 
mechanism becomes prevalent. It could be due to the increasing O coverage of the 
electrodes40, 41, and thus a decrease in O2 dissociation rate (first step of dissociative 
mechanism). In the associative mechanism, the first step is the adsorption of oxygen on 
the surface without breaking the O-O bond. 

 O2 + * Ą O2
ads (11) 

Afterwards, OOHads is formed which then breaks into Oads and OHads. 
 

 O2
ads + H +  + e - Ą HOOads  (12) 

 HOOads Ą Oads + OH ads (13) 

Then, Oads is transformed in another OHads, 

 Oads + H +  + e - Ą OHads (9) 

Finally, water is formed by the combination of OHads and a proton, freeing the 
adsorption sites, 

  OHads +  H+  +  e- Ą H2O +  *  (10) 
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Figure 1.7: Illustration of  the proposed ORR mechanisms in acidic media37. 

The formation/removal/binding  of the different oxygen species (Oads, OHads, OOHads) is 
rate-determining for ORR and defines the catalyst performance19. The binding energy of 
these species is linearly related to each other. Thus, the binding energy of one species is a 
sufficient descriptor to describe the activity of the catalyst, the so-called scaling 
relationship17, 42. In the case of the 4 e- pathways, the ORR is limited by the formation of 
OOHads species (Equation 12) or by the removal of OHads (Equation 10)18, 43. Sabatier 
principle enounces that the adsorption of these two species on the catalyst should not be 
too strong nor too weak44. Therefore, a Volcano-plot can be constructed and the materials 
at the left of it bind oxygen species too strongly (OHads removal is the limiting step), the 
ones at the right bind oxygen species not strongly enough (OOHads formation is limiting) 
while the ones at the top are the best catalysts for ORR (Figure 1.8)19, 45. 

 

Figure 1.8: a) Volcano-type relationship for the ORR activity versus the oxygen binding 
energy in acidic media19. b) Relationships between the electronic structure and the catalytic 
properties of Pt3M alloys45. 

While Pt is the closest to the top among the pure metal, alloying it with less noble 
metals allows for even better balance between the biding of oxygen species adsorbed of 
surface Pt46, 47. The special structure of the alloy, with a Pt shell on the surface while the 
less noble metal is in the core. This causes a downward shift of the d-band center 
(increasing d-band vacancy) resulting in a weakened Pt-O bond13, 46. In addition  to this 
electronic effect, a strain effect participates in the activity improvement. The distance 
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between Pt-M (M is a transition metal) and Pt -Pt is different and thus the surface atoms 
are compressed, inducing a reduction of the d-band level and thus improving ORR activity  
(Figure 1.8b)48, 49. Another huge advantage of the alloying process is the reduction of Pt 
needed in the catalyst. Indeed, the scare and expensive Pt is diluted in the core of the 
nanoparticles and thus less of it is needed for the same or even better electrochemically 
active surface area (ECSA), and thus electrochemical performances50, 51. 

Another way to increase the Pt utilization is by supporting the nanoparticles on a high 
surface area, conductive, and stable support52. The most common one for ORR catalysts is 
carbon52. It presents all the necessary characteristics for electrocatalyst support. Moreover, 
the support can also help to improve the activity t hrough the well-known strong metal 
support interaction (SMSI)53 and/or electronic metal-support interaction (EMSI) 54. The 
EMSI has recently been proposed by Campbell as a more precise metal-support interaction 
(MSI) 54. It is used to specifically describe the electronic perturbations (charge transfer) at 
the metal-support interface oppositely to the SMSI which refers to any change in 
chemisorption properties of the active metal while supported on another material53, 55. 
However, the EMSI was mostly described for single atoms and small nanoparticles and 
becomes increasingly difficult  to characterize with bigger nanoparticles56, 57. Distinction 
between the two is difficult without specific characterization and thus the term SMSI will 
be used indifferently for all the interactions between the support and the active 
nanoparticles in the rest of the text. 

 The Pt-based catalysts on carbon reached the top of the volcano thanks to the activity 
enhancements due to support and alloying. Hence, any further impressive activity 
improvement is unlikely to happen in the future and, consequently, the biggest challenge 
in the ORR community  is to improve long-term stability.  Therefore, understanding the 
degradation of Pt-based catalysts is primordial to design new catalysts with better stability. 
Several mechanisms have been identified as the degradation processes of Pt-based 
catalysts58, 59 (Figure 1.9). They fall into two categories, the primary degradation 
mechanisms, related to the operational conditions, and the secondary degradation 
mechanisms, happening due to the primary degradations60.  

In the first category, the most important processes are the dissolution of Pt 
nanoparticles, with a Pt-O exchange mechanism61, and the corrosion of the carbon 
support62, 63. The reshaping of the nanoparticles and the dealloying of the less noble metal 
are also primary degradation processes64. Those induce the other degradation processes. 
Namely, Ostwald ripening, detachment, and agglomeration of particles65, 66. Similarly to 
dealloying, leaching of the less noble metal is a secondary degradation process as some 
fresh transition metal atoms are exposed to the electrolyte (and thus to possible dissolution) 
after the dissolution of Pt. Reshaping is a primary degradation but can also be considered 
as a secondary process due to Ostwald ripening and agglomeration.  
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Figure 1.9: Illustration  of the different degradation mechanisms of ORR catalyst, carbon 
corrosion, dissolution, Ostwald ripening, agglomeration and detachment58. 

Even if Pt/C is still considered as the state-of-the-art catalyst for ORR, activity 
improvement has been possible through alloying with less noble metals while reducing the 
cost. The major drawback of Pt-M/C catalysts is the stability and extensive studies are 
performed to understand the differences between different alloys and how to improve their 
stability 67-69. 

1.1.2 Water electrolyzer  

A water electrolyzer is a device that uses electrical energy to electrocatalytically split water 
into hydrogen and oxygen. Under acidic conditions, water is split at the anode into oxygen 
and protons (oxygen evolution reaction, OER, Equation 14). The proton then travel s 
through the membrane to reach the cathode where it is evolved into hydrogen gas 
(hydrogen evolution reaction, HER, Equation 15).  

 2 H2O Ą O2 + 4 H +  + 4 e - E = 1.23 V RHE (14) 

 4 H+  + 4 e - Ą 2 H2 E = 0 V RHE (15) 

 
Again, the theoretical potentials are shown, and they are identical to those in PEMFC 

as it represents the reverse process. In practice, an overpotential is also observed in a WE. 
The overpotential of HER is slightly more negative (few mV) due to Pt being an extremely 
good catalyst for this reaction, even with low amounts29. Therefore, the reaction limiting 
the WE efficiency is the oxygen-involved one, the OER, and overpotentials of a few 
hundred mV are observed even with the best catalysts12, 70. Consequently, the potential 
needed to reach a current density of 10 mA/cm2 is commonly used to compare the studied 
materials71. Another option is to compare the mass-normalized current density obtained at 
a specific potential, usually, 1.51, 1.55 and 1.6 VRHE are employed but various other 
potentials are also used72, 73.   
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Figure 1.10: Representation of an electrolyzer system12. 

1.1.2.1 Hydrogen evolution reaction  

The hydrogen evolution reaction in acid follows the same possible pathways as HOR but 
in the reverse directions12. Namely, the general reaction is 

 2 H+  + 2 e - ː H2  (16) 

The first step is the Volmer step: 

 H+  +e - Ą Hads (17) 

Followed by either the Heyrovsky step: 

 Hads + H + + e - Ą H2 + *  (18) 

Or the Tafel step: 

 2 Hads Ą H2 + 2*  (19) 

Where * is an active site. 
First, Trasatti  used the work function of the catalyst as a descriptor for the HER 

activity 33. This was based on the observation of a linear relationship between the logarithm 
of the exchange current density of HER and the work function. Later, Norskov et al. 
generated a volcano-plot by plotting the experimental exchange current densities as a 
function of the calculated hydrogen chemisorption energies74 (Figure 1.11). 
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Figure 1.11: Volcano-type relationship for the HER current densities versus the hydrogen 
binding energy75. 

Identically to HOR, Pt is the state -of-the-art catalyst for HER. It presents a high 
activity, with low overpotential, and the rate of the reaction is extremely fast. Therefore, 
the reaction is quickly limited by the diffusion of H + 12. The scarcity of Pt is not a bottleneck 
in commercialization as loadings of 0.5 - 1.0 mg/cm2 are sufficient for good efficiency of the 
WE76.  

1.1.2.2 Oxygen evolution reaction  

The oxygen evolution reaction pathway in acid is opposite to the ORR pathways (see 
Figure 1.6). In short, three pathways are conceivable77. The first step is always the 
formation of an OHads species from the adsorbed water. 

 H2O + * Ą OHads + H +  + e -  (20) 

 
a) Afterwards, in the recombination pathway (opposite of dissociation for ORR), also 

known as the oxide path, two OHads can release a water molecule and form a Oads 

 2 OHads Ą Oads + * + H 2O   (21) 

The third step of this pathway is the formation of O 2 from two Oads species. 

 2 Oads Ą O2
ads (22) 

b) In the second possible mechanism, the electrochemical oxide path, opposite to the 
associative for ORR, t he OHads loses one proton without the formation of water . This step 
can occur twice to form two O ads. 

  OHads Ą Oads +  H+  +  e- (23) 

The following step is then similar to the oxide path.  

 2 Oads Ą O2
ads (22) 
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c) The last mechanism is the electrochemical metal peroxide path. It involves the 
formation of a peroxide and starts similarly to the oxide path ( Equation 21). The second 
step is the reaction between Oads and H2O which is then followed by the loss of a proton. 

 2 OHads Ą Oads + * + H 2O   (21) 

 Oads + H 2O Ą HOOHads (24) 

 HOOHads Ą OOHads + H +  + e - (25) 

Finally , the additional loss of a proton leads to O2 formation. 

 OOHads Ą O2
ads + H +  + e - (26) 

The mechanism taking place depends on the catalyst itself but also on the applied 
potential as seen by the switch in Tafel slope in different potential windows (Figure 
1.12a)77. The Tafel slope relates the rate of an electrochemical reaction to the 
overpotential78. The Tafel slope is determined by the rate-determining step (RDS) and thus 
a different Tafel slope indicates different RDS in the OER mechanism79. However, a similar 
Tafel slope is not sufficient to identify the RDS or mechanism. Indeed, different RDS in 
different mechanisms can have the same Tafel slope70.  

Comparably to the ORR, a volcano plot can be built from the oxygen species binding 
energy (Figure 1.12b)80. Either OOH ads can be adsorbed too strongly or Oads is too weakly 
adsorbed, determining the rate of the reaction18. However, oppositely to ORR, the 
conditions of the reaction (potential above 1.23 VRHE) imply that the reaction is taking 
place on metal oxides and not on pure metal80, 81.  

 

Figure 1.12: a) Tafel plot for OER on IrO 2 (110) calculated by DFT. The red dots highlight 
the linear regions in the Tafel plot77. b) Volcano-type relationship for the OER activity 
versus the oxygen binding energy80. 

It can be seen in Figure 1.12 that the materials the closest to the top (and thus the 
most active ones) are Ru-oxides and not the state-of-the-art catalysts, Ir -oxides80. This is 
explained by the stability of the materials. Indeed, stability is also an important parameter 
for electrocatalysts and, unfortunately, Ru-oxides dissolve constantly at OER conditions82, 

83. At similar potentials to OER, Ru-oxides transition from a lower to a higher oxidation 
state (e.g. RuO2 to RuO4). RuO4 species are gaseous and thus induce Ru dissolution which 
makes Ru unsuitable as a catalyst for WE without improved stability 82. Therefore, the 
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current state-of-the-art catalysts are Ir-oxides as they present the best activity/stability 
tradeoff12. 

Unfortunately, iridium is considered as a CRM thus WE will never reach worldwide 
commercialization if bulk iridium is used as the OER catalysts20, 76. Therefore, Ir utilization 
should be optimized. Similarly to Pt -based catalysts, few studies of alloying Ir with less 
expensive and more abundant transition metal (Ni, Co)  were published but the dissolution 
of the transition metal during OER operations was rarely addressed84-88. In fact, the 
improved activities recorded were often ascribed to an increase of the ECSA after a massive 
de-alloying instead of some other explanation like a strain and/or electronic effect due to 
the less noble metal84, 87. The other method to increase the utilization is by using a high 
surface area support to disperse nanoparticles of the precious metal. However, the classic 
carbon support commonly used is not stable under OER conditions89. Several other 
materials have been studied as potential support for OER catalysts but not many materials 
meet the requirements of electrocatalysts support under the harsh conditions of OER90. 
Indeed, the carbides91, 92, pervoskites93, nitrides94, 95, and metal oxides96-102 proposed as 
potential supports usually lack one of the necessary characteristics of electrochemical 
support, namely stability, high surface area or conductivity90. These properties can be 
tuned to a certain extent through doping but often to the cost of other features. For 
example, the doping of the tin-based supports, the most studied support material for OER 
catalysts98, 103-105, can increase their conductivity but at the expense of lower stability  due 
to the dissolution of the doping element106, 107. Another possibility is to increase conductivity 
by using high loadings of Ir (over 60 wt% of the catalyst108) but then the goal of ultra -low 
loadings of PGMs will not be reached90. Currently, no material has been accepted as 
benchmark support for OER. 

1.1.3 Un itized reversible fuel cell  

A fuel cell can produce electrical energy by combining oxygen and hydrogen while a water 
electrolyser device uses the surplus of electrical energy to split water into its basic 
components, H2 and O2. The unitized reversible fuel cell (URFC) device is able to function 
in both modes, fuel cell to produce electricity and electrolyser to convert it into chemical 
bonds109. This results in an overall smaller device than the separate FC + WE.  It proves 
itself useful in some cases like space exploration where saving weight is primordial110. It 
also reduces the cost of the overall catalysts. Indeed, instead of having Pt/Pt 
(anode/cathode) catalysts in fuel cell plus Ir/Pt  (anode/cathode) catalysts in WE, 
bifunctional catalysts are used in URFC, resulting in a lower amount of precious metals109. 
However, the state-of-the-art bifunctional catalysts are simple physical mixtures of Pt and 
Ir, allowing a lot of space for improvement111.  

A URFC can be constructed in two different ways (Figure 1.13)112. In the first mode 
(mode A, on the left in Figure 1.13), the electrodes are exposed to the same gases (hydrogen 
for one, oxygen for the other) in both FC and WE mode113. The advantage is 
straightforward gas management. Each electrode will act as a cathode in one mode and as 
the anode in the other one. On the hydrogen electrode, a small amount of Pt on carbon is 
enough as it is an excellent catalyst for both HOR and HER. On the oxygen electrode, Pt 
and Ir are mixed to provide activity for ORR and OER, respectively 114. In mode B (right 
in Figure 1.13), the oxidation processes will take place on the same electrode (anode) in 
both FC and WE, and the reduction reactions will take place on the other electrode 
(cathode) each time. The cathode catalyst is Pt on carbon, a good catalyst for ORR and 
HER (reduction processes). However, higher loading is needed than on the hydrogen 
electrode of mode A due to the ORR. On the anode, the bifunctional mix Pt+Ir is sufficient 
for OER and HOR (oxidation processes).  
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URFC built on the model A are more frequent because they are safer and easier to 
build. Model B requires one to switch from oxygen to hydrogen and vice-versa every time 
you change between FC and WE mode, which can be dangerous and purging with inert 
gas in between is needed. However, it presents higher performances in FC mode and equal 
performances in WE than the mode A112. 

 

Figure 1.13: Representation of the two possible modes of operation of a URFC112.  

Even if the overall amount of PGMs used in URFC is lower than for FC/WE duo, the 
bifunctional catalyst involved in OER still required a considerable amount of Ir and Pt. 
The solution to better utilizat ion is the introduction of suitable support. Electrocatalyst 
support should have a high surface area, good conductivity, and be stable in the range of 
operational conditions91, 115. Currently, no material presents these three characteristics for 
OER in WE/ URFC (around 80°C, pH 1 and a highly oxidizing environment). The usual 
carbon used as a support for Pt (ORR, HER, HOR) is oxidized to CO2 at this potential, 
leading to high degradation of the catalyst89. Even so, some graphitized carbons, a more 
stable form of carbon, have been proposed as potential support for bifunctional catalysts116-

118. The same materials proposed for single OER catalysts can be considered such as the 
electrically conductive transition metal-based materials as Ebonex (mostly composed of the 
suboxide Ti 4O7)119, Ti 0.9Nb0.1O2

101, doped-SnO2 (ATO, ITO, FTO , Ta-TO)97, 98, 99, 105, TiC 92 
and TiN 94. However, all of the proposed materials currently lack one of the requirements 
for good electrocatalyst support, namely high surface area, good conductivity,  and good 
stability. Therefore, there is still room for improvement of the PGMs utilization in 
bifunctional catalysts in URFC, notably through the development of a high surface area, 
conductive and stable support.  
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Chapter 2 

2. Motivation and Objectives  

To reach commercialization of URFC, the overall price of the devices has to be reduced 
drastically31. The most expensive parts are the catalysts for oxygen reactions due to the 
high amount of PGMs needed. The cost can be decreased by improving catalyst utilization , 
i.e. maximizing the exposed surface area or its activity per gram of PGM. It can be achieved 
by alloying PGMs with a cheaper transition metal. This approach has been proven effective 
for ORR catalysts made out of Pt-M alloys (M: Co, Ni, Fe, Cu)47. However, the stability 
of the less noble metal is already problematic during ORR67 and it is expected to be worst 
during OER72. Another tactic to boost the utilization of precious metals is by supporting 
them on a high surface area support52. However, no material has been proven to achieve 
all the requirements for good ORR and OER catalyst support. 

This work focuses on the thorough investigation of potential bifunctional catalysts for 
URFC. Two main aspects must be considered. First, which materials to use as catalysts 
for ORR and OER. Many different Pt -M alloys can be employed for ORR while Ir and Ru 
are the two common options for OER. At the beginning, an extensive study of benchmark 
Pt-alloys was performed to analyze the differences due to the less noble metal. At t he same 
time, this research was used to establish a protocol on how to appropriately characterize 
and evaluate an electrocatalyst. Indeed, many techniques and parameters need to be 
accounted for while comparing electrocatalysts with each other and with the literature 
data. For some reactions/materials, benchmark protocols that facilitate the comparison are 
implemented. This is, however, not true for all the investigated reactions/materials. 
Therefore, it is important to present our groupsɴ approach to electrocatalysts studies and 
how to understand the differences between them. 

Secondly, a stable, conductive, and high surface area material was proposed as a support 
for URFC. Hereby, we studied titanium -based support able to withstand OER conditions 
and thus suitable for bifunctional catalysts. The TiON x support proposed is a combination 
of TiO 2 and TiN parts which provide good stability (property of TiO 2) and sufficient 
conductivity ( property of TiN) even at low PGMs loading. Unfortunately, TiON x ɰ made 
from TiO 2 ɰ tends to not provide a high surface area. This problem was addressed by 
investigating different morphologies of the support, and ultimately graphene was used to 
improve the dispersion and thus surface area of the support. In summary, the following 
topics are discussed in this work: 

(i)  Case study of ORR catalyst ð Pt-alloys, establishing a protocol to study 
electrocatalyst and which alloy to choose (Chapter 4)?  

(ii) TiON x as potential support for OER (Chapter 5).  
(i ii ) Effect of TiON x morphology on OER activity and stability  (Chapter 5.3). 
(iv) Using a graphene-based template for TiON x to enhance OER (Chapter 5.4). 
(v) Optimizing bifunctional catalysts (Chapter 6). 
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Chapter 3 

3. Materials and M ethods  

This chapter presents the various experimental techniques and methods used to synthesize 
materials, prepare samples and study catalysts' performances and characteristics. The work 
described below was performed in collaboration  with many scientists and experts in their 
field. The details can be found in the corresponding chapter. 

3.1 Material  Preparation  

MilliQ water (18.2 MɎ.cm) was used for catalysts synthesis and for electrolyte 
preparation. Benchmarks materials (various Pt/C; various Pt-M/C  from Fuel Cell Store 
(FCS); Ir, and IrO 2, Alfa Aesar) were used as-received without further treatment.  

3.1.1 Synthesis  

3.1.1.1 Ir/TiON x materials and Ir/C (Chapter 5.2 ) 

Iridium nanoparticles deposited on two different titanium oxynitrate supports; Ir/TiON x 
(Ir/TiON x-NR and Ir/TiON x-P25); and on carbon (Ir/C)  were prepared.  

The titanium oxynitride n anoribbons (TiONx-NR) were synthesized by weighting 225 
mg of the hydrogen titanate nanoribbons in a quartz boat which was then placed in an 
oven and heated to 800°C at a ramp rate of 7.2°C/min. The heating was performed in a 
NH3(g)/Ar(g) atmosphere, with a flow ratio of 30/10 mL/min.  The sample was maintained 
at the selected temperature for 3 h before cooling down to room temperature (RT). The 
iridium nanoparticles were prepared by dissolving 22 mg of iridium (III) bromide hydrate 
(Sigma-Aldrich, St. Louis, MO) in 0.6 mL of water at 50°C. The solution was then mixed 
with 30 mg of the prepared support at 50°C until evaporation of the solvent. Afterwards, 
the obtained mixture was annealed in a 5% H2/Ar atmosphere. The annealing was 
performed at 400°C for 1h with an increasing temperature rate of 2°C/min and a cooling 
down rate of 3°C/min to RT. The final composite material (Ir -TiON x-NR) contained 23 
wt% of iridium.  

Another TiON x substrate was prepared from commercial TiO2 nanoparticles (P25, 
Degussa). The received TiO2-P25 nanoparticles were heated in a NH3 atmosphere (flow 
rate, 50 mL/min) at 800°C for 6h. The same procedure as for Ir -TiON x-NR was employed 
to deposit Ir nanoparticles on the newly prepared support. The final composite (Ir/TiON x-
P25) contained 22 wt% of Ir after thermal treatment. 

The same procedure was employed to synthesize Ir nanoparticles on a carbon support. 
The Ir particle size distribution was comparable to the Ir/TiON x materials. 
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3.1.1.2 TiON x-nh-Ir (Chapter 5.3)  

Three different TiON x-nh-Ir catalysts were prepared following the procedure shown in 
Figure 3.1. Firstly, a previously cleaned (with acetone and ethanol in an ultrasonic bath) 
titanium foil (200 µm thick, 99.8%, Baoji Lyne Metals Co., Ltd) was anodized in a 0.3 wt% 
NH4F (99.99%, Sigma-Aldrich) and 2 vol.% deionized water in ethylene glycol (99.5%, 
Carlo Erba Reagents) electrolyte. The foil was anodized at a constant potential of 60 V in 
a two-electrode electrochemical cell using a stainless-steel counter electrode for 1h, 3h and 
6h. The newly grown amorphous TiO2 nanotubes were washed with deionized water and 
ethanol and then detached from the titanium substrate by bending the anodized foil. 
Afterwards, the amorphous TiO2 was converted to TiON x by thermal treatment in NH 3 
(50 mL/min) at 700°C for 10h. 70 mg of iridium (III) bromide hydrate precursor (Sigma -
Aldrich, St. Louis, MO) dissolved in 1 mL of water (50°C) was mixed with 100 mg of 
TiON x powder at 50°C. After evaporation of the solvent, the mixture was thermally treated 
for 1h at 450°C in a 5% H2/Ar atmosphere. The heated rate was 2°C/min while the cooling 
down rate to RT was 3°C/min. The final composites contained around 11 wt% of iridium. 
The samples were named as TiONx-nh-Ir, where n is 1, 3 or 6 depending on the anodization 
time. 

 

Figure 3.1: Procedure for TiONx-nh-Ir catalyst preparation. a) Anodic oxidation of 
titanium foil . b) Detachment of TiO2 nanotubes. c) Annealing of detached TiO2 nanotubes 
in ammonia. d) Deposition of Ir onto TiON x nanotubes. e) The final TiON x-nh-Ir powder 
catalyst. 

3.1.1.3 Ir/TiON x/rGONRs (Chapter 5.4)  

Three different Ir/TiON x/rGONRs composites were synthesized with different 
TiON x/rGONRs precursors ratios. 

First, the graphene nanoribbons (GONRs) were synthesized according to a modified 
previously published method120. Multiwall carbon nanotubes (NanoTechLabs C-Grade 
MWNTs) (2 g) were added to a mixture of concentrated acid (H2SO4/H 3PO4, 9/1 volume 
ratio, 135/15 mL). Then 6 aliquots of 2g of KMnO 4 were added to the stirred solution, 
producing a slight exothermic reaction, heating up the mixture to 35-40°C. The reaction 
was stirred at RT for 10 days. The reaction slurry was then quenched by pouring it onto 
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ice (400mL). Then, 30 vol% H2O2 was added dropwise (3 mL) to deactivate the remaining 
KMnO 4. The mixture was then centrifuged for 15 min (3000 rpm). The supernatant 
obtained was decanted away and the leftover solid was washed with water (10 times) and 
methanol (1 time) before a new session of centrifugation (3000 rpm, 15min, removal of 
supernatant). The material left (3.8g) was freeze-dried and stored at RT. 

Various amounts of titanium isopropoxide precursors (86 mg, 345 mg, and 1,38 g) were 
stirred in 3.9 g of isopropanol in an agate mortar. Afterwards, 500 mg of the prepared 
GONRs were added and mixed until a thick paste was formed. Milli-Q water (360 mg) was 
then added dropwise until a very thick paste was formed. The obtained nanocomposite 
paste was transferred to a glass vessel and spread around to make a thin film. This film 
was left to dry at RT for over 4h and then freeze-dried. The three different ratios between 
Ti precursor and GONRs lead to three TiO2/GONRs composites. Namely molar ratios of 
1/140 (Low-TiON x/rGONRs), 1/35 (Middle -TiON x/rGONRs) and 1/8.75 (High -
TiON x/rGONRs) of Ti/rG ONR were used. 

The TiO 2/GONRs composites were reduced in NH3 atmosphere (50 mL/min) with the 
following heat treatment: i) RT to 120 °C (7 K/min), ii) hold at 120 °C for 1 h, iii) 120 °C 
to 700 °C (heating rate 5 K/min), iv.) hold at 700 °C for 10 h, and v)  700 °C to RT (5 
K/min).  

The Ir nanoparticles deposition was done by dispersing TiONx/rGONRs (100 mg) and 
IrBr 3xH2O (70 mg) in 1 mL of Milli -Q water. Ir as a nominal wt% in the catalysts of 10 %. 
The mixture was annealed in an Ar/H2 atmosphere using the following protocol: i) RT to 
120 °C (7 K/min), ii) hold at 120 °C for 1 h, iii) 120 °C to 450 °C (2 K/min), iv) hold at 
450 °C for 1 h, and v) from 450 °C to RT (3 K/min). A temperature of 450°C was chosen 
as Da Silva et al. showed that Ir reaches the best catalytic performances after a thermal 
treatment between 400 and 500°C121. After annealing, the catalyst powders were dispersed 
in 10 mL of Milli -Q water and sonicated for 5 min. Afterwards, the black suspensions were 
filtered through a 220 nm pore size PTFE membrane filter. The filter cake was additionally 
rinsed before being transferred to a glass bottle and dried in an oven for 4h at 110°C. This 
purification step was necessary to ensure no presence of contamination salt (KBr).  

3.1.1.4 Bif unctional catalyst (Chapter 6)  

The graphene oxide template was prepared from a modified version of Marcanoɴs 
synthesis120. Namely, 6g of graphite flakes were added to a stirred mixture of acid 
(H2SO4/H 3PO4, 720/80 mL). 6 equivalents per 6g of KMnO4 were slowly added to the 
mixture (one equivalent per day). The mixture was stirred for 14 days and then cooled to 
RT. The resulting solution was poured onto the ice with 10 mL of 30% H2O2. The product 
was centrifuged and washed with milli-Q (2 times), 5% HCl (3 t imes) and methanol (5 
times).  

The following step of the synthesis was to embed TiONx on graphene. Ti isopropoxide 
(Aldrich, 97%) was mixed with the previously prepared graphene in an isopropanol/water 
(70/30) solvent (isopropanol, Honeywell, 99,8%). The mixture is then annealed at 800°C 
for 6 h in NH 3 atmosphere (50 mL/min, heating rate of 2°C/min and cooling down of 
3°C/min) . 

Afterwards, Pt and Cu precursors (27 mg of Pt(NH 3)4(NO3)2, Alfa Aesar and 45 mg of 
Cu(NO3)2.3H2O, Sigma-Aldrich, 98%, respectively) were dissolved in 1 mL of Milli-Q water. 
100 mg of the prepared support (TiON-graphene) was added to the solution. The mixture 
was then dried in air at 50°C. This allows good alloying between Pt and Cu. Afterwards, 
15 mg of Ru precursor (RuCl3.H2O, Apollo Scientific) dissolved in 1 mL of ethanol was 
added to the dried composite. The new solution was dried again before thermal treatment 
at 800°C (2°C/min from RT) under NH 3 atmosphere (50 mL/min). Pt, Cu and Ru 
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precursors during the same annealing step allow for good proximity between PtCu alloy 
and Ru nanoparticles. 

Finally, 18 mg of IrBr3.H2O (Alfa Aesar, St-Louis, MO) was added to 84 mg of the 
previously obtained composite in 1 mL of water at 50°C. After drying, a thermal treatment 
under NH3 atmosphere (50 mL/min) was performed. The temperature was heated up to 
450 °C (2°C/min). After 1 hour, the final catalyst was cooled down to RT (3°C).  

3.1.2 Electrode  preparation  

First , the catalyst inks were prepared by accurately weighing approximately 1 to 3 
milligrams of the powder samples with an analytical scale (Sauter). After that , a defined 
volume of milliQ water (18.2 MW.cm) was added (exactly the same ml as the weight 
milligrams) in order to reach a catalyst concentration of 1 mg/mL. 

Afterwards, the ink was sonicated in an ultrasonic bath for a few minutes to assure 
homogeneity and 20 mL was drop-casted on 0.196 cm2 glassy carbon electrode embedded 
in Teflon (Pine) and left to dry overnight.  5 mL drop of 1:50 v/v Nafion:IPA  solution was 
deposited on the dry film to stabilize it. Several films were prepared every time and only 
the best ones were selected for experiments in rotating disk electrode (RDE). 

3.2 Electrochemistry  

Electrochemistry experiments were performed to evaluate the performances (i.e. activity 
and stability)  of the catalysts for a specific reaction (ORR or OER). The electrochemical 
evaluations were performed in a thin film rotating di sk electrode (TF-RDE) set-up. The 
experiments were conducted in a standard two-compartment cell  in a 0.1 M HClO 4 (Merck, 
Suprapur, 70%, diluted by Milli -Q water, 18.2 MɎ.cm) electrolyte with a three-electrodes 
system controlled by a potentiostat (Figure 3.2a). The cell was boiled for at least 30 min 
in between different samples. The electrolyte was exchanged and replaced with a fresh one 
in between different protocols (i.e. activation, activity and stability protocols).  

The TF-RDE system is conventionally used to measure steady-state electrochemical 
reactions. The control rotati on rate allows the control of the diffusion layer thickness, and 
the electrochemical reactions can be evaluated during the kinetics-control regime, 
depending on the electrocatalyst deposited on the working electrode122 (Figure 3.2b).  

 

Figure 3.2: a) Scheme of a three-electrode system with the reference separated from the 
rest of the cell by a Luggin capillary. b) Sketch of a rotating disk electrode with the 
streamline in the electrolyte. Top view and side view at the bottom123. 
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An Ag/AgCl electrod e was used as a reference. Its potential against the reversible 
hydrogen electrode (RHE) was determined by saturating the electrolyte with H 2 and 
measuring the OCP with a Pt working electrode. The reference is separated from the rest 
of the system by an electrolyte bridge and/or Lugging capillary to avoid Cl- contamination. 
A Pt wire was used as a counter electrode during the activity measurement, but it was 
replaced by a carbon rod during stability measurement to avoid any 
dissolution/redeposition of the Pt from the counter on the working electrode. 

Various electrochemical techniques were employed to analyze the performance of the 
catalysts, namely cyclovoltammetry (CV), chronoamperometry (CA) and 
chronopotentiometry (CP). Beforehand, electrochemical impedance spectroscopy (EIS) was 
performed to measure the resistance of the solution which was then accordingly 
compensated during the activity measurement124. Different protocols were applied 
depending on the reactions (ORR or OER) and material s (Pt -based, Ir-based or 
multimetallic) investigated. However, regardless of the protocol, the CV measurement is 
used to activate the catalyst, measure ECSA, record activity and perform accelerated 
degradation tests (ADT). On the other hand, the CA (constant potential, measure of the 
current) and the CP (constant current, measure of the potential) protocols were solely used 
for ADT.  The protocols performed during the diverse studies presented in this work are 
listed below. 

Pt-M/C catalysts  (Chapter 4): The electrode with the best film was mounted in the 
three-electrodes set-up with an Ar -saturated electrolyte and under a potential control of 
0.05 VRHE. An activation protocol of 200 cycles between 0.05 and 1.2 VRHE, at 300 mV/s 
and a rotation rate of 600 rpm was applied (Platinum catalysts activation, PCA) . After 
replacing the electrolyte, the ORR-activity measurement was performed, and polarization 
curves were recorded between 0.05 and 1.0 VRHE in an O2-saturated electrolyte at 20 mV/s 
and 1600 RPM. The kinetic parameters were calculated at 0.9 VRHE after subtraction of 
the background current. The ECSA was evaluated by integrating the charged in a CO 
electrooxidation experiment125 performed after the activity measurement. Therefore, the 
electrolyte was purged with CO for at least 5 min under potentiostatic mode (0.05 VRHE) 
to ensure sufficient CO-adsorption. Afterwards, the electrolyte was saturated with Ar and 
the CO electrooxidation was performed between 0.05 and 1.0 VRHE at 20 mV/s, without 
any rotation. In the case where an ADT was performed, the activated electrocatalysts were 
subjected to 5000 cycles between 0.4 and 1.2 VRHE at 1 V/s. The activity and ECSA 
measurements were performed in a freshly changed electrolyte after the ADT. All the 
experiments were reproduced at least 3 times. In the case where further characterization 
was needed (e.g., ex-situ TEM), the films after activity measurements or ADT were 
suspended in 0.5 mL of isopropanol by placing the working electrode in an ultrasonic bath 
(Iskra Sonis 4) for few seconds. 

Ir -based catalysts (Chapter 5.2): Exceptionally, a gold disk electrode (diameter of 4 
mm) was used as the working electrode on which the catalyst powders were deposited. For 
all the samples, 20 mL of the 1 mg/mL ink were drop-casted on the working electrode 
resulting in iridiu m loading of 12.9 mg/cm2 for I r/TiON x-NR, 13.52 mg/cm2 for Ir/TiON x-
P25 and 58.78 mg/cm2 for IrO 2-AA  and Ir -Black. An activation protocol consisting of 100 
cycles between 0.05 and 1.6 VRHE at 300 mV/s and 600 RPM was carried on to 
electrochemically oxidize iridium. The OER-activity measurement followed by cycling the 
catalyst in the same potential range but at 20 mV/s and 1600 RPM. The stability test was 
performed according to a widely used protocol71, 126. Namely, a CP treatment of 0.1 A/mg Ir 
was applied for 5 hours. 

Ir/TiON x-NR catalysts (Chapter 5.3): The potential was cycled between 0.05 and 1.6 
VRHE at 1600 RPM and 20 mV/s until a stable CV was obtained. The stable CV was used 
to estimate the OER-activity of t he catalyst. A preliminary stability test was conducted 
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by applying a constant current of 1 mA/mg Ir (CP protocol) for 1 or 2 hours126. The activity 
was measured again after replacing the electrolyte.  

Ir/TiON x/rGONRs catalysts (Chapter 5.4): An activation protocol of 10 cycles between 
0.05 to 1.6 VRHE under O2 atmosphere and at 20 mV/s and 1600 RPM was conducted in 
order to electrochemically oxidize the iridium nanoparticles. Afterwards, the electrolyte 
was saturated with Ar and the activity was measured under the same cycling conditions. 
The activity was evaluated after correcting CVs for the capacitive current (half the current 
at 1.1 VRHE). Two different stability tests were performed on different films, i.e. cycling 
and CP. In the first case, 5000 cycles in the OER potential region (1.2 to 1.6 VRHE) were 
conducted at 1 V/s. For the CP protocol, a constant current of 2 mA/cm 2

geo was applied 
for 2 hours, corresponding to 0.291, 0.288, 0.302 and 0.217 mA/mgIr in a 20 mL drop of 
Ir/rGONRs, Ir/Low -TiON x/rGONRs, Ir/Middle -TiON x/rGONRs and Ir/High -
TiON x/rGONRs, respectively. After replacing the electrolyte, the activity was tested again. 

Multimetallic catalysts  (TiON -RuPtCu-Ir , Chapter 6): First, the films were activated 
by 200 cycles between 0.05 and 1.2 VRHE in an Ar -saturated electrolyte at 300 mV/s. This 
step is particularly important for Pt -alloys as Cu leaches out of PtCu particles and 
improves the activity for ORR compared to pure Pt (activation step)64, 127, 129. Then, the 
ORR activity was tested by cycling between 0.05 and 1 VRHE in O2-saturated electrolyte at 
20 mV/s and 1600 RPM. Afterwards, the OER activity was examined by cycling between 
0.05 and 1.6 VRHE at the same speed and RPM but in an Ar-saturated electrolyte. Fresh 
films were used to study HER. Cycles between 0.1 and 0.6 VRHE, 20 mV/s and 1600 RPM 
were performed in a H2-saturated electrolyte. Three different ADTs were performed 
according to the reaction of interest. Namely, one ADT was performed in the ORR region, 
ɶORR degradationɷ, which consists of 10 000 cycles between 0.4 and 1.0 VRHE. The ɶOER 
degradationɷ means that 10 000 cycles are conducted between 1.0 and 1.6 VRHE. The last 
protocol is the ORR & OER degradationɷ (also called ɶALL degradationɷ) which is 10 000 
cycles in both reaction regions, i.e. between 0.4 and 1.6 VRHE. All the ADT s were performed 
under Ar and at 1 V/s. Similarly to the previous study, the films of interest for ex -situ 
characterization were dispersed in 0.5 mL of isopropanol.  

3.3 Electrochemistry Coupled with Other T echniques  

In addition to activity and stability measurements, electrochemistry techniques can be 
coupled with other characterization techniques to get in-situ information about 
mechanisms, notably degradation processes.  

3.3.1 Online Inductively Coupled Plasma - Mass Spectrometry  

An electrochemical flow cell (EFC, Figure 3.3) coupled with an inductively coupled plasma 
ɰ mass spectrometry (ICP-MS) (Agilent 7900x, Agilent t echnology, Palo Alto, CA) was 
used to study the dissolution of catalysts under electrochemical protocols. The ICP-MS 
was equipped with a MicroMist glass concentric nebulizer and a Peltier cooled Scott-type 
double-pass quarts 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; cooling 15 
L/min. The electrochemical flow cell was custom-made in PEEK based on the design of a 
crossflow metallic cell (BASi, USA). The counter and the working electrodes are glassy 
carbon (3mm diameter) embedded into PEEK material (ALS dual type electrode for 
crossflow cell, 25x25 mm). The electrolyte is flowing in a direction to first reach the counter 
electrode and then the working electrode to assure no redeposition can occur on the counter. 
The reference electrode (Ag/AgCl (MW-2030, BASi) potential vs RHE was determined in 
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a separated three-electrode set-up prior to the EFC -ICP-MS experiments. The flow of the 
electrolyte was ensured to be at a constant 400 mL/min by a syringe pump (AL -1000, 
World Precision Instrument, USA). A diagonal 4-way flow valve (PEEK, V -100D, Idex) 
was used to switch different electrolytes (water and 0.1 M HClO4) without stopping 
experiments. The working electrodes were prepared by drop-casting 5 mL of a 1 mg/mL 
sonicated suspension, resulting in a catalyst loading of 70.74 mg/cm2. The film was let to 
dry overnight and a drop of a Nafion 1:50 solution was deposited on it. Standard solutions 
(1, 2, 5, 10, 20, 50, 100 ppb) were prepared from certified, single element, ICP grade 
standards (Merck CertiPUR) and measured to convert the recorded signals of the catalysts 
from counts to ppb. The electrochemical protocols were applied with an Ivium poten tiostat 
and no ohmic drop compensation was used. Different protocols were applied depending on 
the investigated material. At the end of every protocol, a sequence of potential pulses was 
applied to synchronize the ICP-MS signal and the electrochemical experiment. The 
protocols used for each catalyst are presented below.  

 Pt-M/C catalysts ( Chapter 4): Milli -Q water was initially pumped through the cell 
before switching to the 0.1 M HClO4 so as to notice any dissolution due to acid contact. 
After reaching a stable background level, slow cycles (5 mV/s) from 0.05 VRHE to an 
increasing upper-potential limit (1.0, 1.2 and 1.4 V RHE) were performed to as-purchased 
electrocatalysts. Two cycles were repeated for each upper potential limit. The same 
protocol was replicated on a fresh film after an electrochemical activation protocol, i.e. 200 
cycles between 0.05 and 1.2 VRHE at 300 mV/s.  

Ir/TiON x/rGONRs catalysts (Chapter 5.4): First, an activation/cleaning step was 
performed by fast cycling the samples 10 times between 0.05 and 1.2 VRHE at 200 mV/s. 
This step was followed by two cycles between 1.2 and 1.6 VRHE at 20 mV/s and the Ir 
and Ti dissolution was monitored.  

Multimetallic catalysts ( TiON -RuPtCu-Ir , Chapter 6): The experiment started with an 
activation protocol of 200 cycles between 0.05 and 1.2 VRHE at 300 mV/s. It was followed 
by slow cycles (20 mV/s) in five different potential windows; 0.4 to 1.0 VRHE; 1.2 to 1.6 
VRHE; 0.4 to 1.6 VRHE; 0.0 to 1.6 VRHE and ʞ0.1 to 1.0 VRHE. Three minutes of OCP were 
implemented between each potential window in order to reach a stable background. 

 

Figure 3.3: Schematic illustration of an electrochemical flow cell (EFC) used for the EFC-
ICP-MS experiments129. 
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3.3.2 Electrochemistry mass spectrometry  

An electrochemical cell coupled with a mass spectrometer (EC-MS, Spectro Inlets) was 
used to analyze the evolution of volatile species at the working electrode during 
electrochemical tests of Ir/TiONx/rGONRs ( Chapter 5.4). 

The working electrode was prepared by drop-casting 20 mL of a 1 mg/mL catalyst ink 
on a previously polished (with 0.05 mm alumina paste) and washed glassy carbon disk 
electrode. The ink was sonicated 10 min before the deposition to assure good dispersion 
and homogeneity of the catalyst. No Nafion was added to the electrode. The working 
electrode was used in a thin-layer cell configuration, placed parallelly at 100 mm of a porous 
chip membrane that leads to the MS detector (quadrupole, Pfeiffer Vacuum, PrismaPro 
QMG 250 M2). The counter and the reference electrodes were a graphite rod and a 
reversible hydrogen electrode (Hydroflex, Gaskatel), respectively. The electrolyte (0.1 M 
HClO4) was deaerated and saturated with the carrier gas (He) prior to the experiment. A 
Biologic SP-300 channel potentiostat was used to perform the electrochemical protocol. No 
iR compensation was applied.  

The experiment started with 5 min at OCP to determine the background MS signal. 
Afterwards, a pretreatment of 10 cycles between 0.05 and 1.2 VRHE at 200 mV/s was 
performed. The pretreatment protocol was followed by three different short degradation 
protocols separated from each other by 5 min at 1.2 VRHE to let the signal go back to the 
background. The first degradation was a cycling degradation (100 cycles, 200 mV/s, from 
1.2 to 1.5 VRHE, corresponding to 5 min of cycling). The second one was 
chronopotentiometry (CP, 100 mA, 5 min) and the last one was chronoamperometry (CA, 
1.5 VRHE, 5 min). Low current and a limit of 1.5 V were chosen to avoid extensive O2 bubble 
formation which would block the thin -layer cell. 

The m/z ratio s of 32 and 44 were tracked down as they correspond to O2 and CO2, 
respectively. O2 is the product of OER, and CO2 is formed if the carbon support degrades. 
At least two measurements for each sample were performed. 
 

3.4 Materials Characterizations  

3.4.1 Conductivity Measurements  

Conductivity measurements were performed in the early stage of research on TiONx as a 
potential electrocatalyst support material. For conductivity measurements, two types of 
samples were prepared from the synthesized TiONx materials (without the presence of Ir). 
The first sample type was pressed at a loading of 2 T to form a pellet. The typical pellet 
thickness was from 1 to 2 mm and the surface area 0.5 cm2. The second type of sample was 
first treated the same way as the first one and then heated (ɶsinteredɷ) in gaseous ammonia 
for 10 h at 700°C. The electrical measurements were carried out by placing the pellet 
between two copper foils, which were then pressed together with external weight (5 kg) in 
order to maintain good electrical contact with  the pellet. The conductivities were calculated 
based on the voltage response and pellet geometry. 

3.4.2 BET Measurements  

The BrunauerʞEmmettʞTeller (BET) surface-area and nitrogen-sorption measurements 
for the samples in Chapter 5.3 were recorded using a Tristar 3000 automated gas-
adsorption analyzer (Micromeritics Instrument Corp.) recording at -196 °C. Before the 
adsorption analysis, the samples were outgassed under vacuum for 12 h at 120 °C.  
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3.4.3 X -Ray Diffraction Analysis   

The powder X-ray Diffraction (XRD) measurements were carried out with an X-ray powder 
diffractometer PANalytical XɴPert PRO MPD (PANalytical B.V., Almelo, The 
Netherlands) with Cu Ka1 radiation (l = 1.5406 Å). The 2q range of the diffractograms 
varies depending on the study but always comprised between 10° and 90°. A step of 0.04° 
per 1s was used. The samples were prepared on a zero-background Si holder and the Xɴpert 
Highscore plus software was used to analyze the spectrum.  

3.4.4 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) was carried out using a Zeiss Supra TM 35 VP 
microscope (Carl Zeiss, Oberkochen, Germany) equipped with an energy dispersive X-Ray 
spectrometer (EDX, Oxford Instruments, Model Inca 400). The distance between the 
sample and the gun was 4.5 mm. The operating voltage was set to 2-7 kV. Three areas 
were analyzed for statistical relevance. 

Width measurements of nanoribbons were evaluated using ImageJ software. At least 
five pictures and 15 different nanoribbons were used to measure the width of the 
nanoribbons of each sample (Chapter 5.3). 

The powder samples were deposited on a conductive carbon tape which was then placed 
on an aluminum SEM holder. In the case of identical location SEM (IL-SEM), 5 mL of the 
catalyst ink was deposited on a carbon rod marked with an X. Pictures were taken for the 
ɶas-preparedɷ samples, then the carbon rod was mounted on the rotating disk electrode 
(RDE) set-up as the working electrode (Chapter 6).  

3.4.5 Transmission Electron Microscopy  

Scanning transmission electron microscope (STEM) imaging, Energy dispersion X-ray 
spectrometry (EDXS) and Electron energy loss spectroscopy (EELS) were performed with 
a Cs-corrected microscope (Jeol, CF-ARM 200) equipped with 100 mm2 SDD Jeol EDX 
spectrometer and Gatan Quantum ER DualEELS system. Operating voltages of 80 or 200 
kV were used.  
For the ɶas-preparedɷ images, the samples were prepared from the catalyst ink. The 

initial 1 mg/mL suspension was sonicated for 15 min and diluted 10 times in Milli-Q water. 
The new suspension was then sonicated for 5 additional minutes and 5 mL was deposited 
on a TEM Au grid. In order to perform identical location TEM (IL -TEM)  experiments, 
the same Au grid was mounted on a glassy carbon disk embedded in Teflon. The glassy 
carbon disk with the grid was then used as a working electrode in a typical three-electrode 
electrochemical set-up. After electrochemical measurements, the grid was rinsed with Milli -
Q water, dried and then examined again. 

In the case where no IL-TEM was performed, the electrochemical experiments were 
performed with a classic three-electrode set-up. Afterwards, the working electrode was 
sonicated in 1 mL of isopropanol for 10 s to detach the film. Then 5 mL was deposited on 
a TEM grid.  

3.4.6 Inductively Coupled Plasma - Optic Emission Spectrometry  

Inductively coupled plasma - optical emission spectrometry (ICP-OES) was used to 
determine the amount of metal in the samples. The samples were weighted (approximately 
10 mg) before being digested in 3/1 v/v HCl/HNO 3 solution using a microwave-assisted 
digestion system (CEM MDS-2000). The digested samples were cooled down to room 
temperature and diluted with a 2% v/v HNO 3 until their concentration reached the desired 
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range for ICP-OES measurements. The measurements were performed with a Varian 715-
ES instrument. In-house standards prepared from traceable, certified, ICP-grade, single-
element standards (Merck CertiPUR) were used for calibration.   

3.4.7 Raman Spectroscopy  

Raman spectroscopy of Ir deposited on TiONx/Carbon support (Chapters 5.3 and 5.4) was 
carried out with a WITec alpha 300 confocal Raman spectrometer. A silicon wafer was 
used as a substrate for the powdered samples and a green laser light (532 nm) with a power 
of 4 mW was used for recording the spectra. The chosen power enables us to see the 
characteristic bands of TiON x and graphene oxide carbon support while lower power 
provides only the G and D bands of carbon. The spectra were measured at four different 
positions using a 20x objective and at least four individual Raman spectra were recorded 
for each sample. The spectrum approaching most of the average value of all spectra was 
plotted.  

3.4.8 CHNS  Analysis  

A CHNS/O elemental analyzer (PerkinElner 2400 Series II) was used to determine the 
amount of carbon in Ir/TiO Nx-rGONRs (Chapter 5.4). The temperature of combustion 
and of detection was set at 975°C and 81.5°C, respectively. 

3.4.9 X -ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) was employed to characterize the first few layers 
(3-5 nm) of Ir/TiON x catalysts (Chapter 5.3). A PHI -TFA XPS spectrometer (Physical 
Electronics Inc) equipped with an Al-monochromatic source was used to record the spectra. 
The analysis area was 0.4 mm in diameter and at least two measurements were performed 
on every sample. Carbon was not considered while calculating the surface composition as 
it could only originate from contamination. 
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Chapter 4 

4. Studying and Comparison of 

Electrocatalysts for OR R   

Parts of the following section have been previously published under the title: ɶResolving the 
nanoparticlesɴ structure-property relationships at the atomic level: a study of Pt-based 
electrocatalystsɷ 69 

 
L. Moriau, A . Hrnjić, A. Pavlişič, A.R. Kamşek, U. Petek, F. Ruiz-Zepeda, M. Şala, L. 
Pavko, V. S. Şelih, M. Bele, P. Jovanovič, M. Gatalo, and N. Hodnik. 

 
L. Moriau as  the first author  conducted all the electrochemical studies in RDE set-up as 
well as all the online-ICP-MS experiments and participated in discussion and interpretation 
of the results with M. Gatalo. The conceptualization was done by P. Jovanovic, M. Gatalo 
and N. Hodnik.  
 

4.1 Introduction  

One of the remaining grand challenges in the PEMFC field is to achieve high activity and 
stability at low PGMs loadings. Currently, Pt -based electrocatalysts account for almost 
half of the total PEMFC manufacturing cost 130. Therefore, decreasing the overall price of 
the catalysts and reaching low PGMs loading while keeping the same performances is 
primordial. The approach which is the closest to the production phase is alloying Pt with 
less expensive transition metals (Cu, Ni, Fe, Co) on a high surface area support29, 131. Alloys 
not only have the advantages of optimizing the Pt utilization by diluting the core of the 
particles132, but they  also enhance the intrinsic activity. The electronic structure of the Pt 
surface is influenced by the incorporation of the less noble metal, leading to a ligand/strain 
effect that modifies the bond strength of oxygen species and improves the ORR activity 48, 

133-135.  
These improvements (lower cost and higher activity) in most cases come with the price 

of lower stability.  The transition metal (M) is thermodynamically unstable at the ORR 
acidic conditions136 and dissolves inside the PEMFC. An activation protocol, either 
chemical (acid washing) or electrochemical one137, 139, can deplete the surface and subsurface 
(and sometimes also from bulk) of M and thus form a Pt -rich protective layer. The 
activation step can slow down the dissolution of the less noble metal but not hinder it 
totally . These metals can then cause problems in the PEMFC  when diffused in the different 
parts of the device139-141. Therefore, the biggest challenge is the stability of these Pt-M 
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catalysts and the limitation of M leaching142. For this, the phenomena leading to M leaching 
need to be understood at a fundamental level for each different Pt-alloy.  

Unfortunately, the transition metal alloyed with Pt is not the only p arameter that can 
influence the activity (and stability)  of the catalyst, thus making its study difficult.  It has 
been shown that the structure of the particles (or shape) greatly influences the activity 
even for ɶsimpleɷ Pt catalysts (Figure 4.1a)143-145. This is due to the different facets exposed 
for catalytic activity, which have atom s with distinct generalized coordination numbers 
(number of neighbors present in the first and second sphere, with a weight for each first -
nearest neighbor corresponding to their own coordination number)146, and thus different 
activity.  Moreover, in the real world where particles are not perfectly shaped, defects play 
an important role in the activity  of catalysts, making a comparison with theoretical study 
(which used perfectly shaped nanoparticles) difficult (Figure 4.1b)147. 

 

Figure 4.1: a) Shape-ORR activity relationship of Pt catalysts 148. b) HR-STEM images, 3D 
structural models and coordination number analysis147. 

For alloys, the complexity is even higher as other parameters take place like the 
chemical composition135, 149, the degree of ordering150, the thickness of Pt-shell or the amount 
of less noble metal retained48. Therefore, understanding the structure-property relationship 
that  governs both activity an d stability is even more difficult 151. In addition, the surface is 
not stagnant under operation and is dynamically changing, moving the real world even 
further from the idealized models used in theoretical studies (Figure 4.2). 
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Figure 4.2: a) Model structures of Pt-alloys nanoparticles. b) Real structures of Pt-alloys 
nanoparticles. c) Representation of surface atoms movement and removal.  

The activation step is necessary to remove M from the surface and near-surface region,  
thus decreasing or better eliminating its leaching later in PEMFC and improving the 
stability of nanoparticles. It also has the consequence of changing the structure of the 
nanoparticle152 and this potentially creates new very active structures153, 154. The final 
structure depends on many different parameters (shape, native composition, etc.). Overall 
each Pt-M alloy possesses unique properties and fair comparisons of activity and stability 
become complicated without a good understanding of their differences and consequently 
different structure-properties relationship. Moreover, there is no database of the shape 
transformation of the nanoparticle after annealing and/or activation155, 156.  

In this work, we aim to understand better the differences between Pt/C catalysts and 
Pt-M/C catalysts as well as the impact of M on activity and stability. For this, we have 
compared benchmarks and at the same time, we point out the difficulty of evaluating 
seemingly comparable systems. Four different Pt/C electrocatalysts (from Umicore, TKK 
and JM) have been compared with each other for Pt benchmarks and four Pt-M/C 
electrocatalysts (M = Cu, F e, Ni, Co, purchased from Fuel Cell Store) for Pt-alloys. The 
idea behind using benchmarks was to, first, use comparable catalysts that are widely used 
in different laboratories over the world, and second, to limit as much as possible the 
different synthesis parameters which could influence the catalysts' 
structure/shape/morphology (for the alloys that were advertised to have the same carbon 
support, metal loading, composition and particle size distribution ). In addition, comparing 
benchmarks was a good way to introduce our methodology to evaluate and understand the 
activity and stability of electrocatalysts. Several techniques were used to systematically 
characterize the physical, chemical, and electrochemical properties of the catalysts. Some 
of these techniques (like XRD, TEM, RDE,  etc.) allow fast and reliable comparison of 
general characteristics like general structure, activity, surface area or stability but are 
limited for deeper understanding which is more precise, but also more costly, in terms of 
ti me and processes, methods are needed (e.g. IL-TEM).  
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4.2 Results and Discussion 

4.2.1 Physical characterization  

Pt/C: Firstly, the Pt/C benchmarks were investigated with TEM (Figure 4.3). The three 
catalysts present inhomogeneity in the particle size and in the dispersion of the 
nanoparticles on the support. This is due to the synthesis method and the relatively high 
Pt loadings (over 40 wt%)157, 158. 

Pt-M/C: Based on the product description (20% Pt-M, ratio 1:1, Vulcan XC-72 
support, the average particle size of 2-3 nm)159, the only expected difference was the type 
of alloying metal M (Ni, Fe, Co, and Cu). ICP-OES digestion confirmed the 1:1 ratio and 
the total loading of approximately 20 wt% while XRD spectra (Figure 4.3d) and especially 
TEM analysis (Figures 4.3e-h) reveal characteristic differences between the Pt -M/C 
catalysts, specifically for PtCo/C.   

The XRD spectra uncover different crystal phases for the different alloys. Pt -Co/C 
(Ref. code 03-065-8968) and Pt-Ni/C  (Ref. code 03-065-9445 in ɶPowder diffraction fileɷ) 
show the same Fm-3m crystal structure while Pt -Fe/C (Ref. code 03-065-9121) and Pt-
Cu/C  (Ref. code 00-042-1326) exhibit ordered P4/mmm and R3-M phases, respectively. 
The different crystal structures are expected as the analyzed Pt-M have unique phase 
diagrams. The XRD spectra also reveal the presence of pure M phases (particles ranging 
from 20 to 500 nm) for alloys containing Fe, Co, and Ni. 

After examination of the XRD spectra, (S)TEM analysis provides additional clues about 
the samples. For example, encapsulation of pure M phase in a graphitic shell can be 
observed (Figure 4.3f). This phenomenon is well-known from the chemical vapor deposition 
technology and is due to the solubility of carbon in M phase at high temperature, which 
then forms a graphitic shell when cooled down134, 160-162.  

 

Figure 4.3: a-c) TEM analysis of commercially available Pt/C electrocatalysts (Hi-spec 
4000 from JM-teal, TEC10E50E from TKK -light green and TEC10E50E-HT from TKK -
green; d) XRD analysis of as-purchased Pt-M/C electrocatalysts from FCS. e-h) STEM 
analysis of all four Pt-M/C electrocatalysts in the as-purchased state. The colors (Pt-Cu 
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= blue, Pt -Fe = orange, Pt-Ni = red and Pt -Co = magenta) correspond to the ones used 
for the graphs and borders in all of the figures. 

This is not observed for Cu as the solubility of carbon in this metal is a few orders of 
magnitude lower than for the other transition metal163, explaining the absence of pure Cu 
peaks in XRD. The presence of pure M particles means that the 1:1 (atomic) ratio of 
nanoparticles stated by the producer and confirmed by ICP-OES is not correct. The active 
Pt-alloy nanoparticles are more Pt rich. Using EDX, two types of samples area were 
analyzed. First, the areas with mostly small nanoparticles (2-3 nm) show around 60-65 at% 
Pt (Figure 4.4), thus higher than the 50 at% expected for a 1:1 ratio. On the other hand, 
the areas with larger nanoparticles (over 10 nm) contain a higher amount of M (above 50 
at% and up to 97 at%) (Figure 4.5).  

 

Figure 4.4: EDX-TEM energy spectra with an inlet of the HAADF image of the analyzed 
area of the as-purchased Pt-M/C (FCS) electrocatalysts. Area with mostly small 
nanoparticles. a) PtCu/C. b) PtFe/C. c) PtNi/C. d) PtCo/C.  
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Figure 4.5: EDX-TEM energy spectra with an inlet of the HAADF image of the analyzed 
area of the as-purchased Pt -M/C (FCS) electrocatalysts. Area with mostly big 
nanoparticles. a) PtCu/C. b) PtFe/C. c) PtNi/C. d) PtCo/C.  

4.2.2 Electrocatalytic performances  

The electrochemical performances of Pt-based ORR catalysts are usually screened with  a 
RDE set-up. Before checking the activity, an activation protocol is needed (200 cycles 
between 0.05 and 1.2 VRHE, at 300 mV/s) . The benchmark protocol was taken from the 
DOE (Department of Energy, USA) report in 2013164. Afterwards, a slow cyclic/linear 
voltammetry is applied to the catalysts and the normalized (per mass or per surface area) 
activity (mA/cm 2

Pt or mA/mg Pt) is checked at 0.9 VRHE. For mass normalization, the precise 
amount of Pt (Pt loading in catalyst) needs to be measured, which can easily be done with 
ICP-OES. On the other hand, the electroactive surface area (ECSA) of Pt can be measured 
by two different methods (Figure 4.6); the underpotential deposition of hydrogen (Hupd) 
and the CO-stripping. CO-stripping is preferred over Hupd measurement in the case of Pt-
alloys because Hupd adsorption is suppressed on the Pt-skin of Pt-alloys (shifted to the HER 
region) while the CO-stripping is similar to pure Pt  (no critical overlapping with other 
reactions), favoring this technique for the determination of ECSA165. In addition, the ECSA 
determination allows the comparison of the catalysts with different particle sizes. The 
stability is tested by recording the activity before and after the accelerated degradation 
test (ADT) . 
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Figure 4.6: a) CV of Pt catalyst in 0.1  M HClO4
166. b) CO stripping of Pt catalysts in 0.1 

M HClO4
166.  

Pt/C: The electrochemical performances of the four catalysts also vary significantly as seen 
in Figure 4.7. It is important to point out that while the activity normalized by geometric 
area (Figure 4.7a) looks very similar for all catalysts, this is another story when the mass 
activity or the specific activit ies are compared (Table 1). Enhancing the importance of 
normalization for proper comparison. 

The two non-thermally annealed Pt/C electrocatalysts (Hi-Spec 4000 and TEC10E50E) 
present a similar specific activity (SA) of around 0.6 mA/cm2

Pt while having different 
ECSACO. Hi-Spec 4000 has an ECSA of ~ 53m2/g Pt while TEC10E50E presents an ECSA 
of ~ 80 m2/g Pt. This difference could be due to the different carbon support used. In the 
case of Hi-Spec, a Vulcan XC-72 was used as a support oppositely to the Ketjen black 
EC300J used for TEC. The second carbon (Ketjen black) has a more than 3 times higher 
surface area (800 vs 250 m2/g for Vulcan). Pointing out the importance of having a high 
surface area support to effectively deposit nanoparticles without any surface area loss due 
to agglomeration. 

For the two thermally annealed catalysts (TEC10E50E-HT and Elyst Pt50 0550), the 
SA and the ECSA are both similar, ~ 0.4 mA/cm2

Pt and ~ 50 m2/g Pt, respectively. They 
are both supported on Ketjen black EC300J. Although those non-thermally treated 
catalysts have better SA, the thermally annealed ones (TEC10E50E-HT and Elyst Pt50 
0550) are considered as benchmarks. Indeed, the thermal treatment step is primordial for 
the improved stability of the electrocatalysts that is needed for reliable operation of 
PEMFC129, 157. This step provides a higher resistance against Pt dissolution and improved 
stability of the carbon support. 
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Figure 4.7: a) ORR activity normalized by geometric surface area of the RDE for various 
commercial Pt/C catalysts. b) CO stripping of various commercial Pt/C catalysts. 

Table 1: Electrocatalytic performances of commercially available Pt/C electrocatalysts for 
PEMFC. 

Producer 

 
Name 

Pt 

wt% 

ECSACO 

(m2/g Pt) 

SA @ 0.9 

VRHE 

(mA/cm 2) 

MA @ 0.9 

VRHE 

(mA/ mgPt) 

Type of 

carbon 

support 

Thermally 

annealed 

Johnson 

Matthey 

Hi-Spec 4000 

Pt/C  
40 53.5 0.64 0.34 

Vulcan 

XC72 
No 

Umicore 
Elyst Pt50 

0550 Pt/C 
50 56.76 0.42 0.24 

Ketjen 

Black 

EC300J 

Yes 

Tanaka 

Kikinzoku 

Kogyo 

TEC10E50E 

Pt/C  
46.3 79.7 0.6 0.48 

Ketjen 

Black 

EC300J 

No 

Tanaka 

Kikinzoku 

Kogyo 

TEC10E50E-

HT Pt/C  
50.6 50 0.42 0.21 

Ketjen 

Black 

EC300J 

Yes 

 
Pt-M/C:  Figure 4.8 compares the electrocatalytic performances (SA, ECSACO, and the 
MA) of Pt-M/C catalysts  after an activation protocol (PCA, 200 cycles in 0.1 M HClO4, 
0.05ɰ1.2 VRHE, 300 mV/s, Ar saturated, 600 rpm) and after the degradation test (ADT; 
5000 cycles in 0.1 M HClO4, 0.4ɰ1.2 VRHE, 1 V/ s, Ar saturated, 600 rpm). From the four 
catalysts, PtNi/C cle arly exhibits a higher SA (1.6 mA/cm 2

Pt) than the three other alloys 
(1.1 ɰ 1.2 mA/cm2

Pt) (Figure 4.8a). At the same time, all the catalysts present similar 
ESCA values (Figure 4.8b). Therefore, the MAs follow the same trends as SAs with Pt -
Ni/C exhibit ing higher activity than the three other ones, with 1.1 A/mgPt and 0.8 - 0.9 
A/mg Pt, respectively.  



4.2. Results and Discussion 35 

 

After the degradation test, Pt -Cu/C retains the most activity with a SA around 1.1 
mA/cm 2

Pt while the three other ones display an activity around 0.8 ɰ 0.9 mA/cm2
Pt (Figure 

4.8a). Pt-Fe/C and Pt -Ni/C present the highest relative loss of SA after ADT while Pt -
Cu/C and Pt -Co/C have a lower, comparable loss. However, the decrease in ECSA for all 
the samples is quite similar. Consequently, MAs after ADT follow again the same trend as 
SAs, with MAs ranging from 0.4 to 0.6 A/mg Pt. 

The activity decrease after ADT of Pt -alloys is usually attributed to the dissolution of 
the less noble metal, and thus the loss of M positive effect on the activity134. However, if 
electrocatalytic tests in RDE are good to evaluate the activity and stability of the catalysts , 
they are not helpful to understand the reasons for the difference in said activity and 
stability. Previous XRD and (S)TEM analyze have shown that the Pt-M/C catalysts were 
too different to attribute the observed activity and stability differences to one feature.  

 

 

Figure 4.8: Electrocatalytic performances of Pt-M/C  alloys from FCS after activation and 
after degradation. a) Specific activity. b) Electroactive surface area. c) Mass activity. 

EDXS-STEM can be used after PCA and ADT in order to get a better understanding 
of the changes of the catalysts (Figure 4.9). However, the previously discussed 
inhomogeneity of the samples makes the analysis questionable or subjective as only a 
fraction of the catalyst, which might not be representative of the whole sample, is 
examined.  

Figure 4.9a reveals the composition of the areas with small nanoparticles (as seen in 
Figure 4.4) and deliberately without pure M phases of the as-purchased catalysts. During 
activation, the less noble metals dissolve (dealloying) and a core-shell structure and/or 
porosity are formed64, 138, 156. Under ADT, the catalysts undergo a similar phenomenon as 
during PCA but to a higher extent. Therefore, it is hypothesized that a higher loss of the 
less noble metal in the relative chemical composition would correlate with a higher loss of 
the positive effect on activity (ligand/strain) and thus a higher decrease of SA. This 
correlates nicely for Pt-Ni/C . This catalyst experienced a big loss in Ni content (Figures 
4.9b and 4.9c) and the highest one in SA. However, the same is not true for Pt -Fe/C and 
Pt-Cu/C. In both cases, the loss of M (Cu or Fe) was insignificant after ADT while a loss 
of SA was observed. Once again, this points to the difficulty of understanding and 
comparing seemingly comparable electrocatalysts. 
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Figure 4.9: Atomic percent of M and Pt in Pt -M/C  alloys from FCS as obtained by EDXS 
measurement. a) Atomic percent in the as-purchased catalysts. b) Atomic percent in the 
activated catalysts. c) Atomic percent in the degraded catalysts. 

The (S)TEM analysis after PCA (Figures 4.10a-d) reveals how the same activation 
protocol induces various phenomena for different Pt -alloys. For example, Pt-Cu/C shows 
a mix of smaller (~2ɰ10 nm) and larger nanoparticles (> 10 nm) while Pt-Fe/C and Pt -
Ni/C present a more uniform partic le size distribution. In the case of Pt-Co/C, the same 
mix of sizes as for Pt -Cu/C is observed but in addition, it also displays nanoporosity. This 
is observed despite the similar chemical composition of the as-purchased catalysts. 

 

 

Figure 4.10: STEM comparison of Pt-M/C alloys from FCS. a -d) After activation. e -h) 
After degradation. The color code is: Pt-Cu = blue, Pt -Fe = orange, Pt-Ni = red and Pt -
Co = magenta. 

The same (S)TEM analysis after ADT provides more information (Figures 4.10e-h). In 
the case of Pt-Cu/C, in addition to the previously observed mix of particle size, necking 
and agglomeration were also observed. This explains the loss of ECSA observed in RDE 
(Figure 4.8b). However, no Cu is lost during the degradation as seen in Figure 4.9c. For 
Pt-Fe/C, agglomeration was noticed after ADT  which correlates with the loss of ECSA 
observed (Figure 4.8b). Oppositely, Pt -Ni/C does not present major structural change, 
accordingly to the almost constant ECSA before and after ADT. Nonetheless, a lot of Ni 
was lost during ADT, causing a loss of activity. Finally, Pt-Co/C shows similar features 



4.2. Results and Discussion 37 

 

after PCA. Namely, a mix of small and large nanoparticles with core-shell or porous 
structure. In addition, a carbon nanotube was observed growing out of a nanoparticle. 
However, without knowing the history of the particle, it is impossible to know at which 
step this phenomenon happened. 

Hereby, it was shown that comparing Pt-M/C alloys with only M as a varying 
parameter is impossible. Many differences were exposed that affect the structure-property 
relationship and thus performances of the catalysts. All the different alloys look promising 
and further on, ɶonlineɷ techniques were performed on the different Pt-M/C catalysts to 
understand better the mechanism of dissolution and attempt to differentiate them.  

4.2.3 Online metal dissolution of Pt -M/C electrocatalysts  

Classic analytical methods provide information about the difference in the behavior of Pt-
M/C electrocatalysts. However, advanced methods are needed to get deeper insight and 
understanding. Therefore, we investigated the online dissolution of the four alloys at a ppb 
range resolution using an electrochemical flow cell coupled to an inductively coupled plasma 
mass spectrometer (EFC-ICP-MS)129, 167, 168. Both Pt and M dissolution are followed during 
slow cyclovoltammetry. 

Two sets of measurements were performed (Figure 4.11). First, the dissolution of the 
Pt-alloys in the as-purchased state (without any prewashing or activation) was monitored 
during slow cycles from 0.05 to 1.X V RHE (where X =0, 2, 4; at 5mV/s). During the second 
set of measurements, the same protocol was applied but after an activation step. Thereby, 
insights into the intri nsic dissolution mechanisms of the Pt-alloys in their ɶpristineɷ state 
could be gained and then compared with the activated versions, with richer Pt surfaces. 

The Pt dissolution (in black in Figure 4.11) is in accordance with the literature61, 129, 138, 

169, 170. Namely, the cathodic dissolution peak (C1) is higher than the anodic peak (A1) 
while cycling to 1.4 VRHE. The anodic dissolution provokes surface structure roughening 
caused by the oxide place exchange mechanism61, which creates defects. These defects are 
not passivated by oxide formation and can dissolve. The cathodic dissolution is due to 
restructuration of the surface and creation of unstable low coordinated sites which occur 
during the reduction of Pt -oxides169. The less noble metal dissolution follows the dissolution 
of Pt. Every time Pt dissolves, the previously protected M atoms are now exposed and 
prone to dissolution138. This is common to all Pt-M alloys, and it is observed in both anodic 
and cathodic directions (A1ɴ and C1ɴ for M, respectively). Therefore, stabilizing Pt would 
suffice to improve the stability of Pt -M alloys171-174. However, an unrelated M dissolution 
peak can also be observed, A2ɴ. This peak is either due to the direct dissolution of un-
alloyed M (Pt -Ni, Pt -Co, and Pt -Fe) or due to a strong interaction between M and Pt 
surface (the transition metal under potential deposition, Mupd, particularly visible for Pt -
Cu). 
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Figure 4.11: Online dissolution of Pt (black) and M (colored) in Pt -M/C alloys from FCS. 
a-d) As-purchased state. e-h) After activation protocol.  

The four Pt -M analogues can be divided into two groups based on which peak becomes the 
dominant peak for M (anodic or cathodic). In other words, which peaks among A1ɴ and 
C1ɴ grows the most while increasing the upper potential limit (UPL) up to 1.4 V RHE. In the 
first group, anodic dissolution is predominant over cathodic dissolution (A1ɴ>C1ɴ) when 
increasing the UPL. This is observed for Pt-Cu and Pt-Ni. In the second group, for Pt-Fe 
and Pt-Co, the trend is reversed, and the cathodic peak becomes more important when 
UPL increases (C1ɴ>A1ɴ) (Figure 4.12). 
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Figure 4.12: Online dissolution of Pt-M/C alloys from FCS d uring cycling from 0.05 to 1.X 
VRHE, where X is 0, 2, 4. a) As-purchased. b) After an activation protocol. I. PtCu/C. II. 
PtFe/C. III. PtNi/C. IV. PtCo/C.  

Interestingly, after PCA, the mechanism for each alloy is similar to before and thus the 
previous separation into two groups is still valid. In other words, the intrinsic mechanism 
of dissolution does not change even after the removal of M from the near-surface region. 
Moreover, while M dissolution decreases drastically for the activated samples (as expected), 
the Pt dissolution stays in the same order of magnitude. Once again, the dissolution of Pt 
is followed by the dissolution of M, pointing out that the stability limiting factor is the 
stability of Pt.  

Therefore, each alloy possesses its own benefits and restrictions for applications (in 
PEMFC). Each transition metal brings strong and weak points while alloyed with Pt , the 
pros and cons of each Pt-M/C catalyst are presented below. 

1. Pt-Cu alloy presents the best resilience toward the leaching of M, and extremely 
good long-term ORR activity (Figure 4.8). In addition, the intermetallic phase is 
easily formed127, 138, 175, slowing down the leaching of M152. Moreover, the 
encapsulation of Pt-M nanoparticles with a carbon shell due to the high temperature 
treatments is not a concern for Pt-Cu due to the low carbon solubility in Cu 163. 
Therefore, Pt-Cu looks like one of the best choices for application in RDE studies. 
However, Cu has been shown to have a negative effect in real devices176, 177. Thus, 
to transmit the performances of Pt-Cu from the lab to real application, the leaching 
of Cu needs to be eliminated. One option is through more complicated alloys 
(ternary alloys) that focus on the stability of M 172, 178. 

2. Pt-Fe presents the same benefits as Pt-Cu. Namely, easy formation of intermetallic 
phases179, 180, and rather good keeping of M during operations. However, Fe ions are 
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even worse than Cu if present in PEMFC. Indeed, Fe ions can catalyze the 
formation of radicals (Fenton reaction)181 which heavily degrade the membrane in 
PEMFC. Therefore, even more than for Pt-Cu, the leaching of Fe needs to be 
prevented before reaching the application.  

3. Pt-Ni does not form intermetallic phases as easily as the two previously discussed 
alloys. The carbon solubility in Ni is an order of magnitude higher than for Cu163 
(and Fe) and thus one hypothesis is that it prevents facile crystallization due to the 
ternary nature of the Pt -Ni-C phase system where carbon acts as an impurity in 
the crystal lattice. The high solubility of carbon also leads to a thick carbon shell 
during the synthesis if high temperature treatments are used, limiting the usable 
synthesis parameters45. Furthermore, the carbon shell has a negative effect on the 
performance at high current density in PEMFC, possibly affecting the O2 transport 
resistance182. It also requires an additional effort of removing the shell during 
chemical activation compared to other alloys183. On the positive side, the Ni ions 
have a less negative effect on PEMFC compared to Fe or even Cu ions180, even if it 
was shown that Ni ions still negatively affect the O2 transport resistance and the 
water uptake of the ionomer140. Pt -Ni could be a viable candidate, it has already 
been demonstrated139, 142, 184, but its synthesis is more challenging than for other 
alloys and, as for all alloys, the leaching of M should be significantly decreased. 

4. Pt-Co is the closest alloy to end-user products, its presence in some devices has 
already been shown185, 186. Indeed, it has many advantages. First, the encapsulation 
issue with carbon shell is not as problematic as for Ni. Secondly, the formation of 
intermetallic phases is possible150, 187. Furthermore, Co2+ ions in PEMFC behave 
similarly to Ni ions, with relatively low impact140, 188. However, the Co sources and 
mining practices are extremely controversial, as already highlighted in the Li -ion 
battery sector, which is going to eliminate the use of Co189. If a fair -trade origin 
becomes available for Co, it could be the best option. Although, Co leaching needs 
to be tackled, as for all Pt -alloys, before deployment of end-user products. 
 

Pt-Co looks like the best option in terms of performance but the access to its raw 
precursors needed for synthesis is controversial at best. On the other hand, Pt-Fe is not 
considered before extreme improvements due to the extremely problematic Fe ions in the 
real device. Therefore, Pt-Cu and Pt-Ni are the two options considered, with different 
problems. Decreasing Cu ions leaching is more important for PEMFC stability while Pt-
Ni presents more synthesis challenges. 

4.2.4 Corrosion of the carbon support  

The dissolution of metal nanoparticles is not the only material of the electrocatalyst that 
can be responsible for degradation. The carbon support can also degrade, and its 
degradation leads to further agglomeration and/or detachment of Pt-based nanoparticles60. 
Many properties of carbon support play a role in its stability but also i n Pt activity. For 
example, the porosity size and type of the carbon are important since the nanoparticles 
located in micropores exhibit suboptimal mass transport resistances and thus lower 
activity 187, 190. Among others, the degree of graphitization, surface area and functional 
groups have been revealed to play a crucial role in carbon stability or Pt-utilization 191-193.   

The currently used carbon supports (such as Vulcan XC72 and Ketjen Black EC300J), 
despite being relatively stable, are already thermodynamically prone to oxide into CO2 at 
a potential of 0.207 VRHE

89. In addition, the kinetics of the reaction is accelerated by Pt 
and by the PEMFC operation conditions (80°C)194, 195. Therefore, slowing down the support 
corrosion is a major challenge to improve the overall stability of the catalyst.  
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The corrosion behavior of carbon can be assessed by tracking the CO2 released from 
the material under electrochemical protocol thanks to Electrochemistry Mass-Spectrometry 
(EC-MS)196. In the case of the Pt-M/C catalysts, similar carbon corrosion was observed 
indistinguishably from the M present in the alloy (Figure 4.13a). The carbon used for the 
support (Vulcan XC-72) is the same and thus a similar degradation was not surprising. I t 
can be concluded that the type of alloy does not have an impact on the stability of the 
carbon. In the case of Pt/C benchmarks (Ketjen black EC300J carbon) (Figure 4.13b), the 
carbon corrosion is higher (higher CO2 signal) but the Pt loading, known to accelerate 
carbon corrosion, is also higher.  

 

 

Figure 4.13: Carbon corrosion experiments. a) m/z=44 signal (CO2) of Pt -M/C 
electrocatalysts. b) m/z=44 signal (CO 2) of Pt/C electrocatalysts. The protocol consists of 
an activation  protocol followed by subsequent sets of 20 cycles with increasing UPL (0.4ɰ
1.X V RHE; X = 2, 3, 4, 5; 100 mV / s). 

4.2.5 High Resolution Identical Location TEM  

Although the presented methods (RDE, XRD, ICP -OES, EFC-ICP-MS and EC-MS) 
provide useful information about the average structure properties and electrocatalytic 
performances, other techniques are more interesting for an in-depth understanding of local 
structural change. For example, high-resolution identical-location TEM (IL -TEM) allows 
to see the history of the exact same nanoparticles before and after electrochemical 
treatment156, 197, 198, and thus to reliably understand the processes happening.   

The IL -TEM was performed before and after PCA on Pt-Co/C as a showcase of the 
technique. Figure 4.14 shows the differences for the same nanoparticles of Pt-Co/C samples 
and three nanoparticles were studied at atomic resolution. Atomic resolution is needed as 
ɶlow magnificationɷ IL-TEM pictures do not reveal significant changes except for 
coarsening of largest nanoparticles as seen in Figure 4.14. In the atomic resolution images, 
nanoparticle number 1 not only shrinks under PCA but also undergoes a change of 
morphology, with different facets exposed. Nanoparticles number 2 and 3 have shrunk 
more, probably due to dealloying of Co during PCA. Therefore, it seems that smaller 
nanoparticles are more exposed to degradation processes/dealloying than bigger ones. This 
exemplifies the benefits of directly looking at the same particles before and after 
electrochemical treatment to understand the ongoing processes and not the average results.  



42 Chapter 4. Studying and Comparison of Electrocatalysts for ORR  

 

Figure 4.14: IL -STEM comparison of PtCo/C from FCS electrocatalyst before and after 
PCA. a, c and e) Before activation. b, d and f) After activation.  

To go further, an in -depth analysis can be performed on a single nanoparticle. This 
allows us to directly see which facets disappear or shrink, or new atomic columns grow due 
to redeposition. Moreover, some calculations can be performed to measure the displacement 
of atomic columns and observe a change in strain in the nanoparticle or to figure out the 
coordination number of surface atoms199, 200. 

This knowledge is useful for understanding structure-relation properties and in the 
future to optimize and design the next generation of catalysts with improved properties, 
but it goes out of the scope of this chapter and work in general and the interested reader 
is invited to read the reference [69]. 

4.3 Conclusions  

In the present study, differences in seemingly comparable Pt/C and Pt-M/C commercially 
available benchmark catalysts were exposed. In doing so, the complexity of the structure 
of real ORR catalysts was uncovered together with the fact that  the conventional analytical 
methods for electrocatalysts (RDE, XRD, TEM) are limited to average materials 
characteristics. Therefore, the observed differences, notably in alloys, cannot be explained 
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by the average-out material properties (e.g. metal loading, Pt/M composition, carbon 
support, particle size distribution, electrochemical surface area, etc.). Online methods such 
as EFC-ICP-MS or EC-MS provide a better understanding of ongoing mechanisms, 
especially stability-wise. This is sufficient to analyze pros and cons of Pt-M/C for 
application in PEMFC or URFC, but we wish to emphasize that it is not enough to 
understand at a deeper level the processes happening. For this, an atomic level study should 
be conducted using a method such as IL-TEM.  

Nonetheless, Pt-Co/C was shown to be the most promising alloy, but the controversial 
sources of its precursors lead us to rule it out. Among the three other alloys, Pt-Fe was 
excluded due to the Fenton reaction catalyzed by Fe ions in PEMFC. Pt -Ni and Pt-Cu 
were both good candidates as ORR catalysts in the further bifunctional catalyst. They 
both present good activities, with PtNi > PtCu, and stabilities, particularly for PtCu. The 
main decisive feature of the selection between the two alloys were the challenges in the 
PtNi synthesis, dismissing it. Therefore, among all the Pt-alloys, Pt-Cu/C was selected as 
a good ORR candidate to be a part of the bifunctional catalyst.  
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Chapter 5 

5. TiON x as Supporting M aterial for Ir 

During OER  

Titanium oxynitride ( TiON x) is investigated as a potential support for iridium 
nanoparticles as oxygen evolution reaction (OER) electrocatalyst. Good electrocatalyst 
support should have sufficient conductivity, effective dispersion of the nanoparticles, 
highest surface area possible and be stable under demanding reaction conditions. These 
different parameters were studied and optimized in this chapter. 

5.1 Introduction  

Decreasing the amount of PGMs used in proton exchange membrane water electrolyzers is 
a necessity for widespread usage of this technology - a requirement to tackle down the use 
of fossil fuel and thus global warming. For this, the oxygen evolution reaction (OER) 
catalysts at the anode, involving iridium , need to be designed in a more rational way, 
namely, lowering the PGM loading to a minimum while keeping the same electrocatalytic 
performances.  

One possible improvement is by finely dispersing Ir nanoparticles on a suitable 
support99, similarly to Pt in a fuel cell. However, carbon used for oxygen reduction reaction 
(ORR) catalysts is not an option as it is not stable under OER conditions89. Several other 
materials have been proposed as potential support for OER catalysts. The most studied 
ones are titanium and its oxides100, 119, 201-203 as well as metal nitrides94, 95, 204, carbides91, 92, 205, 
perovskite93, 206 and, some other conductive oxides92, 96-98 as antimony-, fluorine- or indium-
doped tin oxide, (ATO, FTO and ITO) 99, 105, 207-209. Unfortunately, this kind of material 
usually lacks sufficient conductivity 70 and therefore doping is needed to help to tune the 
properties of such materials. However, da Silva et al. showed that the doping element can 
leach out and thus decrease the stability of the support, questioning the use of such 
dopant107. In addition to lowering the overall cost of the OER catalysts, support can also 
improve the performance of the catalyst due to the known strong metal-support interaction 
(SMSI)53, 55, 210.  

The idea behind TiONx as a support is to use a cheap precursor (TiO2 or TiN ) that can 
either be relatively easily nitrated or oxidized to the desired TiONx compound211. The latter 
could combine the stability of TiO 2 and the good conductivity of TiN, making it suitable 
support under OER conditions. In addition, TiO 2 or TiN can be synthesized in various 
nanostructures which makes it possible to tune the morphology of the support212-214. 
Afterwards, Ir nanoparticles can be nicely dispersed on the prepared support. 
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Later, a graphitized carbon template was used to further improve the surface area of 
the support. Carbon possesses surface areas that are one order of magnitude larger than 
Ti -based material91, 204, 215, 216 and thus depositing the Ti phase on a high surface area carbon 
allows a higher surface area than pure Ti-based support. The carbon template stability 
should be assessed to make sure not to introduce a weak point in the catalyst  but if it is 
nicely covered by the TiONx flakes, the carbon would in principle not be in contact with  
the acidic environment and thus be protected. 
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5.2 Investigation of TiON x Properties as Potential Support 

for OER   
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and conductive Titanium oxynitride high surface area support for Iridium nanoparticles as 
OER electrocatalystsɷ 217. 
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First, the basic characteristics of TiONx support were investigated. Indeed, before 
optimizing and studying all the parameters that could influence activity/stability, a 
feasibility study was conducted to first provide answers to crucial and fundamental 
questions: i) Is electrical conductivity of the support (TiON x) sufficient for the 
electrocatalytic application? (ii) Can the support host active nanoparticles (Ir) in a finely 
dispersed form? (iii) How does the performance of the new catalytic composite (Ir/TiON x) 
compare to the state-of-the-art composites? 

5.2.1 Structural characterization  

SEM, STEM, and XRD  were performed on the prepared Ir/TiONx samples (see Chapter 
3.1.1.1), and the results are shown in Figure 5.1. The observed diffraction peaks of Ir/TiONx 
samples are characteristics of cubic iridium 2ɝ= 41.0°and 47.6° (International Centre for 
Diffraction Data, Ref: 00-001-1212), and of the cubic titanium oxynitride: 2ɝ=  37.2°and 
43.2° (TiOxNy with x+y å1)212 (Figure 5.1d). Broad iridium diffraction peaks are due to 
the small particle size of the nanoparticle as seen in the STEM micrographs (Figures 5.1b 
and 5.1c). The TiON x-Nanoribbon (NR) shown in SEM and STEM is in the form of partly 
crystallized, up to 1 micrometer-sized irregular ribbons.  
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Figure 5.1: a) SEM image showing typical morphology of prepared TiONx-NR sample with 
the insert of Ir/TiON x-NR. HAADF -STEM micrographs of individual Ir nanoparticles on 
TiON x-NR support are shown in b) bright field and c) dark field. d) XRD spectra for 
Ir/TiON x-NR, Ir/TiON x-P25, homemade Ir black and IrO2-AA. Peaks (X) correspond to 
iridium, peaks (*) to titanium oxynitride and peak ( ) to IrO 2 (rutile structure). d) EELS 
spectrum of Ir/TiON x-NR where Ir N4,5, Ti L2,3 and O K edges are visible. 

The support is uniformly covered with spherical, well-crystallized iridium nanoparticles 
with a mean particle size of 3.3 nm (Figure 5.2a). The mean particle size for Ir/TiON x-P25 
is slightly lower with a size of 2.6 nm (Figure 5.2b). In both cases, the particles are smaller 
than unsupported benchmarks Ir catalysts. The IrO2 (Alfa Aesar) has an average particle 
size of 8.8 nm while Ir-black (Alfa Aesar) has the biggest particle size with 9.8 nm (Figures 
5.2c and 5.2d). In addition, the latter presents significant agglomeration due to sintering 
which further reduces the accessible Ir surface. The Ir nanoparticles supported on TiONx 
do not present any agglomeration which indicated that the nanoparticles are firmly 
anchored onto the substrate. Therefore the interaction with the support prevents surface 
migration during annealing. The BET specific area of both TiONx composites, NR and 
P25, is similar with a value of 48 m2/g and 52 m2/g , respectively. Therefore, the formation 
of well-dispersed, small nanoparticles on both supports is attributed to the novel synthesis 
procedure, namely the use of iridium (III) bromide precursor. The latter is highly soluble 
in ethanol at 50°C and thus it precipitates rapidly during drying. This helps slow down the 
mobility and growth of Ir nanoparticles.  
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Figure 5.2: TEM pictures and iridium nanoparticles average size distribution of a) 
Ir/TiON x-NR. b) Ir/TiON x-P25. c) Ir -black. D) IrO 2. 

To be conductive, the support needs to possess sufficient nitride parts. EELS spectrum, 
displayed in Figure 5.1e, shows Ti L2,3 lines, Ir N4,5 as well as N K and O K lines. Based 
on the intensities of the lines, one can conclude that the content of nitrogen is higher than 
that of oxygen while the absence of t2g and eg splitting of Ti L3 and Ti L2 lines due to 
crystal field in octahedrally coordinated titanium ion indicate that most of the titanium is 
in the Ti 3+ valence state. Nonetheless, the electrical conductivity was measured by pressing 
the samples in the form of pellets. Ohmic-like behavior was measured in a wide span of 
applied currents (current scan) from 1mA/cm 2 up to 1 A / cm2. Conductivity of as-
synthesized, pure (without Ir) TiON x substrates (TiONx-NR, TiON x-P25) is shown in Table 
2, as well as some different carbon substrates or potential oxide-based support. The 
conductivity of TiON x substrates is similar to the carbons when the samples are prepared 
in the same way (i.e. based on pressed and heat-treated powder). The preparation of the 
sample influences the measured conductivity due to the quality of inter -particle contact 
and is usually lower than the intrinsic conductivity of bulk material in preferential 
crystallographic direction (e.g. data for graphite). The conductivity of TiON x, without the 
presence of Ir nanoparticles, fills the requirement for electrocatalysts support. In fact, it is 
notably higher than the conductivity of the most study potential support , antimony-doped 
SnO2 (ATO) 126. 

 

Table 2: Comparison of room temperature specific conductivities of present TiONx 

substrate with conductivities of selected carbon materials. 

Materials Conductivity , s (W-1.cm-1) 

Graphite, a axis218 2.6.104 

Graphite, c axis218 1.102 

Polycrystalline graphite218 1.3.103 

Glassy carbon219 
220 

52 

(1-3).102 

(2-10).102 

(0.47-0.69)a 

Acetylene black221 24b 

Pure TiO2, pressed pellet (2T) 222 2.10-10 

TiON x, pressed pellet (2T) 3.3 

TiON x, pressed pellet (2T) and sintered 7.8 
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Sb-doped SnO2 (ATO), pressed pellet223 0.11 

a. Special form of glassy carbon with open porosity. b. After treatment at 1000°C in N 2.  

 

5.2.2 Electrochemical Performances  

Figure 5.3 displays the electrochemical performances of the catalysts before (beginning of 
life, BoL) and after (end of life, EoL) degradation. The mass activity of both Ir / TiON x 
samples largely surpasses the activity of IrO2. Ir / TiON x-P25 shows the best activity while 
Ir / TiON x-NR presents an activity close to the second benchmark, Ir -black. The better 
activity of Ir / TiON x catalysts is in line with better utilization of iridium, i.e. more 
electrochemical surface area exposed, due to the smaller average particle size (2.6 for 
Ir / TiON x-P25 and 3.3 nm Ir/ TiON x-NR). Commercial rutile IrO 2 powder exhibits a lower 
activity, according to literature 224, 225. Importantly, the activity of blank TiON x substrates 
was negligible (Figure 5.3c). 

After initial OER activity measurements, the stability of the materials was tested. A 
CP protocol was applied to all samples, namely a current of 0.1 A/mg Ir for 5h, and then 
the activity was measured again (EoL). Apart from IrO 2 which is known to be stable, the 
most stable catalyst is Ir/TiON x-NR while Ir/TiON x-P25 shows the lowest activity 
retention. The great difference in stability between the two Ir/TiON x composites is ascribed 
to, on one hand, the loss of electrical conductivity due to surface oxidation at the contacts 
between individual TiONx particles in the case of Ir/TiON x-P25. On the other hand, due 
to the unique elongated morphology of Ir/TiON x-NR sample, it exhibits statistically fewer 
contacts and thus less passivation of the surface-related problems (Figure 5.4). Nonetheless, 
the support can sustain the OER conditions even if its morphology plays a role in the 
stability.  This parameter (morphology of the support) will be studied later as here the 
fulfilling of electrocatalyst support requirements by TiONx is investigated. 

 

Figure 5.3: OER activity polarisation curves (anodic branch) of the studied catalysts at 20 
mV/s, 1600 RPM in 0.1 M HClO 4. a) Before a 5-h chronopotentiometric degradation 
protocol (0.1 A/ mgIr) (Beginning of life, BOL). b) After (End of life , EOL). c) Comparison 
of current response under OER conditions of TiONx support and the Ir/TiON x-NR 
analogue. 
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Figure 5.4: Scheme of the contact difference between nanoribbons ɰ TiON x and nanoparticle 
ɰ TiON x 

Ir nanoparticles have been nicely dispersed on TiONx. The support has also shown to 
be reasonably stable, depending on the morphology. In addition, in some cases, the support 
affects the catalyst activity through the so-called strong metal support interaction, SMSI 
53, 55, 210. The potential presence of this effect between Ir and TiONx was investigated by fast 
potentiodynamic CVs. For this purpose, Ir/TiON x was compared to another homemade 
catalyst with a different support material , i.e. Ir/C. The particle size distribution on Ir/C 
was similar to Ir/TiON x. By alterations of the characteristic iridium volta mmetric features 
during fast cycling, several differences in electrochemical behavior of Ir/TiON x-NR and 
Ir/C can be observed (Figure 5.5), these disparities are related to the interaction between 
Ir and the different supports98. 

The Hupd feature, which can be seen below 0.4 VRHE for metallic Ir,  remains visible 
throughout the entire protocol for Ir/TiON x-NR while it gradually disappears for Ir/C.  It 
means that the availability of Ir metals to protons is decreasing more rapidly for Ir/C than 
for Ir/TiON x-NR. One can assume that there is either no oxide in the Ir/TiON x-NR or that 
the oxide layer structure is significantly different in the two samples. For example, a fast 
decrease of the Hupd peak could point to a thinner layer of hydrous oxide in the case of Ir/C 
in comparison to the Ir/TiON x-NR analogue226. According to extensive work on iridium 
oxides, only the compact ɶinnerɷ oxide gets reduced in the cathodic sweep while hydrous 
oxide does not. Therefore, the hydrous oxide layer remains and grows with cycling number. 
Hydrous oxide is a very porous solid or gel-like structure and thus lets protons pass 
through. As Hupd feature is still observed for Ir/TiON x-NR, it is assumed that hydrous layer 
grows on the Ir nanoparticles while ɶinnerɷ oxide, impermeable to protons, grows on Ir/C. 
This is further supported by the reversible CV peak at around 1.15 VRHE that corresponds 
to the formation of Ir  (IV) and is visible throughout 200 voltammetric cycles in the Ir/C 
sample.  

The results in Figure 5.5 indicate that an interacti on between TiONx support and Ir 
nanoparticles exists, and it is inhibiting the growth of ɶinnerɷ oxide or boosting the 
formation of hydrous porous oxide. This inhibition of ɶinnerɷ oxide has been observed with 
in-situ techniques for other supports like ATO 227 or TiN 94. It affects the activity and 
stability according to the literature. Indeed, amorphous hydrous oxides are the most active 
OER catalysts in the family of Ir -based materials228-231. They have overall lower oxidation 
states compared to IrO2

229. The presence of electrophilic oxygen in the Ir (III/IV) 
oxyhydroxides are optimal precursor sites for the nucleophilic attack of (preadsorbed) 
water during the O-O bond formation232, 233. 
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Figure 5.5: Inspection of the SMSI effect during potentiodynamic treatment (300 m/Vs, 
between 0.05ɰ1.2 VRHE. a-f) sequential cycles are selected for better clarity. 

5.2.3 Conclusion  

Titanium oxide enriched with nitrogen (TiON x) can be prepared in a form that is suitable 
as a support for OER electrocatalysts. First, the average macroscopic conductivity of 
TiON x (without Ir) can reach sufficient values (between 3 and 8 S/cm) that are comparable 
to carbon support with similar morphology and higher than the ATO material proposed 
as a potential OER support. Secondly, small Ir nanoparticles can be deposited on TiONx 
and finely dispersed. Finally, the iridium activity and stability, when dispersed on TiON x, 
are equal or even better than benchmark catalysts.  

The improved performances can be explained by various effects such as the very good 
utilization of Ir (uniform dispersion of nanoparticles), retention of electric conductivity (for 
Ir/TiON x-NR), and possibly of SMSI effect. However, several parameters can still be 
investigated to improve the electrochemical performances of Ir/TiONx. Some hints give 
indications that the morphology of the support can influence the activity and stability. It 
could also influence the particle size or the oxidative state of Ir.  
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TiON x fills the requirement of electrocatalysts support, namely sufficient conductivity, 
stability  under operations conditions, effective surface area, and fine dispersion of the 
nanoparticles anchored on it. In addition, the TiON x support has an impact on the activi ty 
of Ir through the SMSI effect. However, the morphology of the support can also play a role 
in those parameters and needs to be investigated. Hereby, we developed a new, anodic 
oxidation-based synthesis process for the cost-effective fabrication of high-performance 
OER catalysts, Ir-TiON x. The anodization time during the TiO 2 growth step of the 
synthesis influences the morphology, structure, and composition of the support. The 
differences were studied using various state-of-the-art characterization methods such as X-
ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), scanning 
transmission electron microscopy (STEM), and X-ray diffraction (XRD) . We show that 
the electrochemical activity and stability can be substantially enhanced, compared to the 
commercial benchmark IrO2 material and other best OER catalysts in the literature, 
exclusively by modifying the TiONx support morphology. 

 

5.3.1 Characterization of TiON x-nh-Ir electrocatalysts  

The morphology of the catalyst layer has an important influence on the performances of 
gas-evolving electrocatalysts235-237. Notably because of electrical contact and bubble 
management problems238, 239. In the case of supported electrocatalysts, the overall 
morphology of the catalyst layer is due to the morphology of the support. Therefore, 
supports with various morphology were synthesized by changing the anodization time and 
proceeding of a milling step, which influences the support morphology differently. In order 
to assure that the morphology was the only changed feature, extensive techniques (SEM, 
STEM, BET, XRD, XPS, and ICP -OES) were performed to characterize the synthesized 
catalysts. 

The amorphous TiO2 nanotubes were synthesized by anodization of titanium foils for 
one, three and six hours. The immobilized nanotubes were detached, and their morphology 
was not affected by the removal process as shown by the SEM picture in Figure 5.6b. 
Similarly, the nitridation process (see Chapter 3.1.1.2 for more details) does not affect the 
overall morphology of the clusters of nanotubes (size and shape) as seen in Figure 5.6c. 
However, the appearance of the nanotubes is modified, becoming rougher. This is due to 
the formation of some small TiONx nanofragments with  cracks and pores. Consequently, 
the surface area increases after the nitridation from 14.231 ± 0.075 m2/g for amorphous 
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TiO 2 to 36.279 ± 0.172 m2/g for TiON x in the case of the samples anodized for six hours 
(TiON x-6h) as determined by BET measurement. 

 

Figure 5.6: SEM pictures. a) Amorphous TiO2 nanotube powder at low magnification. b) 
The cross-section of amorphous TiO2 after detachment. c) TiO 2 after annealing in ammonia 
and transformation in TiON x. All micrographs show the 3 h samples. 

 Moreover, the longer anodization results in a longer nanotube length with thinner 
walls, and thus lower mechanical stability. The average length of the nanotubes after 
anodization is 3.5 mm, 13 mm and 27 mm for one, three and six hours, respectively. The 
anodization time also affects the thickness of the wall. For all anodization time, the wall 
thickness depends on the part of the nanotube, which is measured, as seen in Figure 5.7. 
For example, the sample anodized for six hours exhibits a wall thickness of approximately 
5 nm at the top and approximately 55 nm at the bottom part (Figure s 5.7a and 5.7b). The 
reason for the formation of a more than ten times thinner wall at the top part of the  
nanotubes is that this part forms first and is etched during the entire anodization time 240. 
The thickness of the wall influences the size of the nanofragments that can form during 
the nitridation process and/or milling. For example, the top part of the nanotubes anodized 
for 6 hours (± 5nm) results in nanofragments with a diameter of around 30 nm while the 
bottom part (± 55 nm) gives nanofragments with a diameter of approximately 100 nm 
(Figures 5.7c and 5.7d). In addition, the etching time also affected the morphology of the 
wall. The thinner walls at the top were smoothed out, while at the bottom, the walls are 
noticeably thicker (rippled).   

The length of the nanotubes in the cluster is maintained. However, some portions of 
nanotubes that have grown with longer anodization are more brittle due to the thinning of 
the nanotube wall and thus more likely to break down into smaller nanotubes and clusters 
or even nanoparticles.  
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Figure 5.7: SEM micrographs of the TiO2 nanotubes anodized for 6h. a) At the top. b) At 
the bottom. The top parts were transformed into small TiONx nanofragments (c), while 
the thick nanotube walls at the bottom part resulted in large TiON x nanoparticles (d). 

Afterwards, iridium nanoparticles were deposited on TiONx-nh supports with  a different 
morphology as seen in Figure 5.8. The nanotube arrays are more crushed than the as-
prepared support due to the wet impregnation step of the deposition of iridium which 
included slight milling to obtain a homogeneous distribution. Figures 5.8a, 5.8b and 5.8c  
show the as-prepared samples, while Figures 5.8d, 5.8e and 5.8f show the same samples 
after more rigorous milling. These final catalysts are schematically shown in Figure 5.8g. 
It is observed that the milling procedure has a larger influence when the anodization time 
was longer, namely for three and six hours. This is due to the higher mechanical stability 
of the nanotube arrays prepared with a shorter time, especially for one hour, which exhibit 
shorter lengths and thicker walls of nanotubes. On the other hand, longer anodization time 
induces a thinner wall, and this results in greater brittleness when milling. The sample 
anodized for one hour consists of relatively large nanotube arrays (Figure 5.8a) which 
become smaller after milling (Figure 5.8d). After three hours of anodization, some clusters 
with a nanotubular morphology can be observed (Figure 5.8b), even after reducing the 
cluster size with milling (Figure 5.8e). On the other hand, almost no nanotubular 
morphology features can be recognized for the samples anodized for six hours, even before 
the rigorous milling (Figure 5.8c). And no nanotubular morphology is left after the milling 
for this sample (Figure 5.8f). Again, this is due to the lower mechanical stability of  
nanotubes formed during a longer anodization time due to etching. Nonetheless, the cluster 
size for the six hours samples is the largest before and after the rigorous milling. The 
average cluster size of the final electrocatalyst for TiON x-6h-Ir is more than two times 
bigger than for TiON x-3h-Ir with 121 ± 7 µm and 50 ± 3 µm, respectively.  The difference 
between the electrocatalysts prepared with anodic oxidation and other synthesis procedures 
is the defined orientation resembling the nanotubes. However, the anodization time should 
not be too long, or the top surface loses the nanotube morphology. In this case, the 
nanotubes start turning into nanoparticles which end in an electrocatalyst with a similar 
morphology as if prepared from commercial nanopowders. 
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Figure 5.8: SEM micrographs of the synthesized catalysts: a) TiON x-1h-Ir . b) TiON x-3h-Ir . 
c) TiON x-6h-Ir . d) Milled TiON x-1h-Ir . e) Milled TiON x-3h-Ir . f) Milled  TiON x-6h-Ir. Inset 
figures (b) and (e) show the nanotubular morphology of the TiONx-3h-Ir sample. g) A 
schematic presentation of all three milled catalysts with iridium.  The yellow circles 
highlight the nanoparticular morphology. 

The deposition of small iridium nanoparticles was observed with STEM (Figure 5.9). 
The nanoparticles are also nicely dispersed on the support. The iridium nanoparticles' 
average size was monodispersed and between 3.1 and 3.4 nm for all the samples (Figures 
5.9c, 5.9f, 5.9i and Table 3).  
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Figure 5.9: STEM pictures. Low resolution (a), high resolution (b), and particle size 
distribution (c) of TiON x-1h-Ir . Low resolution (d), high resolution (e), and particle size 
distribution (f) of TiON x-3h-Ir . Low resolution (g), high resolution (h), and particle size 
distribution (i) of TiON x-6h-Ir.  

The EELS and XPS results indicate that the compositions of all the samples are very 
similar (Table 3). The XPS results show that the surface concentration of all elements (Ti, 
O, N, and Ir) is independent of the anodization time (Figure 5.10a). However, a difference 
in the O/N ratio measured by XPS (between 3.3 and 4.1) and by EELS (between 1.5 and 
2) is observed. This is explained by the oxidation of the TiON x surface (upper 3-5 nm) that 
likely occurred during milling. The XPS spectra (Figure 5.10b) reveal a characteristic peak 
of TiO 2 (Ti 4+ at 458.6 eV), Ti-ON (457.2 eV) and TiN (455.7 eV)241. Around 65% of the 
Ti is in TiO 2 state, 20% is in Ti-ON and 15% is in TiN state. The XPS spectra of Ir 4f are 
similar for all the samples (Figure 5.10c). They consist of the characteristic peaks for Ir0 
(60.9 eV and 63.9 eV)242 with a possible minor portion of Ir4+ or Ir3+.  The metallic state 
of iridium is expected from the synthesis procedure as no oxidation step was introduced; 
however, it changes with electrochemical oxidation. 
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Figure 5.10: a) Surface composition in at. % determined with XPS on TiONx-nh-Ir samples. 
b) Normalized XPS spectra of Ti 2p of TiON x-nh-Ir  samples. c) Normalized spectra of Ir 
4f of TiON x-nh-Ir samples. 

Table 3: Average particle size as determined by the STEM image analyses and the amount 
of nitrogen and oxygen in the TiONx support for the TiON x-nh-Ir samples, as determined 
with EELS and XPS. 

 TiON x-1h-Ir  TiON x-3h-Ir  TiON x-6h-Ir  

Average particle 

size (nm) 
3.1 ± 1.0  3.3 ± 1.1 3.4 ± 1.1 

TiON x support composition determined with EELS (at%) 

N 20 ± 3 19 ± 5 22 ± 3 

O 34 ± 4 34 ± 4 32 ± 3 

O/N  1.71 ± 0.46 1.98 ± 0.77 1.5 ± 0.36 

TiON x support composition determined with EELS (at%) 

N 13 ± 1.3 15.6 ± 1.6 13.2 ± 1.3 

O 53.4 ± 5 51.6 ± 5 54.3 ± 5 

O/N  4.11 ± 0.41 3.31 ± 0.33 4.11 ± 0.41 

 
Independently, the presence of TiO2 was also confirmed by Raman Spectroscopy (Figure 

5.11). The bands at 144 (Eg), 197 (Eg), 399 (B1g), 515 (A1g, B1g), and 625 (Eg)cm-1 are 
characteristic for TiO 2 in anatase form and are present for all the samples243. However, the 
intensities vary among the catalysts, but also at different sites of the same samples. The 
Raman spectra shown in Figure 5.11 are the most representative ones out of at least four, 
with the arrows marking the measured range of the 144 cm-1 band intensities. A larger 
ordering of the anatase phase was observed for TiONx-3h-Ir as indicated by the highest 
intensities (and the smallest spread between different sites). On the other hand, TiON x-1h-
Ir exhibits lower intensities, suggesting that TiO2 is closer to the amorphous state in this 
sample. The spectra of TiONx-6h-Ir reveal the largest spread of the spectral intensities, 
indicating that the long -range ordering in anatase could be in any state between the one-
hour and three-hour samples. 

The basis of the anatase bands increases with an increase in the band intensity which 
has been ascribed to the nanometric size244. A debate has been going on about the possible 
presence of TiN and TiONx bands in the same region as TiO2. TiN is characterized by a 
broad double band at 190-350 cm-1 and an additional one between 550 and 565 cm-1 245, 246. 
The relative ratios among those bands change with the deficiencies in the nitrogen TiNx247. 
Moreover, Prokes et al. studied nitride TiO2 and suggested the presence of TiO2-xNx due to 
the appearance of the shoulder ban near 550cm-1 248. Therefore, the described TiN, TiNx, 
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TiON x bands could be superimposed in the considered spectral range. A similar assumption 
as Prokes can be made for our TiONx-nh-Ir samples since a band at 552 cm-1 can be 
observed. The Raman spectroscopy confirms the XPS results with the higher amount of 
Ti -(O,N) and TiN in the TiON x-3h-Ir catalyst. Nonetheless, the exact determination of 
TiON x and TiN bands is not feasible yet and will be addressed in future work. 

Another interesting feature visible in the Raman spectra is the shoulder band at around 
715 cm-1. This band could confirm the presence of Ir4+ state as observed by XPS. Indeed, 
literature reports the appearance of IrO 2 bands at 561 and ~720 cm-1 in chemical-vapor-
deposited and sputtered samples249. The deviation compared to IrO2 single crystal (561 
(Eg), 728 (B2g) and 752 (A1g)) was ascribed to the nanometric size effects and residual stress 
effects. Therefore, the band at 715 cm-1 could reflect the presence of Ir4+. The other bands 
could be blurred by the anatase bands between 515 and 552 cm-1. 

 

 

Figure 5.11: Raman representative spectra of TiONx-nh-Ir powders. Two representative 
spectra are presented for the TiON x-6h-Ir sample due to the largest spread of the intensity 
values. The arrows denote the intensity ranges of the 144 cm-1 anatase bands detected for 
each type of sample.  

ICP-OES was performed to measure the total amount of Ir in the catalysts. This 
information is primordial to determine the exact mass activity of each sample and thus to 
have a fair comparison. The amount of Ir in all the samples was approximately 11 wt%. 
Therefore we can claim that the morphological differences of the supports did not influence 
the amount (and particle size) of deposited iridium nanoparticles. 

The chemical structure of all the samples was determined with XRD. The spectra of 
the various stages of the TiONx-3h-Ir preparation are shown in Figure 5.12. The TiO 2 
nanotubes grown in the first step are amorphous and show no diffraction peaks. The 
diffraction domains of TiO2 anatase visible by Raman spectroscopy are too small to 
sufficiently scatter X-rays. The annealing step at 700°C transforms the amorphous 
nanotubes into TiONx (Figure 5.12a, in blue). The diffraction peaks of TiON x are related 
to ( ) cubic titanium oxide nitride at the 37.1 ° (111), 43.1° (200), 62.5° (220), 75.0° (311) 
and 94.4° (400) angles (PDF 01-084-4872)250. Afterwards, Ir nanoparticles were deposited 
on the support and the XRD is shown in red in Figure 5.12a. The additional diffraction 
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peaks are observed at the 40.7° (111), 47.3° (200), 69.1° (220), 83.4° (311) and 88.1° (222) 
angles, corresponding to cubic Ir (ƺ) (PDF 04-007-8342)250. The XRD spectra of TiON x-
1h-Ir and TiON x-6h-Ir reveal the same chemical structure as TiON x-3h-Ir  (Figure 5.12b). 

 

Figure 5.12: XRD spectra. a) Comparison of the XRD spectra after each synthesis step. b) 
Comparison of TiON x-nh-Ir electrocatalysts XRD spectra. The diffraction peaks denoted 
with ( )ƫ are related to cubic titanium oxide nitride (PDF 01 -084-4872), whereas diffraction 
peaks denoted with (ƺ) correspond to cubic Ir (PDF 00-006-0598). 

5.3.2 Electrochemical activity  

The OER activity was determined for the three TiON x-nh-Ir samples and compared with  
IrO 2 (Alfa Aesar) benchmarks (Figure 5.13). The TiON x-nh-Ir analogues were also 
compared to Ir on Ti -based support from literature (Table 4). The influence of the electrode 
morphology is clearly seen in Figure 5.13 with different activities observed for the samples 
with different support morphology. Although the morphology of the support does not affect 
the iridium deposition nor the dispersion of the nanoparticles, i.e. similar particle size 
distribution for all the anodically grown analogues, its decisive role is visible. 

At low overpotential, t he TiONx-nh-Ir analogues activity  trend is: T iONx-1h-Ir > 
TiON x-3h-Ir > TiON x-6h-Ir. However, at higher potentials (> 1.52 V) this trend is altered: 
TiON x-3h-Ir > TiON x-6h-Ir > TiON x-1h-Ir.  To understand this trend, it should be 
emphasized that the OER polarization curve consists of two regimes (Figure 5.13): i) the 
kinetic regime at lower potentials, which is influenced by the chemical structure of active 
sites251-253, surface structure253-255, electronic interaction254, 256, and interactions with support94, 

98, 227, 257, ii)  transport regime at higher potentials, which is controlled by electron transport 
and mass transport/removal of the oxygen bubbles. The transport regime is due to 
confinement and results in an alternation of the local concentration of reactants and 
products. This furt her causes a local decrease of pH258 or accumulation of evolved oxygen 
that can lead to bubble formation. The bubbles formed hinder the mass transport but also 
lower the number of active sites available for reactant. Thus, the effective detachment of 
gas bubbles is essential for good activity, especially at high potentials where more bubbles 
are formed. Notably, the frequency and critical bubble diameter of the detachment depend 
on the electrode morphology235-238, 259, 260. Therefore, in the kinetic regime, the nanotube-
array morphology (highly present in TiONx-1h-Ir) promotes the OER while during the 
transition to higher potentials, a combination of cluster size and nanotubular morphology 
(characteristic feature in TiONx-3h-Ir) governs the reaction. According to the literature, 
the cluster size should decisively impact the OER proceeding via bubble management at 
higher reaction rates (i.e. higher potentials)235-238. However, the TiONx particle-to-particle 
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electron resistance through the oxidized surface contact points could lower the OER239. 
TiON x-1h-Ir statistically has the lowest number of them due to its higher nanotubular 
morphology, this could also explain its highest OER activity at low potentials. Accordingly, 
TiON x-6h-Ir has the lowest OER performance in the lower potentials among the three 
analogues, which can be ascribed to the absence of nanotubular morphology and the highest 
amount of oxidized contact points although it shows a more promising OER activity at 
higher potentials. TiON x-3h-Ir has the best tradeoff between electron resistance and mass 
transport issues. The higher performances at high current densities compared to TiONx-
6h-Ir w ere ascribed to the lower cluster size (50 ± 3 µm vs 121 ± 7 µm).  

Based on XPS, EELS and Raman analyses, the surface of the support is rich in TiO2 
phase for all three samples. Unfortunately, TiO 2 can induce passivation and influence the 
electron access to Ir nanoparticles (besides TiONx particle-to-particle contact points), and 
thus affect the kinetics of the reaction261, 262. Therefore, the highest amount of TiONx is 
needed to assure good electron conductivity. This  phase is important to retain sufficient 
electron conductivity as TiONx is largely more conductive than TiO2. XPS and Raman 
analyses reveal the highest amount of Ti-(O,N) phase in TiON x-3h-Ir (Figure s 5.10 and 
5.11), accordingly to its higher activity. Additionally, Raman analyses also reveal the 
degree of TiO2 crystallinity where TiON x-3h-Ir analogue presents the most crystalline TiO2 
and TiON x-1h-Ir has the most amorphous one. A correlation of the TiO 2 degree of 
crystallinity (3h>6h>1h  analogues) and OER performances at higher potentials 
(3h>6h>1h analogues) indicates that TiO2 crystallinity could play a role at high current 
densities, which would be in line with the better electrochemical stability of the crystalline 
TiO 2 compared to the amorphous one263. In other words, when the TiO2 layer is not 
sufficiently stabilized (too amorphous), it can become too thick for efficient electron 
conductance/tunneling, impacting negatively the OER performance at high current 
densities. 

More insights were obtained by performing a Tafel slope analysis. The three anodically 
grown analogues have a similar Tafel slope (60-65 mV/dec, Table 4) which is comparable 
to literature values for both rutile IrO 2 and electrochemically grown oxide98, 264-266. A similar 
Tafel slope indicates that the RDS (rate-determining step) is the same for all the catalysts. 
The other catalysts with Ti -based support (homemade benchmarks) present Tafel slopes 
slightly higher, between 70 and 77 mV/dec. Usually, if the RDS is different, a difference in 
Tafel slope of several decades is expected. Hereby, the difference is too small to be explained 
by another RDS for non-anodized samples and alternative reasoning is needed to explain 
the difference. The literature data for similar systems suggests that the Tafel slope can be 
influenced by the interaction between Ir nanoparticles and the support98, 101, 228. For example, 
unusually large Tafel slopes have been observed when Ir was supported on semiconducting 
support such as TiO2 

261, 267. Nonetheless, both groups of catalysts (with anodically and non-
anodically grown support) have the same TiONx chemical composition, the steeper Tafel 
slope of the non-anodically group is ascribed to a more extensive TiO2 passive surface 
layer261, 267. This attribution is based on the change in the Tafel slope after electrochemical 
degradation (Table 4), where the Tafel slopes of anodically grown analogues increased to 
values similar to the non-anodized samples. This is in line with the electrochemical 
oxidation of TiON x to TiO 2 during the degradation protocol261, 262. 
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Figure 5.13: OER polarization curves. The curves were obtained at 20 mV/ s, in 0.1 M 
HclO4, 1600 rpm. 

Table 4: Electrochemical performances of Ir -based catalysts (averaged over 3 
measurements) and comparison with Ir on Ti -based support from literature. 

Sample Mass Activity at 1.55 V RHE 

[A/ gIr] 

Tafel slope [mV/ dec] 

TiON x-1h-Ir  

After degradation (2h) 

360.9 ± 18.7 

245.4 ± 12.8 

± 60  

± 72  

TiON x-3h-Ir  

After degradation (1h) 

After degradation (2h) 

520.3 ± 50.6 

405.8 ± 39.5 

385.0 ± 37.5 

± 63  

± 77  

TiON x-6h-Ir  

After degradation (2h) 

369.5 ± 35.1 

223.5 ± 21.2 

± 65  

±77 

IrO 2-AA 99.8 ± 14.3 ± 70  

Ir/ TiONx-P25a 143.9 ± 12.1 ±  71 

Ir/ TiON x-NRa 213.2 ± 26.9 ±  77 

Ir/TiN 234 147.5 ± 11.4 ±  75 

IrO 2@TiO2
268 112  

IrO 2/TiO 2 (Umicore)268 47  

IrO 2@Ir/TiN (60wt%) 94 222.3 ±  52.3 

Ir/TiC 269 150 ±  53 

a. From Chapter 5.2.2. 

5.3.3 Electrochemical stability  

A chronopotentiometric (CP) protocol was chosen as the degradation protocol in this study 
because it is more destructive than a potentiodynamic treatment270 and thus more 
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appropriate for a short stability test.  In addition, cycling over 1.6 VRHE during the 
degradation can induce bubbles that block the surface of the catalyst and protect it against 
degradation, leading to wrong conclusions about stability270, 271. A short degradation was 
applied as a primary degradation test to minimize ruining the carbon backing electrode. A 
constant current of 1 mA/mg Ir was applied for 2 hours on the three anodically grown 
analogues and the activity was recorded before and after. 

Our results show that the most stable catalyst is TiON x-3h-Ir, which retained 74.3% of 
the initial activity after 2 h (Figure 5.14). Importantly, most of the performance loss 
already occurs after one hour, namely a loss of 22% is observed. This suggests that after 
an initial loss, the catalyst ɰ activity  decay is slowing down and could sustain prolonged 
operation. The activity loss could originate from (i) the dissolution of Ir nanoparticles, (ii) 
the physical detachment of Ir nanoparticles, or (iii) the electrochemical oxidation of TiONx, 
leading to the formation of a passive nonconductive TiO2 layer. However, a recent study 
showed that Ir (i) and (ii), while potentially important in real devices, do not play a 
significant role during ADT under ambient conditions and in the time frame of RDE 
experiments270. Therefore, the activity loss could be ascribed to the electrochemical 
oxidation of the TiON x support, leading to a thicker TiO 2 layer. This is in accordance with 
the increase of the Tafel slope after the degradation. Another possibility for the decrease 
of activity during the first hour is linked to the formation of a thicker Ir -oxide layer. Indeed, 
Ir -oxide is less active than Ir-hydrous oxide228-231. However, an activation protocol has been 
performed before the test and thus a stable oxide layer was already formed. In addition, 
TiON x was shown to hinder excessive oxidation of Ir and stabilize the nanoparticles272. 
Additionally, the most stable catalyst (TiON x-3h-Ir) also contains the most crystalline TiO2 
phase. The degree of crystallinity could play a role in stability, based on studies of oxide 
analogues273-275 but further dedicated studies would be needed to investigate this effect. 

 

Figure 5.14: Activity remaining for the different samples after 2 hours at 0.1 A/mg Ir. In 
black, TiON x-1h-Ir, in red, TiON x-3h-Ir and TiON x-6h-Ir in green. 

5.3.4 Conclusion  

Ir nanoparticles deposited on TiONx made from anodically grown TiO2 nanotubes exhibit 
a 5-times better mass activity than commercial IrO2 and 2-times better mass activity than 
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Ir on TiON x from the previous study (Table 4). Among the three anodized analogues, the 
activity for OER was in the order TiON x-3h-Ir > TiON x-6h-Ir Ó TiON x-1h-Ir at 1.55 V RHE. 
Better activity was assigned to the differences in the morphology of the support, as other 
properties like Ir particle size and metal loading were kept the same. At low current 
densities, a nanotubular morphology provides better conductivity than its nanoparticular 
counterpart and thus a better activity is observed for TiON x-1h-Ir. On the other hand, 
bubble management becomes more important at high current densities and the 
nanoparticular morphology is more adequate. Furthermore, the ratio between O/N was 
also similar in all of the samples, as determined by EDX, EELS, and XPS. The amount of 
iridium was approximately 11%, as measured by ICP-OES, and the average Ir particle size 
was 3.3 nm, as observed in STEM. The best stability after  the chronopotentiometry test 
was found for the most active catalyst, TiONx-3h-Ir. Better stability was ascribed to the 
morphology and crystallinity of the support (anatase TiO2 layer, as found by Raman 
spectroscopy) as the physical and chemical characteristics of the catalysts are (almost) 
identical.  

Therefore, stable and active OER catalysts using TiON x as support were synthetized. 
The morphology of the support for the best catalyst was made of a mix of nanotubular 
morphology and nanoparticle clusters. This combination morphology brings the best 
tradeoff between electron resistance (nanoparticulate support) and mass transport 
problems (nanotube support). Moreover, an anatase TiO2 layer was found on the surface 
and is most likely protecting the TiON x bulk from further oxidation. It is, however, also 
the reason for the decrease in activity after the stability test.   
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5.4 Support Composition Effect on the Performances of 

I ridium Nanoparticles T owards OER   

 
Parts of the following text were published in Advance Material Interfaces under the title 
ɶEnhancing iridium nanoparticles OER activity and stability by adjusting the coverage of 
titanium oxynitride flakes on reduced graphene oxide nanoribbons supportɷ 276. 

 
L. Moriau, G . Koderman Podborşek, A. K. Surca, S. Semsari Parapari, M. Şala, U. 

Petek, M. Bele, P. Jovanovic, B. Genorio*, N . Hodnik* 
 
As the first author, L. Moriau conducted the electrochemical experiments as well as the 

online-ICP-MS experiments. He also planned the other characterization techniques 
presented in the articles in accordance with the experts. He wrote the initial draft of the 
manuscript. 
 
Previously, TiON x was shown to be a suitable material as a support for OER catalysts. It 
not only possesses the required characteristics of electrocatalyst support but also improves 
the performance of the active material through the SMSI effect. Nonetheless, some features 
can still be enhanced like its conductivity or surface area. Therefore, we investigated a 
combination of TiON x nanoflakes deposited on a reduced graphene oxide nanoribbons 
(rGONRs) template as a carbon ɰ ceramic nanocomposite OER electrocatalyst. The 
nanoribbons morphology allows a fine dispersion of the TiO2. In addition, this specific 
morphology provides an efficient particle-to-particle electrical conductivity by micro-wiring 
of the sample as shown for TiONx in Chapter 5.2. or for pure IrO2 catalysts239. In this 
subchapter, the influence of the composite TiONx/rGONRs on the activity and stability of 
the catalysts was explored. Three samples with a varying TiONx/rGONRs ratio  (referred 
to as Ir/ Low-TiON x/rGONRs, Ir/ Middle-TiON x/rGONRs, and Ir/ High-TiON x/rGONRs 
for a ratio of 1/140, 1/35 and 1/8, respectively) and thus interfacial contact areas between 
the three phases have been synthesized and investigated in detail with classical and 
advanced electrochemical techniques, as well as structural characterization. In addition to 
the three samples with different Ti/C ratio s, the same process was performed without 
titanium precursor to yield Ir/rGONRS.  

5.4.1 Physical characterization  

The results of the synthesis process (see chapter 3.1.1.3) were followed step by step by 
XRD (Figure 5.15). In the first step, the unzipping of multi -walled carbon nanotubes yields 
amorphous GONRs as seen by the diffraction spectrum in green in Figure 5.15a. The 
deposition of TiO 2 on the GONRs and the annealing in ammonia atmosphere lead to 
TiON x/rGONRs  analogues. The reduction of the graphene oxide is visible through the 
characteristic peak around 26-27° (002, Ṷ) in Figure 5.15a. The two other peaks at 37° 
(111) and 43.1° (200) are characteristics of TiONx (ǒ, PDF 01-084-4872)277 and are more 
intense for the samples with a higher amount of Ti-precursor used during the synthesis. 
This indicates that either higher crystallinity or bigger grains are present in the samples 
with more Ti -precursor during the synthesis. Simultaneously, the rGONRs related peak 
(at 26ɰ27°) decreases in intensity with an increase of Ti in the support (lower peak for 
High-TiON x/rGONRs than for Low -TiON x/rGONRs). Finally, after the deposition of Ir 
nanoparticles, new peaks are observed at 40.7° (111) and 47.3° (200) for all the samples 
(Figure 5.15c) which correspond to cubic iridium (*, PDF 04-007-8342)277. Finally, a sample 
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without TiON x was synthesized as a benchmark (Ir/rGONRs) and the characteristic peaks 
of graphene and of Ir were also visible (Figure 5.15d). 

 

Figure 5.15: X-ray diffraction spectra. a) Comparison of the different supports. b) Materials 
after the addition of Ir on Low -TiON x/rGONRs support. c) Comparison of the catalysts 
with different Ti/C ratios after deposition of Ir. d) Deposition of Ir on rGONRs.  

The amount of metals was quantified with ICP -OES where Ir content of 6.81, 6.49, 9.02 
and 6.74 wt% was measured for Ir/Low-TiON x/rGONRs, Ir /Middle -TiON x/rGONRs, 
Ir/High -TiON x/rGONRs and Ir/rGONRs, respectively (Table 5). In the case of titanium, 
2.3, 13.59, and 31.34 wt% was determined for Ir/Low-TiON x/rGONRs, Ir/Middle -
TiON x/rGONRs, Ir/High -TiON x/rGONRs and Ir/rGONRs, respectively. No titanium was 
found in the Ir/rGONRs sample as expected. Hence, the amount of titanium present in the 
sample is not linearly dependent on the ratio of the precursor. When the ratio goes from 
1/140 to 1/35 (ɶLowɷ ratio to ɶMiddleɷ ratio), there is a 4-time increase in precursor but 
around a 6-time increase in the amount of Ti in the sample, going from 2.3 to 13.6 wt%. 
Oppositely, when higher concentrations of Ti-precursor are used (ɶHighɷ ratio), the final 
catalyst contains only twice the amount of Ti as in Ir/Middle -TiON x/rGONRs with a 4 -
time higher precursor ratio. 

 
Table 5: Physical characteristics of the Ir -based electrocatalysts with a graphene-
template/TiON x support. 

 Ti/C  

(molar ratio)  

Ti wt%  Ir wt%  Nanoribbons 

width ( nm)*  

Iridium particle 

size (nm) 

Ir/rGONRs  /  < 1  6.74 422 ± 82 2.35 ± 0.47 

Ir/Low -

TiON x/rGONRs 

1/140 2.30 6.81 292 ± 54 3.4 ± 0.47 

Ir/Middle -

TiON x/rGONRs 

1/70 13.59 6.49 288 ± 50 2.52 ± 0.33 

Ir/High -

TiON x/rGONRs 

1/35 31.34 9.02 301 ± 45 2.92 ± 0.2 
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*Since nanoribbons are a high aspect ratio material, both dimensions, width and length, 
would be of interest. The length varies significantly but is in the range of 1 to 10 µm. 

 
Afterwards, the morphology of the catalysts was investigated by SEM and TEM. The 

nanoribbonsɴ shape and structure are confirmed for all the samples (Figure 5.16). However, 
the Ir/TiON x/rGONRs analogues exhibit some morphological changes compared to 
Ir/rGONRs. Firstly, the width of the nanoribbons, which decreases when TiONx was added 
to the graphene, for Ir/rGONRs is 422 ±  82 nm wide while the samples covered with 
Ir/TiON x/rGONRs are 292 ± 54, 288 ± 50 and 301 ± 45 nm wide for Low-, Middle- and 
High- Ir/TiON x/rGONRs , respectively (measured from SEM analysis). Moreover, the 
surface smoothness changes with the higher amount of TiONx in the sample. Ir/rGONRs 
look smooth while Ir/High -TiON x/rGONR  is the more rugged one. This could be beneficial 
for the catalytic performances as it in principle increases the available surface area of TiONx 
for Ir deposition and possibly has better anchoring ability for Ir nanoparticles. This could 
explain the higher amount of Ir present in Ir/High -TiON x/rGONR . These morphological 
changes are most likely due to some interaction between TiONx and rGONRs during the 
synthesis (thermal annealing or hydrolysis steps). For clarity, the structures of the different 
catalysts are represented in Figure 5.17. 

 

Figure 5.16: SEM pictures of supported Ir catalysts. a) Ir/rGONRs. b) Ir/Low -
TiON x/rGONRs. c) Ir/Middle -TiON x/rGONRs. d) Ir/High -TiON x/rGONRs . 
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Figure 5.17: Graphical representations of supported Ir electrocatalysts. a) Ir/rGONRs. b) 
Ir/Low -TiON x/rGONRs. c) Ir/Middle -TiON x/rGONRs. d) Ir/High -TiON x/rGONRs.  

SEM analysis provides information about the morphology of the support while the TEM 
images deliver morphological details of the deposited iridium nanoparticles. In addition, 
EDXS-TEM  mapping provides information about the composition and anchoring locations 
of Ir nanoparticles as well as the presence of Ti (Figure 5.18). The EDXS signal of Ti 
follows the trend observed in ICP-OES.  

First, the signal in Ir/Low -TiON x/rGONRs  is low and evenly spread across the carbon, 
pointing more toward ɶdopingɷ than a significant coverage of the carbon (Figure 5.18). 
From the images, it is not possible to claim if it is single atoms or clusters, but no few nm-
sized Ti clusters were observed. Nonetheless, any Ti -containing clusters would be very 
small (not visible in TEM) or in an amorphous form (lack of XRD diffraction) and account 
for only 2.3 wt% of the sample. On the other hand, Ti is covering the ribbons like patches 
in the Ir/Middle -TiON x/rGONRs sample with some bare carbon sections. These patches 
are described as flakes of TiONx on nanoribbons. It is observed that t he Ir nanoparticles in 
this sample (in blue in Figure 5.18) are mostly present at the intersection between Ti (in 
green) and carbon (in red). Finally, for Ir/High -TiON x/rGONRs, the coverage of the 
carbon surface by TiONx patches is larger. Subsequently, the Ir nanoparticles are 
principally sitting on the TiON x flakes in this catalyst. For comparison purposes, 
Ir/rGONRs EDXS is also shown but no Ti signal was observed (Figure 5.18). The Ir signal 
was seen superimposed on the Ti signal for Ir/Middle -TiON x/rGONRs and Ir/High -
TiON x/rGONRs but careful examination of the EDXS signal of Ir/Low -TiON x/rGONRs 
shows that Ir is also present on the Ti small signal for this sample. Hence, it looks like 
iridium nanoparticles preferentially grow on top or in direct contact with TiON x 
patches/clusters. For all samples, the size and morphology of the Ir nanoparticles could be 
measured from the TEM images. In the two composites with the most Ti, the Ir 
nanoparticles are spherical with an average diameter of 2.5 ± 0.3 and 2.9 ± 0.2 nm, for 
Ir/Middle -TiON x/rGONRs and Ir/High -TiON x/rGONRs , respectively (Table 5). On the 
other hand, in Ir/Low -TiON x/rGONRs and Ir/rGONRs catalyst, the Ir nanoparticles are 
also small but more elongated. Consequently, the average particle size is more difficult to 
accurately measure but an estimation of 2.4 ± 0.5 nm and 3.4 ± 0.5 nm was determined 
for Ir/Low -TiON x/rGONRs and Ir/rGONRs , respectively (Table 5). In addition, some 
particles up to 25 nm were observed for Ir/rGONRs. Thus, the preferential growth of Ir 
nanoparticles on TiONx leads to a smaller and more uniform particle size distribution. 
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Figure 5.18: STEM (first row: bright field, second row: dark field)  and EDS analysis (carbon 
in red, Ti in green, and Ir in blue). By columns: a) Ir/ Low-TiON x/rGONRs . b) Ir/ Middle-
TiON x/rGONRs . c) Ir/ High-TiON x/rGONRs . d) Ir / rGONRs.  
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Furthermore, Raman spectroscopy confirmed the presence of TiONx on the surface of 
rGONRs (Figure 5.19). Spectra recorded at different z values (distance between the 
objective and the exposed surface of specimen) expose the surface composition. At higher 
z values with constant laser power, the depth signal is lower and thus the signal originates 
more from the surface. When z values were increased, the carbon peaks slowly disappeared 
(typical G and D bands at 1601 and 1354 cm-1) while the typical TiN/TiO 2/TiON x 
features243, 245, 246, discussed before, appeared. The IrO2 peaks are superimposed in the same 
range as the ones for Ti-based compounds, specifically at 715 and 445 cm-1 249. The 
disappearance/appearance of peaks with z values points out that the Ir/TiON x is only 
present on the surface of the carbon. 

 

Figure 5.19: Raman spectra of Ir/Middle-TiON x/rGONR s at the same site but at different 
z axis positions of the objective (inmm). The spectra were recorded using a constant laser 
power of 4 mW. 

5.4.2 Electrochemical characterization  

The samples were activated by cycling from 0.05 to 1.6 VRHE under O2 until a stable CV 
was obtained. Afterward, the electrolyte was saturated with Ar and the samples were 
cycled in the same potential at a slow scan rate. The activity was measured at 1.55 VRHE 
after correcting for the capacitive contribution.  

Figure 5.20 displays the anodic part of the CV for all the synthesized catalysts and a 
commercial IrO2 (Alfa Aesar). The activity trend is Ir/Middle -TiON x/rGONRs >  Ir/High -
TiON x/rGONRs >  Ir/Low -TiON x/rGONRs  > Ir/rGONRs with mass activity of 4820 ± 
310, 3200 ± 250, 2910 ± 120, and 2450 ± 150 A/g Ir, respectively. The IrO 2 benchmark has 
a recorded activity of 157 A/g Ir, which is comparable to literature measurements for this 
benchmark72, 85, 98, 224, 264-266. It means that our catalysts present a 30.5, 20.4, 18.4, and 15.5 
improved activity  over the benchmark. The enhanced activity can be mostly ascribed to 
better utilization of Ir in the supported analogues over the IrO2 benchmark, namely smaller 
particle size and thus higher active surface area exposed. However, while the particle size 
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difference and the use of support can explain the difference between the synthesized 
catalysts and benchmark, it does not provide a satisfying explanation for the difference of 
activity observed between the supported analogues. Other factors can be responsible for 
activity differences as an effect of the support98, 100, 108, 126, 207, 265 or Ir -oxide composition121, 273 
(e.g., hydrous iridium oxide is more active than the crystalline oxide). 

In the case of Ir/Low-TiON x/rGONRs and Ir/rGONRs samples, a comparable activity 
is expected as they have a similar structure and composition as seen from the XRD results 
(black curve in Figure 5.15c and red in Figure 5.15d, respectively). The main differences 
between these two samples are the low amount of TiONx on graphene in the Ir/Low-
TiON x/rGONRs (2.30 wt%), a bit smaller average particle size (3.4 ± 0.5 nm vs 2.3 ± 0.5 
nm for Ir/Low -TiON x/rGONRs and Ir/rGONRs, respectively) and the presence of large 
particles found only in Ir/rGONRs.  Intriguingly, these differences do not affect the OER 
activity at low potential (under 1.53 V RHE), but they do have an impact at higher potentials. 
This difference cannot be ascribed to the small addition of TiON x, as 2.30 wt% is likely 
not enough to induce a SMSI effect and thus an influence on the activity. However, this 
small addition is indeed enough to impact the stability of carbon as addressed later. 
Therefore, the trend shift at low and hig h potentials is most likely due to the presence of 
large particles in the Ir/rGONRs sample. At high potentials, the bubble management issue 
has a significant impact on the activity as mentioned before and larger particles have a 
lower active surface area per mass than small particles. Consequently, at high potentials, 
the bubble formation and release are improved on small particles. Thus, Ir/Low-
TiON x/rGONRs catalyst with a more homogeneous dispersion of Ir nanoparticles has 
better activity  than Ir/rGONRs  at high potentials where the bubbles management plays a 
more important role, and thus the particle size distribution is more critical, while it has a 
similar activity at low potentials.  On the other hand, adding a higher amount of Ti (both 
13.59 wt% and 31.34 wt%) drastically increases the activity. Several factors could explain 
this enhancement. First, TiON x has been shown to induce SMSI with Ir  (Chapter 5.2.2) 
and the presence of flakes, oppositely to 2.30 wt%, is most likely enough to generate this 
effect. It can affect the growth of the less-active Ir-oxide and thus affect OER activity and 
Ir nanoparticles stability  as previously shown. Secondly, the nanoparticles in Ir/rGONRs 
and Ir/Low -TiON x/rGONRs are more elongated than the spherical ones of Ir/Middle-
TiON x/rGONRs and Ir/High -TiON x/rGONRs catalysts. The catalytic reactions have been 
shown to be catalyst-shape dependent and thus this could influence the OER activity254, 278-

280. The last possible influencing factor is the average particle size and thus Ir utilization . 
However, this factor is definitely not enough by itself. Indeed, Ir/Middle-TiON x/rGONRs 
has the smallest average particle size (2.52 ± 0.33 nm) compared to the two other analogues 
(3.40 ± 0.47 nm and 2.92 ± 0.2 nm for Ir/Low -TiON x/rGONRs and Ir/High -
TiON x/rGONRs, respectively), but this accounts to only a 20 % difference (based on simple 
geometric particle size-to-surface calculation, assuming spherical particles) while the 
difference in mass normalized activity is between 40 and 50 %. 

The small amount of Ti in Ir/Low -TiON x/rGONRs (2.3 wt%) is assumed  not to induce 
the SMSI effect due to a doping-like presence of Ti instead of Ti-containing structures as 
defined by XRD and EDXS. At the same time, both Ir/Middle -TiON x/rGONRs and 
Ir/High -TiON x/rGONRs analogues should have a similar SMSI effect as they both have 
TiON x flakes. However, the beneficial effect obtained with the addition of a halfway amount 
of TiON x (13.59 wt% Ti, Ir/Middle -TiON x/rGONRs) does not scale up when a higher 
amount of TiON x is added. Namely, Ir/High-TiON x/rGONRs has a lower activity than 
Ir/Middle -TiON x/rGONRs (around 40 %). The first look of STEM images and EDXS 
mapping gives the impression that Ir nanoparticles are sitting on TiONx for both High- 
and Middle-analogues while a closer inspection tells another story. The Ir nanoparticles are 
indeed anchored on top of TiONx flakes in Ir/High -TiON x/rGONRs but the nanoparticles 
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are present on their edges in Ir/Middle-TiON x/rGONRs catalyst.  In the latter, the 
nanoparticles are in contact with TiONx and with the rGO  nanoribbons simultaneously. 
Therefore, the heterojunction between nanoparticles and the support as well as the binding 
environment is not the same in both catalysts which indicates that the difference in activity 
could go beyond the effect of SMSI with TiONx. It suggests that the notable activity 
increase in Ir/Middle-TiON x/rGONRs occurs due to some synergistic effects due to the 
special position of Ir nanoparticles in contact with both TiON x flakes and carbon. This 
unique distribution which brings the highest activity is not present for lower Ti loading, 
where the Ir nanoparticles are predominantly supported on carbon, nor at higher loading, 
where the nanoparticles are anchored on top of TiONx flakes. Indeed, the activity can be 
presented as a volcano-plot where on one side, there are carbon-support catalysts, and on 
the other side, the catalysts with Ir are on TiON x, while Ir/Middle -TiON x/rGONRs, with 
Ir nanoparticles sitting on both TiON x and carbon, is at the top.  

The Tafel slopes are similar for all the catalysts with values of 50.2, 52.4, 54.7 and 59.1 
mV/ dec for Ir/Middle -, High-, Low-TiON x/rGONRs and Ir/rGONRs , respectively. Hereby, 
all the materials have the same RDS for OER. Moreover, values between 40 and 70 mV/dec 
are frequent for Ir-based catalysts98, 224, 254, 264-266, 281 (Table 6). 

In comparison to the literature (Table 6), Ir/Middle -TiON x/rGONRs catalyst is the 
most active catalyst reported at 25°C. It outperforms the most active Ir-alloys catalysts 
reported so far by Alia et al. (3353 A/g Ir and 2327 A/gIr at 1.55 VRHE for Ir -Ni and Ir -Co, 
respectively)85. With an activity of 862.93 A/g Ir at 1.5 VRHE, it also overpasses the 
performance of other supported Ir catalysts (Ir/ATO, 185 A/g Ir at 1.5 VRHE) proposed by 
Hartig-Weiss et al.103, or IrRu@Te presented by Xu et al. (590 A/gIrRu at 1.5 VRHE)282. In 
addition, the impact of the carbon template was observed when compared with our 
previously made TiONx-nh-Ir catalysts (Chapter 5.3). The catalysts with a carbon template 
have one order of magnitude higher activity. The Tafel slope is also slightly lower for the 
catalysts with a carbon template with a value between 50 and 55 mV/dec over the 60-65 
mV/dec observed before. The RDS is similar in both groups as the difference is not big 
enough, but this still indicates that the kinetics is higher when the carbon template was 
used.  

Therefore, the TiON x support can directly influence Ir nanoparticles properties like 
morphology, particle size or electrical contact. Moreover, it can also affect the 
electrochemical performances of Ir nanoparticles via many features like support 
interaction272, better wiring 239 or oxygen bubble formation and removal process237. These 
will influence not only the activity but also the stability (SMSI) or the Tafel slope . The 
last one depends on the coverage of the catalysts by the intermediates283-285 and thus is 
influenced by, among others, the oxygen bubble formation/removal, the Ir nanoparticles 
morphology, the adsorption energy and the Ir oxidation state . 
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Figure 5.20: OER performance of the catalysts in Ar-saturated 0.1 M HClO4. a) Positive 
scans after correction for the capacitive contribution of the CVs (20 mV/s, 0.05 to 1.6 
VRHE). b) OER mass activities at 1.55 VRHE of the catalysts before (plain) and after 
(crosshatch) chronopotentiometry (average of three measurements). 

Table 6: Comparison of electrochemical performances of Ir-based catalysts. 

Samples A/g Ir at 1.5 VRHE A/g Ir at 1.55 VRHE Tafel slope (mV/dec) 

Ir/rGONRs  605 2361 59.1 

Ir/Low -

TiON x/rGONRs 

540 2827 54.7 

Ir/Middle -

TiON x/rGONRs 

863 5216 50.2 

Ir/High -

TiON x/rGONRs 

649 3227 52.4 

IrO 2-AA 34 157 67.6 

TiON x-1h-Ir   361 60 

TiON x-3h-Ir   520 63 

TiON x-6h-Ir   370 65 

Ir 224  140-300  

Ir/V 224  460  

Ir/TiO 2 
224  70  

IrO x 72  689  

IrNi 85  3353  

IrCo85  2327  

Ir bulk 254   63 

Ir nanoparticles254   64 

Ir network 286  1850*  

IrO 2/TiN 204  < 250*   

IrO x/ATO 98 20*  56.8-59.4 

IrRu@Te282 590   

* From graphs 
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5.4.3 Stability evaluation  

5.4.3.1 Electrochemical performances and morphological change  

In this case, the stability of the OER catalysts was evaluated with two different ADTs. 
The measurements were performed on fresh films. The first degradation test was 5000 fast 
cycles in the OER window, 1.2 to 1.6 VRHE, 1V/s. The catalysts maintained a high activity 
after this test (Table 7). This ADT, while often performed in literature 72, 85, 121, 273, is, in our 
opinion, not severe enough to induce degradation mechanisms of the catalysts and thus 
longer tests are needed to observe effective degradation. In addition, the current target of 
the real device (WE) is to achieve a good current density. Hence, the second test was a 
chronopotentiometry (CP) protocol. A constant current of 2 mA/cm 2

geo was applied for 
two hours which is equivalent to 0.2-0.3 mA/  µgIr for the given loading on the electrode 
(around 6ɰ9 µgIr/cm 2). 

After the first ADT (cycling), the activity retention trend is  Ir/Low -TiON x/rGONRs 
> Ir/High -TiON x/rGONRs > Ir/Middle -TiON x/rGONRs . The most stable catalyst retains 
99% of its initial activity while High- and Middle- analogues keep 93 and 87%, respectively. 
The stability trend under cycling is the opposite of the activity trend for the TiON x-
analogues. This is logical as the catalyst that is less active will reach a lower current during 
fast cycling in the same potential window than a highly active catalyst. Consequently, less 
oxygen is produced (which can involve dissolution of iridium287), less oxidation of the 
support/nanoparticles occurs and thus the more active the catalysts are, the harsher the 
cycling degradation test. Moreover, it was shown that the O2 bubbles, formed during fast 
cycling, can block the active spots, and thus decrease the measured activity288, 289. This 
problem is also more impactful for more active catalysts. Nonetheless, the less active 
catalyst Ir/rGONRs is also the less stable under cycling with 84% activity retention. This 
could be due to the absence of stabilizing SMSI between Ir nanoparticle and the carbon 
support, oppositely to TiON x containing materials.  

On the other hand, the stability trend after the CP -ADT is Ir/High -TiON x/rGONRs 
> Ir/Low -TiON x/rGONRs > Ir/rGONRs > Ir/Middle -TiON x/rGONRs.  Here, the good 
stability of Ir/rGONRs and Ir/Low -TiON x/rGONRs, with 70 and 77% activity retention 
respectively, was surprising as the carbon was expected to heavily degrade. The 7% 
difference was attributed to the ɶTi-dopingɷ in Ir/Low-TiON x/rGONRs. In the case of 
Ir/High -TiON x/rGONRs, 85% of the activity remains after 2 hours, making it the most 
stable catalyst while the second-best catalyst in terms of activity. On the other hand, the 
most active catalyst, Ir/Middle -TiON x/rGONRs, is the least stable one with a 36% loss of 
activity. However, its activity after degradation is still one of the highest in literature 85, 282, 

283 with 3097 A/g Ir. 
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Table 7: Remaining activity after ADTs.  

Samples A/g Ir at 1.55 VRHE % of activity retained at 

1.55 VRHE after 2h at 2 

mA/cm 2
geo 

% of activity retained at 

1.55 VRHE after 5000 

cycles (1.2 to 1.6 VRHE) 

Ir/rGONRs  2361 84 70 

Ir/Low -

TiON x/rGONRs 

2827 99 77 

Ir/Middle -

TiON x/rGONRs 

5216 87 64 

Ir/High -

TiON x/rGONRs 

3227 93 85 

 
In addition to the evaluation of activity before and after ADTs, the morphological 

changes were investigated with TEM. After 5000 cycles, no major structural changes were 
observed in Ir/Middle-TiON x/rGONRs. The particles were still small and evenly dispersed 
on the support (Figure 5.21a-d). After the CP protocol, the particles start to agglomerate 
which reduces the ECSA and could explain the loss of activity (Figure 5.21e-h). The 
agglomeration occurs at the junction between rGONRs and TiONx as seen in EDXS (Figure 
5.22e-h). In comparison, the most stable catalyst under CP (Ir/High -TiON x/rGONRs)  
exhibits lower agglomeration and higher retention of the spherical shape of the 
nanoparticles (Figure 5.21i-l) . Moreover, the carbon template remains covered by TiON x 
(Figure 5.22i-l).  

 

Figure 5.21: TEM pictures. a-d) Ir/Middle -TiON x/rGONRs after 5000 cycles between 1.2 
and 1.6 VRHE. e-h) Ir/Middle -TiON x/rGONRs after 2h at 2 mA/cm 2

geo. i -l) Ir/High -
TiON x/rGONRs after 2h at 2 mA/cm 2

geo. 














































































































