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Abstract 

Hydrogen as an energy carrier is expected to play a vital role in the future renewable 

dominated energy system. One of the promising technologies to produce high purity H2 

is the proton exchange membrane (PEM) electrolyzer. However, its large-scale 

commercialization is hindered by the high investment cost, even though the technology 

is becoming mature. One main cost contributor is the anode catalyst, which requires Ir-

based materials with a high loading to overcome the high overpotential of oxygen 

evolution reaction (OER). 

Aiming to address the challenge to reduce the amount of Ir required in the anodes, 

several OER catalysts were developed in this work by adopting different strategies. On 

the one hand, Ir nanoparticles were supported on electro-conductive ceramic materials, 

including Magnéli phase Ti4O7 and SnO2:Sb aerogel, to increase the Ir utilization. Both 

Ir/Ti4O7 and Ir/SnO2:Sb aerogel catalysts show significantly improvement in Ir mass 

activity. In particular the latter one achieved the same performance compared to the 

unsupported counterpart while only containing ca. 30 wt.% Ir on the electrode. On the 

other hand, to increase the specific OER activity for each active site, one unsupported 

Ir-rich catalyst was derived from IrRuOx by electrochemical Ru leaching. After 

stabilization of Ru leaching, it demonstrates a 13-fold OER activity greater than state-

of-the-art, rutile phase IrRuO2. The developed catalysts were physically characterized 

by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic 

force microscopy (AFM), scanning electron microscopy (SEM), energy-dispersive X-

ray spectroscopy (EDS) and transmission electron microscopy (TEM). Subsequently, 

the materials were electrochemically evaluated by rotating disc electrode (RDE) 

technique, consisting of cyclic voltammetry (CV), linear scanning voltammetry (LSV) 

and chronopotentiometry. Besides, CO-stripping and Cu underpotential deposition (Cu-

UPD) were employed to investigate their electrochemical surface area (ECSA). 

Advanced operando techniques were used to investigate the stabilization and catalysis 

mechanisms of the given catalysts. Near-ambient pressure X-ray photoelectron 

spectroscopy (NAP-XPS) was applied on rutile phase RuO2 and IrRuO2. The results 

unveil that the abundant unstable Ru(OH)x formation on the electrode surface leads to 

the fast degradation of RuO2 while Ir prevents its formation in the case of IrRuO2 
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thereby stabilizes the electrode. Additionally, the amorphous IrOx and rutile phase IrO2 

were comparatively studied by both NAP-XPS and soft X-ray adsorption near edge 

structure (XANES). A correlation between the concentration of anion OI- species and 

the OER activity on both Ir@IrOx and IrO2 electrodes was observed, suggesting the 

OER catalysis mechanism on Ir oxides is likely to involve anion rather than cation red-

ox chemistry regardless of the oxide structure (amorphous vs. rutile). 

At the end, the above developed Ir-rich catalyst that shows promising performance from 

RDE measurements was tested in a PEM electrolyzer. It demonstrated an apparent 

higher OER activity compared to IrRuO2 and no cell potential increase was observed for 

ca. 400 h of electrolysis operation. To correlate the fundamental understanding and 

those acquirements from engineering perspective, a simulation model based on Butler-

Volmer equation was established to extract the key kinetic parameters for the anode 

catalyst from the electrolyzer cell test. Ir-rich catalyst and IrRuO2 were implemented 

with the model, their exchange current density (��� ) and charge transfer coefficient 

(α��) were obtained, then the corresponding Tafel slopes were calculated, with which 

the OER catalysis mechanisms are elucidated accordingly. 
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Kurzfassung 

Man geht davon aus, dass Wasserstoff zukünftig eine wichtige Rolle als Energieträger 

in einem von erneuerbaren Energien dominiertem Energie-System spielen wird. Eine 

der vielversprechendsten Technologien zur Herstellung von hochreinem Wasserstoff ist 

die PEM-Wasserelektrolyse (PEMWE, PEM: proton exchange membrane). Die 

Kommerzialisierung von PEMWE wird jedoch von den hohen Anschaffungskosten 

verhindert, auch wenn die Technologie bereits Marktreife erlangt hat. Einen der größten 

Beiträge zu den Kosten verursacht der Anodenkatalysator, der aus Ir-basierten 

Materialien besteht. Die Elektroden benötigen zudem hohe Ir-Beladungen, um die hohe 

Überspannung der OER (oxygen evolution reaction) zu überwinden. 

Um sich der Herausforderung der Reduktion des Ir-Gehalts in PEMWE-Anoden zu 

stellen, wurden im Rahmen dieser Arbeit verschiedenen Strategien zur Herstellung von 

OER-Katalysatoren entwickelt. Auf der einen Seite wurden Katalysatoren aus Ir und 

den elektrisch leitenden keramischen Materialien Ti4O7 in der Magnéli-Phase und dem 

SnO2:Sb Aerogel hergestellt. Beide Materialien zeigten eine deutlich erhöhte 

Massenaktivität des Ir. Insbesondere besitzt Ir/SnO2:Sb mit nur 30 wt.% Ir auf der 

Elektrode dieselbe Leistungsdichte wie ungeträgertes Ir. Auf der anderen Seite wurde, 

um die spezifische OER-Aktivität für einzelne Reaktionszentren zu erhöhen, ein 

ungeträgerter Ir-reicher Katalysator mittels elektrochemischen Auflösung des Ru aus 

IrRuOx synthetisiert. Nach der Stabilisierung durch das Auflösen des Ru, zeigt er eine 

13-fach höhere OER-Aktivität als herkömmliches IrRuO2 (Rutil-Phase). Die 

hergestellten Katalysatoren wurden mittels XRD, XPS, AFM, EDS und TEM 

physikalisch-chemisch und mittels RDE inklusive CV, LSV und Chronopotentiometry 

elektrochemisch charakterisiert. Um die elektrochemisch aktive Oberfläche (ECSA) zu 

bestimmen, wurde zudem CO-Stripping und Cu-UPD angewandt. 

Um die Stabilisierungs- und Katalyse-Mechanismen der einzelnen Katalysatoren zu 

untersuchen, kamen auch fortschrittliche operando Techniken zum Einsatz. RuO2 

(Rutil-Phase) und IrRuO2 wurden mittels NAP-XPS (near ambient pressure photo-

electron spectroscopy) analysiert. Die Ergebnisse zeigten, dass die Erzeugung von 

unstabilem Ru(OH)x auf den Elektroden zu schneller Degradation des RuO2 führt. Ir 

hingegen verhindert dessen Bildung im Fall von IrRuO2. Darüber hinaus wurde 
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amorphes IrOx und IrO2 in der Rutil-Phase vergleichend mit NAP-XPS und XANES 

untersucht. Für beide Katalysatoren ergab sich eine Korrelation zwischen der 

Konzentration der OI-Spezies und der OER-Aktivität. Dies suggeriert, dass der OER-

Mechanismus auf Ir-Oxiden unabhängig von der Oxid-Struktur eher auf einer Anionen 

Redox-Reaktion als auf einer Kationen-Redox-Reaktion basiert. 

Schließlich wurde der Ir-reiche Katalysator, der vielversprechende Ergebnisse in RDE-

Messungen gezeigt hat, in einem PEMWE getestet. Die gemessene OER-Aktivität war 

dabei signifikant höher als die von IrRuO2. Zudem wurde kein Potentialanstieg 

(Degradation) in den ersten 400 h Betrieb beobachtet. Um die zugrunde liegenden 

Mechanismen zu verstehen und um Kinetik-Parameter der Anoden-Reaktion zu 

erhalten, wurde ein auf der Butler-Volmer-Gleichung basierendes Modell entwickelt, in 

das der Ir-reiche Katalysator und IrRuO2 implementiert wurden. Mit der daraus 

berechneten Austauschstromdichte, Ladungstransfer-Koeffizienten und Tafel-Steigung, 

können wie entsprechenden OER-Mechanismen besser verstanden werden. 
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1 Introduction 

1.1 Background 

In the past few decades, the climate change is affecting human life stronger than ever 

before. Apparent effects are the frequent extreme weather catastrophes such as storms 

and also a global rise in sea level. Researchers have agreed that the global warming 

caused by greenhouse gas (GHG) emissions is the biggest culprit that triggered these 

changes.[1] To mitigate the potential risks, impacts and damages from this trend, serious 

actions have to be taken to reduce the GHG emission, mainly carbon dioxide that is 

emitted due to the fossil fuel use and human activities. More than 100 countries have 

adopted a guiding principle for this action, a global warming limit of 2 °C or below 

compared to pre-industrial levels.[2] To achieve this goal, renewable energies have to 

be extensively applied to address the climate change issues.[3–5] As shown in Figure 1-

1, a sustainable energy landscape with low carbon footprint or “carbon-balanced” 

energy metrics has been proposed,[6,7] in which the renewable energies, including solar, 

wind and hydro, are provided to the end customers in the forms of electricity, hydrogen 

or synthetic fuels (CxHyOz). 

 

Figure 1-1. Schematic of a sustainable energy landscape based on hydrogen. 

In this scenario, hydrogen plays a significant role and serves as an energy carrier in the 

system, where it is used to store energy from intermittent electricity generated by wind 

turbines and solar panels to balance the electricity generation peak and customer load 
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peak. Hence, power-to-hydrogen (P2H) strategy is a promising approach for long term 

energy storage unlike battery buffer system that is feasible only for short term 

application. 

In general, hydrogen can be produced via different ways, including thermochemical, 

electrochemical, photobiological and photoelectrochemical technologies, from water, 

biomass, natural gas, or coal (after gasification).[8–10] In spite of the fact that hydrogen 

production by reforming of hydrocarbon fuels is the most developed and most used 

technology to date,[9] it is not a preferred pathway compared to the currently emerged 

water electrolysis and photoelectrolysis due to its high carbon footprint process that is 

not beneficial to relieve global warming.[11–13] On the other hand, photoelectrolysis 

for hydrogen production still needs a long way to go before becoming a mature 

technology considering its low efficiency and system stability issue in aqueous 

electrolytes.[12–14] In comparison, the electrochemical conversion process to split 

water, known as water electrolysis, is a promising and realistic way for the high purity 

hydrogen production in the near future. Among different types of existing technologies 

(alkaline, PEM and solid oxide), PEM water electrolysis has attracted a great deal of 

attention due to the high gas purity, rapid system response, compact system design, and 

dynamic operation.[11] It is regarded as one of most promising technologies to 

penetrate the market and make P2H scenario become a reality. However, hydrogen 

production from variable renewable electricity is at a lower technology readiness level 

in Figure 1-1.[15] There are still two main issues to be addressed before PEM water 

electrolysis technology is scaled up to industrial level. One of the challenge is the 

bipolar plates that are generally made of titanium due to the hostile working condition 

of PEM electrolyzers and greatly contribute to the high cost (ca. 50%).[16] Different 

kinds of coating technologies based on stainless steel have been developed to solve this 

problem.[17–19] The second challenge is the anode catalyst. To date, iridium based 

catalyst is the only feasible option because of the high activity and considerable stability 

in a strong corrosive environment. In addition, a relatively high iridium loading is 

necessary to overcome the high overpotential and sluggish kinetics of oxygen evolution 

reaction (OER). Not to mention the high cost of the precious metal, the scarcity of 

iridium becomes the main limiting factor for scaling up this technology. Paoli et al. 

estimated that it would require 10 years Ir production to build a TW level PEM water 
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electrolyzer system.[20] Therefore, highly active and stable electrocatalysts with ultra-

low Ir loading are urgently needed to solve this issue. 

1.2 Motivation 

Based on the above background, this work is towards developing a couple of active and 

stable OER electrocatalysts for PEM electrolyzers. The three major objectives of this 

thesis are: i) synthesize new materials, characterize and screen developed catalysts by 

different physical and electrochemical techniques; ii) understand their catalysis 

mechanisms and degradation mechanisms by those advanced operando technique, 

including near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) and soft 

X-ray adsorption near edge structure (XANES); iii) select one of the developed catalysts 

with promising performance for PEM electrolyzer test and shed light on its catalysis 

mechanism in a practical operation condition by establishing a model based on 

electrochemical fundamentals and PEM electrolyzer test results. 
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2 Fundamentals 

2.1 Water electrolysis 

2.1.1 Classification of water electrolysis 

Water electrolysis is a simple electrochemical process that converts water into gaseous 

hydrogen and oxygen by employing a DC electricity, which was first time observed by 

Nicholson and Carlisle in 1800.[21–23] After more than 200 years development, 

substantial progress regarding this concept has been made and the current technology 

can be divided into three categories based on the ion conducting mechanism:[9,11] 

a) Alkaline water electrolysis 

As a sufficiently developed and market available technology, alkaline water electrolysis 

shows its economic competitiveness in comparison with the traditional hydrogen 

production technologies, such as steam reforming. Alkaline electrolyzer typically 

consists of two electrodes separated by a gas-tight diaphragm, which is immersed in a 

high concentration aqueous KOH electrolyte, in the order of 25-30 wt.%.[11,22,24] In 

general, non-precious metal catalysts are used for both anode and cathode sides. 

Alkaline electrolyzer is well known for its long lifetime and relatively low capital 

cost,[24] while the main drawbacks include the corrosive electrolyte, the hydrogen 

crossover and the limiting operation conditions like low current density and operating 

pressure.[11,21,22] 

b) Solid oxide electrolysis 

Solid oxide electrolysis (SOEC) is known by its high energy efficiency, up to 100 % in 

the endothermic mode.[11,23] Owing to the high operating temperature, the anode and 

cathode overpotentials that cause the power loss in electrolysis are negligible under 

specific conditions. In the 1980s, Donitz and Erdle have demonstrated a single cell 

operation with current densities of -0.3 A cm-2 and 100 %  Faraday efficiency at a 

voltage as low as 1.07 V.[23] Notwithstanding, this technology is at its early 

development phase, while the major challenge is the fast degradation of cell components 

under high temperature, the manufacturing capacity as well as the design and production 

of large size systems (multi MW). If this can be successfully addressed, the SOEC could 

play a significant role in the future for the mass production of hydrogen. In addition, 

SOEC has the potential to be used for CO2 electrolysis due to its chemical flexibility.[23] 
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Table 2-1. Comparison of alkaline, PEM and solid oxide electrolysis. 

 Alkaline water 
electrolysis 

PEM water 
electrolysis 

Solid oxide 
electrolysis 

Advantages Non-precious metal 
catalysts; 

Longer lifetime 

High energy 
efficiency; 

High current density 
operation; 

Compact system 
design; 

Dynamic operation 

Extremely high 
energy efficiency (up 

to 100 %); 

Chemical flexibility 

 

Disadvantages Low hydrogen 
purity; 

Limited current 
density; 

KOH circulation; 

Low operating 
pressure; 

Corrosive 
electrolyte 

Anodic corrosive 
condition; 

Precious metal 
electrocatalysts 

 

Durability of 
components; 

Bulky system design; 

Under development 

Capital cost Cost effective High cost 
No dependable cost 

information 

Technology 
maturity 

Commercial Near term Long term 

 

c) PEM electrolyzer 

Proton exchange membrane (PEM) electrolyzer was developed to overcome the 

drawbacks of alkaline electrolyzers, first demonstrated by General Electric in the 

1960s.[25] Due to the use of solid polymer electrolyte membrane, PEM electrolyzer can 

be assembled to a very compact system. It can operated at a much higher current density 

with a higher energy efficiency compared to alkaline electrolyzer. On the other hand, 

safety and reliability are also significantly improved since hydrogen permeability 

through the diaphragm in alkaline electrolyzer is avoided, leading a high purity 

hydrogen product.[11,22] The compact system design with strong/resistant structure 

properties allows to operate it under high pressure. In this case, hydrogen can be directly 

delivered at a high pressure to the end user, thus less energy is needed for further 

compression and hydrogen storage. Notwithstanding, owing to the corrosive acidic and 
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high working potential (up to 2 V) environment, anode components, not only catalysts, 

but also current collector and separator plates, require corrosion resistant materials, 

which mainly contributes to the high capital cost of this technology. Further efforts on 

cost effective materials development are needed to reduce the cost. 

2.1.2 Working principle of PEM electrolyzer 

Being one sub-type of water electrolysis technology, PEM water electrolysis is an 

electricity-consuming process. To split water molecules, at least 1.23 V, 

thermodynamically equivalent voltage, is needed to make the reaction take place under 

the standard conditions of temperature and pressure (T=298 K, P=1 bar).[26] In 

practical conditions, the potentials needed is higher to overcome the extra energy 

barrier.[22]  

The typical configuration of PEM electrolyzer is shown in Figure 2-1, under the 

working mode, ultra-pure water is fed to its anode side and is split into oxygen and 

protons on the electrocatalyst surface according to equation (2-1). Then the as-formed 

solvated protons migrate through the proton exchange membrane (PEM) to the cathode 

side, where they meet the electrons provided by the external DC power and are reduced 

to molecule hydrogen. The cathode and overall reaction are given in equation (2-2) and 

(2-3), respectively. 

Anode: 

��� → 2�� +  1
2� �� + 2�� (2-1) 

Cathode: 

2�� + 2��  →  �� (2-2) 

Overall: 

��� →  �� +  1
2� �� (2-3) 

Electrocatalysts are used in both anode and cathode sides to overcome the 

overpotentials. In the cathode side, Pt/C is still the start-of-the-art catalyst for hydrogen 

evolution reaction (HER), while MoS-based non-precious catalyst shows great progress 

in its activity and stability under strong acidic electrolyte.[27] In comparison, Ir is still 

the only feasible option for the anode side to catalyse oxygen evolution reaction (OER), 

which requires much higher overpotentials compared to HER and a high Ir loading on 
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the catalytic layer due to the slow OER kinetics. Nafion membrane is the most 

commonly used product because of its excellent properties, including high ion 

conductivity, high stability and high mechanical property. Fumatech membrane and 

Aquivion membrane are also offering more options to the customers recently.[28,29] 

Carbon paper and stainless steel are normally used as current collector and separator 

material in cathode side but only Titanium materials can stand the hostile operation 

environment at the anode side. Typical thermal efficiency of industrial electrolyzers 

range is between 60% to 80% at a given current density (typically 1 A cm-2) and at 363 

K (90°C) and 0.1 MPa.[30] 

 

Figure 2-1. Schematic diagram of working principle of PEM electrolyzer. 

The high proton conductivity of PEM electrolyzers leads to reduced ohmic losses, 

allowing operation at high current density, while alkaline electrolyzers have 

considerable lower conductivity of hydroxide ions compared to the hydronium ions in 

the case of PEM electrolyzers.[31] 

In spite of huge advantages of PEM electrolyzer compared to alkaline electrolysis and 

SOEC, there are some barriers for its commercialization: high investment cost and 

relatively low stability. Firstly, titanium bipolar plates take account ca. 50 % of cost 

according to a EU report,[16] some research groups have developed the robust coating 

towards this issue. One Pt/Ti coated stainless steel bi-polar plate was developed by DLR 

via vacuum plasma spraying, demonstrating the possibility of using stainless steel as a 

base material for the stack of a PEM electrolyzer.[17]  
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Another main issue is the anode catalyst; Ir will become the limiting factor due to the 

low reserve of iridium in earth crust. Therefore, it is urgently needed to develop 

advanced catalysts with high activity and stability to improve the Ir utilization, or search 

for non-precious metal catalysts as an alternative.  

2.2 Oxygen evolution reaction (OER) 

2.2.1 Basics of catalysis 

For a chemical reaction, normally, a minimum amount of energy is required to make it 

occur, called activation energy. If a substance can lower this activation energy without 

itself being changed or consumed during this reaction, it is called a catalyst or catalytic 

agent.[32] Catalysis is the reaction process that was accelerated by a catalyst under its 

most favourable thermodynamic regime. With a proper catalyst, a chemical reaction can 

be speeded up by orders of magnitude at much lower temperatures and pressure. 

However, a catalyst only changes the kinetics but not the thermodynamics of a reaction. 

In Figure 2-2 (a), a catalytic reaction is described by an example, in which two 

molecules A and B give a product P. The process starts with the bonding of molecules A 

and B to the catalyst, then A and B form the product P on the surface of catalyst. At the 

last step, P separates from the catalyst surface and leaves the catalyst in its original state 

for a new cycle.[33] Or the reverse reaction is also possible, the only reactant R was 

adsorbed on catalyst, then decomposes to product P1and product P2. 

 

Figure 2-2. (a) schematic diagram of a catalysis process; (b) potential energy 
diagram of a heterogeneous catalytic reaction, with gaseous reactants and products 
and a solid catalyst.[33] 

The potential energy diagram, which visually explains how a catalyst accelerates a 

reaction, is given in Figure 2-2 (b). It compares the non-catalytic with the catalytic 
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reaction processes taking a heterogeneous catalytic reaction as example with gaseous 

reactants and products and a solid catalyst. As we can see in Figure 2-2 (b), following 

the non-catalytic route, reactants A and B collide with sufficient energy, namely Gibbs 

free energy ∆G, to form product P based on Arrhenius equation. In comparison, the 

catalytic reaction process starts with a spontaneous reaction, in which reactant 

molecules A and B bind to the catalyst. The formation of this complex is exothermic, 

therefore the free energy is lowered. Within the complex, A and B react to form P 

requiring an activation energy that is significantly lower than that for the uncatalyzed 

reaction process. In the last step, the product P detaches from the catalyst in an 

endothermic step.[33] 

In brief, the uncatalyzed reaction has to overcome a substantial energy barrier, whereas 

the barriers in the catalytic route are much lower. 

It is customary that catalysis is divided into three subdisciplines: homogeneous, 

heterogeneous and bio catalysis.[33] Sometimes, electrocatalysis and the catalysis 

occurring on ultra-high vacuum (UHV) surface are separated as independent 

disciplines.[34] 

For heterogeneous catalysis, it takes place on the surface of a solid catalyst instead of its 

bulk unless the catalyst particle is porous. In this context, the electronic structure of 

surface atoms of the catalyst fully determines all chemical reactivity.[35] Therefore, 

identifying the surface species especially under operando mode is an essential way to 

investigate and understand the catalyst. 

2.2.2 Electrocatalysis and oxygen evolution reaction 

Electrocatalysis is a process that an electrocatalyst being electrode material interacts 

with some certain species via a Faradaic reaction but still remains unchanged. 

Considering that electrode reactions are, in general, heterogeneous, electrocatalysis 

process takes place on the surface of a solid electrocatalyst, which consists of multiple 

adsorption/desorption steps. 

As one of the most important applications of electrocatalysis, the study on water 

electrolysis, including the HER and OER electrocatalysis, has a very long history, even 

earlier than the development of the concept of chemical catalysis.[30] Being a four 

electron process, oxygen evolution has been paid more attention for investigation due to 
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its high overpotential and complex reaction mechanisms compared to the evolution of 

hydrogen. According to equation (2-3), water splitting is associated with a molar 

enthalpy change of reaction at standard temperature and pressure (STP), denoted as 

∆���,���
° . It is equal to the heat of formation of one mole liquid water at temperature 

298 K, −∆��,���(�),���
° . The absolute value of these quantities are 286 kJ mol-1 (water) 

or 2.96 eV.[30] 

Overpotential is one key parameter to characterize and compare the activities of 

different OER electrocatalysts. It is the deviation of the practical voltage loaded on the 

electrode from the thermodynamic reversible potential of OER. One can measure the 

current density at a constant overpotential, or record the overpotential at a constant 

current density. A good catalyst always shows high current density at low overpotential 

and sufficient stability. 

The relationship between overpotential (�) and measured current density (�) is governed 

by Butler-Volmer equation when the electrode reaction is controlled by charge transfer 

process:[36,37] 

� = �� ���� �
����

��
�� − ��� (−

����

��
�)� (2-4) 

Where �� is the exchange current density, � is the number of electrons involved in one 

single electrode reaction process, � is Faraday constant, � is the absolute temperature, 

�� and �� are the so-called anodic and cathodic charge transfer coefficients and both of 

them are dimensionless. 

Regarding to the OER, Equation 2-4 can be simplified into two different forms under 

different conditions.[36] Under the low overpotential region (η  0 V), it can be 

expressed as: 

� =  ��
��

��
� (2-5) 

Under the high overpotential region (η  0 V), the anodic reaction on the electrode is 

much faster than the cathodic reaction. The second part in the brackets becomes very 

small and can be ignored, so that we obtain the following expression: 

� = −
�.�����

����
���(��) +

�.�����

����
���(�) (2-6) 
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If we assume 

−
�.�����

����
���(��) = �,

�.�����

����
= � (2-7, 2-8) 

Equation 2-6 is further simplified to: 

� = � + � ���(�) (2-9) 

This is the so-called Tafel equation, �  is the Tafel slope representing the OER 

kinetics.[36,37] The dependence of � on log(�) is linear, the intercept on x axis from the 

plot of �  vs log(�)  represents log(��) . Then the exchange current density ��  can be 

calculated, known as a descriptor of catalytic activity.[38] 

Today, even state-of-the-art OER catalysts for the anode of PEM electrolyzer still show 

comparatively high overpotential due to complex multistep OER involving several 

surface adsorbed intermediates.[30,31] Therefore, the efficiency of electrolyzer cell is 

lowered. On the other hand, OER catalysis mechanisms in acidic electrolyte remains 

rather unclear although a number of pioneering work have been made in last 60 

years.[31,39–43] Most representative mechanism models in the community, which are 

proposed based on either kinetic studies or density functional theory (DFT) calculations, 

are listed below. Note that none of them are fully validated by experiment results so 

far.[31] 

Mechanism No1: Bockris path (Electrochemical oxide path)[40] 

(a) S + H2O  S-OH + H+ + e- 

(b) S-OH  S-O + H+ + e- 

(c) 2S-O  2S + O2 

Mechanism No2: Bockris path (Oxide path)[40] 

(a) S + H2O  S-OH + H+ + e- 

(b) 2S-OH  S-O + S + H2O 

(c) 2S-O  2S + O2 

Mechanism No3: Krasil’ shchikov path [40] 

(a) S + H2O  S-OH + H+ + e- 

                                                      
 S is a surface active site. 
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(b) S-OH  S-O- + H+ 

(c) S-O-  S-O + e- 

(d) 2S-O  2S + O2 

Mechanism No4: DFT predicted peroxide path [31,42] 

(a) H2O + S  S-OH + H+ + e- 

(b) S-OH  S-O + H+ + e- 

(c) S-O + H2O  S-OOH + H+ +e- 

(d) S-OOH  S + O2 + H+ + e- 

Depending on a specific catalyst, the catalysis mechanism is not limited to one single 

mechanism model, but a combination of several of the above proposed mechanism 

models.[41]  

2.2.3 Oxygen evolution reaction catalysts 

According to the Sabatier Principle, for a good electrocatalyst, the interaction between 

the reactants and the catalysts should neither be too weak nor too strong. If it is too 

weak, the reactants cannot bind to the catalyst surface, then no reaction will take place. 

In the opposite case, it becomes difficult for the formed products to separate from 

catalyst surface, which also lowers the activity. Sabatier principle usually gives rise to 

so-called volcano plot which was first introduced by Balandin.[44] By plotting the rate 

of a chemical reaction on a heterogeneous catalyst with some adsorption property, eg. 

adsorption enthalpy, the generated curve will show the shape like a volcano which 

always contains a maximum point according to Sabatier principle. Based on this, 

Trasatti reported a volcano curve, showing the activity changes for OER with the nature 

of the catalyst, in which RuO2 demonstrated the highest activity.[45] 

Recently, Man et al. used the first principles periodic DFT calculations to revisit the 

origin of the overpotential for oxygen evolution of a wide range of oxides including 

rutile, perovskite, spinel, rock salt and bixbyite.[46] According to the binding energy of 

HOO* and HO*, a universal scaling relationship was identified. By using a large 

database of HO* and HOO* adsorption energies on oxide surfaces, the authors 

investigated the trends in electrocatalytic activity of the oxygen evolution reaction (OER) 

catalysts. DFT calculation combined with the computational standard hydrogen 

electrode model (SHE) enables to estimate the theoretical overpotentials. In the previous 
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studies, the free energy diagram has been established according to a proposed reaction 

mechanism that consists of four consecutive proton and electron transfer steps, in which 

HO*, O*, and HOO* were considered as the OER intermediates.[42,47,48] Taking O* 

binding energies as a descriptor, the oxygen evolving activity thereafter was predicted. 

In Figure 2-3, Man et al. demonstrated an OER activity order among different rutiles 

(anatases) oxides, Mn oxides, and Co oxides: Co3O4  RuO2  PtO2-rutile phase  RhO2 

 IrO2  PtO2 -phase (CaCl2)  MnxOy  NiOb2  RuO2 and IrO2 anatase phase  

PbObs  Ti, Sn Mo, V, Nb, Re oxides.[46] Additionally, the anatase phases with 

crystallographic orientation 001, such as RuO2 and IrO2, and the rutile phases show the 

similar activity. The results provide a fundamental overview on oxide-based 

electrocatalysts for OER catalysis. The authors pointed out that for the materials shown 

in Figure 2-3 the OER activity cannot be significantly improved beyond RuO2 by tuning 

the binding between the intermediates and the catalyst surface.[46] 

 

Figure 2-3. Activity trends towards oxygen evolution, for tutile, anatase, Co3O4, 
MnxOy oxides. The negative values of theoretical overpotential were plotted against 
the standard free energy of ∆GHO* ─ ∆GO* step. The effect of interaction with the 

oxygen from the neighboring sites is considered: rutile oxides (▲), MnxOy (■). 

Hollow triangles (△) represent the low coverage regime.[46] 

By using the DFT calculation, Halck et al. moved forward further predicting the active 

catalyst beyond the volcano curve.[49] They incorporated Ni or Co into the surface of 

ruthenium, resulting in a new catalyst with significantly enhanced OER activity 

compared to conventional ruthenium oxide. It was explained by an activated proton 

donor-acceptor functionality on the conventionally inactive bridge surface site. As 
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shown in Figure 2-4, the star marks the position of an ideal catalyst, the magenta circle 

corresponds to Ni modified ruthenia and the blue circle to Co modified ruthenia. In this 

context, the volcano limitation was broken by active site modification.[49] 

 

Figure 2-4. Volcano curve of the theoretical overpotential for oxygen evolution 
processes based on the DFT calculations using the second charge transfer reaction 
as a descriptor.[49] 

Reier et al. performed a comparative study on nanosized Ir, Ru, Pt and their bulk states. 

According to CO stripping measurements, bulk Ir and Pt show a much lower active sites 

number compared to their nanoparticle counterparts, while the Ru demonstrates a 

similar active sites number for both bulk and nanoparticles. However, the bulk Ru 

shows the highest Ru dissolution rate. Regarding the nanoparticles, the authors observed 

an intrinsic OER activities: oxidized Ru  oxidized Ir  oxidized Pt. Yet, nano-sized Ru 

shows a severe stability problem and suffered from strong corrosion under high 

potentials, loses its activity completely at the end. Pt nanoparticles were deactivated in 

the OER potential region and demonstrated a lower activity than its bulk. The nano-

sized Ir is the only one which exhibits a practical potential as OER catalyst for PEM 

water electrolysis considering their comparable activity and stability between bulk Ir 

and its nanoparticles.[50]  

Dimensionally stable anode (DSA) is a typical electrode deposited on titanium plate 

prepared by a thermal deposition process, demonstrating a considerable activity and 

several hundred hours stability when used as oxygen evolution electrode with a current 

density of 2 A cm-2 in  1 M H2SO4 electrolyte.[51,52] The optimized IrO2 composition 

in  IrO2-Ti2O5 is ca. 70 at.%, considering both the electrochemically active surface area 
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and the electrode stability.[52,53] DSA electrode was developed for the first time in the 

late 1950s and showed a huge advantage of robust stability, then introduced into 

electrochemical technologies with  a great success a couple of decades ago.[54] Due to 

the shape and structure integrity of a DSA electrode, usually coated with appropriate 

catalytic layer that can be well preserved after a long term operation, its degradation 

process is significantly lowered.[55,56] By using DSA, electrolysis technology was 

greatly promoted at industrial level because it technologically allows a reduction of 

CAPEX (Capital Expenditures) and OPEX (Operational Expenditures), for instance, in 

chlorine industry.[54] However, the fundamental of its application under severe 

conditions, such as oxygen evolution in strong acid media, needs further investigation.  

2.2.4 Degradation of Ir and Ru electrodes 

Since there are not too many catalysts which could resist in such a strong corrosive 

working environment, the degradation research only focuses on the current practically 

applicable catalysts, mainly Ir and Ru. Ir and Ru dissolution in acid electrolyte during 

the cyclic voltammetry has been investigated intensively,[57,58] which mainly 

contributes to the anode catalytic layer degradation of a PEM electrolyzer. 

Buckley et al. observed an increasing Ir corrosion rate along with the applied potential 

changes on an Ir electrode in acid electrolyte, when oxygen evolution occurs 

simultaneously with one million times faster rate.[58] They supposed a higher oxidation 

state of iridium is formed above 1.8 V in the outer region of the oxide layer of the Ir 

electrode, which can react with water to yield an unstable oxide species, then 

decompose with evolved oxygen gas and regenerate the lower oxidation state Ir. During 

this cyclic mechanism, Ir corrosion is involved and its rate is increasing with increased 

anodic potential since corrosion reaction involves electron transfer.[58]  

Kötz et al. investigated the anodic corrosion and O2 evolution on Ru, RuO2, Ir and IrO2 

electrodes in 0.5 M H2SO4 by using X-ray photoelectron spectroscopy (XPS). All the 

electrodes demonstrated the corrosion of the metal when the O2 evolution is taking 

place.[59] A thin oxide layer is formed on Ir electrode during OER while its corrosion 

rate is much lower than Ru based electrodes.[43,60,61] But there is no higher valence 

oxide than IrO2 detected on the electrode surface using the ex situ XPS, therefore, both 

O2 evolution and corrosion reaction on Ir are assumed to start from tetravalent state 

(Ir(IV)).[59] In comparison, a thick oxide layer is observed on Ru electrode during the 
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OER, which consists of a highly defective hydrated oxide film, leading to severe Ru 

corrosion. In addition, thermally treated RuO2 shows a relatively stable behaviour and it 

was explained by the presence of RuO2 on the electrode surface. To explain this 

difference, the authors proposed one model as shown in Figure 2-5.[59,62] In both Ru 

and RuO2 electrodes, the O2 evolution starts from an oxide (or hydroxide) of Ru(VI) and 

further be oxidized to RuO4. In the case of RuO2 electrode, Ru(VI) is supposed to be 

stable, RuO4 goes straightly back to the staring-point. On the Ru electrode surface, 

where no Ru(VI) was detected, the severe corrosion reaction occurs along with the O2 

evolution, resulting in a thick hydrated Ru oxide film.[59] In following studies, the 

authors found RuO4 is the only corrosion product during O2 evolution on a Ru electrode 

by using in situ differential reflectance measurements and uncovered a common 

intermediate is involved in both reaction processes of O2 evolution and Ru corrosion.[63]  

 

Figure 2-5. Model for the oxygen evolution and corrosion on Ru and RuO2 
electrodes.[59] 

To stabilize RuO2 catalyst, SnO2 and IrO2 are introduced into RuO2 and achieved a 

significantly improved stability.[64,65] Especially for IrO2-RuO2 system, even a 

relatively small amount of IrO2 (20 %) could dramatically reduce the corrosion rate of 

the oxide to ca. 4 % of the original value, which is explained by a band mixing theory. 

For those electrons available on IrO2 active sites, they are shared with RuO2 sites 

simultaneously, therefore, Ru was prevented from being oxidized to RuO4 and its 

oxidation potentials was also shifted.[65] 

Recently, Reier et al. reviewed the practical OER catalysts for PEM electrolyzer 

application.[31] A general activity order of electrochemically oxidized metals was 
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summarized, Ru >Ir > Rh > Pt > Au; while their stability appears as an inversed trend, 

Pt >Rh > Ir > Au ≥ Ru, of which Au is exceptional.[31,61] Yet, their thermally treated 

counterpart normally shows a relatively lower activity but a higher stability.[66,67] 

Especially for IrOx catalyst, the stability increases with increasing calcination 

temperature with exception of the film calcined at 350 oC.[68] Danilovic et al. also 

carried out a similar comparative investigation among electrochemically oxidized Ru, Ir, 

Pt, Au and their thermally treated oxides, the same activity trend was observed. 

However, Au, either electrochemically oxidized and thermally treated oxide, exhibited 

the highest stability concurrent with lowest activity.[60] The high instability of 

electrochemically oxidized Ru is attributed to a direct coupling mechanism of OER, by 

which parts of O=O (O2) are derived exclusively from lattice OHy.[31,61] In 

comparison, the same coupling mechanism of OER is not observed on thermally treated 

RuO2, on which the OER mechanism shows an interesting electrode potential 

dependence.[31,43] Regarding the IrOx electrode, Cherevko et al. investigated the 

degradation of metallic iridium and hydrous iridium oxide in acid medium mainly based 

on metal dissolution profile during electrochemical process by using inductively 

coupled plasma mass spectrometry (ICP-MS) technique.[69,70] They found both 

metallic iridium and hydrous iridium oxide have the similar dissolution behaviour in the 

OER potential region, while the former one even initiates the metal dissolution when the 

Ir starts to be oxidized before OER region. An OER triggered dissolution mechanism 

was proposed in this study, in which unstable Ir(III) complexes, as intermediates during 

either the Ir oxide formation or oxygen evolution reaction, attribute to all the dissolution 

processes.[69,70]  Notwithstanding, the authors imply the rutile IrO2 should have a 

different mechanism considering its lower activity and higher stability.[70] Besides, the 

observations on IrOx electrodes from other groups rather remain controversial. The 

debate is mainly concentrated on whether Ir(V) or even higher oxidation states present 

during OER process.[31,60,71–74] Further in situ and operando measurements are 

required to complete the entire picture of OER reaction and degradation mechanisms, to 

confirm and harmonize current studies or uncover the new findings under the atomic 

level. 

2.2.5 State-of-the-art 

In last a few of years, extensive efforts have been made to develop new catalysts with 

higher activity and improved stability. In this context, Strasser and co-workers 
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developed IrNiOx and mesoporous antimony doped tin oxide (ATO) supported 

Ir/IrNiOx.[75–77] Markovic and co-workers prepared IrRuOx by Ir segregation.[78] 

Jaramillo with his colleagues achieved one Ir/IrSrOx derived from IrSrOx thin film.[79] 

These catalysts will be discussed and commented in details in the following chapters.  

More recently, several Ir based catalysts with impressive performance, in terms of 

activity and stability, have been reported by other groups. Oakton et al. synthesized an 

iridium oxide particles dispersed in titania (IrO2-TiO2) via Adams fusion method in 

molten NaNO3, in which ca. 1-2 nm IrO2 particles distributed in a matrix of titania 

nanoparticles.[80] The prepared catalyst shows the highest surface area of 245 m2 g-1 so 

far reported and significantly enhanced activity and stability compared to the 

commercial IrO2-TiO2 from Umicore.[80] Pi et al. developed an ultrathin laminar Ir 

with a 3D superstructure, which exhibits a higher OER activity than Ir nanoparticles 

while keeping the comparative stability as the latter one.[81] By introducing the second 

element, such as Ni or Co, a shaped Ir-Ni bimetallic nanoparticles were reported by Lim 

et al., which demonstrates both enhanced activity and improved stability in comparison 

with monometallic Ir nanoparticles.[82] Lee et al. took the strategy of preparing hollow 

multimetallic nanostructures to reduce Ir loading, in this context, a Co-doped IrCu 

octahedral nanocages (Co-IrCu ONC) was synthesized and demonstrated excellent 

electrocatalytic activity and long-term durability for OER in acid media.[83] Besides, 

Iridium-based double perovskites and Ir-doped cryptomelane-type manganese oxide 

show their potentials to be efficient OER catalyst in acid electrolyte.[84,85] 

Notwithstanding, either to those well-shaped Ir nanostructures with precisely defined 

facets or to those new type of Ir doped oxides, it is still a long way to go before its 

application in electrolyzer stack, considering the scaling up issue of the former one and 

MEAs preparation exploration of the latter one. 

From another aspect, non-precious metal catalysts towards OER are explored and show 

the possibility for OER catalysis in a strong acidic environment. Recently, one 

nanostructured film of cobalt oxide (Co3O4) on fluorine doped tin oxide (FTO), which 

has a robust electrical and mechanical Co3O4/FTO interface, was prepared and tested in 

0.5 M H2SO4 as OER catalyst. It yielded a current density of 10 mA cm-2 for over 12 h 

with an overpotential of 570 mV.[86] Chemically exfoliated 2D thin sheets of MoS2 and 

TaS2 were also tested in the same condition. A considerable OER activity and 2 h 
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moderate stability were demonstrated.[87] Frydendal et al. proposed a strategy to 

mitigate the dissolution problem of abundant nonprecious metal oxide by decorating 

under-coordinated surface sites with a stable oxide in acid. Their experimental results 

show that small amounts of TiO2 incorporated into MnO2 could moderately improve its 

stability while only a small activity decrease was observed.[88] However, non-precious 

metal catalysts for OER in acidic medium are not realistic for PEM electrolyzer 

application at the current stage, rather a long development period is required. 

2.2.6 R&D road map in this dissertation 

Generally, there are two approaches to improve the electrocatalyst activity: i) increasing 

the intrinsic activity of each active site; ii) increasing the number of active sites on a 

given electrode. Under this frame, amorphous IrOx nanoparticles are prepared to achieve 

a high intrinsic activity, it displays five-fold higher OER activity than commercial Ir-

black. In addition, a highly active Ir electrocatalyst derived from amorphous IrRuOx via 

an electrochemical way is developed, which demonstrates 13 times higher OER activity 

compared to the rutile phase of IrRuO2. The stability is evaluated by PEM electrolyzer 

measurements, showing no cell potential decrease during ca. 400 h test. With the second 

approach, we take electro-conductive ceramics as supporting materials to increase the 

active sites number thus achieving an improved Ir utilization. First, IrOx is deposited on 

Magnéli phase Ti4O7 showing a better OER activity in terms of Ir mass relative to Ir-

black. Further on, SnO2:Sb aerogel (developed by Armines) is introduced as a support. 

By taking advantage of the highly porous structure of the aerogel support, Ir/SnO2:Sb-

aerogel allows a decrease of more than 70 wt.% precious metal usage in the catalytic 

layer, while keeping the same activity and significantly enhancing the stability 

compared to its unsupported counterpart. 

The advanced operando techniques, near-ambient pressure X-ray photoelectron 

spectroscopy (NAP-XPS) and soft X-ray adsorption near edge structure (XANES), are 

applied to provide insight into the potential-dependent specific chemical state of the 

catalysts surface and explore their electrocatalysis and stabilization mechanisms. RuO2 

and IrRuO2 are investigated under water splitting condition in the form of the Aquivion-

based membrane electrode assemblies (MEA), demonstrating unstable hydrous Ru(IV) 

oxide that formed on the surface already before the OER region mainly contributes to 

the fast dissolution of RuO2, while its formation is hindered by the presence of Ir in the 
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case of IrRuO2. Furthermore, the surface analysis of amorphous IrOx compared to the 

rutile phase of IrO2 under the same conditions are executed, showing a correlation 

between the anion OI- species and the OER activity on both Ir@IrOx and IrO2 

electrodes. We concluded that the OER catalysis mechanism on Ir oxides is likely to 

involve anion rather than cation red-ox chemistry regardless of the oxide structure 

(amorphous vs. rutile). 

2.3 Different characterization techniques 

2.3.1 Rotating disk electrode (RDE) 

Rotating disk electrode (RDE) system is a common tool for evaluation and screening 

oxygen reduction reaction (ORR) catalysts, but can also be used for oxygen evolution 

reaction catalysts. In general, as shown in Figure 2-6, it consists of a rotating motor and 

a three-electrode liquid cell that includes a reference electrode (RE), a counter electrode 

(CE) and a working electrode (WE). Sometimes, Luggin capillary is employed to reduce 

the ohmic resistance of the electrolyte between RE and WE. 

The central part of RDE theory and technique is the convection of electrolyte solution 

which ensures the reactant feeding during electrochemical process on the electrode and 

simultaneously brings the product away from the electrode. According to the Nernst 

diffusion layer model, the electrolyte close to the surface of the RDE electrode is 

divided into two zones: 1) the first zone is directly connected to the surface of the 

electrode, it is assumed to be a stagnant layer in which mass transport takes place only 

by diffusion; 2) the second zone is outside of the first zone but a strong convection of 

the electrolyte occurs in it, the concentrations of all species are assumed to be 

constant.[89] Therefore, under a certain rotating speed, the current density on the RDE 

will achieve a maximum value if the reaction occurs fast enough. At this point, the 

concentration of the reactants on the RDE surface is zero, the corresponding current 

density is called diffusion limiting current density (jdiff).  The relationship between jdiff 

and the rotating speed (ω) of the electrode can be expressed by Levich equation:[37,90] 

����� = 0.62������
� �⁄

�� �⁄ ��� �⁄  (2-10) 

Where � is the overall number of electrons transferred in O2 reduction, � is Faraday 

constant (96500 C mol-1), �� is the saturated concentration of O2 in the electrolyte (mol 
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cm-3), �� is the diffusion coefficient of O2 in the solution (cm2 s-1), � is the electrode 

rotating rate (rad s-1), and � is the kinematic viscosity of the electrolyte (cm2 s-1). 

However, if the electron transfer kinetics of ORR is much slower than that of diffusion 

process, the concentration of reactant on RDE surface cannot be exhausted to zero then 

Levich equation is not valid any more in this case. So that a more general equation is 

introduced to describe all the situations:[37,90] 
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Where 

� = 0.62������
� �⁄

��� �⁄  (2-12) 

This is called Koutecky-Levich equation. Here, � is the measured current density,  �� is 

kinetic current density and can be calculated by Equation 2-13: 

�� = ����� (−
�����

��
) (2-13) 

In the ��� vs ��� �⁄  plot, the slope is 1 �⁄ . Using the so-called � factor, the number of 

electrons transferred (�) in one ORR process can be obtained.[90,91] 

The RDE system is a powerful tool to analyze the kinetic parameters of ORR catalysts, 

but the only function applied to OER catalysts is the rotation that is used to remove the 

formed O2 bubbles on the RDE surface, because of the diffusion limiting current density 

plateau is absent in the measured potential region. 

For the OER catalysts measurements, a glass cell integrated water jacket provides the 

possibility to evaluate the electrocatalysts under a broad pH range from room 

temperature to 80 °C. Due to the high reliability of the RDE system that could precisely 

control the potential on WE, the intrinsic catalytic activity, kinetic parameters and short 

time stability of an electrocatalyst can be achieved by coating the catalyst on WE with 

an ultra-thin layer. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), 

chronoamperometry and chronopotentiometry are the most common methods for these 

applications. 
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Figure 2-6. Rotating disk electrode (RDE) measurement setup. 

In addition, copper underpotential deposition (Cu-UPD), which is used for determining 

the electrochemical surface area (ECSA) of metallic Ir based catalysts, is carried out in 

three-electrode system, however, RDE technique is not necessary for this purpose. 

2.3.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful tool to analyze the morphology and 

the elemental composition distribution of a specimen by scanning the surface with a 

focused beam of electrons. Its working principle is described in Figure 2-7, the incident 

electron beam interacts with atoms in the sample, resulting in various signals that 

includes secondary electrons (SE), backscattered electrons (BSE), Auger electron (AE) 

and characteristic X-ray. The SE signals are those electrons emitted from near surface of 

the sample, its intensity depends on the sample morphology. Therefore, by analysing the 

number of SE emitted, the morphology of a specimen is created. Some of the incident 

beam electrons are reflected from the sample based on elastic scattering, named as BSE. 

The intensity of BSE signal is strongly related to the atomic number (Z) of the sample, 

by which the element distribution information of the sample are generated. Energy-

dispersive X-ray spectroscopy (EDS) module is a common integrated function of SEM, 

it relies on the characteristic X-ray emitted from a sample when the high-energy 

incident beam electrons interact with the atoms in the sample, EDS enables to quantify 

the relative abundance of each element in the sample. 
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Figure 2-7. Schematic of scanning electron microscopy and energy-dispersive X-
ray spectroscopy. 

2.3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a kind of microscopy technique that also 

relies on the interaction between incident electron beam and a sample, but requires an 

ultrathin specimen, in general, less than 100 nm. The incident electron beam transmits 

through the specimen, resulting in different kinds of electrons on the backside, including 

transmitted electrons and electrons after elastic scattering and inelastic scattering. By 

analyzing the electron waves exiting from the sample, the TEM images are generated. 

The application of TEM includes, but not limited to, the morphology analysis and 

crystalline structure analysis of a specimen. High-resolution transmission electron 

microscopy (HRTEM) is an imaging mode of the TEM, which mainly depends on the 

information from electrons excited by elastic scattering. It allows for direct imaging of 

individual atoms of a crystal and its defect at a resolution of less than 1 nm. 

2.3.4 X-ray powder diffraction (XRD)                  

X-ray powder diffraction (XRD) is a rapid analytical technique based on constructive 

interference of monochromatic X-rays and a crystalline sample. For catalyst powder 

samples, it can be used for phase identification and providing the information on unit 

cell dimensions. As described in Figure 2-8, constructive interference of diffracted X-

ray beams is governed by Bragg’s Law: 

nλ = 2d sinθ (2-14) 

where d is the spacing between diffracting planes, θ is the incident angle, n is any 

integer, and λ is the wavelength of the beam. When Bragg’s Law is satisfied, a “Bragg 

reflection” is generated and recorded by the detector scanning at this angle. The 
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complete diffraction pattern is compared with standard reference patterns to identify the 

phases within a given sample. In addition, the crystallinity of a sample, the crystal 

structures and their lattice parameters, crystallite size, as well as quantifying each phase 

presence, are possible to be achieved by analyzing the diffraction pattern. 

 

Figure 2-8. Schematic diagram of working principle of X-ray diffraction. 

To deal with the strongly overlapping reflections, Rietveld refinement is commonly 

used. It is a method to fit the whole powder XRD pattern using a non-linear, least-

squares algorithm. The experimental XRD pattern is fitted with a model that is based on 

the hypothesized crystal structure and instrumental parameters (calculated pattern). By 

optimizing the agreement between the calculated and experimental patterns, many 

aspects of the sample’s structure can be obtained.[92] 

2.3.5 Atomic force microscopy (AFM)  

Atomic force microscopy (AFM) is one of the most versatile and powerful microscopy 

techniques to investigate the sample at atomic resolution. It is able to provide the three-

dimensional profile of a sample by “feeling” its surface with mechanical probe. Typical 

AFM contains a spring-like cantilever equipped with a sharp tip at its end, a laser 

generator and position-sensitive photo diode (PSPD) as a position detector. During the 

measurements, the tip approaches the sample surface, governed by the attractive force 

first, then dominated by the repulsive force when contacting to the surface. Forces 

between the tip and the sample lead to deflections of the cantilever according to the 

Hooke’s law. A laser beam is focused on the flat top of the cantilever and reflected to 

the PSPD position detector, by which the deflections are detected and recorded. For the 

surface conductivity analysis, the current between cantilever and sample is recorded 

under an applied voltage bias. 
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Figure 2-9. Schematic diagram of the working principle of AFM; PSPD: position-
sensitive photo diode. 

Topographical imaging is one common application for AFM, other usages of AFM 

includes measuring of surface roughness, electrical conductivity, surface potential, 

stiffness, adhesion strength, and so on. Generally, AFM is operated under one of the 

three following mode: contact mode, tapping mode and non-contact mode. In this work, 

all the measurements were conducted by using tapping mode to prevent the tips from 

damage, which occurs more often under the contact mode. 

2.3.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is one of the most versatile techniques for 

surface analysis at the atomic scale.[93] It identifies the chemical states and electronic 

states of the elements on sample surface, as well as provides quantitative information 

about elemental composition. XPS was first developed by Kai Siegbahn’s group based 

on photoelectric effect. A monoenergetic X-ray beam is used to irradiate the sample 

surface, simultaneously, the kinetic energy and number of electrons that ejected from 

surface atomic layers of sample are measured, generating the XPS spectra. The 

photoemission process can be expressed by the following the equation: 

���  =  �� +  �∅ +  �� (2-15) 

where Ehv is the incident X-ray energy, Ek is the photoelectron kinetic energy, EØ is a 

small correction for solid effects (work function, etc.) and EB is the electron binding 

energy of the element being analyzed.[94] Therefore, EB can be determined by the 

above equation while the value of EØ is either known or is assumed to be constant for a 

given value. Each element have a specific set of XPS peaks at its characteristic binding 

energy positions. Any subtle shift of XPS spectra peak relative to binding energy refers 
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to a chemical shift or oxidation state changes of an element. Conventionally, XPS has to 

be operated under ultra-high vacuum (UHV) condition due to the limited mean free path 

of low-energy photoelectrons in gases, which can be strongly scattered by gas molecules 

and results in a severe attenuation.[95,96] XPS is one of the most important tools for 

investigating the catalytic chemical reactions on solid surface due to its surface 

sensitivity, since catalysis process is only taking place on the solid surface instead of its 

bulk. 

 

Figure 2-10. Schematic diagram of electrochemical setup for NAP-XPS 
investigation. 

Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is an advanced 

operando technique developed in recent years for in situ studying the heterogeneous 

catalysis reactions on the solid/gas (or solid/liquid) interface. Differential pumping 

system is introduced to XPS facility to achieve near ambient pressure condition (several 

mbar pressure) at the sample position,[96] which is close to “real” working environment 

for most of the catalytic chemical reactions. Under reactive environment, the dynamic 

effects start to play a significant role and material structure also may be changed.[97] 

By in situ observation of surface species, NAP-XPS can provide the insights to 

understand the catalysis mechanism and degradation mechanism of catalysts under the 

presence of gas(es) at elevated pressures, which may differ from those observed under 

UHV condition. With respect to the oxygen evolution reaction (OER) on solid 

electrolyte, as described in Figure 2-10, an Aquivion membrane is coated with Ir-based 

catalysts and Pt/C as working electrode (WE) and counter electrode (CE), respectively. 

Three mbar H2O is fed to the WE side in order to provide a working condition uttermost 

close to the real PEM electrolyzers (several tens of mbar). During the measurements, X-

ray beam is irradiated on the Ir particles/H2O(g) interface, where OER is occurring 
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driven by the external circuit with an overpotential, photoelectrons emitted are collected 

and used for analysis.   

In general, NAP-XPS measurements are conducted in the synchrotron facility by using 

the beamline, which enables to perform a large variety of analysis owing to the tunable 

photon energy. In this work, soft X-ray was used for all the measurements, considering 

its low penetration depth that makes it more suitable for characterizing the surfaces and 

near surface interfacial layers. The local electronic structure and chemical composition 

of surfaces are monitored under reactive environment. 

 

 

 



28  

 

3 Nanostructured Ir-supported on Ti4O7 as cost 

effective anode for proton exchange membrane 

(PEM) electrolyzers 

In this chapter, a cost effective catalyst is developed and characterized, which consists 

of metallic Ir nanoparticles supported on commercial Ti4O7. The catalyst is synthetized 

by reducing IrCl3 with NaBH4 in a suspension containing Ti4O7, cetyltrimethyl-

ammonium bromide (CTAB) and anhydrous ethanol. No thermal treatment was applied 

afterwards in order to preserve the high conductivity of Ti4O7 and metallic properties of 

Ir. Electron microscopy images show a relatively uniform distribution of mostly single 

Ir particles covering the electro-ceramic support, although some agglomerates are still 

present. XRD analysis reveals a cubic face centered structure of the Ir nanoparticles 

with a crystallite size of ca. 1.8 nm. According to XPS analysis, the ratio of metallic Ir 

and Ir-oxide, identified as Ir(III), is 3:1 after the removal of surface contaminations. 

Other surface properties such as primary particle size distribution and surface potential 

were determined by atomic force microscopy (AFM). Cyclic and linear voltammetry 

was conducted to study the electrochemical surface and kinetics of Ir-black and 

Ir/Ti4O7. The developed catalyst outperforms commercial Ir-black in terms of mass 

activity for OER in acid medium by a factor of four, measured at 250 mV overpotential 

and room temperature. In general, the Ir/Ti4O7 catalyst exhibits improved kinetics and 

higher turnover frequency (TOF) compared to Ir-black. The developed Ir/Ti4O7 catalyst 

allows reducing the precious metal loading in the anode of a PEM electrolyzer by taking 

advantage of the use of an electro-ceramic support. Most of the results shown in this 

chapter have been published in Physical Chemistry Chemical Physics.a 

The catalyst was synthesized and electrochemically characterized by myself. XRD, ex 

situ XPS and SEM were carried out by Natalia A. Cañas, Pawel Gazdzicki and Ina 

Plock at DLR, respectively. TEM was performed by Ute Golla-Schindler at University 

of Ulm and AFM by Tobias Morawietz at University of Applied Science Esslingen. All 

the results were analyzed, discussed and summarized together with relevant colleagues. 

 

                                                      
a L.Wang, P. Lettenmeier, U. Golla-Schindler, P. Gazdzicki, N. A. Cañas, T. Morawietz, R. Hiesgen, S. S. 
Hosseiny, A. S. Gago and K. A. Friedrich, Phys. Chem. Chem. Phys., 2016, 18, 4487. 
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3.1 Introduction 

To reduce the amount of precious group metals (PGM) on the anode side of PEM 

electrolzyer, one important approach is by using supporting materials, which is a 

common way in developing PEM fuel cell catalysts.[98,99] However, due to the 

operation of PEM electrolyzers at 2 V (nominal condition) or higher, the standard fuel 

cell catalyst supports such as carbon, are oxidized to CO2.[100] Consequently, semi-

conductive ceramics such as TiC, [101] TiO2 [102] and conductive SnO2 doped with 

Sb5+ (ATO) [103] or F- [104] have been evaluated. Recent work by Strasser and co-

workers were able to produce Ir/ATO with OER activities up to 70 A ���
�� at an 

overpotential of 280 mV and 25 °C.[75,76] One alternative to ATO is to use Magnéli 

phase titanium sub-oxides such as Ti5O9, Ti4O7 or a mixture of these, also know under 

the commercial name Ebonex®. These sub-oxides are highly conductive and corrosion 

resistant in acidic media under high overpotentials.[105] For this reason, these materials 

have been used in the cathode of PEM fuel cells [106,107] and more recently in cathode 

side of aprotic Li-O2 batteries [108] and Li-S batteries.[109] In the PEM electrolysis 

field, Chen et al. reported an amelioration for the OER in acidic medium when using 

Ti4O7 as support of Ir-based catalysts.[110] Siracusano et al. reported as-well a 

significant improvement in the performance of a PEM electrolyzer anode, which 

contained a physical mixture of IrO2 and Ti4O7.[111] In many ways Ti4O7 is more 

suitable as OER catalyst support than the popular ATO. For example, conductivities up 

to 103 S cm-1 at room temperature [105,112,113] were reported for Ti4O7 compared to 

ca. 0.3 S cm-1 for mesoporous ATO.[114] Furthermore, commercial Ti4O7 (Changsha 

PuRong, May 2015) can be mass-produced from TiO2 with half of the production costs 

compared to ATO (Sigma-Aldrich, May 2015) with similar particle size. However, 

other important properties of Ir/Ti4O7 for electrolysis need to be clarified, in particular 

the improvement in kinetics and electrochemical surface reactions, long term stability 

under an accelerated stress test (AST) protocol, the effect of increasing Brunauer–

Emmett–Teller (BET) surface area, bubble detachment efficiency, and hydrophilic 

properties at the nanoscale. In this chapter, the synthesis, physical and electrochemical 

characterizations of nanostructured Ir supported on commercial Ti4O7 as anode of PEM 

electrolyzers are investigated. 

3.2 Experimental  
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3.2.1 Synthesis of Ir/Ti4O7 catalyst 

Iridium supported on Ti4O7 (Ir/Ti4O7) catalyst was prepared via conventional sodium 

borohydride reduction method in anhydrous ethanol at room temperature. All chemical 

precursors were calculated for obtaining a loading of Ir on the Ti4O7 support of 30 wt.%. 

The synthesis procedure is schematized in Figure 3-1. In short, 1.17 g 

cetyltrimethylammonium bromide (CTAB, Merck Millipore) and 0.1125 g Ti4O7 

(Changsha Purong Chemical Engineering Inc.) were dispersed in 120 mL anhydrous 

ethanol (VWR Chemicals) and stirred for 30 minutes in a three-neck round-bottom 

flask. An iridium solution composed of 0.0749 g iridium (III) chloride hydrate 

(IrCl3·xH2O, 99.9 %, Alfa Aesar) and 50 mL anhydrous ethanol was then added to 

Ti4O7 dispersion and stirred for 4 hours. The reduction of the Ir (III) took place by 

adding 114 mg NaBH4 (VWR Chemicals) dissolved in 20 mL anhydrous ethanol at a 

rate of 2 mL min–1 under vigorous stirring. The reaction mixture was kept at this 

condition for 4 hours. All the procedures described above were carried out under argon 

atmosphere. The synthetized powder was filtered and washed several times with 

abundant pure ethanol and deionized water. Finally, the collected powder was dried at 

40 °C overnight.  

3.2.2 Physical characterization 

a) X-ray diffraction 

X-ray diffraction data were collected on the Ir/Ti4O7 catalyst using a D8 Discover 

GADDS diffractometer with VÅNTEC-2000 areal detector. The X-ray source (Cu-Kα) 

consisted of a tuned monochromatic and parallel X-ray beam (accelerating voltage: 45 

kV, tube current: 0.650 mA). The samples were measured on reflection mode in four 

frames with θ1= θ2 (180 s per frame) and a step size of 2θ = 23° (first frame θ = 12°). 

The XRD spectrum of synthetized Ir powder was analyzed using the Topas program 

(Bruker AXS, version 5). For the Rietveld analysis, the cubic face centered structure 

was used for the fitting of Ir (space group: Fm3m, CIF: 1512514, Crystallography Open 

Database). For the background, a polynomial background function of 3rd order was 

considered.  

b) X-ray photoelectron spectroscopy 

A Thermo Scientific ESCALAB 250 ultra-high vacuum (1 × 10-9 mbar base pressure) 

facility was used for XPS experiments. The depth profiles were conducted by means of 
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subsequent Ar+-sputtering and XPS analysis. The Ar+-sputtering was performed with a 

Thermo EX05 ion gun under the following conditions: 2 × 10-8 mbar Ar partial 

pressure; 2 kV acceleration voltage and 10 mA emission current, yielding an Ar+ current 

of 4.4 μA at an area of 3 × 4 mm2 (current density jAr = 0.22 μA mm-2). For XPS 

measurements an Al Kα X-ray source (Thermo XR4) and a small area lens mode (0.8 

mm2) were chosen to ensure that the measuring spot was entirely within the sputtering 

crater. The atomic concentrations of elements in the samples were quantified using peak 

integrals and sensitivity factors provided by Thermo Scientific. For peak background 

correction, a Shirley function was used. The sputtering yields were not calibrated for 

this material, so the depth profiles were plotted as function of sputter time only. To 

facilitate the comparison between our results and the results of other groups, we 

measured the sputter yield of Ta2O5/Ta sputtering reference samples with defined 

thickness of the Ta2O5 layers: for the sputter conditions used in this measurement the 

sputter yield of the reference material corresponds to 0.12 nm s-1. All XPS experiments 

were performed at room temperature and evaluated by the Thermo Scientific Avantage 

software. The powders were pressed into pellets to avoid charging of the powder 

samples during the experiments due to poor electrical contact between individual grains. 

For depth profiling of the catalyst layers droplets of the catalyst ink have been deposited 

on a gold foil. 

c) Atomic force and electron microscopy 

The morphology of samples was observed using scanning electron microscopy (SEM, 

Zeiss ULTRA plus with Charge Compensation). The images were recorded based on 

backscattered electrons (BSE) with the accelerating voltage of 1 kV. Energy-dispersive 

X-ray spectroscopy (EDS), which was combined in the SEM, was used to analyze the 

element composition of catalyst. The SEM was equipped with an XFlash 5010 detector 

(Bruker Corp.) for EDS analysis and the detector had an energy resolution of 123 eV at 

Mn Kα. 

For AFM investigation, a Bruker Multimode 8 AFM (Karlsruhe, Germany) equipped 

with a Nanoscope V controller, a closed loop scanner with open loop Z-axis (nPoint, 

USA), an open loop EVLR scanner (Bruker Corp.), quantitative nano-mechanical 

tapping Mode (QNM™, Bruker Corp.), PeakForce Kelvin probe force microscopy (PF-

KPFM, Bruker Corp.) was employed; for current measurements, a lock-in current 
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amplifier (PeakForce-TUNA™, Bruker Corp.) was used. The current measurements 

were performed with PtIr coated tips (PPP-NCHPt, 42 N m-1; Nanosensors). In the 

QNM™ mode, mechanical properties are retrieved from the force-separation curve 

simultaneously to the height information. Thereby, adhesion force, stiffness, 

deformation, and energy dissipation mappings were recorded as reported 

elsewhere.[115] In PF-KPFM mode, the surface potential and the mechanical properties 

were measured alternatingly, with the tip lifted with constant distance above the surface 

during the potential measurements. The potential is retrieved via a nulling 

method.[116,117] The measured values are always the contact potential difference 

(CPD) to the Si AFM probe. For the PF-KPFM measurements, PFQNE-AL probes 

(Bruker) with a highly doped silicone tip on a nitride lever, a resonance frequency of 

200-400 kHz, and a spring constant of 0.4-1.2 N m-1 were used. For high sensitivity, the 

lift height was set as low as possible without getting artefacts. In order to exclude a 

difference caused by the changes of the AFM probe, all measurements were performed 

with the same AFM probe. The sample was fixed with conductive tape to the AFM 

magnetic steel disk sample holder and was measured at ambient conditions. 

Transmission electron microscopy (TEM) was performed using a Philips CM20 aligned 

for an accelerating voltage of 200 kV equipped with a LaB6 cathode and a Keen View 

SIS camera. The sample material was directly dispersed on a free supporting lacey-

carbon film (Plano) and the image data processing was performed by using Digital 

Micrograph from Gatan. 

3.2.3 Electrochemical characterization 

a) Electrode preparation 

For the preparation of the catalytic ink, 10 mg sample was ultrasonically dispersed in 

1.25 mL ultra-pure water (AlfaAesar) together with 0.25 mL Nafion® perfluorinated 

resin solution (5 wt.% in lower aliphatic alcohols and water, Sigma-Aldrich) to obtain a 

homogeneous suspension. Subsequently, 20 µL of the suspension was coated onto the 

surface of a ceramic shrouded glassy carbon rotating disk electrode (GC-RDE, 1 cm2, 

Peter Schrems Elektroniklabor), which makes the implementation for temperature 

dependent measurements up to 70 °C. Prior to the catalyst deposition, the GC-RDE was 

polished with alumina suspension (Buehler) until mirror-like finishing and 



 33 

 

 

ultrasonically cleaned, first in deionized water and then in pure ethanol. Once coated, 

the GC-RDE was dried at room temperature under Ar flow.  

b) Electrochemical measurements 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were carried out in a 

three-electrode cell, in which GC-RDE was employed as working electrode. A Pt foil 

and a reversible hydrogen electrode (RHE, Gaskatel) were used as counter and reference 

electrode, respectively. All the electrochemical measurements were performed using an 

Autolab PGSTAT12 potentiostat. The OER measurements were performed from 1 to 

1.6 V vs. RHE at a scan rate of 5 mV s-1 and a rotation speed of 2500 rpm with 

temperatures ranging from 25 up to 70 °C. The scan rate was kept sufficiently slow to 

decrease as much as possible the capacitance contribution to the measured current 

density. Before testing, pure Ar (purity 5.0, Linde) was bubbled into the electrolyte (0.5 

M H2SO4 solution, VWR chemicals) for 30 minutes. All electrochemical measurements 

were corrected for the ohmic drop, which was determined by electrochemical 

impedance spectroscopy (EIS) using a module (Zahner IM6s) that generates an AC 

signal at a frequency of 5 × 104 Hz. Ir-black (Umicore) was used as reference OER 

catalyst for the comparison purpose.  

 

Figure 3-1. Scheme of the synthesis procedure for 30 wt.% Ir/Ti4O7 catalyst. U = 
Ultra-sonication, DI = deionized water, ANH = anhydrous, CTAB = 
cetyltrimethylammonium bromide. 
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In addition, samples for AFM analysis after electrochemical measurements were 

prepared on GC plates of 1.8 × 1.8 cm2 (Alfa Aesar). Once the Ir/Ti4O7 catalyst ink was 

deposited and dried, 200 cycles of CV were performed in O2-saturated 0.5 M H2SO4 

without rotation. Measurements were carried out at 25 °C with a scan rate of 20 mV s-1. 

3.3 Results and discussion 

3.3.1 Morphology and structure properties 

1) SEM and TEM 

The morphology of the Ir/Ti4O7 catalyst was studied with electron microscopy 

techniques, namely SEM and TEM. The loading of Ir on Ti4O7 was determined by EDS 

analysis in two ways (see Appendix) and it was found to be 24.2 ± 0.4 wt.%, indicating 

that not all the IrCl3 was reduced during the synthesis procedure, in spite of the addition 

of NaBH4 in excess. The unreacted IrCl3 was dissolved through the repeated steps of 

washing with ethanol and water. SEM images were recorded with the energy selective 

backscattered (ESB) detector in order to enhance the compositional contrast between the 

Ir and the Ti4O7. One can observe in the low magnification micrograph of Figure 3-2 

(a), that the surface is quite bright indicating the presence of metallic Ir on most of the 

surface of Ti4O7. Brunauer–Emmett–Teller (BET) surface area measurements showed a 

specific surface area 8.04 m2 g-1 for Ti4O7 powder. After the deposition of nano-sized Ir 

particles on Ti4O7, the BET surface increased to 38.03 m2 g-1. An image with higher 

magnification shown in Figure 3-2 (b) clearly reveals that the Ir agglomerates are 

uniformly dispersed on the ceramic particles, which have irregular shape and are much 

darker than the precious metal. Interestingly, some very small agglomerates or even 

single nanoparticles scattered on Ti4O7 are visible as well. These particles can be 

noticed in Figure 3-2 (b) as tiny bright spots situated on the ceramic particles. Figure 3-

2 (c) presents an overview TEM image of Ir/Ti4O7 catalysts.  It shows Ir clusters 

(dashed circle) attached to the ceramic, which are not distributed homogeneously and 

seem to be quite scarce. The TEM image with increased magnification shown in Figure 

3-2 (d) confirms the presence of single Ir particles of ca. 2 nm in diameter and small 

agglomerates of less than 10 nm deposited on the Ti4O7 surface. 
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Figure 3-2. (a) Low and (b) high magnification SEM images of Ir/Ti4O7 catalyst 
taken with backscattered electrons. The corresponding low and high resolution 
TEM images are shown in (c) and (d). Some agglomerates of Ir nanoparticles 
deposited on Ti4O7 are indicated with dashed yellow circles. 

2) XRD 

The structure the Ir/Ti4O7 sample and the lattice parameters of Ir were determined by 

Rietveld analysis. The XRD pattern of Ir/Ti4O7 is presented in Figure 3-3. It shows four 

main broad peaks corresponding to the cubic face centered structure of Ir (space group: 

Fm-3m). 

In Table 3-1, the crystalline properties of the Ir phase calculated with Rietveld analysis 

are summarized. The lattice parameters are similar as estimated by Wychoff,[118] and 

by Owen and Yates.[119] The crystallite size is ~1.8 nm as it can also be observed in 

the TEM images. The support material is composed of a mixture of Ti4O7 and 

K1.28Ti8O16; the respectively mean crystallite size is 9.39 ± 0.19 nm and 150 ± 20 nm. 

The Rietveld refinement results and the comparison of measured and calculated spectra 

are shown in Figure 9-1 (see Appendix). 
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Figure 3-3. X-ray diffraction pattern of Ir/Ti4O7 sample. References were taken 
from ICDD database (PDF): Ir: 03-065-1686, Ti4O7: 01-071-1428, K1.28Ti8O16: 01-
084-2058, IrCl3: 00-001-0188. 

3) XPS 

XPS spectra of the Ir4f signal of freshly prepared Ir/Ti4O7 nano-powder after 0 s and 26 

s of sputtering are presented in Figure 3-4 (a), along with the fitting of the metallic and 

oxide components. The oxide species have been determined by fitting the first level 

spectrum (0 s) using the metallic reference (Ir black) and a synthetic doublet of 

symmetric peaks with 3 eV separation and a fixed height and width ratio. The outcome 

of the fitting is an oxide species with the Ir4f7/2 level located at 61.4 eV, which has 

been used to fit the Ir4f spectra of all other levels of the XPS depth profile. According to 

a binding energy shift of -1 eV between the Ir-metallic peaks and the Ir-oxide the oxide 

species is very likely allocated as Ir(III).[120] 

Table 3-1. Structural parameters of Ir/Ti4O7 sample obtained from Rietveld 
refinement analysis. Detailed information is shown in Figure 9-1 of Appendix. 

Property Ir 

Structure 
Cubic, face 
centered 

Space group Fm-3m 

a (Å) 3.8284 (14) 

Cell Volume (Å3) 56.11 (6) 

Crystallite size (nm) 1.78 (2) 

Crystal density (g cm‒3) 22.75 (3) 

Cif fileb 1512514 

                                                      
b Crystallography Open Database (http://www.crystallography.net/) 
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Figure 3-4. XPS analysis showing (a) detailed Ir4f spectra of Ir/Ti4O7, (b-c) a 
concentration profile of elements occurring in Ir/Ti4O7. 

The concentration profiles of the metallic (Ir(0)) and oxide Ir species (Ir(III)) as well as 

of other occurring elements (O, Ti, C, Cl) are summarized in Figure 3-4 (b) and (c), 

respectively. Apparently, the low initial concentration of Ir, Ti and O is due to a 

contamination by surface carbon, which concentration becomes reduced down to 

virtually zero after ~30 s sputtering. Moreover, at the surface, the concentration of Ir 

oxide is about twice the concentration of the metallic Ir component. Upon sputtering, 

the concentration of Ir(0) increases from 2 at.% to about 10 at.% while the concentration 

of Ir(III) remains largely constant; after 50 s sputtering the ratio Ir(0):Ir(III) = 3, i.e. the 

fraction of Ir oxide is substantial. Note that the constant Cl concentration of ~8 at.% is 

due to the synthesis process of the sample. The un-reduced Ir(III) observed by XPS is 

associated with impurities of IrCl3 (less than 2 wt.%), which was used as Ir precursor of 

the Ir/Ti4O7 synthesis and hard to be removed after the cleaning process.  It is very 

unlikely the impurity IrCl3 plays a role in the OER as it is removed from the surface of 

the catalyst layer after electrochemical oxidation at high potentials. Finally, we do not 

observe a shift between Ir4f peaks in Ir/Ti4O7 and Ir-black as the one being reported for 

Pt/Ti4O7 [107] and Pt/TiO2,[121] so we do not have any indication for strong metal-

support interaction (SMSI). 

From XPS spectra of pristine Ir/Ti4O7 catalyst layers (prepared with Nafion as ionomer) 

as well as after electrochemical treatment, it is concluded that the thickness of the 
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surface Ir-oxide layer slightly increases by ~30 % after the electrochemical test (see 

Appendix Figure 9-2). 

4) AFM on pristine materials 

The topography measurements of the three different materials are given in Figure 3-5. 

In Figure 3-5 (a), the topography of Ir/Ti4O7 is shown and larger particles of the 

Magnéli phase can be clearly observed as well as the smaller Ir agglomerates. Figure 3-

5 (b) shows the topography image of Ir black. On the topography image of the Ti4O7 

coated sample (Figure 3-5 (c)) only larger crystals of Ti4O7 are visible. 

 

Figure 3-5. Topography of the pellet samples: (a) Ir/Ti4O7, (b) Ir-black, and (c) 
Ti4O7. 

The size of single Ir nanoparticles or small agglomerates on the Ti4O7 support measured 

by AFM are slightly higher than by XRD, but might be overestimated in the image due 

to the convolution of tip and particle geometry. At higher magnification, given in Figure 

3-6 (a) and (b), Ir agglomerates are visible on the Ti4O7 support, identified by their 

lower adhesion. This can be noticed in the adhesion image shown in Figure 3-6 (c) and 

Figure 3-6 (d), from which the Ir nanoparticles (yellow dashed circles) and the Ti4O7 

support can clearly be distinguished. 

A comparison of the surface potential measured on the different samples by PF-KPFM 

is shown in Figure 3-6 (e). The potential values at the peaks of the curves, fitted using a 

Gaussian distribution, are given in Table 3-2 along with the standard error. A shift in the 

potential from pure Ti4O7 to Ir/Ti4O7 of approximately 180 mV is associated to the Ir 

particles deposited on the Ti4O7 support. The much higher surface potential of pure Ir-

black with 720 mV differs significantly from the potential of the supported catalyst. A 

decrease of the potential of the nano-particles is most likely caused by the mixed 

character of the supported catalyst. 
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Figure 3-6. Higher magnification topography image (a) and zoomed-in topography 
image (b) of Ir/Ti4O7; the corresponding adhesion image and zoomed-in adhesion 
image are shown in (c) and (d), on which Ir agglomerates on Ti4O7 are marked 
with yellow dashed circles; (e) the relative frequency of surface potential values of 
Ir-black, Ti4O7 and Ir/Ti4O7. 

Table 3-2. Results of a Gaussian fit of the AFM surface potential distribution 
measurements. 

 
xc / mV A / mV² w / mV 

Ir black 721.65 ± 0.09 131.4 ± 0.6 41.6 ± 0.2 

Ti4O7 78.5 ± 0.6 167 ± 2 122 ± 2 

Ir/ Ti4O7 254.9 ± 0.7 153 ± 2 176 ± 2 
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5) AFM on catalyst layers 

200 cycles of CV between 1.0 and 1.6 V vs. RHE were carried out on Ir-black and 

Ir/Ti4O7 coated GC substrates in O2-saturated 0.5 M H2SO4. The surface properties were 

studied before and after electrochemical treatment through ex situ AFM measurements. 

Figure 3-7 (a) shows a topography image of the Ir/Ti4O7 catalyst layer. The adhesion of 

the AFM tip to the ionomer is higher than to the catalyst particles as shown in Figure 3-

7 (b). The dark spots on the particles in the adhesion image indicate that the ionomer 

only partly covers the agglomerates and primary particles.[122] Additionally, it was 

found for both catalysts that not all the particles are covered by the polymer, which has 

an impact on the surface potential and the conductivity. Figure 3-7 (c) and (d) show a 

current image and current-potential (I-V) characteristics at different positions on an 

Ir/Ti4O7 electrode, respectively. The white line with numbers indicates the positions on 

the sample where the I-V curves were measured. Higher resistance indicates thicker 

ionomer coverage of the particle. The corresponding broad primary particle size 

distribution, evaluated by measurements of particle size in the height image of Figure 3-

7 (e), is presented in Figure 3-7 (f). An average primary particle size of 120 nm was 

determined for Ir/Ti4O7. In contrast, the average primary particle size of Ir-black is ca. 

2.7 times larger (histogram not shown). After the electrochemical measurements, the 

average primary particle size shifted to 100 nm, most probably as result of displacement 

of Nafion ionomer that initially covered the particles during the gas evolving OER.[123]  

3.3.2 Electrochemical surface properties and activity 

1) Surface electrochemistry 

In a PEM electrolyzer, the potential of the anode has to be raised higher than 1.48 V 

(high overpotential) in order to split water. Therefore, the Au-RDE is not suitable for 

studying Ir-based catalysts for OER in a half-cell as it forms unstable Au2O3 at 1.46 V 

vs. RHE,[124] posing difficulty for the analysis of kinetics and reproducibility. 

Consequently a ceramic RDE with GC disk was used for measurements when either the 

potential was higher than 1.48 V or the temperature of the electrolyte solution was 

varied. A number of CVs in deaerated 0.5 M H2SO4 were performed on the Ir-black and 

Ir/Ti4O7 coated GC-RDE prior to the OER measurements. The results CVs of Ir-black 

and Ir/Ti4O7 are presented in Figure 3-8 (a) and (b), respectively. 
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Figure 3-7. AFM topography image (a) and the corresponding adhesion image (b) 
of Ir/Ti4O7 coated GC electrode; (c) shows the current measurement at the same 
position as (a); (d) I-V curves along the white line on (a); zoomed-out topography 
image (e) and primary particle size distribution (f) of Ir/Ti4O7 on GC electrode. 

First, the peaks of the three characteristic zones of the CV of Ir-black, namely the 

hydrogen adsorption/desorption, double layer and oxide formation, are clearer and more 

defined than those measured on Ir/Ti4O7. Second, in the case of Ir/Ti4O7, below 0.2 V 

vs. RHE the contribution to the cathodic currents of the Hads peaks by the electro-

ceramic support is very much noticeable. It is also interesting that waves from the 

formation of Ir(OH)3 and hydrous Ir4+ shift positively with each cycle. This result is 

similar to what it has been reported for Ir nanoparticles supported on carbon.[50]  
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Figure 3-8. Cyclic voltammetric curves of (a) Ir-black and (b) Ir/Ti4O7 deposited 
on the GC-RDE, measured at a sweep rate of 50 mV s-1. (c) Mass activities of Ir-
black and Ir/Ti4O7 catalysts for the OER measured at a sweep rate of 5 mV s-1 and 
rotation speed of 2500 rpm. The inset shows the corresponding Tafel slopes. A 
comparison of the j-E characteristics normalized by Ir mass is shown in (d).  Cyclic 
voltammetric curves of (e) Ir-black and (f) Ir/Ti4O7 after the OER measurements 
with different temperatures from 25 °C to 70 °C. All the experiments were carried 
out in Ar-saturated 0.5 M H2SO4 at 25 °C. 

2) Activity and kinetics 

The OER mass activities of Ir-black and Ir/Ti4O7 were measured at different 

temperatures in order to study the kinetic behavior of the materials. The elemental 

analysis discussed in Section 3.3.1 revealed an Ir loading of ca. 25 wt.% on Ti4O7. 

Therefore, the PGM loading on the GC-RDE is about 33 µgIr cm-². This value was used 

for normalizing the mass activity of Ir/Ti4O7 after ohmic correction. Figure 3-8 (c) 
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shows the current-potential characteristics of both catalysts in Ar-saturated 0.5 M 

H2SO4 at 25 °C and a sweep rate of 5 mV s-1. At an overpotential of 250 mV, the mass 

activity was measured to 4.2 and 1.6 A gIr
-1 for supported and unsupported catalyst, 

respectively. This result shows that Ir/Ti4O7 has a better utilization of the PGM catalyst 

for the OER than commercial Ir-black. The electrochemical parameters obtained from 

the LSVs at different operation temperatures are summarized in Table 3-3. 

Table 3-3. Kinetic parameters for OER on Ir/Ti4O7 and commercial Ir-black 
catalysts. The onset overpotential (η), Tafel slope (β), transfer coefficient (α) and 

exchange current density (jo) are listed against temperature (T), for both materials. 

 
T / °C η / V β / mV dec-1 α jo / 10-9A mgIr

-1 

Ir/Ti4O7 

25 0.212 47.3 0.63 21 

30 0.211 46.6 0.65 19.5 

40 0.202 46.9 0.66 34.5 

50 0.196 46.7 0.69 52.0 

60 0.190 46.4 0.71 75.1 

70 0.184 47.4 0.72 140.2 

Ir-black 

25 0.198 43.1 0.69 2.5 

30 0.195 43.1 0.70 3 

40 0.185 43.2 0.72 5.8 

50 0.178 43.6 0.73 12.0 

60 0.169 43.9 0.75 22.8 

70 0.162 44.6 0.76 46.2 

 

One can observe in Figure 3-8 (d) that the overpotential (η) of Ir/Ti4O7 is shifted ca. 15 

mV towards the positive and this gap is gradually increasing with raising up the 

measurements temperature (see Column 2 in Table 3-3). It is well known the 

dependence of the electric resistance of Ti4O7 bulk material such as pellet, layers, etc. 

with respect to the compactness.[125] The ohmic drop of Ti4O7 coated RDEs was 

measured with electrochemical impedance spectroscopy (EIS), but no difference in the 

obtained values was found. The Ti4O7 support definitely has influence on 

electrocatalytic properties of Ir/Ti4O7 (e.g. shift of the onset potential). The unsupported 

Ir produced by similar synthesis route [126] shows the same onset potential compared to 

Ir-black. However, at present there is no experimental evidence that the observed 

electrochemical behavior of Ir/Ti4O7 is due to the higher electronic resistance. 
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The Tafel slope (β) of Ir/Ti4O7 and Ir-black layers, in both cases, is between 40-60 mV 

which is normally accepted in the literature for non-compact layers [72,127–129] and 

demonstrates that both catalysts exhibit the similar rate-determining step for the OER. 

The observed Tafel slope does not contradict the OER mechanism proposed in the 

literature.[130,131] That is a one electron non-faradic step in which OHads surface 

species are rearranged via a surface reaction according to the following mechanism: 

S + H2O → S-OHads* + H+ + e-,  (3-1) 

S-OHads* → S-Oads- + H+,   (3-2) 

S-Oads- → S-Oads + e-,  (3-3) 

S-Oads + S-Oads → O2 + 2S,  (3-4) 

where S represents the active site of the catalytic metal. The theoretical value of Tafel 

slope β of the Eq. (3-3) can be calculated using the relation β = RT ln10 / (2α) F, where 

R is the gas constant (8.31 J K−1 mol−1), α the transfer coefficient, T the absolute 

temperature and F the Faraday constant (96485 C mol−1). Thus β is ca. 47 mV dec-1 (at 

80 °C) which is quite close to the measured values of 47.3 and 43.1 mV dec-1 for 

Ir/Ti4O7 and Ir-black, respectively. In recent years, it has been demonstrated that the 

difficult step in the water splitting process is the formation of hydroperoxide-type 

(OOH) species on metal surfaces that are partially-oxidized, according to deprotonation 

mechanism:[47,73] 

H2O + S-Oads → S-OOHads + H+ + e-  (3-5) 

The formation of OOHads eventually leads to the evolution of molecular O2, which 

proves that in fact other complex factors can affect the kinetic behaviour of the β in 

nanostructured and partially-oxidized catalysts such as Ir/Ti4O7 and Ir-black. Therefore, 

only in situ spectroscopies and other sophisticated characterization techniques at the 

atomic level can really provide insight on the OER mechanism of the materials 

discussed herein. 

 A number of CVs were performed in deaerated 0.5 M H2SO4 in order to study the 

changes in the electrochemical surface of the materials after the OER measurements 

performed at different temperatures (from 25 °C to 70 °C). The results are summarized 

in Figure 3-8 (e) and (f) for Ir-black and Ir/Ti4O7, respectively. At first, we can observe 
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in Figure 3-8 (e) that peaks from the triplet associated to Hads in Ir-black are more 

defined compared to Figure 3-8 (a). Moreover, the characteristic Ir-redox pairs are also 

more pronounced in these CVs. Notably, the redox pair of Ir3+/Ir4+ of the Ir/Ti4O7 in 

Figure 3-8 (f) can be easily distinguished showing how the absolute current density 

centered at ca. 0.9 V increases progressively with every cycle, which can be attributed 

to the influence from ceramic support.  

3.4 Conclusions 

The Ir/Ti4O7 anode catalyst is a promising material for reducing the precious metal 

loading in the PEM electrolyzer for large scale storage of renewables. In many ways the 

Ir/Ti4O7 catalyst is thermodynamically more efficient on a noble metal mass and an 

active site basis during the electrocatalytic oxygen evolution than commercial Ir-black. 

It has a higher OER mass activity, higher TOF on each active center, and better 

utilization of the precious metal compared to Ir-black. In general it has improved kinetic 

properties, except for a slight shift in the water splitting onset potential, which is 

attributed to the ohmic drop from the lack of compactness of the catalyst layer. Even 

though this catalyst appears attractive as anode material for polymer electrolyte 

membrane electrolysis the structural and chemical complexity complicates the 

elucidation of the OER mechanism and the effect of using an electro-ceramic supports.  
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4 Improving the Activity and Stability of Ir Catalysts 

for PEM Electrolyzer Anodes by SnO2:Sb Aerogel 

Supports: Does V Addition play an Active Role in 

Electrocatalysis? 

Regarding to the supported OER catalysts, apart from taking into account the substrate 

material stability under highly corrosive acidic environments at a high working potential 

( 1.4 V), highly porous structure is another key criteria for OER catalyst support to 

achieve a high electrochemical surface area. In this chapter, a novel Ir supported on 

SnO2:Sb aerogel OER catalyst (Ir/SnO2:Sb-mod-V) is presented, which was prepared 

under ambient pressure by using vanadium additives. It shows an unrivaled activity and 

enhanced stability, on which vanadium does not play any active role but demonstrates 

the function that changes the porosity of the aerogel support and affects the impurity 

content of the chlorine. By taking advantage of the high porosity of the aerogel 

substrate, Ir/SnO2:Sb-mod-V allows a decrease of more than 70 wt.% for precious metal 

usage in the catalyst layer while keeping a similar OER activity compared to its 

unsupported counterpart. Most of the results presented in this chapter were already 

published in Journal of Materials Chemistry A.c 

The SnO2:Sb aerogel substrate was provided by Guillaume Ozouf from ARMINES 

(France). Catalysts synthesis and electrochemical characterization were conducted by 

myself. SEM and ex situ XPS were performed by Ina Plock and Pawel Gazdzicki at 

DLR, respectively. HR-TEM was taken by Dorin Geiger at University of Ulm, AFM 

was executed by Tobias Morawietz and Michael Handl at University of Applied Science 

Esslingen. All the results were analyzed, discussed and summarized with relevant 

colleagues together. 

4.1 Introduction 

By taking the strategy to reduce PGM loading in the anode of PEM electrolyzer, in the 

former chapter, we have demonstrated an improved Ir utilization of Ir/Ti4O7 compared 

to Ir-black. It was achieved by depositing metallic Ir nano-particles on Magnéli phase 

Ti4O7 without further thermal treatment.[132] In recent years, the well-known electro-

                                                      
c L. Wang, F. Song, G. Ozouf, D. Geiger, T. Morawietz, M. Handl, P. Gazdzicki, C. Beauger, U. Kaiser, 
R. Hiesgen, A. S. Gago and K. A. Friedrich, J. Mater. Chem. A, 2017, 5, 3172. 
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ceramic tin oxide doped with antimony (SnO2:Sb) also attracted significant attention 

from the research community owing to its considerable electronic conductivity and high 

electrochemical stability.[114,133,134] Puthiyapura et al. prepared and investigated the 

rutile phase of IrO2 supported on commercial SnO2:Sb particles, showing improved Ir 

utilization.[103] In addition, Strasser and co-workers developed a highly active catalyst 

consisting of IrNiOx supported on mesoporous SnO2:Sb and revealed a metal/metal 

oxide support interaction (MMOSI) between amorphous IrOx and SnO2:Sb, resulting in 

an enhancement of the intrinsic OER activity.[76,135] 

The precious metal utilization and stability of nanostructured Ir anodes of PEM 

electrolyzers have yet to be further improved, the aforementioned efforts 

notwithstanding. In this context, three-dimensional (3D) aerogel structures of carbon 

[136] and SnO2:Sb [137] are widely studied as catalyst supports for the oxygen 

reduction reaction (ORR) due to their ultra-high intrinsic specific surface area. Herein, 

an iridium supported on a SnO2:Sb aerogel catalyst (Ir/SnO2:Sb-mod-V) for OER with 

well-retained highly porous structure is developed by using V additives during 

synthesis, showing an unprecedented activity concurrent with an excellent stability 

compared to Ir/SnO2:Sb and unsupported IrOx. The retained porosity of aerogel 

substrate after synthesis yields an increased electrochemical surface area, which is 

directly correlated with catalyst performance. Previous works have reported that 

vanadium can enhance the electrocatalyst performance either by forming M-V (M is 

precious metal) alloy [138–140] or by surface vanadium redox species 

modification.[141,142] However, the results in this chapter demonstrate that vanadium 

species are not an active part for OER, rather having the significant influences on 

retaining the aerogel structure under atmospheric drying and lowering the impurity 

content of the chlorine. To the best of my knowledge, it is the first time about reporting 

the exploitation of the highly porous 3D structure of aerogel support for enhancing OER 

activity. The synthesized catalysts were characterized by X-ray photoelectron 

spectroscopy (XPS), scanning electron microscope (SEM), energy-dispersive X-ray 

spectroscopy (EDS), high-resolution transmission electron microscopy (HRTEM) and 

atomic force microscopy (AFM). Cyclic voltammetry (CV), chronopotentiometry and 

copper underpotential deposition (Cu-UPD) were carried out to evaluate the 

performance and stability of the catalysts. 
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4.2 Experimental 

4.2.1 Aerogel synthesis 

SnO2:Sb aerogels were prepared using the same method described previously.[143] A 

solution containing tin isopropoxide (Alfa Aesar, 99% (metals basis), 10 % w/v in 

isopropanol) in isopropanol (iPrOH) and antimony (III) isopropoxide (Alfa Aesar, 99.9 

% (metals basis)) was prepared and placed under magnetic stirring to obtain a 

theoretical dopant rate of 10 at.%. A solution of nitric acid (HNO3, Alfa Aesar, 2N), 

water and isopropanol (Acros Organics, 99.5 %) was added dropwise to the first 

solution; a gel formed after few minutes. Gels were aged for two days, then washed in 

isopropanol and dried with CO2 at supercritical conditions (80 bars, 40 °C). As formed 

aerogels were thermally treated in air at 600 °C for 5 h. After calcination, the SnO2:Sb 

aerogel color turned to blue.  

4.2.2 Catalysts preparation 

The SnO2:Sb aerogel supported iridium catalyst was synthesized via a conventional 

sodium borohydride reduction method at room temperature, as reported 

previously.[132] In brief, 0.585 g cetyltrimethylammonium bromide (CTAB, Merck 

Millipore) and 0.075 g as-prepared SnO2:Sb aerogel were dispersed in a 60 mL 

anhydrous ethanol solution (VWR Chemicals) and magnetically stirred for 30 minutes 

under an argon atmosphere. The IrCl3 precursor solution composed of 0.0498 g 

anhydrous iridium (III) chloride (IrCl3, Alfa Aesar) and 25 mL anhydrous ethanol was 

then transferred to a reaction suspension, maintaining magnetic stirring at room 

temperature with an argon flow for another 3 hours. To reduce Ir3+, 0.304 g sodium 

borohydride (NaBH4, VWR Chemicals) dissolved in 10 mL anhydrous ethanol solution 

was added to the reaction suspension at a rate of 2 mL min-1 under vigorous stirring. 

The reaction mixture was kept for 4 hours under the same conditions until the reduction 

reaction completed. Afterwards, the suspension containing Ir/SnO2:Sb was centrifuged 

and rinsed with ample amounts of pure ethanol and deionized water to remove CTAB 

and the residual non-reduced IrCl3. Finally, the synthesized catalyst was dried overnight 

at 40°C in air. The stoichiometric loading of Ir on SnO2:Sb was 30 wt.%.  For the V 

modified Ir/SnO2:Sb-mod-V, 0.032 g ammonium metavanadate (ACS, 99.0 %) was 

added to IrCl3 precursor solution, achieving a mass ratio (vanadium to iridium) of 3:7. 

Unsupported IrOx was prepared by the same route but without adding SnO2:Sb aerogel. 
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4.2.3 X-ray Photoelectron Spectroscopy (XPS) and deconvolution 

XPS analysis was conducted using a Thermo Scientific ESCALAB 250 ultra-high 

vacuum (UHV) facility with a base pressure of 1 × 10-9 mbar. Al Kα radiation was used 

as the X-ray source (Thermo XR4). The detection spot on the sample was covered a 

surface area of 0.8 mm2. The depth profiles were determined by high energy Ar+-ion 

sputtering using a Thermo EX05 ion gun operated at 2 - 3 ×10-8 mbar Ar partial 

pressure, 3 - 7 μA Ar+ current with a sample area of 3×4 mm2, 2 kV acceleration voltage 

and 10 mA emission current. The sputtering depths (not calibrated for the different 

elements) are provided as sputter time. The data were evaluated using Thermo Avantage 

Software and Origin 8.5.1G. To determine the atomic concentrations, the sensitivity 

factor database by Thermo Avandage was used. Fitting of the Ir4f detailed spectra was 

performed by determining the oxide species at the first sputtering level (0 s) assuming a 

doublet of symmetric peaks with 3 eV separation and a fixed height and width ratio and 

using a metallic reference with the Ir4f7/2 peak located at 60.7 eV. The resulting oxide 

spectrum was used to fit all other sputtering levels of the XPS depth profile and to 

determine the metallic:oxide ratio of the studied material.  

To fit the V2p spectra, two doublets of symmetric peaks with 7.5 eV separation were 

used. The O1s satellite peaks that overlap with the V2p region were considered by 

defining two additional peaks (O1sα3 and O1sα4) shifted by -9.8 and -11.8 eV relative to 

the O1s signal with fixed intensity ratio of 2:1 according to the XPS handbook by 

Moulder et al.[144] The intensity of the fitted O1sα3 satellite peak was 6 - 7 % of the 

intensity of the measured O1s signal, which is close to the expected value of 6.4 

%.[144] 

4.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 

(EDS) 

Powder samples were directly deposited on adhesive conducting carbon tapes then 

analyzed by SEM and EDS. The morphology was observed by using secondary electron 

signals. The element distribution with visual color contrast was measured by using 

backscattered electrons. The mass percentage of the elemental composition was 

determined by EDS. For Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb, the experiments were 

carried out at DLR (Stuttgart) with a facility from Zeiss (ULTRA plus using scanning 

electron microscopy), equipped with an XFlash 5010 detector (Energy Resolution: 123 
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eV at Mn Kα; Bruker Corp.) for EDS mode. For SnO2:Sb aerogel, the analysis was 

carried out in Armines by using a Supra 40 with Gemini column operated at 3.00 kV, 

coated with 7 nm thick platinum layer using a Quorum (Q150T) before analysis. 

4.2.5 High-Resolution Transmission Electron Microscope (HRTEM) 

HRTEM images were taken with a FEI instrument Titan 80-300 kV with image Cs-

corrector at 300 kV. For sample preparation, the catalyst powders were dispersed in 

pure ethanol and fished with a holey carbon support film on a copper grid (Plano) 

afterwards. The image data processing was carried out by using both Digital Micrograph 

(Gatan) and ImageJ software. 

4.2.6 Atomic Force Microscope (AFM) 

Catalyst powders were dispersed in ultra-pure water by using an ultra-sonication bath 

and deposited on silicon wafers. To ensure electronic contact to the AFM, the samples 

were connected with conductive silver paste to the AFM steel disk. For AFM analysis, a 

Bruker Multimode 8 equipped with a Peakforce-TUNA current amplifier was used. The 

samples were measured in Peakforce tapping mode. The contact current used was 

averaged during the contact time of the AFM tip and sample by a lock-in amplifier. Pt-

covered AFM tips (PPP-NCHPt, Nanosensors) were used to measure the electronic 

conductivity. A voltage of 25 mV was applied between the sample and the AFM tip. 

The current distribution was evaluated from the images using the bearing function of the 

AFM software. For each current value, the number of pixels falling within this current 

range was counted and drawn vs. the magnitude of current. All measurements were 

performed at 40-50 % RH in ambient air. For the roughness measurements, an AFM 

probe with a DLC spike was used (SHR150, Budgetsensors). 

The results of the image evaluation are the mean values derived from several images, 

presented together with the standard deviation of the mean value. 

4.2.7 Electrochemical Characterization 

1) Electrode preparation 

A glassy carbon rotating disk electrode (GC-RDE, 0.196 cm-2, PINE Research 

Instrumentation) was used for all electrochemical characterization. Before a 

measurement, the GC-RDE was polished with an alumina suspension (Buehler) until a 

fresh GC substrate was reached, achieving a mirror-like surface. Then it was cleaned by 
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deionized water with ultra-sonication multiple times. 10 mg of catalyst powder plus 40 

µL of a Nafion resin solution (5 wt.%, Sigma Aldrich) was dispersed in 8.3 mL ultra-

pure water (Alfa Aesar). Ultra-sonication in an ice bath for 0.5 h was performed to 

obtain a homogeneous catalytic ink. Then the 10 µL ink was dropped and coated on an 

as-prepared GC-RDE surface, drying in an Ar atmosphere at room temperature. Overall 

catalyst loading on each electrode was 60 µg cm-2; therefore, the Ir loading was 60 µg 

cm-2 for unsupported IrOx, and 17 µg cm-2 for Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb. 

2) OER activity evaluation 

Cyclic voltammetry (CV) was carried out for electrochemical oxidation of the as-

prepared catalysts and their activity evaluation. The measurements were performed at 

25 C in a three-electrode cell, in which GC-RDE was employed as a working electrode, 

reversible hydrogen electrode (RHE, Gaskatel) and platinum foil were used as a 

reference electrode and a counter electrode, respectively. N2-saturated 0.05 M H2SO4 

(VWR Chemicals) was used as an electrolyte. All catalyst coated electrodes were 

subject to the full protocol listed in Table 4-1. In Sequence 1, under a rotating speed of 

1600 rpm, the potential was swept from 1 V to 1.6 V vs. RHE with a scanning rate of 5 

mV s-1 for electrode activation and the OER activity pre-test. Then in Sequence 2, the 

potential was swept between 0 V to 1.6 V vs. RHE with a scanning rate of 20 mV s-1, to 

electrochemically oxidize the catalysts. Sequence 3 was designed for OER activity 

evaluation since the electrode had achieved a steady state after Sequence 2 (EC 

protocol). After capacitance correction and ohmic resistance (ca. 34 Ω) correction, the 

first cycle of Sequence 3 was used to compare the OER activity among all of the 

catalysts. 

Table 4-1. Electrochemical measurement protocol. 

Seq. 
No 

Start Potential 
/ V vs. RHE 

Potential range 
/ V vs. RHE 

Sweep rate 
/ mV s-1 

Number 
of cycles 

Purposes 

1 1.0 1.0 – 1.6 5 3 
OER activity 

pre-test 

2 OCP 0.0 – 1.6 20 10 
Electrochemic
al Oxidation 

3 1.0 1.0 – 1.6 5 3 
OER activity 

evaluation 
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All the measurements were carried out by using an Autolab PGSTAT12 potentiostat 

except for the electrochemical impedance spectroscopy (EIS) analysis (Zahner), which 

was used to determine the ohmic resistance between GC-RDE and RHE. 

3) Copper underpotential deposition (Cu-UPD) 

The Cu-UPD experiment was carried out in two electrochemical cells, the background 

cell and the working cell. A reversible hydrogen electrode (RHE) was employed as a 

reference electrode. The background cell contained 0.5 M H2SO4 and was purged with 

N2 gas for 20 minutes before each experiment. The working cell was filled with 5 mM 

CuSO4 and 0.5 M H2SO4 where both Cu-UPD and overpotential deposition (OPD) were 

observed. The working cell was also degassed with N2 flow for 20 minutes before the 

start of the experiment. Freshly coated electrodes were used for these measurements.  

Firstly, the electrode was kept in the background cell at 0.05 V vs. RHE for 10 minutes 

to reduce the reversible iridium oxide species that formed during catalyst synthesis on 

the Ir particle surface. The electrode was then cycled in the potential window between 

0.2 V to 0.72 V vs. RHE for 3 cycles with a scanning rate of 20 mV s-1 to obtain the 

background CV profiles. After that, the electrode was again held at a constant potential 

of 0.05 V vs. RHE for another 10 minutes to ensure that no reversible iridium oxide 

species existed before Cu-UPD. Secondly, the electrode was transferred to the working 

cell (5 mM CuSO4 + 0.5 M H2SO4, N2-saturated), followed directly by 3 cycles of CV 

from 0.2 V to 0.72 V vs. RHE with a scanning rate of 20 mV s-1 to obtain the copper 

UPD and UPD-stripping peaks.[145] 

4) Stability measurements 

Chronopotentiometry was used to evaluate the stability of the catalysts. The 

measurements were carried out in N2-saturated 0.05 M H2SO4 under a rotating speed of 

1600 rpm. A fresh electrode was prepared and initially applied with the full 

electrochemical protocol listed in Table 4-1 to achieve an electrochemically oxidized 

electrode as well as to make sure that the target electrode could work properly. 

Afterwards, the galvanostatic mode was used, and the current density loaded on the 

electrode was set up to 1 mA cm-2; in the meantime, the potential was recorded. The 

duration of the stability test was 15 hours, and the measurements automatically stopped 

when the potential on target electrode reached 2.0 V vs. RHE to protect the glassy 

carbon electrode. 
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For the purpose of further confirming catalyst stability, a “duty-cycle” protocol [76] was 

applied to all three catalysts, which was proposed by P. Strasser and co-workers to 

simulate the dynamic working conditions of a PEM electrolyzer. The protocol was 

described in detail in a previously published paper [76] and offered a harsher working 

environment than the normal chronopotentiometry measurement under a constant 

current density. Again, as-prepared fresh electrodes were used for this independent 

measurement and were pre-treated by the protocol listed in Table 4-1. Following, the 

first duty cycle was applied. In brief, the electrode potential was initially kept at E0.5 (at 

which the current density is 0.5 mA cm-2 selected from the activity evaluation curve 

performed in advance) for 10 min; then, the potential was increased by a step of 20 mV 

(E0.5+20 mV) for another 10 min, and the potential step increase was repeated 5 times 

until the final potential (E0.5+100 mV) was reached. For each duty-cycle, the electrode 

was loaded with a varied potential for 1 h. Between every two duty-cycles, two cycles 

of CV were performed in the OER region to evaluate any change in activity. For each 

catalyst, the “duty-cycle” measurement stops when the electrode could not reach 1 mA 

cm-2 up to 2.0 V vs. RHE. The maximum applied duty cycle number was 15. 

4.3 Results and discussion 

Using XPS analysis, shown in Figure 4-1, vanadium was clearly identified in the 

Ir/SnO2:Sb-mod-V sample. According to the elemental composition profile depicted in 

Figure 4-1 (a), the atomic concentration of vanadium was 3-4 at.%, which was 

approximately 3 times less than the concentration of iridium, corresponding to a wt.% 

Ir:V ratio of approximately 10:1. It is worth mentioning that 30 wt.% of V (vs. IrV) was 

calculated as the nominal ratio (atomic V:Ir ratio of approximately 1.6:1) for the 

synthesis, which is much higher than the content detected by XPS, meaning that more 

than half of V was not reduced and rinsed away afterwards. 

The elemental composition profile of Ir/SnO2:Sb, depicted in Figure 4-1 (b) for 

comparison, exhibits very similar elemental concentrations, but with no vanadium, a 

slightly reduced carbon signal that was detected predominantly on the sample surface. 

In both cases, the samples were dominated by Sn and O. The bulk Sn:O ratio equals 0.4, 

which was slightly lower than the expected stoichiometric ratio of the SnO2 support 

material. The additional O could be due to additional oxidized components or possibly 

contamination. It is worth to mention that the Cl- contaminates show an apparent 
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increase in the sample of Ir/SnO2:Sb, 5.25 at.% compared to 0.88 at.% of Ir/SnO2:Sb-

mod-V that is in line with EDS analysis shown in Table 4-2, which normally has a 

strong negative effect on precious metal electrocatalysts.[146,147] This change is 

ascribed to NH4VO3 additions during synthesis, NaBH4 shows a more powerful 

reducing properties when V species present in the reaction solution, resulting in a 

different residual Cl- content. 

 

Figure 4-1. XPS analysis: surface and bulk element composition profiles of (a) 
Ir/SnO2:Sb-mod-V and (b) Ir/SnO2:Sb. Panels (c) and (d) show detailed Ir4f and 
V2p spectra, respectively. In the insets of panels (c) and (d), the respective atomic 
ratios of Ir-metal:Ir-oxide and VO2:V2O5 are plotted. 

The Ir composition, obtained by peak fitting of the Ir4f detailed spectra shown in Figure 

4-1 (c), is depicted in the inset. Apparently, the surface iridium was fully oxidized, 

while the metal:oxide ratio increased to 8-10 for the bulk (tsputter>20s). Vanadium was 

detected by measuring the V2p orbital spectra. To discriminate between the V2p peaks 

and overlapping O1s satellite peaks, the fitted signals before sputtering were added in 
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Figure 4-1 (d) (see also Figure 9-10 in Appendix). According to the fitted V2p3/2 levels 

at peak positions at 516.4 and 517.3 eV, the corresponding vanadium species has been 

identified as VO2 and V2O5; no metallic vanadium was detected, which was expected 

between 512-513 eV.[144,148] The ratio profile of the vanadium-oxide species, 

provided as an inset, shows that V2O5 clearly dominates at the sample surface, but 

mainly VO2 was found to occur in the bulk. 

Table 4-2. EDS analysis on the element ratios from selected areas of the 
Ir/SnO2:Sb-mod-V sample and Ir/SnO2:Sb sample 

 
C / 

wt.% 
O / 

wt.% 
Na / 
wt.% 

Cl / 
wt.% 

V / 
wt.% 

Sn / 
wt.% 

Sb / 
wt.% 

Ir / 
wt.% 

Ir/SnO2:Sb-
mod-V 

7.703 12.167 0.909 0.41 3.312 42.985 5.103 28.006 

Ir/SnO2:Sb 6.099 13.90 1.837 1.99 / 38.204 9.619 28.35 

 

EDS combined with SEM was used for the elemental distribution analysis to analyze the 

presence of vanadium and chlorine impurity further. The results in Table 4-2 show the 

wt.% ratio of Ir:V equals approx. 10:1 in the sample of Ir/SnO2:Sb-mod-V, in agreement 

with the XPS measurements described above. Ir/SnO2:Sb was also analyzed under the 

same conditions for comparison purposes (Table 4-2), and the absence of the V signals 

indicates that the V observed on Ir/SnO2:Sb-mod-V was indeed derived from the 

precursor NH4VO3. Chlorine impurity changes show the same trend as observed from 

XPS, ca. 5 times higher in the case of Ir/SnO2:Sb. 

The morphology of the Ir/SnO2:Sb-mod-V was analyzed with SEM by using the 

secondary electron as shown in Figure 4-2 (a) and Figure 4-3 (b). By comparison with 

the original SnO2:Sb aerogel in Figure 4-3 (a), the highly porous structure of aerogel 

was retained after Ir deposition when the V compounds were present on its surface. 

Clearly, the highly porous structure of Ir/SnO2:Sb was damaged in the samples without 

V, as apparent from the dense (Figure 4-3 (c)), flat (Figure 9-11 (d), low resolution) 

morphologic surface. One plausible explanation is that the vanadium compounds, either 

VO2 or V2O5, reduce the surface tension of the ethanol solution, thereby also reducing 

the capillary pressure force during the atmospheric drying of the catalyst. It has been 

reported that replacing a high surface tension solvent with a low surface tension solvent 
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Figure 4-2. (a) SEM image of Ir/SnO2:Sb-mod-V; (b, c) 300 kV aberration-
corrected HRTEM images of Ir/SnO2:Sb-mod-V at different magnifications, 
SnO2:Sb particles are lined with yellow, while Ir-containing areas are marked in 
red; (d) 300 kV aberration-corrected HRTEM image of Ir/SnO2:Sb. 

 

Figure 4-3. SEM images showing morphology of (a) SnO2:Sb aerogel, (b) 
Ir/SnO2:Sb-mod-V and (c) Ir/SnO2:Sb at high resolution. 
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leads to the retention of the 3D cross-linked structure of aerogels during atmospheric 

drying.[149] The corresponding back scattered electron SEM images (Figure 9-11 (a) 

and (c), see Appendix) show a uniform Ir dispersion on both Ir/SnO2:Sb-mod-V and 

Ir/SnO2:Sb on a larger scale, in which Ir particles are present as bright tiny spots. 

Figure 4-2 (b) shows the HRTEM image of Ir/SnO2:Sb-mod-V. Particles, such as those 

surrounded by yellow dashed lines, with a size of ca. 10 nm were identified as a single 

particle of SnO2:Sb aerogel. The small dark particles, indicated by red circles and 

arrows, were attributed to Ir nano-particles with a smaller particle size of ca. 2-3 nm.  

As we can see, some of the Ir particles were situated on the substrate as single particles 

and were well-dispersed on the aerogel structure, while some show agglomeration as 

illustrated in the red circle of Figure 4-2 (b). One selected area of the Ir/SnO2:Sb-mod-V 

is shown in Figure 4-2 (c) at higher magnification, where a single Ir particle is next to 

SnO2:Sb particles. Crystallographic analysis enabled the (111) lattice plane of the Ir 

nano-particles and the (110) lattice plane of the SnO2 particles to be discerned. 

Interestingly, no evidence of V was found at the nano-scale, as shown in Figure 4-2 (b) 

and (c), which implies that Ir and V did not form a solid solution and that the V was 

distributed heterogeneously in the sample of Ir/SnO2:Sb-mod-V. For comparison, a 

HRTEM image of Ir/SnO2:Sb is shown in Figure 4-2 (d). As expected, Ir and SnO2:Sb 

were recognized based on the Ir (002) lattice plane and the SnO2 (101) lattice, with 

characteristic distances of 1.92 Å and of 2.67 Å, respectively. A similar structure of 

Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb at the nano-scale indicates that the presence of V had 

no significant influence on the microstructure of the Ir catalysts supported on SnO2:Sb. 

Electronic conductivity, which normally influences performance, is an important 

parameter for evaluating electrocatalysts. An AFM conductivity measurement was 

carried out for this purpose. Two SnO2:Sb aerogel supported Ir catalysts were deposited 

on a Si wafer and electrically connected to the metal substrate with conductive silver 

paste. Figure 4-4 (a) and (b) show the current mapping of Ir/SnO2:Sb-mod-V and 

Ir/SnO2:Sb, respectively. The conductive area was (95 ± 4) % for Ir/SnO2:Sb-mod-V 

and (91 ± 3) % for Ir/SnO2:Sb. The magnitude of the conductive area percentage with a 

varied threshold current is shown in Figure 4-4 (c). No significant difference in 

conductivity between Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb was observed. Also a similar 
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mean size of the conductive agglomerates was determined at ~ 28 nm for Ir/SnO2:Sb-

mod-V and ~27 nm for Ir/SnO2:Sb. 

 

Figure 4-4. AFM measurements: contact current mapping of (a) Ir/SnO2:Sb-mod-
V and (b) Ir/SnO2:Sb; panel (c) shows the bearing area vs. current for the two 
supported catalysts, evaluated from AFM current mappings; 3D topography of (d) 
Ir/SnO2:Sb-mod-V and (e) Ir/SnO2:Sb. 

Surface roughness can be an indicator for the porosity of powder samples. The porosity 

is another key parameter for evaluating electrocatalysts, especially OER catalysts, 

because the porosity influences water transport and the detachment of oxygen. For 

Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb, the roughness (Ra) determined from three different 

spots on the samples at the 3 µm scale was (100 ± 20) nm for Ir/SnO2:Sb-mod-V and 

(80 ± 20) nm for Ir/SnO2:Sb. 

However, one should be aware of the large error bars, ± 20 nm in both cases, and the 

importance of inter-agglomerate roughness. The mean error is a result of the 

heterogeneities of the samples at this scale. Note that the determination of (Ra) on a 

smaller area taking care that only the surface of one agglomerate is measured 

(evaluating 300 x 300 nm² areas) leads to a reduced roughness (16 ± 1 nm for 

Ir/SnO2:Sb-mod-V and 12 ± 1 nm for Ir/SnO2:Sb). It was, however, larger for the V-

modified sample. In Figure 4-4 (d) and (e), topography images of Ir/SnO2:Sb-mod-V 
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and Ir/SnO2:Sb are given. Their difference in surface roughness implies that the 3D 

porous structure of Ir/SnO2:Sb-mod-V was retained after synthesis, while the porous 

structure partially collapsed in the case of Ir/SnO2:Sb. This was in agreement with the 

SEM morphology analysis. 

 

Figure 4-5. (a) OER activity performance of Ir/SnO2:Sb-mod-V, Ir/SnO2:Sb and 
unsupported IrOx, 25 °C, N2-saturated 0.05 M H2SO4, 5 mV s-1, 1600 rpm; (b) mass 
activity comparison under an overpotential of 280 mV; (c) Cu-UPD profile of 
Ir/SnO2:Sb-mod-V; (d) charge comparison based on Cu-UPD stripping peaks 
among three catalysts; (e) stability tests: chronopotentiometry with a current 
density of 1 mA cm-2 for 15 hours, 25 °C, N2-saturated 0.05 M H2SO4; (f) duty cycle 
measurements: the corresponding potential under 1 mA cm-2 after each duty cycle 
was recorded. Ir loading on electrodes: 60 µg cm-2 for IrOx, 17 µg cm-2 for 
Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb. 
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Figure 4-6. Geometric OER activity comparison among Ir/SnO2:Sb-mod-V, 
Ir/SnO2:Sb, unsupported IrOx and pure SnO2:Sb aerogel (N2-saturated 0.05 M 
H2SO4, 5 mV s-1, 1600 rpm, 25 °C). Ir loading on GC-RDE: 17 µg cm-2 for 
Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb, 60 µg for unsupported IrOx. 

Three catalysts were electrochemically oxidized by 10 cycles of CV between 0 V and 

1.6 V vs. a reversible hydrogen electrode (RHE) (Figure 9-14, see Appendix). 

Afterwards, 3 cycles of CV were carried out from 1.0 V to 1.6 V to examine OER 

activity. The first CV cycle after capacitance correction is shown in Figure 4-5 (a). Both 

SnO2:Sb aerogel supported Ir catalysts displayed significantly enhanced OER activity 

normalized by Ir loading compared to the unsupported IrOx catalyst that we previously 

published.[126] Furthermore, Ir/SnO2:Sb-mod-V exhibited slightly higher OER mass 

activity compared with Ir/SnO2:Sb. Ir mass activity was compared at an overpotential of 

280 mV (Figure 4-5 (b)), where mass transport effects were negligible. At this potential, 

unsupported IrOx, Ir/SnO2:Sb and Ir/SnO2:Sb-mod-V reached 33.2 A g-1, 94.6 A g-1 and 

121.5 A g-1, respectively. For comparison, IrOx/Com.-ATO and IrNiOx/Meso-ATO 

reported by Nong et al,[76] reached ca. 32 A g-1 and 89 A g-1, respectively. It is 

worthwhile to note that any comparison of mass activities is difficult because the 

measured values depend greatly on the electrode preparation method, the amount of 

ionomer in the catalyst layer, the electrolyte concentration, etc. Even so, the most 

significant result is the fact that the three catalysts showed similar geometric OER 

activity (Figure 4-6), while the supported samples contained only ca. 28 wt.% Ir on the 

electrodes, showing that the SnO2:Sb aerogel support had successfully improved Ir 

utilization. In more practical terms, one can foresee that it is possible to retain high 

efficiencies with less than 70 wt.% Ir loading in the membrane electrode assembly 
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(MEA). In this context, the use of aerogel supports paves a way to develop ultra-low 

loading Ir anodes for PEM electrolyzers. 

The Tafel slope of three catalysts are given in Figure 4-7, 43.7 mV dec-1, 41.8 mV dec-1 

and 40.9 mV dec-1 for IrOx, Ir/SnO2:Sb and Ir/SnO2:Sb-mod-V, respectively. The slight 

difference between supported catalysts and unsupported catalyst can be attributed to the 

influence from MMOSI.[135] Similar Tafel slope implies that three catalysts have the 

same active center, namely Ir, and V does not contribute to the OER catalysis in the 

case of Ir/SnO2:Sb-mod-V. This is confirmed by XPS analysis on electrode surface after 

electrochemical oxidation (Seq. 1 and Seq. 2 in Table 4-1), shown in Figure 4-8.  

 

Figure 4-7. Tafel slope determination of Ir/SnO2:Sb-mod-V, Ir/SnO2:Sb and IrOx. 

To track V content changes after electrochemical oxidation, Ir/SnO2:Sb-mod-V catalytic 

ink (containing Nafion ionomer) was deposited on an Au foil; then the electrochemical 

protocol (see Seq. 1 and Seq. 2 in Table 4-1) was applied. The elemental composition of 

the catalytic layer was analyzed by XPS before and after the electrochemical protocol. 

Detailed V2p spectra are shown in Figure 4-8. Apparently, the V2p peaks showed a 

significant decrease after electrochemical operation, implying that vanadium was 

rapidly dissolving during the electrochemical operation. From the Ir:V peak area ratio, it 

was concluded that ca. 95 at.% of vanadium vanished after the electrochemical 

operation. Therefore, V is only a transient before catalyst electrochemical activation, it 

does not play any active role in OER catalysis, rather influencing the porosity of aerogel 

support and residual chlorine content. 
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Figure 4-8. XPS analysis: detailed V2p spectra of Ir/SnO2:Sb-mod-V (a) before and 
(b) after electrochemical characterization. The deconvoluted peaks of O1s satellites 
(grey), VO2 (red) and V2O5 (green) are shown. 

The catalyst particles of Ir/SnO2:Sb-mod-V after 10 CV cycles of electrochemical 

oxidation (EC) were collected and analyzed by HRTEM. The image as shown in Figure 

4-9 displayed that Ir and SnO2:Sb retained a similar size and structure, ca. 2 nm and 10 

nm, respectively, compared to the fresh sample. This indicates that no significant 

changes, either for Ir particles or SnO2:Sb particles, were observed after the EC 

protocol.  

 

Figure 4-9. HRTEM image of Ir/SnO2:Sb-mod-V after the electrochemical 
oxidation (EC) protocol. 

To further elucidate the OER activity difference among the three catalysts, a Cu-UPD 

measurement was performed to determine the charge during Cu-UPD stripping, which 

is related to the electrochemical surface area. Copper is a suitable choice for UPD on 

iridium because both elements have similar atomic radii: Cu (0.128 nm) and Ir (0.136 
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nm).[150] The integration of the Cu-UPD stripping peak area analysis enables the 

calculation of the electrochemical surface area of Ir, supposing one copper atom 

adsorbed onto one surface iridium atom and that 2 electrons are transferred.[151] Figure 

4-5 (c) shows the Cu-UPD profile of Ir/SnO2:Sb-mod-V and its background CV curve 

measured in the same electrolyte without Cu2+. The Cu-UPD peak appeared in the 

cathodic scan at ca. 0.38 V vs. RHE. This was followed by copper overpotential 

deposition (Cu-OPD) from ca. 0.25 V.[145] The anodic peak from 0.35 V to 0.72 V vs. 

RHE was attributed to the Cu-UPD stripping and used for evaluating the UPD charge; 

the values are provided in Figure 4-5 (d). 

Based on their Cu-UPD stripping peaks (Figure 9-15, see Appendix), a charge of 220.6 

C g-1 relative to the Ir loading was observed for Ir/SnO2:Sb-mod-V, whereas the charge 

for Ir/SnO2:Sb and unsupported IrOx was 148.9 C g-1 and 89.5 C g-1, respectively. This 

result was in agreement with the Ir mass normalized OER activity under an 

overpotential of 280 mV, implying that the Cu-UPD stripping charge can be used as an 

indicator of the electrochemical surface area for metallic Ir-based OER catalysts. 

Chronopotentiometry was used for evaluating the stability, presented in Figure 4-5 (e). 

As we can see, the potential of unsupported IrOx and Ir/SnO2:Sb, under a constant 

current density of 1 mA cm-2, increased sharply to 2.0 V vs. RHE after ca. 7 and 12 h, 

respectively. On the contrary, no significant potential increase was observed for 

Ir/SnO2:Sb-mod-V during the 15 h test. The result demonstrates that the stability of the 

electrodes with supported catalysts was clearly promoted by using SnO2:Sb aerogel 

substrate, and it was further enhanced in the case of Ir/SnO2:Sb-mod-V due to its higher 

support porosity and less Cl- contaminates, resulting in a higher accessible 

electrochemical surface area. 

The stability of the catalysts were further confirmed by performing a “duty-cycle” 

protocol, which was proposed by Strasser and co-workers to simulate PEM electrolyzer 

working conditions,[76] to provide a dynamic operation environment. The results are 

shown in Figure 4-5 (f). Unsupported IrOx and Ir/SnO2:Sb completely lost their 

activities after 9 and 14 duty-cycles, respectively, while the overpotential of Ir/SnO2:Sb-

mod-V at 1 mA cm-2 increased only slightly after 15 duty-cycles, in agreement with the 

stability trend shown in Figure 4-5 (e).  
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Based on the above investigation, the boosted OER activity and superior stability of 

Ir/SnO2:Sb-mod-V can be explained by the following: 1) Ir utilization was significantly 

increased by using an aerogel structure as a support because of its 3D cross-linked 

porous structure, confirmed by Cu-UPD measurements; 2) possibly, the MMOSI 

between Ir and SnO2:Sb additionally enhanced the OER;[135] 3) V compounds (VO2 or 

V2O5), which present as a transient, help to retain the highly porous 3D structure of the 

aerogel and lower the chlorine impurity content, leading to a high electrochemical 

surface area.  

4.4 Conclusion 

In summary, conductive ceramic aerogel, SnO2:Sb, has been introduced for the first 

time as OER catalyst supports for PEM electrolyzers, showing promising applications. 

The highly porous structure of SnO2:Sb aerogel was successfully retained by using V 

additives under atmospheric drying. Ir/SnO2:Sb-mod-V demonstrates an 

unprecedentedly improved Ir utilization and enhanced stability, which is attributed to its 

high porosity of aerogel substrate and low chlorine impurity content, resulting in a high 

accessible electrochemical surface area. V addition importantly influences the porosity 

of catalyst support and Cl- contaminates content, but does not play any active role in 

OER catalysis. Chlorine-contained precursor should be avoided in future work to get rid 

of Cl- contaminations. Further understanding of surface and electronic interactions 

between the SnO2:Sb aerogel substrate and Ir active sites requires fine structure 

spectroscopies and operando characterization techniques. These studies are part of the 

ongoing work in our group.  
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5 Comparative study on amorphous Ir, Ru, IrRu 

and their rutile phase counterparts as well as 

stabilization and catalysis mechanism exploration 

In this chapter, a group of Ir, Ru, IrRu nanoparticles in presence as amorphous and rutile 

phase are prepared and characterized by RDE to investigate their activity and short time 

stability. Physical properties were analyzed by XRD and TEM. Furthermore, the 

stabilization mechanism of rutile phase Ir0.7Ru0.3O2 is revealed by operando NAP-XPS, 

showing hydrous RuO2 plays a key role on the fast degradation of RuO2, while its 

formation was significantly prevented by introducing Ir in the Ir0.7Ru0.3O2 electrode. By 

using both NAP-XPS and X-ray absorption near edge structure (XANES), the catalysis 

mechanism of Ir based electrode is explored, suggesting an anion redox chemistry 

involves in OER process on both amorphous Ir oxide and rutile Ir oxide electrodes. Part 

of the results described in this chapter were published in the Journal of Physical 

Chemistry Letters, d  some of them are under preparation to be submitted to a peer 

reviewed journal.e 

All the materials were synthesized and electrochemically characterized using a RDE 

setup at DLR by myself. XRD was operated by Viktoriia Saveleva at University of 

Strasbourg but analysed by myself. The MEA samples for operando measurements 

were prepared at DLR by Viktoriia Saveleva and me together. Operando NAP-XPS and 

XANES were performed using ISISS beamline at BESSY II (Berlin) by Viktoriia 

Saveleva and relevant colleagues. The results of operando measurements were analyzed 

by Viktoriia Saveleva, I was involved in all the results discussions. 

5.1 Introduction 

To develop cost effective OER catalysts for acidic electrolyte application, another 

approach is developing nano structured catalysts with improved activity for each active 

site. To date, most of the feasible options are Ir and Ru based catalysts. Nanostructured 

RuO2 and IrO2 are the most active catalysts for OER in acid media.[20,152,153] While 

RuO2 is much more active and cheaper than IrO2, the stability is rather poor at high 

                                                      
d V. A. Saveleva, L. Wang, W. Luo, S. Zafeiratos, C. Ulhaq-Bouillet, A. S. Gago, K. A. Friedrich and E. 
R. Savinova, J. Phys. Chem. Lett., 2016, 7, 3240. 
e V. A. Saveleva, L. Wang, D. Teschner, T. Jones, A. S. Gago, K. A. Friedrich, R. Schlögl, S. Zafeiratos 
and E. R. Savinova, J. Phys. Chem. Lett., 2018, 9, 3154-3160. 
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over-potentials leading to leaching of poisonous Ru4+.[63] Cherevko et al. and 

Danilovic et al. investigated amorphous IrOx films on Ir; they showed higher activities 

than annealed IrO2 layers, yet a higher dissolution rate.[60,67] Nanoparticles of IrOx-Ir 

and Ir-black also show much higher activities compared to state-of-the-art thermally 

treated IrO2.[126] Markovic and co-workers reported one IrRuOx electrocatalyst with 

improved stability due to the segregation of the Ir into Ir nano-domains by annealing the 

catalyst.[78] Seitz et al. developed an IrOx/SrIrO3 catalyst by leaching Sr from the 

surface of SrIrO3, outperforming even RuOx systems.[79] Additionally, Cherevko et al. 

investigated and compared the stability of different nanostructured iridium oxide OER 

electrocatalysts in acidic environment by ICP-MS.[68] Pfeifer et al. also studied the 

amorphous Ir nanoparticles and the conventional rutile phase IrO2 for OER application, 

they proposed the presence of OI- species in the former case to explain its high OER 

activity.[74] Even fast progress has been presented in this topic, however, most of the 

fundamental studies were carried out based on those sputtered thin film samples, instead 

of nanoparticles that represents the real working condition of a PEM electrolyzer. On 

the other hand, the catalysis mechanisms and degradation mechanisms of these catalysts 

at atomic level still remain rather unclear, leaving the barriers on the road of developing 

next generation catalysts. For this purpose, amorphous Ir, Ru, IrRu nanopowders and 

their corresponding rutile phases are synthesized and investigated by ex situ techniques, 

including XRD and RDE, for their physical properties and electrochemical 

performances. The advanced operando techniques, including NAP-XPS and XANES, 

under water splitting conditions by the means of MEAs are employed for mechanisms 

understanding, in order to shed some lights on the nature of the OER catalysis. 

5.2 Experimental 

5.2.1 Synthesis and physical characterization 

Catalysts were prepared by the following route: Cetyltrimethylammonium bromide 

(CTAB, Merck Millipore, 3.51 g) was used as a surfactant and dissolved in a three-neck 

flask by using 360 mL anhydrous ethanol (VWR Chemicals). 410.9 mg RuCl3 (Alfa 

Aesar) was dispersed in 150 mL anhydrous ethanol by the assistance of ultra-sonication 

and then transferred into a three-neck flask, where it was kept under magnetic stirring 

for 30 min. NaBH4 (VWR Chemicals, 456 mg) was dissolved in 60 mL anhydrous 

ethanol and used as a reductant; it was added to the reaction suspension with a flow 
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speed of 12 mL min-1. The synthesis was carried out for 5 h under intense agitation in 

Ar atmosphere (Linde, 5.0) by purging an Ar flow through the reaction solution. Then, 

the reduced metallic Ru was rinsed with a large amount of pure ethanol and deionized 

water, collected by a centrifuge, following a drying procedure at 40 °C under air 

overnight. For metallic Ir and IrRu, the same route was followed by using pure IrCl3 or 

IrCl3 and RuCl3 (Alfa Aesar) as precursors with a stoichiometric Ir:Ru atomic ratio of 

7:3. As prepared metallic catalyst were oxidized in a furnace under air by using a ramp 

of 5 °C min-1 and a dwell time of 0.5 h at 490 °C to achieve their rutile phase. 

Afterwards, a Bruker D8 Advance diffractometer with a Cu source was used for XRD 

analysis of all the catalyst powders. 

5.2.2 Electrochemical characterization 

All the catalysts were evaluated by RDE system, electrode preparation refers to Chapter 

4. To ensure the reproducibility, at least 4 independent electrodes were prepared and 

measured for each catalyst sample, the catalyst loading for each electrode was 60 µg cm-

2. All coated GC-RDEs were measured with the same protocol in N2-saturated 0.05 M 

H2SO4 at 25 °C, starting with 3 cycles of cyclic voltammetry (CV) between 1.0 V and 

1.6 V vs. RHE for the OER activity test with a scan rate of 5 mV s-1 and rotation rate of 

1600 rpm. Then 10 cycles of CV between 0 V and 1.6 V vs. RHE were carried out with 

a scan rate of 20 mV s-1, which were used as fingerprint CVs. At the end, another 3 

cycles of CV between 1.0 V and 1.6 V vs. RHE with a scan rate of 5 mV s-1 under 1600 

rpm rotation were measured again for checking the eventual decay of the OER current. 

The ohmic resistance of the electrolyte between the working and the reference electrode, 

ca. 34 Ω, was determined by electrochemical impedance spectroscopy (EIS) before each 

measurement. All measurements were performed by using an Autolab PGSTAT12 

potentiostat except for the EIS, which was carried out with a Zahner IM6 

electrochemistry workstation. 

5.2.3 Beamline measurements 

All the beamline measurements were carried out with membrane electrodes assemblies 

(MEAs). Aquivion membrane (E87-05S, SolvayTM) was used as electrolyte considering 

its advantage for low relative humidity applications since it is a PFSA polymer with 

shorter side chains compared to Nafion, which provides the higher water vapor 
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adsorption and higher proton conductivity under low moisture working 

environment.[154–157] The above mentioned catalysts powers (RuO2, RuIrO2, IrO2 and 

IrOx) were used for the working electrode, while 40 wt.% Pt/C (HiSPEC4000) was used 

for counter electrode.  Catalytic inks were prepared by ultrasonically mixing catalyst 

powders, isopropanol (AMRESCO), ultra-pure water (Alfa Aesar) and Aquivion 

ionomer (Solvay, EW 720, 25 wt.%) for 1 h in an ice bath. The isopropanol/water ratio 

is 1:1 and the ratio of ionomer was controlled to be 20 wt.% relative to the catalyst. As 

prepared catalytic ink was sprayed on the membrane that was fixed on a vacuum table 

with a temperature of 100 °C, then followed by a hot press process under ca. 50 bar for 

5 mins at 125 °C. The catalyst loading is 0.5 mg cm-2 for the working electrode and 1.0 

mg cm-2 for the counter electrode. The active surface area of the MEA sample is 0.9 cm2. 

Both NAP-XPS measurements and soft X-ray XANES were carried out at the ISISS 

beamline of BESSY II synchrotron at the Helmholtz Zentrum Berlin (HZB). Both 

MEAs were tested with a previously described setup [95,158,159] under 3 mbar 

oxygen-free water vapor by applying a constant voltage between the working and the 

counter electrodes. 

For rutile phase RuO2 and IrRuO2 electrodes, the current was recorded along with the 

time. During the measurements, if not specifically pointed out, Ru3d, Ir4f, C1s, O1s, 

F1s and S2p spectra were recorded using selected excitation photon energies while the 

photoelectrons were emitted at a kinetic energy of ca. 530 eV. In the depth dependent 

measurements, 595 eV and 1080 eV photon energies were used for Ir4f spectra while 

820 eV and 1300 eV were taken for C1s and Ru3d spectra. By estimating the analysis 

depth as three times of the inelastic mean free path, thus the corresponding values are 

approximately 3.7 nm and 5.1 nm, respectively. The surface atomic ratios (ARs) were 

determined by normalizing the spectral intensities with respect to the energy dependent 

incident photon flux, which was measured using a gold foil with the known quantum 

efficiency. The binding energy (BE) scale was calibrated regarding to the Fermi edge of 

the electron analyzer.  

A survey scan was performed in advance, indicating the presence of Ir4f, Ru3d, O1s 

species, which derive from working electrode, and C1s, S2p, F1s species, which come 

from the membrane. The literature data was used for detailed peak fitting of Ir4f, Ru3d 

and C1s XP spectra.[66,159–162] Ir4f was done by a hybrid Doniach Sunjic/Gaussian-
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Lorentzian(sum) function, while a tail-dampened Lorentzian asymmetric line-shape was 

used for Ru3d and a Gaussian/Lorentzian GL(30) function was used for C1s. In all cases, 

the area ratio between the Ir4f7/2 and Ir4f5/2 components was constrained to the 

theoretical value of 4:3, whereas the one between the Ru3d5/2 and Ru3d3/2 components 

is 3:2. Shirley method was taken for the background subtraction.  

For amorphous Ir and rutile phase Ir electrodes, cyclic voltammetry (CV) was applied 

on the MEAs to evaluate their electrochemical activity of the MEAs before the NAP-

XPS/XANES measurements, the last CV cycle representing a steady state of those 

MEAs was recorded for this purpose. Afterwards, chronoamperometry method that 

records the current under fixed potential was used for controlling the operando 

measurements coupled with an on-line quadrupole mass spectrometer which enables us 

to determine the onset potential. Considering the hydrogen formation on Pt/C electrode 

side (CE), we normalized all the measured potentials on working electrode to dynamic 

hydrogen electrode (DHE) as previously reported.[159] In addition, onset potential 

values of OER obtained from operando measurements and RDE tests were compared to 

ensure the results consistency.  Electrochemical impedance spectroscopy (EIS) was used 

for determining the MEA resistance during the experiments that was afterward used for 

the ohmic drop (iR) correction. All the electrochemical characterizations in Berlin were 

performed by using a μ-AutoLab potentiostat (Metrohm). 

XANES measurements were carried out by varying the excitation energy between 523 

eV and 550 eV. The O K edges were recorded under different polarization conditions, 

Auger electron yield (AEY) and total electron yield (TEY) modes were activated 

simultaneously. 

The NAP-XPS measurements were performed separately after the absorption edge 

studies. By using selected excitation photon energies, the Ir4f, C1s and O1s XP spectra 

were recorded when the photoelectrons were emitted at a kinetic energy of ca. 530 eV. 

For Ir4f spectra, it was also recorded with a kinetic energy of 330 eV to increase the 

surface sensitivity, while 330 eV and 530 eV correspond to the analysis depth of 1.7 nm 

and 2.3 nm, respectively. Surface atomic ratios (ARs) were determined in the same way 

as used for IrRuO2 (RuO2) electrodes. 

5.3 Results and discussion 
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5.3.1 Physical characterization (XRD) 

Before the electrochemical measurements, all six powders were analyzed by XRD, the 

corresponding XRD pattern are shown in Figure 5-1. Three pristine metallic Ir, Ru and 

IrRu powders (regarded as IrOx, RuOx and Ir0.7Ru0.3Ox, respectively) are plotted in the 

bottom part. Broad peaks with low diffraction intensity imply low crystallinity of the 

materials and they have a small particle size in nano scale. By comparing with the 

standard PDF card, the main peaks in the samples of Ir0.7Ru0.3Ox and IrOx are allocated 

to Ir (fcc) and IrCl3, which comes from the residual precursor, whilst RuOx shows a 

nearly flat curve, strongly suggesting that RuOx has a structure close to amorphous 

phase. 

 

Figure 5-1. XRD patterns of six catalyst powders. 
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The only low profile peak in the sample of RuOx was assigned to Ru (hcp). In 

comparison, three thermally treated powders are plotted in the upper part of the figures 

(regarded as IrO2_TT, RuO2_TT and Ir0.7Ru0.3O2_TT, accordingly), the sharp diffraction 

peaks indicate their crystalline phase, which are assigned to rutile phase IrO2 and RuO2, 

respectively. However, there is no trace on IrCl3 phase that appeared in metallic 

powders, implying the residual IrCl3 has been transformed to IrO2 during the thermal 

treatment. In the sample of RuO2_TT, two small peaks corresponding to Ru (hcp) were 

also observed, meaning that 0.5 h thermal treatment time is not sufficient for the 

complete oxidation of metallic Ru and there are still a low quantity of metallic Ru 

remained. Notwithstanding, the XRD analysis indicates the eligible materials for our 

further study. 

5.3.2 Electrochemical characterization 

All six catalysts were applied the same testing protocol described in Chapter 4, three 

cycles of CV from 1.0 V to 1.6 V, followed by 10 cycles of CV between 0 V and 1.6 V, 

then another 3 cycles of CV from 1.0 V to 1.6 V. This protocol was designed for 

achieving a steady oxidation state of those metallic catalyst coated electrodes and 

evaluating their OER catalytic activities. Yet, the short term stability of these catalysts 

can be also examined. The electrochemical performance of all six catalysts are 

presented in Figure 5-2, showing a activity comparison between 2nd cycle and 15th cycle 

of CVs, in which 2nd CV curve represents the initial activity and 15th CV curve 

demonstrates the activity after ca. 1 h operation. 

As we can see, all three electrochemically oxidized catalysts, including RuOx_EC, 

Ir0.7Ru0.3Ox_EC and IrOx_EC, show a much higher initial OER activity compared with 

their rutile phase counterparts, RuO2_TT, Ir0.7Ru0.3O2_TT and IrO2_TT, that are 

prepared by thermal treatment process. However, the activities after ca. 1 h operation 

show a significant difference among six catalysts: 1) RuOx_EC sample almost lost all 

the activity; 2) an apparent activity loss is observed in the samples of Ir0.7Ru0.3Ox_EC 

and RuO2_TT but they still keep active; 3) Ir0.7Ru0.3O2_TT sample shows only a slight 

activity difference before and after operation, implying its relative stability in acid 

medium; 4) no activity loss is observed for both IrOx_EC and IrO2_TT since the activity 

curves between 2nd cycle and 15th cycle are overlapped. Additionally, regardless the 

structure of the catalysts (amorphous or crystalline), a stability order is observed: 
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Figure 5-2. OER activity comparison between cycle 2 (solid line) and cycle 15 
(dashed line) among six catalysts (a-f). EC: amorphous catalyst; TT: thermally 
oxidized rutile phase catalysts. 

IrOx_EC (IrO2_TT)  Ir0.7Ru0.3Ox_EC (Ir0.7Ru0.3O2_TT)  RuOx_EC (RuO2_TT). It is 

worth to mention that even though RuO2_TT coated RDE sustained for 15 cycles CV 

test, the slope of its current-potential curve is lower than those electrodes containing Ir, 

indicating a fast dissolution process is involved during the water splitting (the evidence 

is given in the following part), which leads to the fast degradation of the electrode. 

 

Figure 5-3. 1st,2nd, and 3rd cycle of cyclic voltammetry (CV) on RuOx_EC electrode. 

Figure 5-3 shows the first three CV cycles of RuOx_EC sample, considering its 

outstanding initial OER activity and extremely low stability. In the 1st cycle of CV test, 

an onset potential for OER catalysis of ca. 1.4 V vs. RHE is observed, while a current 

peak appeared at ca.1.491 V vs. RHE in 2nd cycle of CV, indicating that plenty of Run+ 
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is forming and dissolving quickly into the electrolyte, simultaneously, the electrode is 

losing the activity.[78] The current peak position is a bit lower than the one reported by 

Reier et al., in their study nano sized Ru particles was supported on carbon black.[50] 

From 3rd cycle of CV, the RuOx_EC electrode only shows a negligible activity 

compared to the 1st cycle. 

The activity and stability of all six catalysts were further compared under an 

overpontieal of 250 mV, a well-accepted criteria by research community for evaluating 

OER performances.[152,163] Figure 5-4 shows their OER current normalized by Ir 

mass under 1.48 V vs. RHE (overpotential of 250 mV) between 2nd CV cycle and 15th 

CV cycle. For the current obtained from 2nd CV cycle, an activity order is demonstrated: 

Ir0.7Ru0.3Ox_EC  RuOx_EC  IrOx_EC  Ir0.7Ru0.3O2_TT   RuO2_TT  IrO2_TT, in 

which RuOx_EC takes only the second position, instead of first order, because the 

severe degradation already occurred during the 1st CV cycle test. After 15 cycles CV 

operation, a stability order is also given by taking account of the remained OER activity 

compared to the value achieved in the 2nd CV cycle: : IrO2_TT (71.0 %)  IrOx_EC 

(64.7 %)  Ir0.7Ru0.3O2_TT (61.4 %)  RuO2_TT (52.9 %)  Ir0.7Ru0.3Ox_EC (21.7 %)  

RuOx_EC (0.97 %). One should note that the stability order is not a simple reversed 

order in terms of their activities, in which IrOx_EC shows a remarkable higher OER 

activity than those thermally treated rutile phase catalysts, but it also demonstrates a 

very high stability that is even close to the most stable one, IrO2_TT, considering their 

remained OER activity after ca. 1 h electrochemical operation. These results suggest 

IrOx_EC is a promising anode catalyst for PEM electrolyzer application. 

 

Figure 5-4. Comparison of the OER current normalized by Ir mass at 1.48 V vs. 
RHE between cycle 2 and cycle 15 for all 6 catalysts. N2-saturated 0.05 M H2SO4, 5 
mV s-1, 1600 rpm, 25°C. 
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5.3.3 Stabilization mechanism of Ir0.7Ru0.3O2 

Since most the degradation studies on these catalysts are based on metal dissolution rate 

in aqueous electrolyte by ICP-MS technique, hence, their degradation mechanism is yet 

to be further investigated on the MEAs under the electrolyzer operation condition, 

considering solid electrolyte/catalyst interface and localized re-deposition of dissolved 

metal ions. 

In this part, we applied operando NAP-XPS technique to investigate the Ir stabilization 

effect on Ir0.7Ru0.3O2 electrode during water splitting, by using a membrane electrode 

assembly (MEA) with RuO2/Ir0.7Ru0.3O2 as anode catalyst equipped in a PEM 

electrolyzer cell. Different surface species, especially the different valence states of Ru, 

along with potential changes under oxygen evolution reaction region were on-line 

monitored and analyzed afterwards, which allows us to achieve some insights of Ir 

effect in Ir0.7Ru0.3O2 electrode in terms of stability. 

To do so, RuO2 and Ir0.7Ru0.3O2 were coated on an Aquivion membrane as working 

electrodes (WEs) and commercial available Pt/C was coated on the other side as the 

counter electrode (CE), then integrated in the electrochemical cell combined with the 

NAP-XPS spectrometer. By supplying 3 mbar of water vapor into the WE chamber, 

operando measurements were conducted under different conditions by controlling the 

potentials applied. The catalyst particles scratched from MEAs were analyzed before 

and after the operation. Ex-situ characterizations with STEM/EDS (Figure 9-18, see 

Appendix) show that there was no noticeable changes neither on particle structure nor 

composition triggered by water splitting on their surface. In comparison, significant 

potential induced changes on Ru oxidation states were observed by using NAP-XPS, 

suggesting that RuO2 electrode was stabilized by preventing the formation of Ru(OH)x 

in presence of Ir.  

The Ru3d spectra of RuO2 and Ir0.7Ru0.3O2 electrodes under 1.5 V vs. DHE, under 

which the OER is taking place and the generated O2 was confirmed by a coupled mass 

spectrometer, are shown in Figure 5-5 (a) and (b). For the sake of clarity, carbon peaks 

are not present in the same figure. As we can see, four different states of Ru, including 

rutile-type RuO2, hydrous Ru(IV) oxide Ru(OH)x, as well as Ru in higher oxidation 

states (VI) and (VIII), are detected in both cases under 1.5 V with water splitting taking 

place. However, the proportion among different Ru species is different, the Ru(OH)x 



 75 

 

 

accounts for the largest portion on RuO2 electrode while rutile RuO2 dominates the 

Ir0.7Ru0.3O2  electrode. 

 

Figure 5-5. Upper panels: fitted C1s-Ru3d XP spectra of RuO2 (a) and Ir0.7Ru0.3O2 
(b) electrodes under 1.5 V. Experimental XPS data are shown as black cycles, 
fitted spectrum – as a grey line. Bottom panels: Influence of the applied potential 
on the surface composition of RuO2 (c) and Ir0.7Ru0.3O2 (d) electrodes; only 
forward scans are shown. Measurements were performed in 3 mbar H2O ambient 
at a photon energy of 820 eV. The values of potential are iR corrected and are 
given on the dynamic hydrogen electrode (DHE) scale. Color codes: RuO2 (black); 
Ru(OH)x (red); Ru(VI) abbreviated as RuO3 (green); RuO4(s) (blue).[159] 

Potential induced Ru species changes are demonstrated in Figures 5-5 (c) and (d), 

Ru(IV) oxide, as original state in both electrodes, gradually transforms to varied forms 

when the potential is increasing from 0 V to 1.8 V. It is worth to mention that Ru(VIII) 

species have already appeared at 1.0 V, instead of 1.387 V, the standard potential of the 

RuO4 phase formation.[164] This implies that either a thin surface layer or islands of 

RuO4(s) , rather than a RuO4 phase, are forming on the catalyst particle surface, which 

could strongly interact with the underlying Ru(Ir)O2. Thus, the formation potential of 
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RuO4 shifted from its thermodynamic value since the interaction between surface layer 

and the substrate usually induces such a shift.[165] 

Although electrochemical formation of RuO4 has been proposed in previous studies for 

a long time, the direct evidence, from either ex situ or in situ experiments, on its 

presence on the anode surface is still missing, likely due to its instability at room 

temperature. Kötz et al. reported the formation of dissolved corrosion products in the 

vicinity of the RuO2 anode during OER process, speculating RuO4 generation and 

suggesting that the OER occurs through common intermediates, i. e. Ru(VI) and 

Ru(VII) in the Kötz’ scheme as show in Figure 2-5.[59] 

From Figure 5-5 (c) and (d), we also observe that the contribution of RuO4(s) surface 

species is decreasing when the electrode potential shifted to positive direction. A so 

called lattice oxygen evolution reaction mechanism on RuO2 electrode was previously 

proposed and evidenced by isotope labeling experiments,[166,167] in which oxygen 

derived from an oxide decomposition process transforming from higher to lower 

oxidation valence.[168] Our results reinforce this scenario and show more details: 1) 

RuO4(s) is forming via an electrochemical step as shown in Eq. 5-1 that starts before 

OER onset potential; 2) RuO4(s) participates in the OER process as an intermediate when 

the electrode starts to evolve oxygen following Eq. 5-2, thereafter the amount of RuO4(s) 

starts to decrease.   

RuO2 + 2H2O  RuO4(s) + 4H+ + 4e- (5-1) 

RuO4(s)  RuO2 + O2 (5-2) 

For a long time in the community, the stabilization effect of Ir in IrRuO2 electrode was 

attributed to the inhibition of RuO4 formation mainly based on ex situ or indirect 

evidence.[63,65] However, our results suggest that Ir does not play a role on mitigating 

the formation of RuO4, on the contrary, its formation is reinforced when Ir is present in 

the electrode. Thus, we assume that the positive role of Ir does not consist in the 

inhibition of RuO4(s) formation but rather in its stabilization on the anode surface.  

Apart from RuO4(s), rutile-type anhydrous RuO2 and hydrous Ru(OH)x oxide were also 

detected in both electrodes and show interesting potential induced changes. One may 

notice that hydrous Ru(OH)x shows a significant increase in monometallic RuO2 

electrode surface when the potential reached the OER onset value, while only a slight 
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increase was observed in the Ir0.7Ru0.3O2 electrode. Apparently, the presence of Ir 

hinders the surface hydration, decreasing Ru(OH)x formation down to ca. 20 %. 

Moreover, a virtual restoration of the initial composition on Ir0.7Ru0.3O2 electrode was 

observed when the potential was cycled back to 0 V.[159] By contrast, the amount of 

Ru(OH)x on the monometallic RuO2 electrode was not reduced but accumulated during 

the potential cycling,[159] indicating the irreversibility of the anhydrous-to-hydrous Ru 

oxide transition. Therefore, we conclude that hydrous Ru(OH)x is formed as a product 

of the OER catalytic cycle, which is less stable than anhydrous RuO2 and leads to the 

fast degradation of RuO2 electrode. The presence of Ir in Ir0.7Ru0.3O2 electrode prevents 

the irreversible transformation of anhydrous RuO2 into a hydrated phase that is prone to 

be dissolved in the electrolyte. Previous work has already speculated about the surface 

hydration of Ir/Ru oxide in aqueous electroyte and discussed the effect of on the activity 

of IrRu-based catalysts, but not yet unambiguously confirmed.[169] 

Regarding to the Ru(VI) species that corresponds to RuO3, it appears from 1 V upward 

concurrent with RuO4(s). However, its contribution starts to decrease on Ir0.7Ru0.3O2 

electrode while it increases on RuO2 electrode when the potential enters into the OER 

region, as shown in Figure 5-5 (c) and (d). Additionally, the RuO3 component on the 

RuO2 electrode remained even upon the reversal of the voltage bias,[159] strongly 

suggesting that RuO3 is not the intermediate for OER catalytic process, which is in 

contrary with the traditional opinion,[153] and the decrease of its coverage on the 

Ir0.7Ru0.3O2 electrode surface compared to the RuO2 electrode is related with the higher 

stability of the former one. 

Figure 5-6 demonstrates the Ru3d XP spectra acquired under two different potentials 

(1.8 V and 2.5 V) with two different photon energies, 820 and 1300 eV corresponding 

to the penetration depth of 3.7 and 5.2 nm, respectively. For the sake of clarity carbon 

peaks are also not shown here. We observe that on the Ir0.7Ru0.3O2 electrode the 

potential changes within the OER region has no remarkable influence on the variation of 

surface Ru species, by contrast, the Ru species distribution is changing when the 

detection depth is increased from 3.7 nm to 5.2 nm, where the high valence Ru oxides 

(RuO3 and RuO4) are absent. The bulk largely consists of anhydrous Ru(Ir) rutile-type 

oxide, however at the particle surface Ru(IV) hydroxide, RuO4(s) and RuO3 components 
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are the main species. On the other hand, the results confirm that the processes 

investigated here are interface-localized. 

 

Figure 5-6. Ru3d spectra of Ir0.7Ru0.3O2 electrode in 3 mbar H2O ambient under 
1.8 V (a,b) and 2.5 V (c,d) at different photon energies: 820 eV (a,c) and 1300 eV 
(b,d). Experimental XPS data are shown as black cycles, fitted spectrum – as a 
grey line. For the sake of clarity carbon peaks are not shown. Color codes: RuO2 
(black); Ru(OH)x (red); Ru(VI) abbreviated as RuO3 (green); RuO4(s) (blue).[159] 

In comparison with Ru3d, Ir4f XP spectra was also recorded during the entire 

measurements, however, it does not show any potential induced changes, unlike the 

previous in situ study of a monometallic IrO2 anode reporting that Ir oxidation varies 

along with the potential.[73] Based on our results, Ir sites were only represented by a 

Ir(IV) rutile phase oxide regardless of the electrode potential.[159] This observation can 

be most likely explained by an anion red-ox cycle mechanism which occurs on Ir oxide 

surface that recently reported by other groups.[170,171] However, some other possible 

reasons could be: 1) the Ir rutile phase oxide may serve as a matrix or framework, which 

simply plays a role on stabilizing the more active Ru sites, whereby the OER 

preferentially only occurs on Ru sites instead of Ir sites; 2) the surface concentration of 
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Ir in higher oxidation state(s) may be too low and below the detection scale. 

Notwithstanding, the Ir/Ru atomic ratio increased along with the applied potential 

increasing,[159] indicating an Ir surface segregation of Ir0.7Ru0.3O2 particles under the 

OER region that is in line with the previous studies.[172,173] The observed increase of 

the Ir/Ru atomic ratio can be attributed to the loss of Ru on catalyst surface, that was 

caused by a partial sublimation of the Ru(VIII) species into the gas phase in our 

experimental setup. 

In this part, a new degradation mechanism of Ru-Ir anodes has been proposed based on 

in situ analyzing the surface oxidation states of anode catalysts in means of MEAs 

integrated in a PEM electrolyzer that was operated at near ambient pressure. The results 

reveal the significant potential-induced changes in the valence state as well as the 

degree of hydration of Ru, for which the conventional ex situ methods are incapable. 

We demonstrate that under water splitting conditions rutile phase RuO2 electrode 

gradually and irreversibly transforms into a hydrous Ru(IV) oxide form that is less 

stable, while Ir stabilizes Ru in the anhydrous rutile phase in the case of the Ir0.7Ru0.3O2 

electrode. Moreover, RuO4(s) starts to form on the electrode surface before the OER 

onset potential and acts as the intermediate in the OER catalytic process, its formation 

was not mitigated by the presence of Ir but rather was stabilized. Depth profile analysis 

illustrates that the core of the catalyst particles are dominated by anhydrous Ru-Ir(IV) 

rutile phase oxide under OER conditions, while the catalysis is mainly taking place on 

particle surface represented by Ir(IV) oxide, hydrated form of Ru(IV) oxide, RuO3 and 

RuO4(s). More importantly, the Ir stabilization mechanism in Ir-Ru electrode was 

brought to light: Ir prevents anhydrous RuO2 from its irreversible transformation into 

either the unstable hydrous Ru(IV) oxide or RuO3, and stabilizes the RuO4(s) 

intermediate on electrode surface against its dissolution (sublimation).  

5.3.4 Catalysis mechanism of Ir electrodes 

To investigate and monitor the surface species of both amorphous IrOx and rutile phase 

IrO2 anodes, the above mentioned catalysts were used to prepare the MEAs. Operando 

studies were performed in a same configuration as conducted on Ir(Ru)O2 electrodes, 

where the only difference is the catalysts on working electrodes, metallic Ir and IrO2 

were used for this study. The prepared MEAs were mounted into the electrochemical 

cell, thereafter introduced in the chamber of the NAP-XPS/XANES spectrometer. All 
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the measurements, including XANES and NAP-XPS, were carried out on the same 

MEA in the same experimental chamber. To achieve a stable and reproducible surface 

state, all the MEAs were electrochemically pretreated under 3 mbar water vapor by 

using cyclic voltammetry between 0 V and 1 V vs. DHE before the spectroscopic 

measurements. Previous studies have reported that a layer of non-stoichiometric oxide is 

forming on the surface of metallic Ir, denoted as Ir@IrOx in the following part, under 

such a potential cycling.[174,175] The near-ambient pressure spectroscopic 

measurements were performed according to the following protocol for both anodes: 1) 

the initial surface states were analyzed by means of XPS; 2) a series of O K edge spectra 

were measured at key potentials in the range from 0 V to 1.5 V vs. DHE for Ir@IrOx 

and 1.6 V vs. DHE for IrO2 anode, meanwhile a mass spectrometer integrated in the 

experimental chamber was used to monitor OER; 3) the potential of the electrode was 

returned to the initial value and a series of Ir4f XP spectra were measured with the same 

potential intervals; 4) the surface was checked again by XPS at 0 V. 

 

Figure 5-7. low excitation energy of O K edges recorded under 3 mbar water vapor 
on Ir@IrOx (a) and IrO2 (b) electrode. Color code: OI- (magenta), OII- (red), gas-
phase O2 / adsorbed OH (blue), experimental points (black cycles), fitted curve 
(gray line).[176] 

The low excitation energy region of O K edge spectra (in total electron yield mode) on 

Ir@IrOx and IrO2 anodes under water splitting conditions were recorded and are shown 

in Figures 5-7 (a) and (b), respectively. The curves were fitted with three components 

representing OI- species, OII- species (lattice oxygen) and adsorbed OH groups or gas-

phase oxygen, by referring the previously reported fitting procedure of this 

region.[74,177] As we can see, the second component related to lattice oxygen species 

on Ir@IrOx anode is absent in Figure 5-7 (a) while OI- component clearly appear on  
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Figure 5-8. O1s XP spectra of Ir@IrOx (a) and IrO2 (b) anodes under 3 mbar 
water vapor and 0 V vs. DHE. Color code: lattice oxide (red), hydroxide and C-O 
species (blue), water and C = O species (green), experimental points (black cycles), 
fitted curve (gray line). Kinetic energy 530 eV.[176] 

both electrodes, indicating the different structures of the amorphous Ir oxide and rutile 

phase Ir oxide, which are normally achieved by electrochemical oxidation and thermal 

oxidation processes, respectively.[178] The O1s XP spectra on both Ir@IrOx and IrO2 

anodes were collected before the O K-edge spectra measurements, and are shown in 

Figures 5-8 (a) and (b). The curves are fitted with three components attributed to lattice 

oxygen (ca. 530.1 eV), OH groups/C-O species (ca. 531.7 eV) and adsorbed water/C=O 

(ca. 532.8 eV). The results are in line with the observations by XANES, that the lattice 

oxygen is observed on IrO2 anode surface but absent in the case of Ir@IrOx. 

Furthermore, it is worth to mention the higher contribution of the OH groups on 

Ir@IrOx surface shown in Figure 5-8 (a), suggesting the formation of hydroxide on the 

catalyst surface rather than oxide species. 

 

Figure 5-9. Current values (a) and OI- surface species content (b) versus applied 
potential for Ir@IrOx (red) and IrO2 (black) anodes.[176] 
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Interestingly, from Figure 5-7 we observe that OI- species are present on both electrodes 

and their formation coincides with the OER onset potential. This is another oxygenated 

species differed from the lattice oxygen OII-. To figure out its role for OER catalysis, the 

potential dependence of OER activity and the quantity of OI- species for both Ir@IrOx 

and IrO2 anodes are plotted and given in Figure 5-9 (a) and (b), respectively.  

By doing so, a logical correlation between OER activity and OI- species is established. 

At a given potential we always observe a high OER current on Ir@IrOx anode that 

corresponds to a high quantity of OI- species, while IrO2 anode shows the low current 

that is in line with low quantity of OI-. This suggests anion components, namely OI- 

species, may play a key role in OER catalysis on Ir based electrode. Recently, Pfeifer et 

al.[74] has proposed OI- species on an Ir@IrOx anode as the active OER intermediate 

and also explored a new pathway for OER catalysis, in which OII- species are not 

involved, on rutile phase IrO2 electrode. In comparison, our results demonstrate the 

correlation with OER activity and its presence on IrO2 and Ir@IrOx surfaces. 

 

Figure 5-10. Ir4f XP spectra of Ir@IrOx anode under 3 mbar water vapor and 
UWE-UCE-iR = 0 V (a); 1.5 V (b). Color code: Ir met (blue), Ir III (orange), Ir IV 
(green), experimental points (black cycles), fitted curve (black line). Kinetic energy 
530 eV.[176] 

Since variation of Ir oxidation states, that means a cation red-ox transformation involved 

in the catalysis mechanism, has been reported previously,[72,73] Ir4f XP spectra were 

recorded on both electrodes under different potentials after the series of O K-edge 

spectra measurements in order to clarify the function of Ir sites for OER catalysis. 

Figure 5-10 (a) and (b) show the Ir4f XP spectra obtained from Ir@IrOx anode under 0 

V and 1.5 V vs. DHE, respectively. The fitting are carried out by using three doublets 

with Ir4f7/2 peak position at 60.85 eV, 62.40 eV and 61.70 eV attributed to Ir(met), 
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Ir(III) and Ir(IV) components, correspondingly.[159,176] As we can see from Figure 5-

10 (a), all the Ir(met), Ir(III) and Ir(IV) species present on the surface of Ir@IrOx anode 

under 0 V vs. DHE, which represents the state of catalyst particles just after initial 

electrochemical pretreatment and implies that Ir@IrOx particle is covered by an 

Ir(III)/Ir(IV) mixed oxide/oxyhydroxide shell, in agreement with the previous studies on 

Ir disks.[175] When the potential is increased to 1.5 V vs. DHE that is in OER region, 

the contribution of Ir(III) sharply decreased concurrent with significant increase of 

Ir(IV) species, suggesting that Ir(III) is further oxidized to Ir(IV) in OER region and the 

Ir(IV) component starts to dominate the surface of Ir@IrOx electrode under water 

splitting condition.  However, we did not observe any higher oxidation states of Ir 

greater than IV on Ir@IrOx electrode, even after tuning the photon energy to more 

surface-sensitive values as same as reported by Sanchez Casalongue et al.[73] 

 

Figure 5-11. Ir4f XP spectra of IrO2 anode under 3 mbar water vapor and 
different potentials. The upper part of the figure represents the difference between 
the spectra obtained under different potentials and the spectrum at the open 
circuit condition. Kinetic energy: 530 eV.[176] 

The evolution of Ir sites on IrO2 electrode surface from 0 V to 1.6 V vs. DHE under 3 

mbar water vapor is shown in Figure 5-11. Identical Ir4f spectra, without changing in 



84  

 
shape, peak position or width, indicate there are no potential induced Ir oxidation state 

changes on IrO2 electrode during operando measurements. The spectra are assigned to 

Ir(IV) species, corresponding to rutile phase IrO2. The atomic ratio between lattice 

oxygen and Ir was estimated by integrating the O1s component peak at 530 eV and the 

overall intensity of Ir4f peak, a number of 2.2 was obtained, which is comparable to the 

composition of rutile phase IrO2. Additionally, all the Ir4f XP spectra were subtracted 

by the one measured at 0 V vs. DHE, which represents the initial state, the results are 

plotted and shown in the upper part of Figure 5-11. Highly overlapped curves further 

confirm that Ir(IV) is the only component that dominates the IrO2 electrode surface 

under entire potential region. Yet, the spectra were also collected at low excitation 

energy targeting a low near surface layer, no Ir oxidation changes were observed.[176] 

However, on the other hand, several reasons can lead to the absence of high valence 

(greater than IV) Ir oxide on these electrodes: 1) the absence of any reliable Ir reference 

materials with the oxidation state higher than IV; 2) the processes of 

formation/evolution of some active OER species are too fast to be detected; 3) the 

possible low stability of those species under X-ray beam. All these factors may 

contribute to the lack of the Ir4f spectra changes under the OER conditions. 

Nevertheless, based on our study, which demonstrate a correlation between the anion 

OI- species and the OER activity for both Ir@IrOx and IrO2 electrodes, the results 

suggest that the OER catalysis on Ir oxides is likely to involve anion rather than cation 

red-ox chemistry regardless the genesis of the oxide. 

In this part, a comparative operando study was applied on electrochemically (Ir@IrOx) 

and thermally synthesized (IrO2) iridium oxides, two most applicable anode catalysts for 

PEM water electrolyzers. Near-ambient pressure photoelectron spectroscopy and soft X-

ray absorption spectroscopy under the reaction conditions were carried out on both 

electrodes made by those two materials. The results reveal that: 1) the OER catalysis 

mechanism on Ir electrodes is likely to involve anion rather than cation red-ox 

chemistry; 2) the catalysis mechanism does not depend on the structure of the Ir oxides 

(amorphous vs. rutile). The investigation on the evolution of Ir sites under different 

potentials did not show the presence of any high oxidation state species higher than 

Ir(IV), neither for Ir@IrOx nor for IrO2 anodes, which is opposite from previous 

study.[72,73]  
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5.4 Conclusion 

In summary, NAP-XPS and soft X-ray XANES are successfully implemented on Ir(Ru) 

and Ir OER catalysts by the means of MEA under water splitting conditions. The 

concept of measurement setup offers an investigation condition as close to a PEM 

electrolyzer environment as possible. The results which differ from ex situ studies 

reported before demonstrate that NAP-XPS and X-ray XANES succeeded in recording 

operando characteristics under OER condition of the catalyst. Therefore, these methods 

may play a vital role in the future for understanding the similar electrocatalysis 

mechanisms of a catalyst under its “real” working condition. 
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6 Highly Active Anode Electrocatalyst Derived from 

Electrochemical Leaching of Ru from Metallic 

Ir0.7Ru0.3 for Proton Exchange Membrane 

Electrolyzers 

Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT), demonstrated in Chapter 5, were selected for 

further study and tested with an electrolyzer cell. In brief, a nanostructured iridium 

catalyst after electrochemically leaching ruthenium from metallic iridium-ruthenium, 

Ir0.7Ru0.3Ox (EC), was achieved and compared to its thermally treated counterpart, 

Ir0.7Ru0.3O2 (TT), in terms of the physical and electrochemical properties. Ir0.7Ru0.3Ox 

(EC) shows an unparalleled 13-fold higher oxygen evolution reaction (OER) activity 

compared to the Ir0.7Ru0.3O2 (TT). PEM electrolyzer tests at 1 A cm-2 show no increase 

of cell voltage for about 400 h, proving that Ir0.7Ru0.3Ox (EC) is one of the most efficient 

anodes so far developed. Most of the results shown in this chapter have been published 

in Nano Energy.f 

Both catalysts were synthesized and electrochemically evaluated using a RDE setup by 

myself, as well as the MEA preparation for cell test. The 2-cell stack electrolyzer test 

was carried out at DLR in collaboration with Philipp Lettenmeier. XRD and 

TEM/STEM were performed by Viktoriia Saveleva at University of Strasbourg. Ex situ 

XPS were performed by Pawel Gazdzicki at DLR. All the results were analyzed, 

discussed and summarized with relevant colleagues together. 

6.1 Introduction 

Iridium oxide (IrO2), iridium ruthenium oxide (IrRuO2) or the mixture of Ir and Ru 

oxides (IrO2-RuO2) have been considered for decades as state-of-the-art OER catalysts 

in acid electrolyte due to their superior catalytic activity and considerable 

stability.[152,163,179–182] Kötz et al. reported that the stability of RuO2 was 

significantly improved by admixture of IrO2, even small amounts (ca. 20 %) could 

dramatically reduce the corrosion rate of RuO2. A hypothesis based on the electronic 

band mixing and shift in oxidation potentials was proposed to explain the stabilization 

mechanism.[65] It was suggested that the electrons available on IrO2 sites are 

                                                      
f L. Wang, V. A. Saveleva, S. Zafeiratos, E. R. Savinova, P. Lettenmeier, P. Gazdzicki, A. S. Gago and K. 
A. Friedrich, Nano Energy, 2017, 34, 385. 
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simultaneously shared with RuO2 sites, thus preventing Ru from being oxidized to 

RuO4, which was identified as the main corrosion product of Ru during the O2 evolution 

in acidic media.[63,65] 

In recent years, highly active electrochemically oxidized OER catalysts have been 

explored.[126,132,163] Markovic and coworkers reported an inverse relationship 

between activity and stability through investigating monometallic and bimetallic Ir- and 

Ru- oxides.[60,78] Specifically, electrochemically oxidized IrOx and RuOx always 

showed higher activity than the thermally treated IrO2 and RuO2, but less stability. The 

same phenomenon was observed by Kim et al. on RuOx deposited on a Ti 

substrate.[183] Cherevko et al. compared the metallic Ir and IrOx deposited on a Ti 

substrate treated under different temperatures from 250 °C to 550 °C. Metallic Ir 

showed the highest dissolution rate but not the highest OER activity.[68] The IrRu 

oxide developed by employing Ir surface segregation showed a four-times improved 

stability while keeping the same activity as the best commercial Ru-Ir alloy anode 

catalysts. It was attributed to the formation of a nano-segregated Ir-domain that balances 

the stability and activity of surface atoms.[78] Even though the large amount of efforts 

on investigating IrO2-RuO2 systems since 1980s, there are no reports so far on 

electrochemical properties of nanostructured metallic Ir-Ru and the effect of leaching 

Ru from this system. In this context, Seitz et al. have recently developed a highly active 

and stable IrOx/SrIrO3 OER catalyst by strontium leaching from SrIrO3 thin film.[79] 

In this chapter, a novel electrochemically oxidized electrocatalyst derived from Ru 

leaching from Ir0.7Ru0.3 metal nanoparticles, Ir0.7Ru0.3Ox (EC), is investigated for PEM 

electrolyzers’ application, which shows superior activity and increased cell efficiency 

during ca. 400 h electrolyzer stack operation. The dissolution of unstable Ru led to an 

unparalleled OER activity of the remaining Ir-rich electrocatalyst compared to the 

classic thermally treated Ir0.7Ru0.3O2 (TT). The enrichment with Ir was confirmed by 

ultra-high vacuum X-ray photoelectron spectroscopy (UHV-XPS), transmission electron 

microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) on post-mortem 

membrane electrode assemblies (MEAs). By applying Near-Ambient Pressure X-ray 

Photoelectron Spectroscopy (NAP-XPS) we show that during the OER Ru in 

Ir0.7Ru0.3Ox (EC) transforms into unstable Ru(OH)x, which is prone to leaching, contrary 
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to the thermally treated Ir0.7Ru0.3O2 (TT), where Ir stabilizes Ru in a rutile RuO2 

oxide.[159] 

6.2 Experimental 

6.2.1 Materials preparation 

The preparation of both catalysts refers to the Chapter 5. 

Electrochemically oxidized sample (Ir0.7Ru0.3Ox (EC)) preparation: i) for glassy carbon 

electrode (RDE) sample, as prepared Ir0.7Ru0.3-pristine powder was coated on RDE, then 

a typical cyclic voltammetry (CV) protocol (see Part 6.2.2) was applied for sample 

oxidation; ii) for membrane electrode assembly  (MEA) sample, MEAs for synchrotron 

measurements and water electrolysis were coated by as-prepared Ir0.7Ru0.3-pristine as 

anode catalytic layers, then 1.4 V potential was loaded on the aimed MEA for 1 hour to 

achieve the oxidation state by employing a electrolyzer cell in water electrolysis 

condition. 

Thermally oxidized sample (Ir0.7Ru0.3O2 (TT)) preparation: as-prepared Ir0.7Ru0.3-

pristine was thermally treated at 490 °C for 0.5 h in air with a Muffle furnace by using a 

heating ramp of 5 °C min-1.[181,184,185] 

6.2.2 Electrochemical characterization 

The same procedures are used for the catalytic inks and RDE preparation as described in 

Chapter 4. Once catalyst coated RDE is ready, the following protocol are carried out: 

Measurements protocol (Figure 9-23, schematic diagram of protocol, see Appendix): i) 

all the catalyst modified GC-RDEs were always started with OER performance 

measurements, three cycles of cyclic voltammetry between 1.0 V and 1.6 V vs. RHE 

with a scanning rate of 5 mV s-1 was used for this purpose while the RDE rotating speed 

was 1600 rpm. ii) Afterwards, one typical electrochemical oxidation protocol (EC 

process) was applied to Ir0.7Ru0.3-pristine in order to to oxidize its surface and obtain 

Ir0.7Ru0.3Ox (EC): 10 cycles of CV between 0 V and 1.6 V vs. RHE was applied on GC-

RDE with 20 mV s-1 as scanning rate. iii) step i) was repeated to check OER activity 

after EC process. iv) in order to check whether the Ir0.7Ru0.3Ox (EC) achieved a stable 

surface state after step ii), post electrochemical oxidation process was used on GC-RDE 

(Post-EC process), 50 cycles of CV between 0.05 V and 1.5 V vs. RHE with a scanning 

rate of 500 mV s-1 was applied. V) after Post-EC protocol, step i) was used once more 
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for comparison. In the sake of comparison, Ir0.7Ru0.3O2 (TT) sample was applied with 

the exactly same protocol as Ir0.7Ru0.3Ox (EC). EIS measurements were carried out to 

evaluate the electrolyte resistance (ca. 34 Ω) before and after measurements for each 

catalyst-modified GC electrode. 

6.2.3 MEA preparation 

MEAs were prepared via air-brush spray method, 40 wt.% Pt/C (HiSPEC4000, Johnson 

Matthey) and as-prepared Ir0.7Ru0.3-pristine or Ir0.7Ru0.3O2 (TT) were used as a cathode 

and anode catalyst respectively. Inks for spraying were prepared by mixing 10 mg 

catalyst powder, 1 mL ultra-pure water and corresponding Nafion resin solution (30 

wt.% for cathode and 25 wt.% for anode). After 1 h ultra-sonication, another 1 mL 

isopropanol (IPA, Merck Millipore) was added into the suspension, followed by a 

couple of mins ultra-sonication. Nafion 212 CS (thickness: 50µm) membrane was used 

for electrolyzer test, as-prepared catalytic inks were sprayed on anode and cathode sides 

accordingly by using a vacuum table at the temperature of 100 °C. Pt loading for 

cathode side is 0.4 mg cm-2 while the anode side catalyst loading is 1 mg cm-2. 

Afterwards, hot pressing was applied with 5.2 MPa for 5 min at 125 °C. In the case of 

MEAs for NAP-XPS measurements, proton-exchange membrane E87-05S (Solvay) was 

used as electrolyte due to its better performance in the low moisture atmosphere in 

comparison to Nafion, ionomer resin was replaced by Aquivion® D72-25BS (Solvay) 

solution accordingly; for NAP-XPS MEA samples, anode side catalyst was kept with 

the same loading of 1 mg cm-1 when Pt loading in the cathode side was increasing to 

2.56 mg cm-1, which is much higher than anode catalyst loading, in order to get rid of 

any kinetic limitations from cathode catalytic layer during operando measurements. 

6.2.4 Electrolyzer measurements 

Electrolyzer measurements were performed in an in house produced 2-cell short stack 

(Figure 9-19, see Appendix). The bipolar plates are based on stainless steel 316L and 

have an active surface area of 25 cm², a parallel flow field and are coated with a 

corrosion protecting titanium coating on the anode side.[186] The used current 

collectors are state-of-the-art porous titanium sinter metal plates of 1 mm thickness 

coated on both sides with a protective PtIr surface coating. After a short period of 

activation time (~1 day) the initial in situ characterization by means of cyclic 

voltammetry up to 25 A (scan rate: 4 mA cm-2 s-1, 80 °C and ambient pressure) and 
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electrochemical impedance spectroscopy were performed. The EIS was performed by 

use of an externally potentiostat/galvanostat (Zahner elektrik IM6) with impedance 

function and booster (Module PP240) for realizing constant measurement currents up to 

12.5 A (0.5 A cm-2). The in situ analysis was performed at 2.5, 5 and 12.5 A gradually 

at 80 °C and with amplitude of 500 mA, 1 A and 2 A respectively. The 2-cell stack 

containing Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) as an anode side catalyst respectively, 

was afterwards operated for ca. 400 h with a constant current density of 1 A cm-2 at 80 

°C. During the operation, the water resistance was controlled to be higher than 10 MΩ. 

The same facilities and same parameters as used in the former chapters were taken for 

XRD, TEM and STEM analysis, the Fast Fourier Transformation was done using the 

DigitalMicrograph software. 

6.2.5 Ultra-high vacuum X-ray Photoelectron Spectroscopy (UHV-XPS) 

UHV-XPS analysis has been performed using a Thermo Scientific ESCALAB 250 

ultra-high vacuum (UHV) facility operated at a pressure of 1×10-9 mbar. As X-ray 

source (Thermo XR4) the Al Kα  line was used. The detection spot at the sample was 

covering an area of 0.8 mm2. The depth profiles were determined by high energy Ar+-

sputtering using a Thermo EX05 ion gun at the flowing sputtering conditions: 2 - 3×10-8 

mbar at partial pressure, 3 - 7 μA Ar+ current at a sample area of 3×4 mm2, 2 kV 

acceleration voltage and 10 mA emission current. The sputtering yields are not 

calibrated and the sputter depths are provided as sputter time. For peak analysis the 

Thermo Avantage software was used. The deconvolution of the Ir4f spectra was 

performed by determining the oxide species by fitting the spectrum of the first 

sputtering level (0 s) using a metallic reference with the Ir4f7/2 peaks at 60.7 eV and a 

synthetic doublet of symmetric peaks with 3 eV separation and a fixed height and width 

ratio. The resulting oxide spectrum with the Ir4f7/2 level located at 62 eV was used to 

fit the Ir4f spectra of all other sputtering levels of the XPS depth profile and to 

determine the metallic:oxide ratio of the studied material. 

6.3 Results and discussions 

6.3.1 Physical characterization of catalyst powders 

Figure 6-1 (a) and (c) shows the TEM and scanning TEM (STEM) images of Ir0.7Ru0.3-

pristine. A uniform particle dispersion was observed with a mean particle size of ca. 1.5 
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nm. EDS analysis (Figure 9-20, see Appendix) revealed an irregular Ru fraction 

throughout the sample, between 5 wt.% and 50 wt.%, which indicates that Ir and Ru 

atoms are non-uniformly distributed on the nano-scale before either EC or TT process. 

The inhomogeneity of the Ir/Ru distribution was further confirmed by STEM. For 

example, the STEM image of Figure 6-1 (c) only comprises Ir particles, with ca. 2 nm 

particle size. Carbon and IrCl3 impurities arising from residual surfactant and precursor 

were also observed in as-prepared Ir0.7Ru0.3–pristine sample (Figure 9-20, see 

Appendix). TEM and EDS performed after the EC oxidation under 1.4 V for 1 h (Figure 

9-20 (b), see Appendix) show partial oxidation of metal nanoparticles accompanied by 

the particle size growth (up to ca. 3.9 nm). On the other hand, Ir/Ru ratio became more 

uniform with Ru fraction between 0.2 and 0.4 and impurities (C and IrCl3) disappeared. 

The corresponding TEM and STEM images of Ir0.7Ru0.3O2 (TT) are shown in Figure 6-1 

(b) and (d), where larger particles ranging from 3 nm to 9 nm can be observed. By 

analyzing the live Fast Fourier Transformation (FFT) based on STEM image, the  

 

Figure 6-1. TEM (upper panels) and STEM (bottom panels) images of Ir0.7Ru0.3-
pristine (a,c) and Ir0.7Ru0.3O2 (TT) (b,d), insets of panel (a) and (b) are FFT of the 
selected area of corresponding catalyst particles. 
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distances between the crystallographic planes have been determined, 2.577 Å and 3.131 

Å respectively, further been discerned as (101) and (110) lattice plane distance of a 

rutile phase, which we attribute to a phase of mixed IrRu dioxide considering the results 

of the EDS analysis on the homogeneous Ir and Ru distribution. It implies that the as-

prepared powder was well crystallized and its atom composition became homogeneous 

on the nano-scale after the thermal treatment process.[159] 

Figure 6-2 (a) shows the XRD spectrum of Ir0.7Ru0.3-pristine. Broad diffraction peaks 

imply a catalyst particle size at the nano-scale, similar as the IrOx-Ir catalyst reported 

previously.[126] In addition, chloride impurities were detected in agreement with XPS 

(Figure 9-21, see Appendix). The spectrum of Ir0.7Ru0.3O2 (TT) is shown in Figure 6-2 

(b). The sharp diffraction peaks provide evidence for the formation of a rutile Ir(Ru)O2, 

while neither IrCl3 nor RuCl3 impurities were observed after 490 ˚C annealing for half 

an hour in air, again in agreement with XPS analysis.  

 

Figure 6-2. X-ray diffraction patterns of Ir0.7Ru0.3-pristine (a) and Ir0.7Ru0.3O2 (TT) 
(b) powders. 
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According to Figure 6-3, the Ir0.7Ru0.3-pristine sample surface is covered by thin Ir and 

Ru oxide layers, which are removed after 5 s Ar+ sputtering. Metallic Ir and Ru were 

completely exposed after 100 s sputtering for the EC sample. In contrast, in the sample 

of Ir0.7Ru0.3O2 (TT), Ru always shows an oxide state while 70 % Ir was present as 

metallic state after 100s sputtering. However, the linear shift in the Ir4f peak upon 

sputtering time indicates a sputtering induced reduction of Ir. Therefore, the TT sample 

can be considered as completely oxidized. 

 

Figure 6-3. UHV-XPS analysis: Panels (a, b) depict Ir4f and Ru3d spectra of 
Ir0.7Ru0.3-pristine; identical measurements of as prepared Ir0.7Ru0.3O2 (TT) are 
provided in panels (c, d). 

The results of XPS measurements for Ir0.7Ru0.3-pristine and subjected to Ar+ sputtering 

are depicted in Figure 6-3 (also Figure 9-21, see Appendix). According to the XPS 

depth profile analysis thin IrO2 and RuO2 surface layers are observed which encapsulate 

a core consisting of metallic Ir and Ru in the pristine powder. This is also confirmed by 

the atomic concentration of oxygen, which sharply decreased after 10 s Ar+ sputtering. 

Moreover, for the pristine sample no element (neither Ir nor Ru) segregation was 

observed, yielding a constant atomic ratio Ir/Ru of 2, close to the value of the 

stoichiometric ratio. Insignificant surface enrichment was found previously in the oxide 
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prepared by reactive sputtering without any further thermal treatment.[173] XPS data 

including depth profiling for the Ir0.7Ru0.3O2 (TT) suggest high oxygen concentration in 

the sample, confirming complete transformation of metallic Ru and most of Ir in 

respective oxides during the thermal treatment. The observed shift of the Ir4f peaks to 

lower binding energies during the Ar+ sputtering (Figure 9-21, see Appendix) is 

indicative of the presence of some metal Ir in the particle cores. Note however that Ar+ 

sputtering itself may induce oxide decomposition. In addition, a strong Ir surface 

segregation was observed during the Ar+ spurring according to the component depth 

profile analysis with an atomic Ir/Ru surface ratio up to 4.5 (Figure 9-21, see 

Appendix). A similar phenomenon was also reported in the literature when the catalysts 

were prepared by thermal deposition and afterwards annealed in the temperature range 

of 400-450 °C for 1-3 hours.[64,172,173,187] 

6.3.2 RDE measurements 

Both Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) were characterized by rotating disc 

electrode (RDE), 10 cycles of cyclic voltammetry (CV) between 0 and 1.6 V vs. RHE 

were used as EC protocol (Figure 9-23, see Appendix) for both catalysts, 1.6 V was 

applied as upper potential limit based on two considerations: i) strong oxygen evolution 

and Ru dissolution have already occurred up to this potential [61,78] and ii) higher 

potential could lead to a GC-RDE damage due to the carbon oxidation. Mass activity 

changes between EC and TT are analyzed (Figure 9-23, see Appendix). It is observed 

that after a few potential cycles up to 1.6 V the Ir0.7Ru0.3Ox (EC) sample was stabilized 

(apparently by leaching significant proportion of Ru out of the catalysts as confirmed by 

TEM, EDS and ex situ XPS) and reached a steady state showing an insignificant mass 

activity change during subsequent operation. Post-EC protocol (Figure 9-23, see 

Appendix) was carried out to confirm the stabilized particle surface of Ir0.7Ru0.3Ox (EC), 

OER activity and CVs were recorded for comparison. 

From Figure 9-23 (see Appendix), stable mass OER activities after post-EC protocol 

and overlapped CVs on different cycles strongly imply that both EC and TT sample 

have a stable particle surface. Therefore, second cycle after the EC-protocol were 

selected for the OER mass activity comparison and the results are shown in Figure 6-4 

(a) for samples Ir0.7Ru0.3Ox (EC), Ir0.7Ru0.3O2 (TT) and IrOx (EC), which is our 

previously published catalyst with superior activity.[126] Among these three catalysts,  



 95 

 

 

 

Figure 6-4. (a) Oxygen evolution reaction (OER) activities comparison among 
Ir0.7Ru0.3Ox (EC), IrOx (EC) and Ir0.7Ru0.3O2 (TT) after EC protocol, blue dashed 
line showed the initial OER activity of RuOx (EC) out of CV cycle 2 (inset: tafel 
slope of  Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT)), N2-saturated 0.05 M H2SO4, 25 
°C, rotating rate: 1600 rpm, scanning rate:  5 mV s-1; (b) Mass activity comparison 
with an overpotential of 250 mV between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT); 
(c) Cyclic voltammetry curves of  (c) Ir0.7Ru0.3Ox (EC) sample and (d) Ir0.7Ru0.3O2 
(TT) sample between cycle 2 and cycle 10, scanning rate: 20 mV s-1. 

Ir0.7Ru0.3Ox (EC) showed the best OER performance, much higher than Ir0.7Ru0.3O2 

(TT), while IrOx (EC) is in the position between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT). 

After stabilization, Tafel plots of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) are 39.7 mV 

dec-1 and 60.4 mV dec-1 respectively, show in insets of Figure 6-4 (a), thus 

demonstrating the superior electrocatalytic activity of Ir0.7Ru0.3Ox (EC) relative to the 

Ir0.7Ru0.3O2 (TT). Figure 6-4 (b) compares the mass activity of EC and TT samples for 

an overpotential of 250 mV. Ir0.7Ru0.3Ox (EC) shows ca. 13 times higher activity than 

Ir0.7Ru0.3O2 (TT), while still six times higher than IrOx (EC), our benchmark catalyst. 

Moreover, Ir0.7Ru0.3Ox (EC) showed lower overpotentials under current densities of 

either 0.1 mA cm-2 or 5 mA cm-2 than Ir0.7Ru0.3O2 (TT), 195.5 mV and 268.7 mV 

respectively, while 238 mV and 336 mV respectively for Ir0.7Ru0.3O2 (TT) in the same 
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condition (Figure 9-25, see Appendix). The difference between overpotentials of 

Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) increased with the current density, even though 

they showed similar onset potentials of 1.398 V and 1.410 V vs. RHE, respectively 

(Figure 9-26, see Appendix). In addition, RuOx (EC) was also added in Figure 6-4 (a) 

for comparison, it shows the lowest overpotential for catalyzing OER, but is rather 

unstable with an activity peak at 1.491 V vs. RHE, which apparently results from Ru 

corrosion.[61] The activity peak position is slightly lower than the one reported by Reier 

et al..[50] For higher potentials this catalyst cannot compete with Ir-based 

electrocatalysts due to its decreasing activity. For tracking the changes of the catalyst 

surface, CVs during the EC-protocol on both Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) 

were recorded and are shown in Figure 6-4 (c) and (d), respectively. While for the 

Ir0.7Ru0.3O2 (TT) sample scans 2 and 10 coincide suggesting stability of the surface 

against Ru dissolution during the electrochemical protocol, significant differences were 

observed between scan 2 and scan 10 of the Ir0.7Ru0.3Ox (EC) below 0.3 vs. RHE 

demonstrating surface changes. The cathodic peak, which has been attributed in the 

literature either to the atomic hydrogen absorption into the catalyst lattice and grain 

boundaries,[75,180] or to hydrogen evolution on RuO2,[188] almost disappeared after 

the EC protocol in scan 10, indicating that: i) Ru was leached out from the surface of 

Ir0.7Ru0.3Ox (EC) sample into electrolyte solution; ii) surface metallic Ir phase was 

oxidized to IrOx. Due to the low Ru/Ir ratio in the Ir0.7Ru0.3Ox (EC) catalyst and surface 

IrOx formation, a suppression of the hydrogen absorption and evolution can be 

expected.[180] In addition, the Ir0.7Ru0.3Ox (EC) sample exhibits an apparent larger 

capacitance than the TT, which in general reflects the electrode capacity for charge 

accumulation at the electrode/electrolyte interface.[180] This difference can be 

explained by the particle size difference between the EC and TT, leading to a higher 

electrode/electrolyte interface in the case of Ir0.7Ru0.3Ox (EC). 

6.3.3 XPS analysis of electrode samples 

In order to investigate the long term stability of Ru components under water electrolysis 

conditions, membrane electrode assemblies (MEAs) were prepared by using both 

materials, Ir0.7Ru0.3Ox EC and TT, as anode catalysts, followed by an electrochemical 

activation for 1 h at 1.4 V and operation of 18 h at 1.6 V, which is in line with the upper 

potential limit of RDE measurements to simplify comparison. 
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Figure 6-5. TEM images of Ir0.7Ru0.3Ox (EC) (upper panels) and Ir0.7Ru0.3O2 (TT) 
(bottom panels) under different MEA states: before and after 1.6V @ 18h; Ir 
atomic % determined from EDS analysis on selected areas and mean particles size 
are shown below the corresponding TEM images. The relative error for the Ir and 
Ru % is estimated as 5 and 10 %, respectively. 

Post mortem analysis by using TEM and UHV-XPS were carried out afterwards and 

compared with the as-prepared electrodes. EDS analysis coupled with TEM shown in 

Figure 6-5 indicates drop of the Ru contribution below the detection limit of ca. 10 % 

after 18 h water electrolysis at 1.6 V in the Ir0.7Ru0.3Ox (EC) electrode while the 

Ir0.7Ru0.3O2 (TT) electrode showed a similar Ir/Ru ratio before and after operation. This 

outcome is in agreement with the XPS depth profiles depicted in Figure 6-6. While in 

the EC sample before operation the Ir/Ru ratio is around 2, after 18 h at 1.6 V it 

increases up to 8 for > 50s sputtering (Figure 6-6 (a)), i.e. a leaching of approximately 

85 % of Ru upon operation of the EC sample is unambiguously observed. The decreased 
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Ir/Ru ratio for sputtering times < 50s indicates a slightly increased Ru concentration at 

the surface compared to bulk due to the segregation process.  

 

Figure 6-6. ex situ XPS analysis of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) anodes 
before and after electrolysis operation for 18h at 1.6 V: Ir/Ru atomic ration versus 
sputter time of the sample EC (a) and TT (b); (b) Ir/Ru atomic ration versus 
sputter time of the TT sample; Ir-oxide content relative to overall Ir versus sputter 
time for the sample EC (c) and TT (d). The inset of (d) shows fitted Ir metal and 
oxide XPS peaks (B.E.=Binding Energy) used for the quantification of Ir-oxide in 
(c) and (d). 

In the case of the TT sample shown in Figure 6-6 (b), the Ir/Ru ratios are similar before 

and after operation. While in the as-prepared sample an increased Ir surface 

concentration is observed, the sample after operation is even more homogeneous with 

an almost constant Ir/Ru ratio of 2-3.  

The depth profiles in Figure 6-6 (c) and (d) show the Ir-oxide percentage in the entire 

amount of the Ir signal before and after electrolysis operation of the EC and TT 

samples, respectively. Apparently, the percentage of Ir-oxide does not change in the EC 

sample after operation. In both cases, an oxide dominated surface layer is observed. 

After sputtering times > 100s the oxide fraction decreases below 10 %. 
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In the TT sample the fraction of Ir-oxide is substantially higher than in the EC sample 

and, for long sputtering times, increases from 20 % to 30 % after operation. Moreover, 

the surface Ir-oxide dominated layer is much thicker in the EC sample than in the TT 

material. Specifically, 10 times longer sputter times are needed for the TT sample 

compared to the EC sample to reduce the Ir-oxide fraction to values < 50 %. 

These results are evidence that RuO2 in the Ir0.7Ru0.3O2 (TT) is significantly stable than 

in the EC sample since it is stabilized by the presence of IrO2. It implies that the oxide 

form of Ir is very crucial for the Ru stabilization as recently reported.[159] Less IrOx in 

the EC sample leads to the fast Ru dissolution. NAP-XPS operando measurements (See 

Appendix) suggest that until the Ir0.7Ru0.3Ox (EC) sample is stabilized, Ru under the 

OER conditions is transformed into an unstable Ru(IV) hydroxide, which is prone to 

dissolution. The situation is different from the Ir0.7Ru0.3O2 (TT), where Ir oxide 

stabilizes Ru in the form of rutile RuO2, which is much more resistant against corrosion. 

Note also that RuO4, which we consider as the OER intermediate,[159] was detected on 

the surface of both EC and TT samples, being stabilized in the latter by the interaction 

with the underlying Ru(Ir)O2.  

6.3.4 Electrolyzer measurements 

Figure 6-7 (a) depicts the electrochemical characterization of the 2-cell stack by 

employing Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) as anodes respectively. It 

demonstrated the cell performance difference after one day activation running at 80 °C. 

As we can see, the cell with TT anode shows apparently higher potential, up to 45 mV 

at maximum, relative to the one using EC under the same current density. In order to 

confirm the contribution of Ir0.7Ru0.3Ox (EC) for the improved cell performance, 

electrochemical impedance spectroscopy (EIS) was performed to exclude possible 

falsifications due to assembling, ohmic resistances and mass transport limitations, and 

the results are shown in Figure 6-8. Analyzing the EIS results by using an equivalent 

circuit shown in Figure 6-8, which consists of one ohmic and three R-CPE elements 

simulating the time depending reaction in the electrode, charge transfer and mass 

transport respectively,[189–192] enables to separate the charge transfer resistances and 

to compare the influence of both catalysts on the cell performance. Indeed, the cell 

containing Ir0.7Ru0.3Ox (EC) shows a higher ohmic resistance, 25.8 mΩ cm², which 

affects the cell performance negatively, especially at high current densities. The mass 
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transport limitations are insignificant in both cells. Assuming that in the measured range 

of current density all measured impedances except of the charge transfer one are 

constant, it is possible to plot the charge transfer overpotentials as shown in the inset of 

Figure 6-7 (a). It shows a similar parallel potential shift as the cell characteristic, 

evidently indicating the better intrinsic catalysis properties of Ir0.7Ru0.3Ox (EC) 

compared with Ir0.7Ru0.3O2 (TT). 

 

Figure 6-7. (a) 25cm2 PEM electrolyzer tests in a 2-cell stack having MEAs with 
Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) anodes, 1 mg of powder cm-2. Cathode 
catalyst, 40 wt.% Pt/C, 0.4 mg Pt cm-2; Nafion®212; 1 bar, 80 °C; (b) 400 hour 
durability test under a constant current density of 1 A cm-2; inset of panel (a) 
shows the overpotentials only representing the charge transfer for EC and TT. 

Catalyst stability was evaluated by long-term electrolyzer operation test. Figure 6-7 (b) 

depicts the cell potential changes during ca. 400 h constant running under a current 

density of 1 A cm-2 at 80°C. Both cells showed considerable stability but divergent 

durability behaviors during measurement time. Ir0.7Ru0.3O2 (TT) shows a constant cell 

potential increase, 43 µV h-1, which is consistent with previous research.[180,181] 

Interestingly, the potential of Ir0.7Ru0.3Ox (EC) is continuously decreasing during the 

test, -81 µV h-1, and consequently the cell efficiency is increasing. This can be explained 
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by two possible reasons: i) either membrane thinning due to radical attack;[193] or ii) an 

increase of the number of catalytically active sites. The most plausible interpretation is 

that the fast dissolution of Ru leads to surface roughening and thus increase in the 

number of active sites.[60,67,78] For a reliable conclusion on degradation effects of 

these materials, further investigation is required, which is ongoing. On the other hand, it 

is worth to mention that the dissolved Ru ions can be recovered by using ion exchange 

resin, which offers the possibility for Ru recycling in industry level. 

 

Figure 6-8. Equivalent circuit (upper left panel) of PEM electrolyzer and EIS 
measurements on both cells with Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) as anode 
catalyst, respectively. 

In addition, from a fundamental perspective, three mechanisms have been recently 

proposed to explain the high OER activity of the similar Ir based catalysts: 1) Pfeifer et 

al. show the OI- species formation on the amorphous IrOx surface, which is extremely 

electrophilic and plays a critical role for the high OER activity by promoting O-O bond 

formation during OER process;[74,194] 2) Reier et al. prepared a series of thermally 

treated Ir-Ni oxides and observed an exceptional OER activity after Ni leaching under 

OER condition compared to pure Ir oxide, the superior activity was attributed to the 

formation of reactive surface hydroxyls, which showed a reduced binding to the oxide 

lattice and was assumed to act as reactive surface intermediates on active sites of the 

catalytic process;[77] 3) a IrOx/IrSrO3 thin film derived from IrSrO3 perovskite phase by 
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strontium leaching was developed by Seitz et al.,[79] also demonstrated an excellent 

OER activity in acid electrolyte, density functional theory (DFT) calculations suggest 

the IrO3 or anatase IrO2 motifs formation on the surface, which is considered to be 

highly active for OER.[195] In our case, the unprecedented OER activity of Ir0.7Ru0.3Ox 

(EC) results from Ru leaching and the formation of an amorphous Ir oxide/hydroxide 

layer with low coordinates sites. Therefore, both the surface OI- formation and surface 

hydroxyls formation are plausible explanations for a superior activity in our case and 

may be even descriptors of the same species. However, IrO3 or anatase IrO2 motifs 

formations are not considered as probable phase because Ir0.7Ru0.3Ox (EC) does not 

appear as the perovskite phase and thermally oxidized catalyst generally yields lower 

activity. Further operando measurements and fine structure spectroscopy techniques are 

required for validating this hypothesis. 

6.4 Conclusion 

In this chapter a highly active electrochemically oxidized Ir0.7Ru0.3Ox (EC) OER catalyst 

for PEM electrolyzer anodes is presented. Ru component in Ir0.7Ru0.3Ox (EC) is highly 

unstable in the initial catalysis stage. However, after Ru leaching process, Ir0.7Ru0.3Ox 

(EC) shows ca. 13- and 6- fold higher OER activity than Ir0.7Ru0.3O2 (TT) and our 

previously reported benchmark IrOx-Ir, respectively. The surface OI- species and surface 

hydroxyls formation, which are highly active for catalyzing OER, are assumed to 

mainly contribute to the boosted OER activity.[74,77,194] The durability of Ir0.7Ru0.3Ox 

(EC) was tested by ca. 400 h electrolyzer measurements, showing no cell potential 

increasing during this time and constantly improved cell efficiency. 
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7 Modelling of PEM electrolyzer performance using 

Ir0.7Ru0.3Ox and Ir0.7Ru0.3O2 as anode catalysts 

In most instances, the kinetic parameters of an OER catalyst are extracted from half-cell 

measurements that consist of a rotating disk electrode and liquid electrolyte. However, 

when the OER catalyst is used for PEM electrolyzer application, it works on a catalyst 

coated membrane, namely MEA, representing a solid/solid (catalyst particles/solid 

electrolyte) interface that differs from half-cell environment (solid/liquid interface). 

This difference may lead to some changes on the kinetics of the electrocatalysts, which 

have already been observed in PEM fuel cells with ORR catalyst due to the higher 

oxygen solubility in the solid Nafion electrolyte.[196] To figure out the catalysis 

behaviours and the corresponding kinetics of the above developed OER catalysts on a 

technical reactor, Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) were coated on Nafion 

membranes and tested in electrolyzer cells. The cell performance is demonstrated in 

Figure 6-7 in Chapter 6. However, the so called current-potential curve contains all the 

information from OER activation on anode side, HER activation on cathode side, ohmic 

resistance of membrane and interfacial contact resistance of the cell. This brings 

challenges to understand the impact of anodic kinetics from the experimental data 

directly. Therefore, a proper model is essential and required to separate different 

parameters, e.g. distinguishing anodic and cathodic kinetics. 

7.1 Introduction 

The catalysis mechanism of IrRu bimetallic oxygen evolution catalyst for PEM 

electrolyzer remains rather unclear. Although one is able to determine the exchange 

current density and Tafel slope using half-cell RDE method, the working condition of 

testing the catalysts is different between RDE and technical electrode. Especially, the 

electrolyte differs significantly between technical and RDE electrode and may lead to 

rather high active surface area and potential distribution. Hence, it is hard to analyze the 

electrocatalyst reaction kinetics in its real working condition of a PEM electrolyzer. 

Under this background, a complete model of the PEM electrolyzer is established in this 

chapter and employed to extract the key parameters of the anode catalyst, that are the 

transfer coefficient, which is directly related to the reaction mechanism of oxygen 

evolution reaction (OER), as well as the exchange current density. 
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7.2 Model development 

PEM electrolyzer cell modelling is a powerful tool to reconstruct the basic operation 

principle of the device. The model not only can be used to analyze the polarization 

characteristics but also can be used to calculate some parameters that are difficult to 

measure. 

In an electrochemical cell, under open circuit condition, the voltage across the cell 

should be equal to the thermodynamic equilibrium potential theoretically. However, as 

soon as the circuit is closed, the so-called overpotential will lead to a decrease (galvanic 

cell) or an increase (electrolysis cell) of the cell voltage. This loss is due to the limited 

reaction kinetics and mass transport that introduce irreversibility to the electrochemical 

process. In a PEM fuel cell the cell voltage is inclined to decrease with the increase of 

current density, while in a PEM electrolyzer the cell voltage increases. 

The polarization curve of a specific electrochemical system is a plot of cell voltage 

versus current density, which describes the irreversibility of the system, representing the 

performance of the cell. A typical polarization curve for water electrolysis is shown in 

Figure 7-1. It consists of three regions, including activation polarization region, ohmic 

 

Figure 7-1. Polarization curve for water electrolysis.[197] 
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polarization region and concentration polarization region, that are dominated by reaction 

kinetics, ohmic resistance of the cell and mass transportation limitation, respectively. 

The influence factors for each polarization region are given inside of the figure. 

A simplified model is developed to simulate the polarization curve of the PEM 

electrolyzer. For any kind of model, the accuracy is always the first priority to be 

considered. However, the full description of the PEM electrolyzer is out of scope for 

this thesis due to the complexity of the system. Therefore, beforehand assumptions are 

necessary to simplify the system while keeping the result as accurate as possible. The 

assumptions for developing this model are listed below:  

1. Steady state condition. 

2. Constant and homogeneous cell temperature, 30 °C or 80 °C. 

3. Constant pressure on both anode and cathode, 1 bar. 

4. The products, H2 and O2, are considered as ideal gases and their solubility is 

negligible. 

5. 100 % Faradaic efficiency, no side reactions take place. 

6. Gas crossover through the membrane is considered as negligible. 

7. The overpotential from mass transport is not considered due to the low operation 

current density, max. 1 A cm-2. 

Hence, the overall voltage of the cell can be expressed as below: 

����� = � + ���� + ���� (7-1)  

Two kinds of electrolyzer cell were used in the experiments: one is a double cell stack 

that has the commonly used PEMFC configuration consisting of a membrane electrode 

assembly (MEA) with an active area of 25 cm2, porous current collectors and bipolar 

plates (separator plate) with 25 flow channels; the other one is a small single cell with 

an active area of 4 cm2. 

7.2.1 Mass balance model 

In an electrolyzer cell, the overall mass balance can be expressed using the mass flow of 

water, hydrogen and oxygen. Figure 7-2 illustrates the mass flow inside a complete 

PEM electrolyzer single cell.  
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As shown in Figure 7-2, ṁ���,�� is the water feeding to the anode side, some of them is 

directly consumed to produce oxygen, denoted as ṁ���,����, while other feeding water 

permeates through the membrane to the cathode side owing to the electro osmotic drag 

and diffusion. 

ṁ���,��,��� =  ṁ���,�� − ṁ���,���� − ṁ���,�  (7-2) 

 

Figure 7-2. Schematic sketch of the mass flow inside a PEM electrolyzer single cell. 

Where ṁ���,� is the mass flow rate of the water permeated through the membrane. The 

permeated water is governed by three different factors: electro-osmotic drag force from 

anode to cathode (�̇���,��), diffusion caused by concentration gradient (�̇���,��) and 

convection. Here, the convection is not considered since the anode and cathode have the 

same pressure of 1 bar.[198] Thus, the net mass flow rate of the permeated water can be 

expressed by the following equation: 

ṁ���,� = ṁ���,�� + ṁ���,�� (7-3) 

Additionally, the molar flow rate of the permeated water can be derived from mass flow 

rate: 

ṅ�2�,� =
ṁ�2�,�

�∙��2�
   (7-4) 
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Where M��� is the molar mass of water.  

For the cathode chamber, the amount of water that flows out of the cell is: 

ṁ�2�,���,��� =  ṁ�2�,�  (7-5) 

The production rate of oxygen and hydrogen, in another word, the molar flow rate of 

oxygen and hydrogen could be related to the current according to Faraday’s Law: 

ṅ�2
=

�

2�
  (7-6) 

ṅ��
=

�

��
   (7-7) 

And the water consuming rate could also be expressed by Faraday’s Law: 

ṅ�2�,���� =
�

2�
  (7-8) 

The concentration gradient of water between anode and cathode is the driving force for 

the water permeation though the membrane. The concentration profile of water, 

hydrogen and oxygen in the electrolyzer cell is illustrated in Figure 7-3. 

 

Figure 7-3. Schematic diagram of species concentration and molar flows inside a 
PEM electrolyzer cell. 

According to Fick’s First law, the specific molar flux of water through the membrane 

could be obtained: 

ṅ�2�,�� =  
����

��
(��2�,�,�� − ��2�,�,���)  (7-9) 
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ṅ�2�,��  =  
����,��

��,��
(��2�,�� − ��2�,�,��)  (7-10) 

ṅ�2�,���  =  
����,���

��,���
(��2�,�,��� − ��2�,���)  (7-11) 

D���,�� and D���,��� are the effective diffusion coefficients of gas/water binary phase in 

anode and cathode, respectively, which can be calculated by introducing a porosity 

correction to the diffusion coefficients:[199] 

����,�−� =  ��−�� ∙ (
�−��

1−��
)

�
    (7-12) 

where ε is the porosity of the electrode, a commonly used value of 0.3 was applied 

here.[200] ε� is the percolation threshold, which is taken equal to 0.11. α is an empirical 

coefficient, which is proposed to be 0.785.[201]  

Yet, D��� is the binary diffusion coefficient of a mixture consisting of substance A and 

substance B, which can be calculated using the following equation:[202] 

����� = � �
�

���,���,�
�

�

���,���,��
�/�

���,���,��
�/��

(
�

��,�
+

�

��,�
)�/� (7-13) 

where P is pressure, in presence of atm. T is the temperature. a and b are empirical 

coefficient that are dimensionless, showing in Table 7-1. ��, �� and �� are the critical 

pressure, critical temperature and molar mass of different substances, which are given in 

Table 7-2.  

Table 7-1. Empirical coefficient in Equation 7-13.[201]  

 Pairs of two nonpolar gases Pairs of H2O and a nonpolar gas 

a 2.745×10-4 3.640×10-4 

b 1.823 2.334 

 

Table 7-2. Critical temperature and pressure of O2, H2 and H2O.[201]  

 O2 H2 H2O 

pc / atm 49.7 12.8 218.3 

Tc / K 154.4 33.3 647.3 

Mm / g mol-1 32 2 18 
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Since the water is present in liquid form in the electrolyzer flow channel, the water 

concentration on both sides of the membrane can be expressed as the following 

equation: 

 ����,�� =  
����(���)

����
  (7-14) 

����,��� =  
����(����)

����
  (7-15) 

Thus, by combining equation 7-(3,4,9,10,11,14,15), the net water molar flow rate 

though the membrane can be expressed by the following equation: 

ṅ�2�,� =  ṅ�2�,�� + 
����

��
[

��2�(����)

��2�
+

��,���ṅ�2�,���

����,���
−

��2�(���)

��2�
+

��,��ṅ�2�,��

����,��
] (7-16) 

The electro-osmotic drag can be expressed as: 

ṅ���,�� =  ��
�

�
  (7-17) 

where �� is the electro-osmotic drag coefficient and it is a function of temperature:[203] 

�� = 0.03 + 0.0134�(���)  (7-18) 

According to Figure 7-2, the following equations are established: 

ṅ�2�,��  =  ṅ�2�,� + ṅ�2�,����  (7-19) 

ṅ�2�,���  =  ṅ�2�,�  (7-20) 

Then combine equation 7-(16,17,18), the net water flow rate through the membrane can 

be further obtained: 

ṅ�2�,� =  
ṅ�2�,�,�

ṅ�2�,�,�
  (7-21) 

where 

ṅ�2�,�,� =  ṅ�2�,�� + 
����

��
[

��2�(����−���)

��2�
+

��,���ṅ�2�,����

����,���
]  (7-22) 

ṅ�2�,�,� = 1 −
����

��
(

��,���

����,���
+

��,��

����,��
)  (7-23) 
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Once the net water flow rate is known, the other molar flows shown in Figure 7-3 can 

be obtained as well.  

To obtain the water vapor pressure, the Antoine equation was used:[204] 

����,��� = 10^(�� −
��

����
)  (7-24) 

where T is the temperature of water in °C, �� , �� , ��  are coefficients suitable for 

temperature range from 0 to 100 °C. The unit of resulting vapor pressure is in mmHg. 

Hence the water molar fraction in electrode flow channel can be expressed as: 

����,�� =  
����,���

���
  (7-25) 

����,��� =  
����,���

����
  (7-26) 

And, 

���,�� =  1 − ����,��  (7-27) 

���,��� =  1 − ����,���  (7-28) 

In this model, both oxygen and hydrogen are considered as ideal gases, so their 

concentration can be derived using ideal gas law: 

��2,�� =
�����2,�ℎ

����
  (7-29) 

��2,��� =
������2,�ℎ

�����
  (7-30) 

Applying the Fick’s first law, the concentration of the gases and water in the interface 

between electrode and electrolyte can be obtained: 

��2,�,�� = ��2,�� +
��,��

����,��
ṅ�2   (7-31) 

��2,�,��� = ��2,��� +
��,���

����,���
ṅ�2  (7-32) 

��2�,�,�� = ��2�,�� −
��,��

����,��
ṅ�2�,��  (7-33) 

��2�,�,��� = ��2�,��� +
��,���

����,���
ṅ�2�,���  (7-34) 
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Then, the partial pressure of oxygen, hydrogen and water vapor can be calculated: 

��2
=  ��2,�,��

∗ ��� =
����

���
��2,�,�� ∗ ��� = ������2,�,��  (7-35) 

��2
=  ��2,�,���

∗ ���� =
�����

����
��2,�,��� ∗ ���� = �������2,�,��� (7-36) 

���� =  ����,�,�� ∗ ��� = (1 − ���,�,��) ∗ ��� (7-37) 

where the partial pressure of water vapor was calculated only for the anode considering 

the water is not involved in the cathodic electrochemical reaction, namely HER. 

7.2.2 Open circuit potential 

According to Nernst equation, the Nernst potential can be calculated as 

follow:[205,206] 

� =  �� +
��

��
��(

��� ���

�/�

��2�

)  (7-38) 

where E� is the standard cell potential at standard temperature and pressure, p��
, p��

 

and p��� are the partial pressure of H2, O2 and water. The standard cell potential can be 

expressed by the following equation: 

�� =  
∆��

��
  (7-39) 

∆�� =  −(∆�� − ����� ∗ ∆��)  (7-40) 

where  

∆�� = ���� − ���
− 1/2���

 (7-41) 

∆�� = ���� − ���
− 1/2���

  (7-42) 

The enthalpy and entropy of different species at T���� (30 °C and 80 °C) can be 

calculated by integrating specific heat capacity from 25 °C to T����. 

�� =  ��,���.�� +  ∫ ��� ∗ ��
�

���.��
 (7-43) 

�� =  ��,���.�� + ∫
�

�
��� ∗ ��

�

���.��
 (7-44) 
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where the specific heat capacity is calculated using empirical formulas:[207] 

����� =  ���� + ������.�� + ������.� + ����� (7-45) 

����
=  ���

+ ���
���.�� + ���

��� + ���
���.� (7-46) 

����
=  ���

+ ���
��.� + ���

���.� + ���
���  (7-47) 

in which, a, b, c and d are experimental fitting parameters and their values are listed in 

Table 7-3. 

Table 7-3. Parameters for calculating specific heat capacities of the water, 
hydrogen and oxygen.[207] 

 �� �� �� �� 

��� 143.05 -58.04 8.2751 -0.036989 

�� 56.505 -22222.6 116500 -560700 

�� 34.432 2.010*10-5 -178570 2368800 

7.2.3 Activation overpotential 

Activation overpotential represents the electrochemical kinetic loss for an 

electrochemical energy conversion device. For an electrolyzer, the activation loss can be 

described using Butler-Volmer equation:[207] 

� =  ��[��� �
�����

��
����� − ��� �

�������

��
�����]  (7-48) 

where i� is the exchange current density, n is the number of electrons transferred during 

each reaction, α�� and α��� are the charge transfer coefficient of the anodic and cathodic 

reaction, respectively. 

The charge transfer coefficient is governed by the electron transfer process at the 

electrode/electrolyte interface, which can be expressed by Equation 7-49 and Equation 

7-50 if the complete reaction mechanisms are known.[208] 

�� =  
���

�
− ��  (7-49) 

�� =  
�

�
+ ��  (7-50) 

Where, n is the total charge transferred in the overall reaction, γ is number of electrons 

transferred before the rate determining step, v is number of times the rate determining 
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step occurs for one act of the overall reaction, s is number of electrons transferred in the 

rate determining step and β is the symmetry factor that was commonly assumed to be 

0.5.[208] 

Assuming �� = ��, the Butler-Volmer equation for the cathode side can be expressed 

using the hyperbolic sine function,[209] since the cathode transfer coefficient is equal to 

symmetric factor β = 0.5. 

����,��� =  
��

����
���ℎ��(

�

����
)  (7-51) 

In addition, considering that the anode potentials from the experimental data are all 

higher than 200 mV, the anode side activation overpotential can be expressed as 

equation 7-52.[208] In a PEM electrolyzer, the charge transfer number n equals to 2. 

����,�� =  
��

����
��(

�

���
)  (7-52) 

As we can see, the activation overpotential is a function of charge transfer coefficient 

(�) and exchange current density at anode or cathode. If � is accurately determined, it 

provides important information on understanding the reaction mechanisms and other 

properties of the electrode, which is essential in developing new electrode with better 

properties for electrolyzer.[210]  

7.2.4 Ohmic overpotential 

The ohmic resistance of a PEM electrolyzer can be determined by the EIS 

measurements from the intercept of high frequency loop with real axis, as shown in 

Figure 6-8 in Chapter 6. With the values obtained from EIS, we directly applied them to 

the developed model. 

Besides, in an PEM electrolyzer, when the reaction occurs fast enough, the reactant 

starvation will appear on the catalytic layer due to the water diffusion limitation, or the 

produced oxygen bubbles on the anode catalytic layer may keep the water from being 

electrolyzed, both of which leads to the mass transport limitation.  Here in this model, 

the overpotential from mass transport is not considered based on the fact that the water 

as the reactant is considered abundant and mass transport limitation is not observed due 

to low operating current density, less than 1 A cm-2. 
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7.2.5 Model Establishment  

This model is designed for parameters extraction including the anodic exchange current 

density, the cathodic exchange current density and the charge transfer coefficient of the 

anode. Besides, we paid special attention on the extracted values of exchange current 

density and charge transfer coefficient to compare them with the values reported in the 

literatures. 

Theoretically, the electrolyzer cell voltage can be expressed in Equation 7-53 

����� = � + ����,�� + ����,��� + ����  (7-53) 

Integrating Equation 7-38, 7-51, 7-52 into Equation 7-53, then we get Equation 7-54, 

which is the final equation used for fitting parameters. 

����� = � +
��

����
�� �

�

���
� +

��

����
���ℎ�� �

�

����
� + ����  (7-54) 

For a better accuracy, two different operation temperatures, 30° C and 80 °C, were taken 

for the electrolyzer cell performance validation.  

The polarization curves of the home-made PEM electrolyzer stack were employed for 

the study. The PEM electrolyzer stack was operating under galvanostatic mode. The 

above discussed three parameters were obtained using the curve fit algorithm.[211,212] 

7.3 Results and discussions 

To fit the model, three estimated values for the unknow parameters, namely anode 

exchange current density (ioa), cathode exchange current density (ioc) and anode charge 

transfer coefficient (α�� ), were entered as starting points and nonlinear regression 

algorithm was used. For the fitting, one should pay attention on the starting points of the 

iterations, more precisely speaking, the starting values of the three unknown parameters. 

Because there are many possible fits to the experimental data, care has to be taken to 

choose the appropriate starting point.[211,212] 

One should also pay great care to identify the desired fit that all the extracted parameters 

have reasonable values or they situated in the acceptable range reported by previous 

literatures. The way of controlling the fitting process to obtain the best possible fits are 

shown in below: 
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1. ioa has a value that lies between 10-13 / A cm-2 and 10-6 / A cm-2.[201] 

2. ioc has a value that lies between 10-3 / A cm-2 and 10-1 / A cm-2.[213]  

3. The value of the anode charge transfer coefficient lies between 0 and 1. 

4. The values of the experimental operating current densities used in the fitting 

algorithm are chosen to be larger than the highest theoretical exchange current 

density in order to get the valid result, otherwise the negative solution could be 

obtained. 

Once successful, the reasonable values of ioa, ioc and α�� are obtained from the model. 

Those parameters acquired the best possible fit to the experimental data are given in 

Table 7-4:  

Table 7-4. Extracted parameters of the PEM electrolyzer at different operation 
temperatures. 

 

ioc / A cm-2 ioa / A cm-2 �an 

median 
value 

value rangeb 
median 
value 

value range 
median 
value 

value 
range 

TT80a 3.238×10-1 
[3.016×10-1, 
3.460×10-1] 

8.512×10-8 
[5.536×10-8, 
1.149×10-7] 

0.646 
[0.630, 
0.662] 

EC80 3.007×10-1 
[2.737×10-1, 
3.277×10-1] 

9.548×10-9 
[-1.483×10-9, 
2.058×10-8] 

0.864 
[0.826, 
0.903] 

TT30 1.333×10-2 
[6.459×10-3, 
2.020×10-2] 

4.815×10-9 
[-1.145×10-8, 
2.109×10-8] 

0.602 
[0.529, 
0.675] 

EC30 1.820×10-2 
[7.517×10-3, 
2.889×10-2] 

4.795×10-9 
[-1.465×10-8, 
2.424×10-8] 

0.710 
[0.606, 
0.815] 

aTT: thermally treated, EC: electrochemically treated; 80: operating temperature of the 
cell is 80 °C, 30: operating temperature of the cell is 30 °C. 
bthe value range was obtained with 99 % accuracy. 

The fitting curves corresponding to Table 7-4 are shown in Figure 7-4 and Figure 7-5. 

Both the exchange current density values at the cathode and anode sides shown in Table 

7-4 are in line with previously published values.[201,213] In principle, the anodic and 

cathodic exchange current density of an electrolyzer cell can be determined only if all 
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Figure 7-4. resulted polarization curves of the PEM electrolyzer cell after fitting. 
Working conditions: 80 °C; 1 bar; cathode catalyst, Pt/C; membrane, Nafion 212 
CS; anode catalyst: Ir0.7Ru0.3Ox (EC) (a) and Ir0.7Ru0.3O2 (TT) (b). Blue line: 
modelling curve using fitting parameters; grey line: activation overpotential; 
orange line: ohmic overpotential; red line: anodic activation overpotential; green 
line: cathodic activation overpotential. 

 

Figure 7-5. resulted polarization curves of the PEM electrolyzer cell after fitting. 
Working conditions: 30 °C; 1 bar; cathode catalyst, Pt/C; membrane, Nafion 212 
CS; anode catalyst: Ir0.7Ru0.3Ox (EC) (a) and Ir0.7Ru0.3O2 (TT) (b). Blue line: 
modelling curve using fitting parameters; grey line: activation overpotential; 
orange line: ohmic overpotential; red line: anodic activation overpotential; green 
line: cathodic activation overpotential. 

the parameters in equation 7-55 are available.  

�� = � ∙ ���(
�����

��
)  (7-55) 

where ���� is the activation energy, A is the pre-exponential factor, which is generally a 

function of operating temperature, catalyst loading, roughness factor of the electrode, 

partial pressure, etc..[208] However, in practice, many of these factors are often not 
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available or hard to measure. The above established model provides a way to extract the 

anodic and cathodic exchange current density without knowing these factors. Besides, if 

more experimental data of PEM electrolyzer tests with different catalyst loadings and 

operating temperatures are available for this model, it is possible to get the more precise 

expression of the exchange current density by using the similar nonlinear regression 

fitting algorithm as used for this fitting process. Thus, one may predict the cell 

performance of a PEM electrolyzer by adjusting the parameters, for example, catalysts 

loading.  

The charge transfer coefficient (�) is governed by the charge transfer process at the 

electrode/electrolyte interface [208] and is directly related to the Tafel slope with the 

following equation: 

 ����� ����� = 2.303 ∗
��

���
  (7-56) 

From Table 7-4, the value of �an for TT80 is 0.646 and the corresponding Tafel slope 

can be calculated by equation 7-56, that is equal to 54.2 mV dec-1. Accordingly, the 

Tafel slope for EC80 was calculated as 40.5 mV dec-1. 

For a general understanding, Tafel slope is related with the rate determining step (rds) of 

an electrochemical reaction. In acidic media, a typical reaction mechanism of oxygen 

evolution reaction on oxide electrodes has been proposed, as shown below:[214] 

S+H2O → S–OHads +H+ +e−              b1 = 120 mV dec-1 (7-57) 

S–OHads → S–Oads + H+ + e−              b2 = 40 mV dec-1 (7-58) 

S–Oads +S–Oads →2S+O2                       b3 = 15 mV dec-1 (7-59) 

where S represents an active site on oxide surface, S–OHads and S–Oads are the two 

adsorption intermediates. Following the above demonstrated Tafel slope for each 

reaction step, EC80 fits well with step b2 with a Tafel slope of 40 mV dec-1, suggesting 

reaction step b2 is the rds for EC80. Tafel slope of 54.2 mV dec-1 for TT80 cannot be 

directly designated to any of the above given values, which implies the reaction paths on 

TT80 are modified. According to the literature,[215] the first reaction step can be 

substituted by the following two sub-reactions: 
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S+H2O → S–OHads *+H
+ 

+e
−  

              b1a  (7-60) 

S–OHads
* → S–OHads                                b1b (7-61) 

in which S–OHads and S–OHads
* possess the same chemical structure but different 

energy states. In this case, sub-reaction b1b becomes the slowest step, then dominates 

the entire reaction, resulting a Tafel slope about 60 mV dec-1.[41] A similar Tafel slope, 

59 mV dec-1, has been reported on IrO2-Ta2O5 DSA type electrode in the low 

overpotential region and elucidated by the same mechanism.[215] 

However, the above discussion and previous studies about Tafel slope are mainly based 

on the empirical acquirements and the fact that assuming extreme coverage of the 

adsorbed species (θ  0 or  1) on the electrode, although, in practice, the slopes are 

coverage-dependent.[38] Actually, Tafel slope can be influenced by many factors, such 

as operating temperature, catalyst type, catalyst loading, electrode fabrication method, 

partial pressure, etc..[196,216] Different Tafel slopes have been reported for Ir and Ir-

Ru electrodes in acidic electrolyte solution, 85 mV dec-1 and 74 mV dec-1, 

respectively.[217] Thus the Tafel slope could only provide the indications on catalysis 

mechanisms, instead of offering a straightforward correlation. It is complicated to 

compare two OER catalysts by only determining their Tafel slopes. Notwithstanding, in 

our case, both catalysts, Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT), were used as anode 

catalysts to fabricate MEAs by the same method while keeping all the parameters 

constant, afterward tested under the same operation conditions. This offers us the 

opportunity to make the one-to-one comparison on those two materials. If only taking 

into account the Tafel slope as a function of reaction rate against overpotential, we can 

simply conclude that EC80 has a fast kinetics than TT80 regarding to OER in acidic 

electrolyte, which is in line with the RDE results described in Chapter 6. Their 

difference was attributed to the surface OI- formation [74,194] and surface hydroxyls 

formation [77] in the catalyst of Ir0.7Ru0.3Ox (EC), as discussed in Chapter 6. 

7.4 Conclusion 

In this part, a simulation model was developed to extract the kinetic parameters of 

electrocatalysts, including anode exchange current density (ioa), cathode exchange 

current density (ioc) and anode charge transfer coefficient ( α�� ), from a PEM 

electrolyzer performance test. Successful implementation with Ir0.7Ru0.3Ox (EC) and 
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Ir0.7Ru0.3O2 (TT) turns out that the former one has a faster catalytic kinetics than the 

latter one in the PEM electrolyzer cell, suggesting a difference on their catalysis 

mechanisms. The established model can also be extended to other catalysts, offering the 

possibility to understand the fundamentals of OER catalysts from an engineering 

perspective. 
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8 Summary and perspective 

8.1 Summary 

In this dissertation, the efforts were devoted to develop new advanced Ir-based catalysts 

with improved activity and stability for the anode of PEM water electrolyzers, aiming to 

lower the Ir loading and cut down its investment cost thereafter speeding up the 

commercialization of this technology. Besides, advanced operando techniques NAP-

XPS and XANES were applied on the MEAs integrated in a specific electrochemical 

cell to shed light on stabilization and catalysis mechanisms of selected catalysts. At the 

end, the most promising catalyst was tested and validated in an electrolyzer stack. By 

carrying out the computation on cell performance, the kinetics of the anode catalyst 

were extracted, providing the insights for further understanding these materials at cell 

level.  

8.1.1 Catalyst synthesis and development 

1) To increase the active sites, supporting materials that are stable under high 

potential (> 1.4 V) in acid medium are introduced for this purpose. Magnéli phase Ti4O7 

and SnO2:Sb aerogel supported Ir catalysts were developed and physically characterized 

by TEM, XRD, XPS and AFM. RDE technique was used for evaluating their 

electrochemical performances. Ir/Ti4O7 shows two times higher mass activity compared 

to state-of-the-art commercial available OER catalyst, Ir black, whilst Ir/SnO2:Sb 

aerogel achieves a competitive OER activity and enhanced stability when only having 

30 wt.% Ir on the electrode. These supported catalysts are demonstrated to be promising 

for PEM electrolyzer. 

2) To increase specific activity for each active site, Ir, Ru and IrRu in presence of 

both amorphous phase and rutile phase are investigated in terms of their structure and 

electrochemical performance. In this context, a highly active Ir rich catalyst derived 

from metallic IrRu by Ru leaching was developed. After an electrochemical 

stabilization process, Ir rich catalyst was formed and shows a 13-fold higher OER 

activity compared to the rutile phase IrRuO2 according to the RDE tests.  

8.1.2 Stabilization and catalysis mechanisms investigation 
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NAP-XPS was applied on the RuO2 and IrRuO2 coated MEAs that was integrated in an 

electrochemical cell. By monitoring the oxidation states of Ru under water splitting 

conditions, the stabilization mechanism of Ir on IrRuO2 electrode was unveiled.  

Contrary to the common hypothesis, the presence of Ir does not hinder the formation of 

surface Ru(VIII), which acts as intermediate species of OER process. Its stabilization 

effect was rather attributed to prevent Ru(VIII) from forming the unstable hydrous 

Ru(IV) that are abundantly observed on RuO2 electrode and quickly dissolved in the 

electrolyte. 

Ir@IrOx and IrO2 were investigated by both NAP-XPS and XANES techniques under 

the similar experimental conditions for the catalysis mechanism understanding. Based 

our results, no higher Ir oxidation (higher than IV) states were observed on both 

Ir@IrOx and IrO2 electrodes. We demonstrate a correlation of OI- species concentration 

and OER activity, suggesting an anion re-dox chemistry OER catalysis mechanism on Ir 

based electrodes, regardless of the crystal structure of Ir oxides. 

8.1.3 Electrolyzer test and modelling 

One of the promising catalysts, the Ir rich catalyst derived from metallic IrRu, was used 

to prepare an electrode that was tested in an electrolyzer cell. After the stabilization, it 

demonstrates an apparent higher performance compared to the one using rutile phase 

IrRuO2 as anode catalyst. In addition, the durability was evaluated by ca. 400 h 

electrolysis operation under 1 A cm-2 at 80 °C, no cell potential increasing was 

observed.  

At the end, one simulation model was established based on Butler-Volmer equation to 

correlate OER electrocatalyst characteristics and their performance in electrolyzer cell 

level, providing insights to the fundamental understanding of working condition of the 

developed catalysts. 

8.2 Perspective 

Using ceramic support materials is an applicable way to lower the Ir loading of anode of 

PEM electrolyzers. Especially the substrate material with aerogel structure, which has 

an intrinsic high porosity, is a promising direction to further increase the Ir utilization. 

Additionally, the stability of these supported catalysts can be enhanced due to the 
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possible strong metal supporting interaction (SMSI) which, however, is needed to be 

further confirmed by the advanced operando techniques. 

Increasing the intrinsic OER activity for each active site is also a feasible way to 

develop new OER catalysts for PEM electrolyzer, which can be achieved either by 

introducing a second element to the catalyst or by applying different preparation 

processes. In the former case, the presence of additional element in the catalysts leads to 

a surface electronic modification that shows higher catalytic activity, while the 

amorphous oxide can be obtained by electrochemical oxidation method in the latter 

case. Notwithstanding, the long-term stability of these catalysts, especially in the 

electrolyzer stack level, is required for the future investigation. 

Operando techniques based on synchrotron beamline, including NAP-XPS and 

XANES, are powerful tools to study the catalysis, stabilization and degradation 

mechanisms of OER catalysts under water splitting conditions by the means of MEAs. 

They provide the utmost insights for the fundamental understanding of these catalysts at 

atomic scale close to their “real” working conditions, thereafter suggesting the 

directions of designing new catalysts with improved activity and stability. Besides, Cu-

UPD is an applicable method for determining the electrochemical surface area of 

metallic Ir based electrode. 

In summary, the significant progresses of OER catalysts R&D for the anode of PEM 

electrolyzers are expected in the near future. Consequently the investment of the PEM 

electrolyzer stack will be further reduced, becoming a more up-scalable technology. 
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9 Appendix 

9.1 Ir/Ti4O7 catalyst 

9.1.1 Experimental 

BET measurements: 

The specific surface area for Ti4O7 and Ir/Ti4O7 powders was determined by Brunauer-

Emmett-Teller (BET) method using nitrogen adsorption isotherm obtained at 77 K 

(Sorptomatic 1990, Porotec).  

pH measurements: 

For pH measurements, the pH meter HI 255 Combined Meter pH/mV EX/TDS/NaCl 

(HANNA Instruments) was used. Before the measurements a three-point calibration was 

executed using buffering solutions with a pH-value of 7.01, 4.01 and 9.18.  

Four powders (Ti4O7, TiO2, Ir black and Ir/Ti4O7) were used for pH determination. For 

each powder three suspension samples have been prepared. In each case, 15 mg of 

powder was dispersed in 15 ml of deionized water and homogenized for five minutes in 

an ultrasonic bath. 

For measuring the pH-value, a pH-electrode (type: HI 1131) as well as a temperature 

electrode were used and immersed into the suspension until the measuring value got 

constant. In doing so, pH-values and the temperature of three suspensions for each 

powder were determined and were averaged for the final pH value. 

Zeta potential measurements: 

0.1 wt.% of the samples (Ti4O7, TiO2 and Ir black powders) were dispersed in deionized 

water to form a homogeneous suspension. For the zeta potential measurements, a 

Stabino particle charge mapping system was used. First, the Zeta potential was recorded 

against time while monitoring pH, temperature and conductivity. Afterwards, KNO3 

was added to the suspension until 10 mM KNO3 concentration was achieved to provide 

a constant conductivity. The titration was carried out with 0.01 M HNO3 (Ti4O7 and Ir 

black) / 0.01 M KOH (TiO2) every 30 seconds to find the point of zero charge. 

Electrochemical measurements protocol before and after XPS analysis: 
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With respect to XPS analysis on both catalysts before and after electrochemical 

measurements, Ir/Ti4O7 and Ir black inks were casted on four gold plates (two plates for 

each), drying in Ar atmosphere. One group of samples was sent to XPS analysis 

directly, while another group of them was applied with following electrochemical 

protocols before they were analyzed by XPS. Three scans of cyclic voltammetry (CV) 

from 1.0 V to 1.6 V vs. RHE with a scan rate of 5 mV s-1 were used to check the OER 

activity, further 50 cycles of CV between 0.05 V to 1.5 V were carried out at 500 mV s-

1, at the end, three scans of CV from 0.4 V to 1.4 V were performed at a scan rate of 20 

mV s-1. 

CO stripping measurements: 

The study on electrochemically active surface sites was carried out by CO-stripping 

technique. New catalyst modified GC-RDE was prepared and applied the following 

steps. Firstly, the electrolyte solution was purged with CO for 10 minutes, followed by a 

chronoamperometry at 0.05 V vs. RHE for 10 minutes. Afterwards the CO gas was 

again changed to Ar, after saturating the solution with Ar for another 10 minutes, three 

cycles of CV with a scanning rate of 50 mV s-1 from 0.05 V to 1.20 V vs. RHE were 

performed to fully oxidize the adsorbed CO molecules on the surface of the catalytic 

layers. 

Accessible active sites determination (Redox peak determination): 

The redox peak of Ir3+ ↔ Ir4+ was used for determining accessible active sites for both 

catalysts,[163,218] a new prepared GC-RDE modified with catalyst was immersed in 

Ar-saturated electrolyte. Three CVs were performed from 1.0 V to 1.6 V in order to 

check working condition of as-prepared electrode, afterwards, 50 cycles of CV with a 

sweep rate of 500 mV s-1 between 0.05 V and 1.5 V vs. RHE were applied on the 

electrode for the pre-electrochemical oxidation of the catalyst. At the end, the redox 

peak was determined by 3 cycles of CV from 0.4 to 1.4 V under the scanning rate of 20 

mV s-1. 

9.1.2 Results and discussion 

X-ray diffraction analysis of Ir/Ti4O7 powder: 

The results of the Rietveld analysis for the Ir/ Ti4O7 powder are presented in Figure 9-1. 

Fitting of the support material was carried out using two main structures: Ti4O7 



 125 

 

 

(Triclinic, space group (SG): P-1, CIF:1008048) and K1.28Ti8O16 (tetragonal, SG: I4/m, 

CIF: 2101045). Differences between the measured and fitted spectra were attributed to 

errors in the fitting of the support material. However, this work was focused on the 

synthesized nano-sized Ir catalyst and not in the support material (commercially 

available). Moreover, low values of weighted profile factor (Rwp): 4.85, profile factor 

(Rp): 3.78 and goodness of fit (GOF): 0.53 were obtained, confirming the refinement 

quality. 

 

Figure 9-1. X-ray diffraction pattern and corresponding Rietveld refinement of 
Ir/Ti4O7 sample. Ir reflection markers and difference curve are provided on the 
bottom of the figure. 

XPS analysis of catalyst layer before and after electrochemical treatment: 

In Figure 9-2 Ir composition profiles of pristine Ir/Ti4O7 and Ir-black (prepared as 

catalyst layer with Nafion as ionomer) are presented as well as profiles after 

electrochemical treatment. Apparently, the Ir of the Ir-black sample is initially purely 

metallic and becomes partially oxidized upon operation especially on the surface (0 – 10 

s sputtering); after around 10 s sputtering the Ir-metal fraction stabilizes at around 90 % 

of overall Ir. The Ir-composition profiles of Ir/Ti4O7 look significantly different, with  

 

Figure 9-2. XPS analysis of catalyst layers. (a) and (b) are Ir compositions of 
Ir/Ti4O7 before and after electrochemical test, respectively. (c) Ir compositions of 
Ir-black before and after electrochemical test. 
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their surfaces being clearly covered by an oxide layer. Thereby, not only Ir3+ has been 

observed but also a mixed oxide, with the Ir4f7/2 level located above 64 eV; the mixed 

oxide largely vanishes after ~20 s sputtering for the pristine sample; for the 

electrochemically treated sample the layer is slightly thicker and ~25 s sputtering are 

needed for its removal. After the surface oxide layers have been removed, it both cases 

the fraction of metallic Ir is about 65 % of the overall Ir signal.      

AFM analysis on Ir-black catalytic layer: 

In Figure 9-3, a higher magnification of the Ir-black pellet is shown. The Ir particles are 

identifiable in the adhesion image by a higher adhesion at their boundaries. The 

crystallite size of the Ir-black was measured in the adhesion image (Figure 9-3 (b)) 

using the Nanoscope Analysis software. In Figure 9-3 (c), the evaluated particles are 

marked in blue. The mean crystallite size was determined to 16.8 ± 0.9 nm in 

accordance with 16.49 ± 0.04 nm from XRD analysis. 

 

Figure 9-3. Higher magnification image of the Ir-black pellet surface with (a) 
topography, (b) adhesion, and (c) particle size analysis with counted particles 
marked in blue. 

AFM analysis on Ir/Ti4O7 before and after electrochemical treatment: 

PF-KPFM was used to compare the surface potential before and after the 

electrochemical cycling. All parameters, such as lift height, scan rate, scanned area size, 

etc., were held constant. Figure 9-4 (a) and (b) show PF-KPFM images of Ir/Ti4O7 

before and after the electrochemical treatment. The measured potentials over the whole 

image are presented in Figure 9-4 (c). The potential values are always an average of 

surface and sub-surface of materials. With a higher influence of layers closer to the tip, 

the observed potential values are higher than for the pure phases due to their coverage 

by ionomer. After the electrochemical cycling the potential distribution is much sharper 

with a maximum at about 1.5 V with respect to the AFM tip. Before the electrochemical 

measurements, the surface potential had a much wider distribution with a mean value of 
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about 1 V. Before the electrochemical measurements, the surface potential had a much 

wider distribution with a mean value of about 1 V. The increase in surface potential 

cannot be explained due to the influence of the different components such as Nafion, 

Ti4O7, Ir and IrOx on the measured potential difference to the tip. 

 

Figure 9-4. AFM surface potential (KPFM) images of the Ir/Ti4O7 coated GC 
electrode containing Nafion ionomer, (a) before and (b) after electrochemical 
measurements: 200 cycles cyclic voltammetry between 1.0 and 1.6 V vs. RHE; (c) 
the relative frequency of surface potential values before and after CV cycling. 

CV comparison between commercial IrO2 (Sigma Aldrich) and Ir/Ti4O7: 

In order to compare the difference of Ir3+ →Ir4+ peaks between commercial IrO2 (Sigma 

Aldrich) and Ir/Ti4O7, 100 cycles CV with a scanning rate of 50 mV s-1 were carried out 

on both samples from 0.05 V to 1.2 V vs. RHE, the 100th CV was used for comparison 

showed in Figure 9-5. 

Commercial IrO2 (Sigma Aldrich) showed Ir4+ peak at around 0.8 V vs. RHE, which is 

consistent with the results Siracusano et al. reported.[111] However, Ir4+ peak for 

Ir/Ti4O7 was observed above 0.9 V vs. RHE, the Ir3+ →Ir4+ peak shifts to positive 

potential. In general, the Ir3+ →Ir4+ peak is centered at 0.8 V for thermally oxidized Ir, 

while for electrochemically oxidized Ir redox reaction takes place at higher 

potentials.[50,57,219] 
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Figure 9-5. The 100th scan CV comparison between Ir/Ti4O7 and commercial IrO2 
(Sigma Aldrich). 

Accessible active sites determination (redox peak) and TOF calculation: 

In order to determine the active center numbers on Ir-based catalyst, Ir3+ ↔ Ir4+ redox 

peak was used to estimate the accessible active sites for both catalysts as P. Strasser et 

al. reported.[163] For this purpose, the charge of the oxidation peak from Ir3+ to Ir4+ was 

used considering the subtraction of the capacity current. The charge of the considered 

oxidation peak is a one electron reaction wherefore the division by electron charge 

brings out the number of active atoms, namely accessible active sites. The calculation 

details showed in Table 9-1. 

Table 9-1. Accessible active sites calculation on Ir-black and Ir/Ti4O7. 

 
Ir-black Ir/Ti4O7 

Active sites: mol / g 5.72 x 10-4 8.26 x 10-5 

Q/Qe: number of e- (number of 
active atoms) 

3.45 x 1020 4.98 x 1019 

Qe 1.6 x 10-19 1.6 x 10-19 

Q in C/g 55.24 7.98 

 

The turnover frequency (TOF) was calculated by the following equation: 

��� =  
� �� ����

�∙� [� ���]
    (9-1) 

where n = 4, considering that all the kinetic current is used for OER. 
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Determination of electrochemically active sites by CO-stripping technique: 

Another strategy for studying the surface sites on PGM catalyst is by CO-stripping. The 

technique has been widely used for determining the number of active sites and studying 

the ad-atom coverage rate phenomena on Pt-based catalysts.[220,221] In the case of 

OER catalysts one can only determine the specific current densities rather than the 

electrochemically active surface area associated to the intrinsic OER activity.[50] 

 

Figure 9-6. TOF comparison between Ir-black and Ir/Ti4O7 along with 
overpotential increasing, the inset is the corresponding Ir3+ ↔ Ir4+ redox peak for 
both catalysts. 

In this study the potential is hold below the Hupd for a certain period of time, thus the 

monolayers of hydrous IrOx are reduced to Ir0 which subsequently adsorbs the CO 

molecules (COads). From the current transient at 0.05 V vs. RHE shown in Figure 9-7 

(a), one can observe that both catalysts became poisoned with CO molecules after less 

than 100 s reaching a steady state. The cathodic current density of Ir/Ti4O7 is slightly 

higher than Ir-black since the ceramic support also contributes to the cathodic current at 

this potential. Thereafter, three CVs with a scanning rate of 50 mV s-1 and in Ar-

saturated 0.5 M H2SO4 are performed from 0.05 to 1.2 V vs. RHE in order to oxidize the 

COads on Ir0 to molecular CO2. The results for the Ir-black and Ir/Ti4O7 catalysts are 

shown in Figure 9-7 (b) and (c), respectively. The OER activities, shown in the inset of 

the Figures, were measured before and after the CO-stripping. In both cases the 

measured current density at any overpotential increases slightly after the CV. This effect 
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can be due to the Ir4+ oxide layer formation, which is porous and provides access to the 

underlying non-oxidized Ir. 

The surface (S) of CO oxidation peak was used to determine the electrochemically 

active sites of catalysts.  

� = � ∙ � =
�

�
∙ � = � ∙

�

�
 (9-2) 

in which, S is the surface integrated from the plot, A is current, V is potential, Q is the 

electric charge of CO oxidation, s is time. V is scanning rate used in the experiments. 

Thus,  

� =
�

�
��
   (9-3) 

Where, Q means the electric charges which were needed for all the adsorbed CO 

molecules to be oxidized to CO2. Here, for each electrochemically active site of the 

 

Figure 9-7. CO-stripping (a) current transients at 0.05 V vs. RHE and cyclic 
voltammetric curves of (b) Ir-black and (c) Ir/Ti4O7 catalysts, which were carried 
out at a sweep rates of 50 mV s-1 in 0.5 M H2SO4 electrolyte. The insets in (b) and 
(c) show the corresponding OER mass activity characteristics before and after the 
electrochemical cycling with a 5 mV s-1 scan rate and 2500 rpm rotation speed. 
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catalysts, it was assumed to be occupied by a single CO molecule, and two electrons 

were needed when CO was oxidized to CO2. Therefore, the number of all adsorbed CO 

molecules equals to the number of the active sites of the catalyst on GC electrode, 

namely: 

������� ����� = ��� =
�

����

�
  (9-4) 

By integrating the charge of the CO oxidation peaks, it was calculated to be 4.04 × 10-4 

mol gIr
-1 and 1.68 × 10-4 mol gIr

-1 for Ir-black and Ir/Ti4O7, respectively. Remarkably, 

the normalized surface sites of the unsupported catalyst are ca. 2.4 times than the 

supported one, although the mass activities follow the opposite trend. 

pH measurements: 

Table 9-2 summarizes the pH of Ti4O7, TiO2, Ir Black and Ir/Ti4O7 deionized water 

suspensions. Measurements were carried on three different suspensions of each powder. 

Table 9-2. pH values of Ti4O7, TiO2, Ir black and Ir/Ti4O7. 

Sample Suspension [1 mg/ml] pH Averaged pH T [°C]a 

Ti4O7 

No. 1 9.1 

9.1 

25.8 

No. 2 9.2 26.0 

No. 3 9.2 26.0 

TiO2 

No. 1 6.6 

6.2 

26.7 

No. 2 6.1 26.1 

No. 3 6.1 25.7 

Ir Black 

No. 1 6.1 

6 

26.7 

No. 2 6 25.8 

No. 3 6 26.6 

Ir/Ti4O7 

No. 1 5.7 
5.8 

26.1 

No. 2 5.7/5.9b 26.2/25.1 

No. 3c 6.7  25.9 

a T means the suspension temperature when the pH value was read. 
b Suspension No. 2 of Ir/Ti4O7 was measured twice independently. 
c Suspension No. 3 was prepared by the catalyst pellet which was used for AFM 
measurements before, this could be the reason why the pH value is higher than 
suspension No. 1 and suspension No. 2. Therefore, this value was not used for 
averaging the pH. 
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Zeta potential measurements: 

The Zeta potentials of Ti4O7, Ir-black and TiO2 (commercial available) are measured 

and the results showed in Figure 9-9. In the case of Ti4O7, ca. ─120 mV was observed, it 

demonstrates an excellent stability of Ti4O7 when the particles were dispersed in 

deionized water. On the other hand, negative Zeta potential displays that the Ti4O7  

 

Figure 9-8. Measurement of the point of zero charge (pHPZC) for Ti4O7, Ir-black 
and TiO2 by titration. The determined pHPZC are given in the diagram.   

 

Figure 9-9. Measurements of the suspensions at their pH in water for Ti4O7, Ir-
black and TiO2.  
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particle surface was surrounded by negative charge in suspension, which is consistent 

with pH value measurements.  

Ir content determination by EDS: 

In order to more precisely determine the Ir content in the Ir/Ti4O7 sample, EDS 

technique was used with two different ways for sample preparation. 

a) First method 

Ir/Ti4O7 powders (as-prepared) were dispersed manually on a conductive carbon tape 

without any further press, then six areas with different sizes (max. ca. 100 µm × 40 µm) 

were analyzed by EDS for Ir content determination. The results showed in Table 9-3 at 

the end, the Ir content of 25.8 wt.% was achieved by averaging 6 values out of all the 

tested areas. The calculated standard deviation is 4.3 wt.%. Therefore, Ir content of 

Ir/Ti4O7 was determined as 25.8 ± 4.3 wt.%. 

Table 9-3. Element content of Ir/Ti4O7 analyzed by EDS with dispersed sample. 

Analyzed area 
(different 

sizes) 
C/ wt.% O/ wt.% Cl/ wt.% K/ wt.% Ti/ wt.% Ir/ wt.% 

DLR1 5.77 20.37 7.34 0.70 40.45 25.4 

DLR2 4.11 14.58 7.17 0.64 44.20 29.3 

DLR3 5.94 27.72 5.28 0.52 40.30 20.2 

DLR4 5.49 22.92 4.54 0.35 34.87 31.8 

DLR5 5.89 15.69 8.26 0.45 42.37 27.3 

DLR6 8.66 25.00 5.13 0.57 40.16 20.5 

Average 
     

25.8 

 

b) Second method 

Ir/Ti4O7 powders (as-prepared) were pressed on the gold plate forming a compressed 

pellet. 

Then the gold plate with sample was analyzed. From the surface of sample pellet, eight 

independent areas, 190 µm × 140 µm for each, were selected and analyzed by EDS for 

Ir content, the results showed in Table 9-4. The final Ir content, 24.2 wt.%, was obtained 

from the average of the eight areas, with a standard deviation of 0.8 wt.%. The EDS 

detector is able to provide an accuracy of ca. 0.4 wt.%. Therefore, Ir content of Ir/Ti4O7 
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Table 9-4. Element content of Ir/Ti4O7 analyzed by EDS on the compressed sample. 

Analyzed area 
(190 µm × 140 

µm) 
C/ wt.% O/ wt.% Cl/ wt.% K/ wt.% Ti/ wt.% Ir/ wt.% 

A1 N/A 29.2 6.6 0.7 39.6 23.9 

A2 N/A 29.5 6.7 0.8 39.0 24.1 

A3 N/A 29.4 6.3 0.9 39.9 23.5 

A4 N/A 28.7 6.9 0.7 39.0 24.8 

A5 N/A 29.3 6.6 0.7 39.5 23.9 

A6 N/A 27.9 7.1 0.7 39.5 24.9 

A7 N/A 27.7 6.8 0.8 39.3 25.4 

A8 N/A 31.0 6.2 0.7 39.1 23.0 

Average 
     

24.2 

was determined 24.2 ± 0.8 wt.%. 

Both methods showed the similar mean Ir content values, however, the value 

determined by the second method was adopted in the manuscript since it has lower 

standard deviation. 

9.2 Ir/SnO2:Sb aerogel catalyst 

XPS analysis: 

 

Figure 9-10. XPS survey spectra of Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb 
demonstrating that V2p and V2s peaks were detected in Ir/SnO2:Sb-mod-V but not 
in Ir/SnO2:Sb. 

The XPS survey spectra of the Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb samples clearly show 
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that vanadium were detected in the first but not in the latter sample. 

SEM and EDS analysis: 

 

Figure 9-11. SEM images of (a, b) Ir/SnO2:Sb-mod-V and (c, d) Ir/SnO2:Sb: panel 
(a) and (c) were analyzed by back-scattered electrons for the elemental 
distribution; panel (b) and (d) were analyzed by secondary electrons for 
morphology observations. 

Table 9-5. EDS analysis on the element ratios from selected areas of the 
Ir/SnO2:Sb-mod-V sample. 

Ir/SnO2:Sb-mod-V 

Analyzed 
Areas 

C / 
wt.% 

O / 
wt.% 

Na / 
wt.% 

Cl / 
wt.% 

V / 
wt.% 

Sn / 
wt.% 

Sb / 
wt.% 

Ir / 
wt.% 

A1 8.74 15.59 0.82 0.32 3.14 39.62 4.29 27.48 

A2 7.09 12.50 0.51 0.46 3.22 44.56 5.17 26.50 

A3 9.05 15.98 0.88 0.35 2.90 39.52 4.01 27.31 

A4 4.26 7.11 0.85 0.57 3.74 46.25 6.50 30.72 

A5 5.76 10.18 1.20 0.46 3.32 45.87 5.58 27.64 

A6 7.73 11.57 0.91 0.49 3.14 44.38 5.52 26.28 

A7 7.34 13.49 1.25 0.32 3.72 41.04 4.42 28.41 

A8 4.71 6.88 0.81 0.45 3.62 44.28 6.41 32.84 

A9 9.01 17.07 0.91 0.27 3.10 39.04 3.97 26.62 

A10 7.04 11.30 0.95 0.41 3.22 45.29 5.16 26.26 

Average 7.703 12.167 0.909 0.41 3.312 42.985 5.103 28.006 
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Table 9-6. EDS analysis on the element ratios from selected areas of the Ir/SnO2:Sb 

sample. 

Ir/SnO2:Sb 

Analyzed 
Areas 

C / 
wt.% 

O / 
wt.% 

Na / 
wt.% 

Cl / 
wt.% 

Sn / 
wt.% 

Sb / 
wt.% 

Ir / 
wt.% 

A1 5.76 6.70 1.53 4.84 17.37 6.90 56.90 

A2 4.41 9.21 1.96 1.40 46.92 19.50 16.60 

A3 5.07 16.40 1.89 0.84 54.74 6.87 14.18 

A4 5.95 19.81 1.64 0.77 50.05 6.07 15.71 

A5 8.34 13.68 1.61 2.32 24.91 9.23 39.91 

A6 5.49 13.54 2.23 1.20 41.53 16.18 19.83 

A7 7.89 21.83 1.93 0.77 47.30 5.56 14.72 

A8 6.87 19.66 2.08 0.96 47.12 5.49 17.82 

A9 6.21 9.26 1.65 4.16 21.32 8.39 49.01 

A10 5.00 8.91 1.85 2.64 30.78 12.00 38.82 

Average 6.099 13.90 1.837 1.99 38.204 9.619 28.35 

 

AFM results: 

 

Figure 9-12. Contact current of Ir/SnO2:Sb-mod-V with different thresholds. The 
conductive area is marked in blue: (a) 1 nA; (b) 2 nA and (c) 4 nA. 

In Figure 9-12, contact current images of the Ir/SnO2:Sb-mod-V sample are presented 

with different current thresholds to visualize the highly conductive spots. In Figure 9-13 

(a) and (b), topography images of the Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb are shown at 

the micrometer scale. The roughness, Ra, was determined to be 272 nm for Ir/SnO2:Sb-

mod-V and 200 nm for Ir/SnO2:Sb.  
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Figure 9-13. 3D topography (15 µm) of (a) Ir/SnO2:Sb-mod-V and (b) Ir/SnO2:Sb 
measured with AFM. 

Electrochemical measurements: 

 

Figure 9-14. Fingerprint CV profiles (cycle 2 and cycle 10) of the Ir/SnO2:Sb-mod-
V sample during the electrochemical oxidation (EC) protocol. 

 

Figure 9-15. Cu-UPD measurements of (a) Ir/SnO2:Sb and (b) unsupported IrOx. 
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9.3 Comparative study of Ir, Ru and IrRu catalysts 

In Figure 9-16 (a), regarding to RuOx_EC sample, it shows the much higher initial OER 

activity than Ir0.7Ru0.3Ox_EC sample at 1st CV cycle below 1.48 V vs. RHE, but the 

data at 1.48 V was not available because of anodic potential limitation of the 

measurement protocol. Compared to Ir0.7Ru0.3Ox_EC and IrOx_EC samples, RuOx_EC 

shows a quick degradation and OER activity is significantly losing during the CV cycles 

up to 1.6 V vs. RHE. 

 

Figure 9-16. Mass activity changes along with CV cycles: (a) amorphous Ir, Ru and 
IrRu; (b) rutile phase IrO2, RuO2 and IrRuO2. Condition: under the overpotential 
of 250 mV. 

In Figure 9-16 (b), at 1.48 V vs. RHE, both Ir0.7Ru0.3O2_TT and RuO2_TT samples 

show ca. 5-10 times higher OER activity than IrO2_TT. Under the same condition,  

 

Figure 9-17. Overpotential comparison with a current density of 0.1 mA cm-2 
between cycle 2 and cycle 15 for all 6 catalysts. 
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RuO2_TT shows the lower OER activity than Ir0.7Ru0.3O2_TT, even comparing their 

initial OER activities. All three thermally treated catalysts, Ir0.7Ru0.3O2_TT, RuO2_TT 

and IrO2_TT show the similar stability at 1.48 V in a short time (ca. 1 h). 

The low current density, 0.1 mA cm-2, refers to the OER onset potentials of an electrode. 

In Figure 9-17, the overpotential at 0.1 mA cm-2 for all six catalysts are compared, 

showing the same trend as observed from Figure 9-16. 

 

Figure 9-18. STEM images of RuO2 (a,b) and Ir0.7Ru0.3O2 (c,d) electrodes before 
(a,c) and after (b,d) the OER studies performed in the NAP-XPS chamber.[159] 

9.4 Ir-rich catalyst derived from IrRuOx 

Near Ambient Pressure XPS (NAP-XPS): 

Operando XPS studies of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) electrodes under 

different polarization and ambient conditions were performed at the ISISS beamline 

(BESSY II synchrotron at the Helmholtz Zentrum Berlin) in a setup previously 

discussed.[95] The gas composition of 3 mbar H2O was continuously monitored by 

means of online mass spectrometry. The measurements were performed under the 

constant voltage applied between the working and counter electrodes, thereby the 

current values were controlled by chronoamperometry. The state of the MEA was 

controlled by measuring CVs as well as EIS before and after the XPS measurements. 
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All the electrochemical studies were done using a μ-AutoLab potentiostat from 

Metrohm. If not otherwise stated, Ru3d, Ir4f, C1s, O1s, F1s and S2p spectra were 

recorded using selected excitation photon energies so as the photoelectrons were emitted 

at a kinetic energy of ca. 530 eV, corresponding to an approximate analysis depth 

(estimated as a three-fold mean-free path) of 3.7 nm. The binding energy (BE) scale was 

calibrated with respect to the Fermi edge of the electron analyzer.  

 

Figure 9-19. Digital photo of two-cell PEM electrolyzer stack (25 cm2 active 
surface). 

 

Figure 9-20. TEM images and particle size distribution of Ir0.7Ru0.3-pristine and 
Ir0.7Ru0.3Ox (EC). 
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By comparing the sputtering depth profiles in Figure 9-21 (a) and (b), it can be observed 

that bulk O concentrations increased from 13 at.% to 45 at.% after thermal treatment. 

Secondly, Cl concentration decreased from 10 at.% to 1 at.% for Ir0.7Ru0.3O2 (TT) 

sample. Figure 9-21 (c) shows Ir/Ru ratio of Ir0.7Ru0.3-pristine and Ir0.7Ru0.3O2 (TT). In 

the case of the EC sample it is almost constant with a value of 2; for the TT material the 

Ir/Ru ratio is significantly increased at the sample surface suggesting a surface 

segregation of Ir. 

 

Figure 9-21. Concentration depth profiles of identified components of Ir0.7Ru0.3-
pristine (a) and Ir0.7Ru0.3O2 (TT) (b) respectively; panel (c) shows the Ir:Ru atomic 
ratio between EC and TT samples versus sputter time. 

 

Figure 9-22. SEM images of anode side catalytic layer with Ir0.7Ru0.3Ox (EC) 
obtained after 1 h electrochemical oxidation at 1.4 V (a) and Ir0.7Ru0.3O2 (TT) (b) 
as catalysts respectively (sprayed on Aquivon membrane for NAP-XPS analysis). 
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Figure 9-22 shows the uniform sprayed layer on Aquivon membrane with both catalyst 

powders by air-brush spraying method. 

 

Figure 9-23. OER activity changing (mass activity @ 1.48 V) along with the 
electrochemical protocol cycles between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) 
from selected GC-RDE, with these two electrodes, the complete protocol was 
applied, N2-satured 0.05 M H2SO4, 25 °C. 

Table 9-7. Ru dissolution contribution to the measured current in the case of 
Ir0.7Ru0.3Ox (EC). 

RDE 
measurements 

Cycle 1 
(forward going) 

Cycle 4 
(forward going) 

Cycle 14 
(forward going) 

Unit 

S  
(scanning area 

integration) 
3.01 × 10-4 2.22 × 10-4 1.51 × 10-4 A∙V 

Scan rate 0.005 0.02 0.005 V/s 

Q (the 
corresponding 

charge) 
6.02 × 10-2 1.11 × 10-2 3.03 × 10-2 C 

Ru dissolution 
contributiona 

0.918 4.99 1.82 % 

a Theoretical Ru dissolution charges were equally distributed in all 14 CV cycles. 

Figure 9-23 shows the OER activity changes between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 

(TT) in their initial OER catalysis state. The EC sample shows an unparalleled high 

current density in the first three CV cycles comparing with the TT sample, but also 
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demonstrates a rapid degradation. We are aware of Ru dissolution in EC sample and its 

contribution on measured current densities. In order to figure out its influence, the 

corresponding charge transfer related to Ru dissolution was calculated and shows in 

Table 9-7. By calculation, supposing all the Ru atoms were dissolved in first 14 CV 

cycles and the final corrosion product is RuO4, the total charge generated from Ru 

dissolution is 1.55×10-2 C, then this number was equally distributed in all 14 CV cycles, 

namely 28 single scans, to achieve the average charge transfer number for each single 

scan, 5.53×10-4 C. Ru dissolution contribution on measured current density was 

calculated with the forward scan of cycle 1, cycle 4 and cycle 14, the numbers are 0.9 

%, 5.0 % and 1.8 % respectively. It indicates that the measured current density was 

dominated by OER catalysis, instead of Ru dissolution. 

Figure 9-24 displays the CV profiles of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) during 

the post-EC protocol. As we can see, either for EC sample or TT sample, there are no 

any changes among cycle 2, cycle 10 and cycle 50, indicating that both catalysts 

achieved their steady state after the stabilization process (EC-protocol). 

 

Figure 9-24. CV curves comparison among Scan 2, Scan 10 and Scan 50 during the 
post-EC protocol between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT). 

NAP-XPS offers the possibility of operando studying the electrochemical surfaces with 

elemental and chemical specificity.[96] By this means, Sanchez et al. reported the 

experimental evidence for the hypothesis that the OER on IrO2 occurs through OOH-

mediated deprotonation mechanism.[73] Savinova and coworkers also investigated the 

process occurring at the interface between a Pt electrode and a liquid electrolyte by 

performing operando measurements using NAP-XPS.[222–224]  
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Figure 9-25. Overpotential comparison between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 
(TT) when the current achieved 0.1 mA cm-2 and 5 mA cm-2, respectively. 

 

Figure 9-26. Onset potential comparison between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 
(TT). 

For NAP-XPS measurements, the MEA with Ir0.7Ru0.3Ox (EC) anode was pre-treated by 

holding the potential at 1.4 V for 1 h to achieve the electrochemically oxidized state. 

However, RuOx (EC) phase has the lower overpotential to start OER catalysis 

comparing with IrOx (EC) in the Ir0.7Ru0.3Ox (EC), 141.3 mV and 217.25 mV @ 0.1 mA 

cm-2, respectively. Under the potential of 1.4 V, RuOx (EC) has been able to apparently 

catalyze OER during pre-treatment while IrOx (EC) has not reached its OER catalysis 

region. Under these conditions Ir0.7Ru0.3Ox (EC) experiences dramatic Ru dissolution 

due to the high dissolution rate of RuOx (EC),[60] then re-deposition of Ru 

oxide/hydroxide on the anode surface takes place due to the dimension and stagnant 

flow in the NAP-XPS cell. As a consequence only Ru surface species were visible 

during operando measurements. Therefore, the NAP-XPS results presented in the 
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following part do not represent the Ir0.7Ru0.3Ox (EC), but rather RuOx (EC). However, it 

is important to show the results for the identification of Ru deposition layers which may 

be present in future studies of this system. 

 

Figure 9-27. NAP-XPS: C1sRu3d NAP-XPS spectra of Ir0.7Ru0.3Ox (EC) (a,c) and 
Ir0.7Ru0.3O2 (TT) (b,d) electrodes in 3 mbar H2O ambient under the potential of 1.5 
V vs. DHE at different photon energies: 820 eV (a,b) and 1300 eV (c,d). Only low 
BE parts of Ru3d doublets are shown in order to better vision: RuO2 (Black), 
Ru(OH)x (Red), RuO3 (Green), RuO4 (Blue); magenta singlets represented the 
carbon peaks (adventitious and membrane-originated). Experimental NAP-XPS 
data are shown as black cycles, fitted line – a grey line. (For details of the fitting 
procedure the reader is referred to our previously published work [159]). 

The above mentioned Ru deposition layer showed some potential induced changes of 

the Ru species, which were obtained in the operando measurements, and shown in 

Figure 9-27 and 9-28, a couple of selected points for Ir0.7Ru0.3O2 (TT) was also added 

for comparison purpose in Figure 9-28. The fitting procedure for XPS spectrum was 

discussed in our previous publication.[159] Figure 9-27 shows a large amount of 

Ru(OH)x formed on Ir0.7Ru0.3Ox (EC) under the applied potential of 1.5 V vs. DHE, 

while RuO2 is the dominating species during the OER process in the sample of 

Ir0.7Ru0.3O2 (TT). By correlating with RDE results and PEM electrolyzer performances, 
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Ru(OH)x formation seems to correlate with Ru dissolution in the EC sample before we 

observe the stabilization of Ir0.7Ru0.3Ox (EC). In comparison, rutile-type RuO2 is present 

on the Ir0.7Ru0.3O2 (TT) electrode surface during electrolysis which appears to prevent 

Ru from dissolution under the same condition in the TT sample. On the other hand, it 

indirectly proved that RuOx (EC) has the preferability to be dissolved during water 

electrolysis comparing with IrOx (EC). However, the RuO2 in Ir0.7Ru0.3O2 (TT) sample 

does not show the same phenomenon since the presence of Ir species on the catalyst 

surface is always higher than Ru species observed from Ir/Ru atomic ratio. 

 

Figure 9-28. NAP-XPS: Evolution of the contribution of Ru- components in the 
Ru3d XP spectra (solid squares) of the Ir0.7Ru0.3Ox (EC) electrode surface with the 
applied potential (forward scan) in 3 mbar H2O ambient: RuO2 (Black), Ru(OH)x 
(Red), RuO3 (Green), RuO4 (Blue); for comparison purpose, the data of 
Ir0.7Ru0.3O2 (TT) are also shown in the same figure (hollow circles). 
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