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Chapter 1 

Introduction and scope 

 

1.1. Introduction  

Since the Industrial Revolution more than two centuries ago, global energy demand has only 

been increasing (e.g., 2.3% in 2018).1 We depend on cheap abundant energy for nearly all 

human activities such as transportation, residential and commercial activities, and industrial 

production. Global energy demand will continue to rise due to an increasing world 

population and higher levels of gross domestic product, mostly in developing countries. This 

higher demand for energy has mostly been covered by burning more fossil fuels. The 

associated emission of the greenhouse gas CO2 into the atmosphere has led to grave 

concerns about its impact on the environment. The Paris agreement aims for a concerted 

global response to this threat by keeping the Earth’s temperature rise well below 2 degrees 

Celsius. The agreement implies a carbon budget to respect for limiting the impact of global 

warming on climate change, biodiversity, and humanity.2 Therefore, it is a must to replace 

fossil sources of energy and materials with renewable ones. 

The potential of renewable energy from the sun is enormous: as an example, the solar 

energy irradiated on Earth in just 1 hour is higher than the global annual energy 

consumption.3,4 Despite this, renewable sources are not uniformly distributed in place and 

time. Especially, the intermittency of solar and wind requires the development of 

technologies to store renewable energy and convert it back into a usable form when 

needed.5,6 Electrochemical processes are ideally suited to convert renewable electricity into 

chemicals for energy storage and/or the production of building blocks for other chemicals.7 

In this context, electrochemical water splitting for H2 generation,8 CO2 reduction for the 

production of hydrocarbons (e.g., as energy-dense energy carriers),9 and N2 reduction to 

obtain NH3 (an essential bulk chemical but also a prospective energy carrier)10 can (partially) 

replace current processes based on fossil resources such as steam reforming, oil refining, 

and Haber-Bosch ammonia synthesis. However, many of these technologies require the 

development of better catalysts, preferably based on Earth-abundant elements, cheap 

materials for reactors, and optimization of electrochemical reactors in order to arrive at a 

cost-competitive production of storage solutions.  
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Hydrogen is an obvious energy carrier to store energy for its successive use. Figure 1.1 

shows the various applications of H2. It can be applied as such in hydrogen fuel cells for the 

generation of electrical energy in stationary applications or portable devices,11 or as 

reactant in CO or CO2 methanation, CO2 hydrogenation to methanol, Fischer-Tropsch 

synthesis of hydrocarbons, and NH3 synthesis.12–15 Currently, steam reforming of natural gas 

is the main source of H2 (mostly used in NH3 synthesis and oil refining) but this process 

contributes to global warming by emitting significant amounts of CO2.8 H2 can also be 

produced electrochemically via water splitting, which involves the cleavage of H-O bonds in 

water to form molecular hydrogen and oxygen using electricity.4 Water splitting thus allows 

to use excess renewable electricity, decreasing the amount of CO2 emitted because of the 

displacement of conventional fossil resources.  

 

Figure 1.1. Integration of H2 as energy carrier.16   

 

The first experiment on water electrolysis was performed in 1789 by Deiman and Van 

Troostwijk in a glass tube.17 For more than two centuries, water electrolysis has been 

optimized in terms of materials and processes. The use of electrocatalysts has allowed 

lowering the energy losses. With respect to electrochemical reactors, we distinguish three 

main types of water electrolyzers:18 

- Alkaline Electrolysis Cells (AEC): the electrolyte is a concentrated alkaline solution 

(≈30 wt% KOH) and the electrodes are metal plates (Ni) separated by a diaphragm. 

Operating temperatures are 70-80 °C. Currently, AECs represent the majority of 
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electrolyzers employed at industrial scale: advantages are design simplicity and 

low cost, although their efficiency is relatively low (because of low operating 

pressures), especially when they work in dynamic operation (frequent starts and 

stops or partial load);19 

- Proton-Exchange Membrane Electrolysis Cells (PEMEC): the electrolyte is a solid 

polymeric membrane and the electrodes are usually titanium plates loaded with 

noble metal-based catalysts (Pt, IrO2). Operating temperatures are 50-80 °C. The 

main advantages of these electrolyzers are high overall efficiencies, high operating 

pressures, low ohmic drops, and high flexibility in working dynamically; the main 

disadvantages are their high complexity and cost of the required noble metal-

based catalysts. PEMEC is currently a less mature technology compared to AEC and 

is mainly used in small-scale applications. Nonetheless, it would be an ideal 

solution for coupling with photovoltaic or wind generation of renewable electricity 

due to the rapid system response and the high efficiency at partial load 

operation;20,21  

- Solid Oxide Electrolysis Cells (SOEC): the electrolyte is a ceramic material (doped 

ZrO2, CeO2, LaGaO3) with high ionic conductivity which allows the transport of O2– 

ions from the cathodic to the anodic side of the cell. These devices usually operate 

at high temperatures (800-1000 °C). The advantages of these devices are high 

efficiency and the possibility to operate them in a reverse mode (as fuel cells). This 

technology is still at the demonstration scale; commercialization is hindered by 

rapid materials degradation due to high operating temperatures.22 To overcome 

these limitations, the use of proton-conducting oxides as electrolyte materials is 

also under investigation.23  

  

1.2. Water splitting: reaction and catalysis 

Water splitting is a non-spontaneous reaction (ΔG0 = +237 kJ mol−1) given by the sum of two 

half-reactions, the hydrogen evolution reaction (HER) and the oxygen evolution reaction 

(OER) taking place at the cathode and anode, respectively.24  

In acidic environment, the two half-reactions can be written as follows: 

Anode (+):  2H2O  O2 + 4H+ (aq) + 4e−    E°= +1.23 VSHE 

Cathode (−):  2H+ (aq) + 2e− H2     E°= +0.00 VSHE 
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In alkaline environment: 

Anode (+):  4OH− (aq) O2 + 2H2O  + 4e−   E°= +0.40 VSHE 

Cathode (−):  2H2O + 2e−  H2 + 2OH− (aq)   E°= −0.83 VSHE 

 

Sum:   2H2O 2H2 + O2     E°cell = −1.23 V 

While the thermodynamic potentials of the half-reactions are pH-sensitive, the potential of 

the cell remains equal to −1.23 V irrespective of the pH. Practically, higher potentials are 

needed; the difference between the applied potential and the reversible potential is the 

overpotential (ƞ), caused by activation, concentration, and resistance limitations. The total 

overpotential needed to drive water splitting is given by the sum of cathodic (ƞcath) and 

anodic (ƞan) overpotentials. Between the two half-reactions, the OER typically requires 

higher overpotential than the simpler HER, because OER involves the transfer of four 

protons and four electrons.24,25 Lowering the anodic overpotential is thus of primary 

importance for increasing the efficiency of water-splitting devices.24,26,27 

Catalysis plays an essential role in reducing the kinetic barriers, allowing the reaction to 

proceed through lower free energy pathways and, for electrochemical reactions, reduce the 

overpotentials. Catalysts are substances that are not consumed during a chemical reaction, 

yet they increase the rate of a chemical reaction by interacting with the reactants. For 

electrochemical reactions, electrocatalysts are materials that assist in transferring electrons 

between the electrode and reactants and/or facilitate an intermediate electrochemical 

reaction step. For heterogeneously catalyzed electrochemical reactions, the reaction steps 

can be listed as follows: 

- Transport of the reactants from the solution to the electrode surface; 

- Adsorption of the reactants on the electrode surface; 

- Electron transfer between reactants and the electrode surface and bond breaking 

and making in and between adsorbed intermediates (reaction); 

- Desorption of the products; 

- Transport of the products from the electrode surface to the solution. 

 

At low current densities, i.e. at low reaction rates, the reaction is usually limited by one or 

more of the elementary reaction steps occurring at the surface, because mass transport is 

fast enough to ensure the supply of reactants and removal of products to and from the 

electrode surface, respectively. At high current densities, mass transport can become a rate-
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determining step, because the diffusion rate is not sufficient to ensure the supply of 

reactants or removal of the products. To enhance the overall rate, it is possible to lower the 

transport limitations (e.g., by using higher supporting electrolyte concentration, stirring the 

solution, or using a rotating disk electrode), or to change the thermodynamics (by modifying 

temperature and concentrations).  

Ideal electrocatalysts should exhibit optimal bond strength with respect to the reaction 

intermediates, not too weak nor too strong (Sabatier’s principle).28 For OER electrocatalysts 

that bind oxygen intermediates too weakly, the adsorption and activation steps determine 

the reaction rate, while too strong binding of oxygen intermediates results in product 

desorption being the rate-determining step.29 The theoretical OER activity can be plotted 

versus the adsorption energy on the electrode surface for many oxide surfaces: the resulting 

graph resembles a volcano, where the materials with optimum binding energetics for the 

oxygen intermediates sit at the top (maximum activity).30,31  

The OER activity is often expressed in terms of the overpotential needed to reach a specific 

current density (typically 10 mA cm−2) or by the current density measured at a specific 

overpotential. Although lower overpotential and higher current densities are considered 

indicators of better electrocatalytic properties, these parameters cannot be used to judge 

whether the higher activity is governed solely by electrocatalytic aspects. For example, a 

higher surface area or a higher number of active sites also lead to lower overpotential or 

higher current densities without implying a real intrinsic electrocatalytic effect. By 

measuring the electrochemical surface area (ECSA) and normalizing the current densities 

with ECSA values, it is possible to evaluate the intrinsic (or specific) catalytic activity 

regardless of the different number of actives sites exposed to the electrolyte.  

The Tafel plot is a common tool to study the kinetics of OER. The kinetics of an electrode 

can be described using the Butler-Volmer equation: 

j = j0 {exp[αzFη/RT] − exp[−(1−α)zFη/RT)]}     (1.1) 

In equation (1.1), j is the current density, j0 the exchange current density, α the electron-

transfer coefficient, z the number of electrons transferred in the reaction, F the Faraday 

constant, η the overpotential, R the universal gas constant, and T the absolute temperature. 

At high cathodic or anodic overpotential, one of the two exponential terms can be 

neglected. It is then possible to derive the Tafel equation for anodic reactions in the kinetic 

regime:  

η = a + b log(j)        (1.2) 
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In equation (1.2), a is proportional to the logarithm of the exchange current density (j0) and 

b represents the Tafel slope. The Tafel slope is an intrinsic parameter that gives insight into 

the reaction mechanism: changes in Tafel slope can be indicative of changes in the rate-

determining step of the reaction or of different adsorptive properties of the electrode 

surface with respect to the reaction intermediates.  

Besides high electrocatalytic activity, ideal electrode materials should also have:32 

- High (electro)chemical, thermal, and mechanical stabilities under reaction 

conditions; 

- High selectivity (when side-reactions are possible);  

- High electrical conductivity; 

- High surface area; 

- Earth-abundancy and low cost; 

- Non-toxicity. 

Noble metal oxides, especially RuO2 and IrO2, are excellent electrocatalysts for the oxygen 

evolution reaction.33,34 However, Ru and Ir are scarce and expensive metals, and it would 

be desirable to replace these oxides with those based on cheaper and more abundant 

metals.27,35 

In alkaline environments, relevant to AECs, first-row transition metal oxides and 

(oxy)hydroxides are the preferred OER electrocatalysts because of their high activity, long 

durability at high pH, and also because of their abundance. Ni-oxide and (oxy)hydroxide are 

the most investigated OER catalysts for the alkaline regime due to their excellent 

performance.36–38 Their electrocatalytic activity can be further enhanced through doping 

with Co,39–41 Mn,42,43 or  Fe.44–46  The activity of Fe-doped Ni oxide and (oxy)hydroxide is so 

high that in some cases it outperformed that of IrO2 and RuO2.47–49 The synergistic effect 

between Ni and Fe for the water oxidation reaction was already reported in 1987 by 

Corrigan.50 Further research efforts focused on understanding the role of Fe51–56 and 

designing catalysts with higher surface area to maximize the mass activity.57–59 These 

electrocatalysts can be easily (electro)deposited on Ni meshes or Ni plates, which constitute 

the anodes of AECs. Co-based catalysts (oxides and hydroxides) also exhibit good 

electrocatalytic performance in the alkaline water oxidation, but their activities are lower 

than those of NiFe-based catalysts. Co is also more expensive than Ni.60–67 The development 

of Fe-68–72 and Mn-based73–77 catalysts would offer advantages in terms of metal scarcity 

and toxicity, but these catalysts cannot achieve the same electrocatalytic activity of Ni- and 

Co-based systems.25    
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In PEM electrolyzers, due to the acidic environment, noble metal oxides (IrO2 and RuO2) are 

required in the anodes for providing sufficient activity and stability.78 RuO2 is considered the 

most active metal oxide for OER.29,32 However, anode corrosion and dissolution of active 

phase occur under applied anodic potentials. RuO2 dissolution involves the formation of 

volatile RuO4: this compound can either dissociate and redeposit on the electrode surface, 

or dissolve in form of soluble ruthenate ions into the electrolyte.79,80 The critical anode 

potential (Ecrit) is defined as the onset potential of anode corrosion and is related to the 

oxidation RuO2/RuO4.81 The onset potential of RuO2 dissolution experimentally matches the 

onset of OER. For this reason, it was suggested that these two processes are closely 

correlated.82,83 At potentials higher than Ecrit, massive anodic dissolution occurs as a 

thermodynamically-driven process. However, dissolution can occur also at potentials lower 

than Ecrit in the form of transient dissolution. This degradation phenomenon is related to 

the insertion/removal of oxygen atoms in the crystal structure during oxidation/reduction 

of the metal/metal oxide surface, which can result in the exposure of a low coordination 

site to the electrolyte, and its successive dissolution.84,85  

Despite being slightly less active, IrO2 is more stable than RuO2 and, thus, its use is preferred 

in PEM electrolyzers to ensure sufficient durability.86,87 Differences in activity and stability 

of IrO2 are found depending on the preparation method.88 Thermal Ir-oxides prepared at 

high calcination temperatures that display a high degree of crystallinity have lower activities 

but higher stabilities than amorphous or low-crystalline Ir-oxides prepared at low 

calcination temperatures.89,90 Typically, a dissolution pathway involves the oxidation of IrO2 

to IrO3, which then decomposes or reacts with water to form IrO4
2−.91 This reaction is 

competitive to oxygen evolution and is the main reason for dissolution for thermal rutile 

IrO2. For amorphous IrO2, an additional dissolution pathway can occur involving lattice 

oxygen in the OER mechanism.85,92 Activated lattice oxygen in amorphous IrO2 can be 

attacked by water and form O2, leaving an oxygen vacancy in the lattice;93 this leads to the 

formation of low-coordinated Ir atoms that are prone to dissolve. This additional 

mechanism, which was shown by isotopic-labeling experiments, explains the superior 

catalytic OER activity and lower stability of amorphous IrO2 than rutile IrO2.93 A major 

challenge in the development of IrO2-based OER catalysts is thus balancing activity and 

stability in the same material.94 Maximizing the mass activity of crystalline IrO2 and 

stabilizing amorphous IrO2 are possible ways to achieve better OER performance for IrO2-

based anodes together with a reduction in the Ir content of the electrodes.  

The scarcity and high price of Ir hinder the scalability of PEM electrolyzers at the TW 

scale.27,35  For this reason, replacing this element with cheaper, more abundant metals 

represents a viable approach to the scale-up of the PEM technology, provided that sufficient 
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durability is achieved.95–98 First-row transition metals are abundant and, therefore, suitable 

candidates for this purpose. The main source of instability for first-row transition metal 

oxides lies in the formation of soluble species at low pH and under applied anodic potentials, 

which leads to the dissolution of the active phase. Among the Earth-abundant materials, 

Mn- and Co-based electrocatalysts are currently under investigation as potential candidates 

to (partially) replace Ir as anodic catalyst in acidic environment. Mn-oxide catalysts can be 

used in acid up to moderate current densities (~1 mA cm−2), but they dissolve in form of 

permanganates at higher current densities.75,99 Co-oxides are more active OER catalysts 

than Mn-oxides and also moderately stable at low pH.100 Ensuring a high material 

crystallinity or mixing active Co-oxide with a structural phase (e.g. CoFePbOx) have been 

identified as effective strategies to improve the stability of CoOx under strongly acidic 

conditions.98,101  

 

1.3. Chlorine evolution 

To overcome the sluggish OER kinetics, a possible strategy consists in replacing OER with 

other simpler anodic half-reactions. The chlorine evolution reaction (CER) is an alternative 

anodic reaction occurring in the presence of chloride ions.102 The CER can be written as 

follows: 

2Cl−  Cl2 + 2e−        E°= +1.36 VSHE 

This is a pH-independent, two-electron transfer process. Although CER is 

thermodynamically less favorable than OER in the whole pH range, due to its faster kinetics, 

it is the dominant anodic reaction in seawater electrolysis on metal oxide surfaces.103 

Compared to OER, CER leads to the production of a higher value product (Cl2) than O2. Cl2 is 

industrially used in a wide variety of applications, including polymerization, metallurgy, 

water treatment, and organic synthesis.104 Moreover, CER allows for the direct use of 

seawater, which represents the majority of water on Earth, without any additional cost 

related to water purification.105 On the other hand, due to the high corrosiveness and 

toxicity of Cl2, more expensive materials and special precautions for its storage and handling 

are required. For these reasons, while Cl2 evolution is appealing in large-scale applications, 

the production of O2 is preferred in small- and medium-scale applications.  An example of a 

large-scale application of CER is the chlor-alkali process, which is the largest source of Cl2 

produced annually (ca. 60-70 million tonnes). Other than Cl2, NaOH and H2 are also 

produced, according to the following overall reaction: 
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2NaCl + 2H2O  Cl2 + H2 + 2NaOH  

Three different chlor-alkali processes are used, which differ in the separation between the 

anodic and cathodic compartments: the diaphragm process, the mercury amalgam process, 

and the membrane process. The first two were developed at the end of the 19th century 

and have been used for more than 100 years for the production of Cl2 and NaOH. 

Nonetheless, these are among the most environmentally stressing processes of the 

chemical industry, as they require the use of asbestos in the diaphragm or mercury in the 

amalgam. The third process is the membrane process, first developed in the 1950s, which 

employs an ion-selective membrane to separate the anodic and cathodic compartments. In 

the last decades, legislation has required the conversion of most plants based on the 

diaphragm or mercury amalgam to the membrane process, which does not produce any 

hazardous wastes.106   

The cathode of the chlor-alkali process is typically made of Ni, stainless steel, or graphite. 

The anode is the electrode that suffers most from the corrosion due to the evolution of Cl2. 

Historically, graphite electrodes have been used as anodes. After Beer’s invention of 

Dimensionally Stable Anodes (DSA®), graphite has been gradually abandoned and DSA® 

anodes have become the preferred choice due to their exceptionally high electrocatalytic 

CER performances at high current densities.107 DSA® anodes are formed by a valve-metal 

plate (usually Ti) coated with a TiO2-RuO2 film (typically in a 70:30 molar ratio). TiO2 provides 

a stabilizing matrix and dilutes the expensive active phase (RuO2). These two metal oxides 

form a solid solution with a rutile structure with excellent activity and stability.108 TiO2 can 

be replaced by Ta2O5 or ZrO2, while RuO2 can be replaced by IrO2; nonetheless, TiO2-RuO2 is 

by far the most used composition in the fabrication of DSA® anodes employed in the 

chlorine manufacturing industry.109–111 As DSA® anodes are also very active catalysts for 

OER,112–115 high concentration of chlorides (≈5 M) and low pH (≈2) are used to tailor the 

selectivity towards CER and suppress OER.102,116  

 

1.4. Scope of the thesis 

This thesis aims at exploring strategies for tailoring the electrocatalytic performance of 

oxygen evolution catalysts and at gaining insight into their activity and stability. A crucial 

goal for scaling up of water splitting devices is combining high catalytic activity and stability 

with a reduction of the noble-metal content in the anodes for a better price-sustainability.  
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Stability represents an issue for both oxygen- and chlorine-evolution anodes. The 

electrochemical stability of a model electrode under OER and competitive OER-CER 

conditions is examined in Chapter 2. RuO2 typically constitutes the active phase in industrial 

catalysts for Cl2 production and is also a very active OER electrocatalyst. Epitaxially-grown 

films of RuO2(110) on a Ru(0001) substrate are subjected to electrochemical treatments in 

H2SO4 or HCl in order to evaluate differences and similarities in the corrosion mechanisms 

of this model system under OER and CER/OER conditions. Online Electrochemical Mass 

Spectrometry (OLEMS) is used to evaluate the onset potentials and selectivities of OER and 

CER. A comprehensive set of lab-based and synchrotron-based techniques allows for a 

comparison of the impact of electrochemical treatments on the crystallinity, morphology, 

and structure of the electrodes. A corrosion mechanism is derived for this model system 

applicable to both OER and CER reactions. 

Chapter 3 introduces a strategy to lower the noble-metal content in TiO2-RuO2 anodes for 

water oxidation under acidic conditions. TiO2 and RuO2 form a solid solution with the rutile 

structure where RuO2 is the OER active phase and TiO2 acts as a stabilizer. We explore the 

impact of Mn addition on the electrocatalytic activity and stability of the anodes and the 

crystalline structure and morphology. Mn was chosen as it is a cheap and abundant element 

that can also crystallize in its oxide form in the rutile structure. This strategy allows obtaining 

a catalyst with very low Ru content outperforming TiO2-RuO2 and RuO2 reference systems. 

The stability and degradation of the electrodes have been investigated to gain insight into 

the structural and compositional anode modifications occurring upon prolonged 

electrolysis.  

A similar approach has been used in Chapter 4 to fine-tune the activity and stability of IrO2, 

which is the state-of-the-art OER catalyst in acidic media. IrO2 crystallizes in the rutile 

structure like RuO2 and TiO2. This chapter studies the electronic and crystalline changes 

induced by Mn addition to IrO2, providing structure-performance relationships for IrO2-

based anodes. This is achieved by monitoring the overall and intrinsic activity and stability 

of the anodes at different Mn loadings and by linking the findings with the results of the 

structural and spectroscopic characterization.  

The following part of the thesis deals with the use of non-noble metal-based catalysts for 

the oxygen evolution reaction. Chapter 5 focuses on the stability issue of NiFeOxHy 

electrodes in conditions relevant to the industrial alkaline water electrolysis. NiFeOxHy is 

one of the most active catalysts in alkaline media. The high temperature and high KOH 

concentration used in industrial operations could however impact the electrocatalytic 

performances of the anodes. Nonetheless, most of the lab-based research experiments are 
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performed under standard conditions (25 °C, 1 M KOH). This chapter aims at describing the 

influence of more realistic harsh testing conditions on the structural and catalytic behavior 

of NiFeOxHy anodes. Also, the impact of an anodic polarization at industrially relevant 

conditions on the structure and performance of NiOxHy and NiFeOXHy are investigated and 

compared. 

The use of noble-metal free OER electrocatalysts in acidic environment is still hampered by 

their insufficient stability. Chapter 6 investigates the stability behavior of Co3O4 anodes for 

the acidic water oxidation. This chapter aims at clarifying the reasons for catalyst 

deactivation under prolonged electrochemical treatment in acid electrolyte: emphasis is 

given to the role of substrate, composition (in terms of Li doping), and dissolution in the 

deactivation of Co3O4. Li doping is used to tune the crystallinity and electronic properties of 

Co3O4, factors aiming at optimizing the catalytic activity and stability.  
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Chapter 2 

Electrochemical stability of RuO2(110)/Ru(0001) model 

electrodes in the oxygen and chlorine evolution 

reactions 

 

Abstract 

RuO2 is commercially employed as an anodic catalyst in the chlor-alkali process. It is also 

one of the most active electrocatalysts for the oxidation of water, relevant to 

electrochemical water splitting. However, the use of RuO2 is limited by its low anodic 

stability under acidic conditions, especially at high overpotentials. In the present work, the 

electrochemical stability of model RuO2(110)/Ru(0001) anodes was investigated in order to 

gain a deeper understanding of the relation between structure and performance in Cl2 and 

O2 evolution reactions (CER and OER, respectively). Online electrochemical mass 

spectrometry was used to determine the onset potential of CER and OER in HCl and H2SO4 

electrolytes, respectively. The onset potential of OER was higher in HCl than in H2SO4 due 

to competition with the kinetically more favorable CER. A detailed stability evaluation 

revealed pitting corrosion of the electrode surface with exposure of Ru(0001) metal 

substrate concomitant with the formation of a hydrous RuO2 in some areas regardless of 

the applied electrochemical treatment. However, despite local pitting, the RuO2(110) layer 

preserves its thickness in most areas. Degradation of the electrode was found to be less 

severe in 0.5 M HCl due to a decrease in the faradaic efficiency of RuO2 oxidation caused by 

competition with the kinetically more favorable CER.  
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2.1. Introduction  

RuO2 is a common electrocatalyst which is primarily used for large-scale electrochemical 

production of Cl2 as a part of mixed oxide anodes (Dimensionally Stable Anodes, DSA®).1–4 

Nearly all chlorine is produced by electrolysis of concentrated NaCl solution (brine) in the 

chlor-alkali process with an annual global production of ca. 70 million tons of Cl2.5,6 Chlorine 

is used as a base chemical for a wide range of applications including metallurgy, 

polymerization, and organic synthesis.7 Besides the production of Cl2, the chlor-alkali 

process yields NaOH and H2 as by-products, which are typically used in oil refineries, the 

manufacture of paper, soap, and textiles.8 

A major challenge with the use of RuO2 is the competition of the desired anodic oxidation 

of Cl– with the formation of gaseous oxygen as a result of water oxidation. Although the 

oxygen evolution reaction (OER) is thermodynamically favored over the CER in all the pH 

range due to its lower standard potential (E0 (O2/H2O) = +1.23 V vs. the standard hydrogen 

electrode (SHE) and E0 (Cl2/Cl−) = +1.36 V vs. SHE, respectively), CER occurs at a higher rate 

and has a lower onset potential than OER because of its faster kinetics.8 Unlike CER, OER is 

pH-dependent (i.e., EOER decreases with increasing pH). Accordingly, acidic conditions are 

utilized in the chlor-alkali process to minimize the OER rate and thus its selectivity. In 

industry, operation at pH ≤ 2 is inconvenient because of the limited stability of the employed 

membrane materials. Due to the formation of molecular oxygen as a side-product, a 

significant fraction of the process costs are related to the separation of O2 from the Cl2 

product stream.  Selectivity and stability of the CER and OER anodes have therefore been 

studied in great detail in the last decades.9–13 To increase the stability of RuO2, it is 

commonly used in a mixture with other oxides such as TiO2, ZrO2, and Ta2O5.3,14,15 This 

strategy, which results in improved corrosion resistance, was first applied in the fabrication 

of the so-called Dimensionally Stable Anodes (DSA®), which show enhanced activity and 

structural stability during operation under corrosive electrochemical conditions.16 DSAs® are 

typically composed of a solid solution of rutile TiO2 and RuO2 (Ti:Ru atomic ratio ~ 70:30) 

deposited on a Ti substrate. The mixing of the two components to form a solid solution of 

the oxides is a key to combine activity and conductivity, provided by RuO2, with a sufficient 

stability provided by TiO2.17–19 However, upon prolonged use under harsh industrial 

CER/OER conditions, even DSAs® suffer from corrosion, which leads to the dissolution of 

RuO2. RuO2 dissolution at anodic potentials can proceed in three ways: (i) oxidation of RuO2 

to volatile RuO4, (ii) formation of soluble (per)ruthenates and (iii) physical detachment and 

loss of solid RuO2 particles.20,21 The critical anode potential (Ecrit) is defined as the onset 

potential of corrosion and is usually ascribed to the oxidation of RuO2 to RuO4 (2.1), which 
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is estimated to occur at about +1.45 VSHE.22 It has also been noted by various authors that 

Ecrit. matches the onset potential of OER, suggesting that the underlying mechanisms of the 

two processes are closely related.23–26 

RuO4 + 4H+ + 4e– → RuO2 + 2H2O     (E0 = +1.387 V)     (2.1) 

RuO2 corrosion can occur as transient or steady-state dissolution.15 The latter is a 

thermodynamically controlled process and occurs when E ≥ Ecrit, while transient dissolution 

can already occur at much lower overpotential, when low-coordination sites or metastable 

transition states are exposed to the electrolyte.27 Transient dissolution was observed for 

both Ru and RuO2 electrodes.27,28 It has also been observed that the lower stability of 

electrochemically prepared amorphous (hydrous) RuO2 and the higher stability of thermally 

prepared crystalline RuO2 show an inverse relationship with OER activity.27 This is consistent 

with the observed correlation of the OER activity and the dissolution rate for a set of 

transition metals and their oxides.28 The presence of Cl– ions has a positive effect on RuO2 

stability. Particularly, RuO2 and Ru0 dissolution are slowed down at higher Cl– 

concentrations.6 Since a high concentration of Cl– is necessary to kinetically promote CER 

over OER, this stabilization can be explained by a lower rate of the OER. However, it has also 

been shown that an excess of Cl– in combination with low pH (< 2) opens an alternative 

corrosion route of RuO2, which is related to the formation of soluble ruthenium chlorides.29 

In the present study, we compare the stability of well-defined RuO2(110)/Ru(0001) single 

crystal model anodes under pure OER and competitive CER/OER conditions. The use of 

model electrodes allows to precise monitoring of structural, morphological and chemical 

changes of the electrode surface for a selected facet of the active catalyst phase. Besides 

electrochemical methods, we employed lab- and synchrotron-based characterization 

techniques, including surface X-ray scattering (SXS) and X-ray reflectivity (XRR), X-ray 

photoelectron spectroscopy (XPS), inductively-coupled plasma optical emission 

spectroscopy (ICP-OES), and atomic force microscopy (AFM) to evaluate the degree and 

type of corrosion occurring during OER and CER treatments. Our multi-technique approach 

allowed us to follow the structural and compositional changes of the model electrode upon 

electrochemical treatment in different conditions, enabling a deeper understanding of the 

nature of the underlying physicochemical processes involved in anodic corrosion.  
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2.2. Experimental Section 

2.2.1. Preparation of RuO2(110)/Ru(0001) 

An ultra-thin RuO2(110) film was grown epitaxially on sputter-cleaned Ru(0001) single 

crystals (Surface Preparation Laboratories, Zaandam, NL) with diameters of 7 and 10 mm 

under ultra-high vacuum (UHV) conditions according to a procedure described elsewhere.30 

In brief, the substrate was cleaned by sequential sputtering/annealing steps until low 

energy electron diffraction (LEED) showed the pattern characteristic for a clean Ru(0001) 

surface. Sputtering was carried out at room temperature, p(Ar) = 1·10–6 mbar and 600 eV 

beam energy for a maximum of 15 min in order to prevent crystal damage. Flash annealing 

was performed by heating the sample with an electron beam heater to 930 °C. The target 

temperature was maintained for 1 min, after that, the sample was allowed to cool down 

naturally in the absence of O2. The cleaning step was followed by a roasting procedure (p(O2) 

= 1·10−7 mbar, T = 780 °C, 20 min) to remove carbon impurities. Then, the growth of 

RuO2(110) was carried out at 380 °C for 120 min while 3·10−5 mbar O2 were supplied to the 

preparation chamber via a leak valve. Uniformness of the film and absence of impurities 

were checked by LEED and XPS, respectively. 

2.2.2. Stability evaluation 

The electrochemical (EC) stability of RuO2(110)/Ru(0001) electrodes under O2 and Cl2 

evolution conditions was evaluated by subjecting the electrodes to continuous potential 

treatment (E = +1.50 V) for 60 min. All potentials reported in this work are plotted versus 

reversible hydrogen electrode (RHE) if not mentioned otherwise. The potential was chosen 

to be above the expected critical potential of RuO2 in order to induce possible electrode 

degradation, which was assumed to be different under pure OER and competitive OER/CER 

conditions.6 The EC treatment was performed in hanging meniscus mode in a standard 

three-electrode cell filled with 0.5 M H2SO4 or 0.5 M HCl (Sigma Aldrich, > 99.99%). Milli-Q 

(18.2 MΩ·cm) water was used in all operations. For simplicity, the experiments conducted 

in H2SO4 and HCl will be further referred to as OER and CER, respectively. Platinum foil (area 

= 10 cm2) and Red Rod electrodes (Radiometer Analytical, ERE = +0.215 V) were utilized as 

counter (CE) and reference (RE) electrodes, respectively.  

 The values of the overpotential (η) were calculated using the following equations: 

for OER:  ƞOER = Emeas + EAg/AgCl + 0.059 pH – E0
OER     (2.2) 

for CER:  ηCER = Emeas + EAg/AgCl – E0
CER       (2.3) 
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where Emeas is the electrode potential measured against the reference electrode, EAg/AgCl is 

the potential of the reference electrode vs. the Standard Hydrogen Electrode (SHE), and E0 

is the standard electrode potentials for the reactions. 

Before and after the EC treatment, electrochemical impedance spectroscopy (EIS) 

measurements were conducted at the open circuit potential in the frequency range of 0.1 

Hz to 100 kHz with an amplitude of 10 mV. The double-layer capacitances were evaluated 

from the Nyquist plots by fitting the system with an R1(R2C) circuit using Nova Software 

(version 1.10), where C represents the double-layer capacitance of the samples. The values 

of the Electrochemical Surface Area (ECSA) were estimated by dividing the values of the 

double-layer capacitance with the constant value of specific capacitance for ideally flat 

surfaces in acidic solution (35 μF cm–2).31 The corresponding roughness factors were then 

calculated dividing the values of ECSA with the values of geometric area of the electrodes. 

2.2.3. Online electrochemical mass spectrometry (OLEMS) 

OLEMS measurements were carried out in a three-electrode EC cell in a configuration 

similar to the one described above. RuO2(110)/Ru(0001) single crystals were mounted into 

the PEEK sample holder with a bottom contact and used as working electrodes. The holder 

was additionally covered by several layers of Teflon™ tape (Swagelok) to prevent electrolyte 

interaction with the contact wire. EC treatment was performed using an Ivium Compactstat 

potentiostat (Ivium Technologies). OLEMS measurements were conducted with a 

quadrupole mass spectrometer (Balzers Quadstar, Prisma QME 200) at an operating 

pressure of approximately 5·10−7 mbar. A more detailed description of the utilized OLEMS 

setup is given elsewhere.30,32 In order to evaluate the onset potentials of OER and CER and 

to derive Faraday plots (see Appendix A for details), OLEMS measurements were conducted 

in 0.5 M H2SO4 and 0.5 M HCl, respectively. In the case of 0.5 M H2SO4, potential pulses 

(duration 10 s) were alternated with pulses at the resting potential (t = 90 s, E = +0.70 V). 

Ion currents of m/z = 32 (O2
+) and m/z = 34 (H2O2

+) were continuously recorded throughout 

the experiment. The resting time was necessary to achieve temporal separation of 

individual OLEMS peaks. A similar procedure was applied in 0.5 M HCl with a slightly 

different duration and value of the resting potential (E = +0.80 V, 300 s). In CER, a longer 

resting time was necessary due to an increased tailing time of Cl2 in the OLEMS system. The 

presence of HCl+ and Cl+ rather than Cl2+ signals in the mass spectrometer points to 

dissociation of Cl2 and recombination with H+ from water, the main component in the mass 

spectrometer vacuum chamber.30 
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2.2.4. Surface X-ray scattering 

Fresh and EC-treated model electrodes were characterized by surface X-ray scattering (SXS) 

techniques. Ex-situ SXS measurements were performed at the surface diffraction beamline 

ID03 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). In this study, 

we utilized hard X-ray radiation with an energy of 22 keV (λ = 0.564 Å) focused to a spot size 

of 370 µm × 30 µm (horizontal × vertical relative to the plane of the sample surface) at the 

sample position. The measures were conducted using a reference surface unit cell based on 

the Ru hcp primitive unit cell, where the h and k vectors are laying parallel to the sample 

surface and l is normal to the surface and the lattice parameters are: a = b = 2.706Å, c = 

4.282Å,  α = β = 90°, γ= 120°. All the diffraction data reported in this work are referred to as 

the reciprocal space coordinates of such a cell.  Structure and crystallinity were evaluated 

by recording the diffracted intensities along in-plane (h scans) and out of plane 

crystallographic directions (l scans) at the positions of Ru(0001) and RuO2(110) crystal 

truncation rods (CTRs). XRR (X-ray reflectivity) measurements were used to evaluate surface 

roughening. The experiments were conducted using a MAXIPIX33 installed on the 

diffractometer arm at a distance of 709 mm from the sample. Visualization, data reduction 

and fitting of the SXS data were done by the BINoculars script and PyMCA software. 

Measurement errors were determined from the noise level of the separate patterns. 

2.2.5. Other characterization methods 

XPS measurements of as-prepared samples were carried out on a SPECS XPS spectrometer 

equipped with a monochromatic small-spot (300 μm) X-ray source, an Al anode (Al Kα = 

1486.6 eV) and a 180° double-focusing hemispherical analyzer working with a 144-channel 

delay-line detector. The background pressure inside the analysis chamber was kept below 

10–8 mbar. No additional charge neutralization was applied due to the metallic conductivity 

of the Ru(0001) substrates. High-resolution and survey spectra were recorded at constant 

pass energies of 20 eV and 40 eV, respectively. Spectra were calibrated by setting the 

binding energy of the Ru0 (3d5/2) component equal to 280.1 eV.34 XPS spectra were taken at 

different positions on the surface to average the obtained quantitative results. LEED 

patterns were recorded with a 4-grid LEED optics (SPECS GmbH) integrated into the UHV 

preparation chamber of a SPECS NAP-XPS system. 

XPS measurements of tested samples were carried out on a K-Alpha XP spectrometer 

(Thermo Scientific). A different spectrometer was used to allow mapping of the surface with 

a built-in top-view video microscope. Differences from the previously described XPS 

machine include spot size (400 μm), number of delay line detector channels (128) and pass 

energy (50 eV for high-resolution spectra, 200 eV for survey spectra). 
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Non-contact (tapping mode) atomic force microscopy (AFM) measurements were carried 

out on an NT-MDT Next microscope. Micrographs were recorded using gold-coated Si 

probes with a curvature radius of 10 nm (NSG10, NT-MDT). Scanning electron micrographs 

(SEM) and energy-dispersive X-ray spectra (EDXS) were taken on a FEI Quanta 3D FEG 

microscope at an accelerating voltage of 15 kV without any additional coating of the surface. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) measurements were 

performed on a SPECTROBLUE EOP spectrometer equipped with an axial plasma source (Ar). 

The sample uptake rate was set to 2 mL/min. The emission intensity of dissolved Ru ions 

was measured at 240.3 and 267.9 nm. 

 

2.3. Results and Discussion 

2.3.1. Preparation of fresh RuO2(110)/Ru(0001) model electrodes 

Single crystal RuO2(110)/Ru(0001) model anodes were prepared by thermal oxidation 

according to a procedure described elsewhere.30 Ru(0001) single crystals were repeatedly 

subjected to a sequence of sputtering/annealing steps followed by a roasting procedure 

prior to thermal oxidation to RuO2. The cleanliness of the Ru(0001) single crystals was 

evaluated by LEED. RuO2(110) was prepared by thermal oxidation of Ru(0001) at T = 380°C 

and p(O2) = 3·10−5 mbar for 120 min until LEED revealed the disappearance of Ru(0001) 

reflections and the appearance of three rotational domains characteristic for RuO2(110) 

(Figure 2.1).30 Then, crystals were UHV-transferred to a SPECS XP spectrometer connected 

to the preparation chamber and both Ru 3d and survey XP spectra were recorded. Both 

spectra contain only Ru0 and RuO2 -related peaks and no additional (in)organic impurities 

were observed (Figure 2.2a, b). The analysis of the Ru 3d spectra (Figure 2.2b) shows the 

presence of three doublets attributable to Ru0 (BE(Ru 3d5/2) = 280.1 eV), RuO2 (BE(Ru 3d5/2) 

= 280.7 eV) and RuO2 shake-ups (BE(Ru 3d5/2) = 282.5 eV).34 Based on these three 

components, the RuO2 related species amount to 63.4 ± 0.9 at% and 47.7 ± 0.8 at% of the 

total Ru 3d5/2 peak area for the two different RuO2(110)/Ru(0001) samples, respectively. 

The observed difference in the RuO2 component areas for the two crystals likely relates to 

the presence of differently thick RuO2(110) layers. The first sample was subsequently used 

for CER and the second for OER experiments. Considering the XPS probing depth of a few 

nm in the measured range of binding energies (BE), the composition corresponds to surface 

RuO2 while some bulk Ru0 remains visible. The thickness of the thermally grown RuO2(110) 

layer is estimated to be similar to reported values.35 SEM analysis of Ru(0001) surface before 
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and after oxidation shows an absence of any noticeable microscopic (µm scale) defects 

(Figure 2.2c, d). 

AF micrographs (Figure A1a-d) show the presence of agglomerates of flat islands (CER fresh 

sample) or petals (OER fresh sample). The difference in morphology can be explained by 

microscopic differences of the initial metal surfaces. However, since the LEED patterns of 

both oxide samples showed the same crystallographic phase (i.e. RuO2(110)) while the 

reflexes of the Ru(0001) substrate being absent, we assumed to have prepared covering 

layers of RuO2(110).  

 

 

 

Figure 2.1. LEED pattern of as-prepared RuO2(110)/Ru(0001) taken at 65 eV electron energy. The rectangles display 

the rotational domains of RuO2(110). 
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Figure 2.2. a) Ru 3d and b) survey XPS spectra of sputter-cleaned Ru(0001) and as-prepared RuO2(110)/Ru(0001); 

c, d) corresponding SEM images of the surfaces. 

 

2.3.2. CER and OER performance of RuO2(110)/Ru(0001) 

The performance and selectivity of the RuO2(110)/Ru(0001) model anodes were evaluated 

using on-line electrochemical mass spectrometry (OLEMS) in 0.5 M H2SO4 and 0.5 M HCl 

solutions. The results of the OLEMS measurements can be represented as a three-

dimensional plot which reports the gas production versus the charge and the applied 

potential (Figure A2). The two-dimensional plots of gas production versus charge, the so-

called Faraday plots, shown in the main text, are projections of those 3D plots. Each data 

point belongs to a separate potential applied. Faraday plots can be used for the detection 

of side-reactions, such as electrode degradation and formation of by-products.36 In the ideal 

case of a single reaction on a stable electrode, the amount of detected gaseous product is 

directly proportional to the passed charge, according to the Faraday law of electrolysis. 

Assuming a constant gas collection efficiency, a change in the slope of the Faraday plot α 
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can be attributed to the presence of side-reactions which contribute to the measured 

faradaic charge, resulting in a decrease of the faradaic efficiency (FE) of the main reaction. 

In 0.5 M H2SO4, where OER is expected to be the dominant reaction, oxygen was first 

detected at +1.45 V (η = 220 mV) during a positive potential scan (Figure 2.3a). The entire 

data set is reported in Figure A3. Upon further increase of the potential, a proportional 

increase in O2 production was observed in line with Faraday’s law (Figure 2.3b). However, 

at E > +1.53 V, the charge spent in the O2 production decreased nearly two times, as can be 

seen from the change of α. This can be attributed to the onset of electrochemical oxidation 

of RuO2 to RuO4 (2.1), which is expected to start at the critical potential.22 In the studied 

model system RuO2(110)/Ru(0001), the metallic substrate will be exposed subsequently, 

opening new routes of corrosion, as we discuss later in the text. The fact that the OLEMS-

measured value of the critical potential is more positive than the values obtained from 

radiochemical analysis6 can be explained by the lower sensitivity of OLEMS. To exclude the 

possibility that H2O2 formation contributed to the observed decrease in O2 production, we 

monitored its signal (Figure 2.3c). H2O2 formation was detected by OLEMS at E ≥ +1.49 V, 

which is below the observed critical potential,37,38 and its Faraday plot shows a comparable 

change in the FE as it was observed for O2. This result indicates that H2O2 production was 

also affected at the critical potential, and hence can be excluded as the main reason for the 

observed change of Faraday slope. 

The OER performance was further evaluated by a Tafel plot analysis (Figure 2.3d). The 

OLEMS-based Tafel plot was constructed from the potential-dependent O2
+ (m/z = 32) ion 

current.24 Unlike current density, the OLEMS m/z = 32 signal is specific for O2 only and does 

not account for products of possible side-reactions, such as RuO2 oxidation. Tafel slopes of 

both current- and OLEMS-derived Tafel plots were found to match: the value of 40 mV/dec 

indicates that a second-electron transfer-process is the rate-determining step of the OER,39 

and no deviations due to surface rearrangement are observed.40 A value of 40 mV/dec is 

intermediate between Tafel slopes expected for RuO2(110) (~60 mV/dec)39,41 and metallic 

Ru (30 mV/dec),20,42 indicating that the exposure of the underneath substrate to the 

electrolyte took place, as we will discuss further below. 
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Figure 2.3. Potential-dependent ion currents of a) O2
+ (m/z = 32) and corresponding Faraday plots of b) O2 and c) 

H2O2 evolution; d) Tafel plots derived from voltammograms (black) and m/z = 32 (O2
+) ion current (red) yelding 

similar Tafel slopes. All plots correspond to RuO2(110)/Ru(0001) subjected to anodic potential pulses in 0.5 M 

H2SO4. 

 

A similar testing protocol was applied to RuO2(110)/Ru(0001) in 0.5 M HCl, where Cl2 

evolution is expected to occur along with OER. Indeed, Cl2 gas was detected for E ≥ +1.44 V 

(ηCER = 80 mV), which matches well with the reported values of the CER onset potential for 

RuO2 (Figure 2.4a).6,43 In the presence of Cl−, O2 evolution was only observed at E ≥ +1.50 V 

(ηOER = 270 mV) which is 50 mV more positive than the OER onset potential in 0.5 M H2SO4 

(Figure 2.4a, c). The origin of this shift has to be found in the competitive adsorption of Cl– 

ions on the on-top oxygen species on undercoordinated Ru atom (Ru-Oot), which is regarded 

as the active surface phase on RuO2(110) for both the CER and OER.41 The start of the 

competition between these two reactions can also be observed in the corresponding 

Faraday plots of Cl2 and O2. In the Cl2 Faraday plot (Figure 2.4b), we can observe a change 

in the slope similar to the case of O2 production in 0.5 M H2SO4. While the change is located 
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at a similar potential as in the previous experiment, the onset of OER is shifted anodically. 

This observation indicates that the onset of RuO2 dissolution is not affected by the OER rate. 

Unfortunately, we were not able to evidence a change in the O2 Faraday plot in the 0.5 M 

HCl experiment, because of the insufficient number of points between the onset of OER and 

the critical potential, caused by the later onset of OER in this case.  

 

 

 

Figure 2.4. a) O2
+ (m/z = 32) and H35Cl+ (m/z = 36) ion currents and corresponding Faraday plots of potential-

dependent b) Cl2 and c) O2 evolution under applied anodic pulses recorded on RuO2(110)/Ru(0001) in 0.5 M HCl; 

d) estimated selectivity of the CER vs. OER as a function of applied potential.  
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the OER is not necessarily matching this critical potential. For instance, the onset potential 

of OER can be shifted by increasing selectivity towards CER, while at the same time the 

critical potential remains independent from the major reaction (Table 2.1). Thus, we 

conclude that the critical potential for RuO2 corrosion and the onset potential of the OER 

are not linked to each other. Our results support the conclusion of Hodnik et al.27 that the 

onsets of OER and of RuO2 dissolution do not coincide.  

 

Table 2.1. Dependence of the critical potential on OER/CER selectivity and the OER onset potential. 

aOER selectivity = 
OLEMS signal(O2)

OLEMS signal(O2)+OLEMS signal(Cl2)
100% 

 0.5 M HCl 0.5 M H2SO4 

Onset potential of Cl2 production, V +1.44 n/a 

Onset potential of O2 production, V +1.50 +1.45 

Critical potential, V +1.53 +1.53 

OER selectivitya at E = +1.53 V, % < 8 ~98 

 

Because of the presence of the metallic Ru substrate in our system the corrosion mechanism 

at higher potentials involves two corrosion routes: the dissolution of RuO2 and, at the same 

time, the dissolution of metallic Ru.28 When metallic Ru gets exposed, the dissolution can 

be accelerated, as reported in previous works,47 because corrosion, in this case, can also 

take place as a result of direct anodic dissolution of the Ru metal.27  

The potential-dependent CER selectivity was found to decrease by 5.9 ± 0.4% per 0.1 V at E 

> +1.50 V (Figure 2.4d). It should be noted that, for a more accurate assessment of the 

electrode selectivity, the actual RuO2 corrosion rate must be taken into account, which 

could be achieved by complementary online ICP-MS measurements.15,28,48 

 

2.3.3. Stability of RuO2(110)/Ru(0001) under CER and OER 

In order to study the stability of the model electrodes with respect to the dominant reaction 

being either OER or CER, a potentiostatic treatment was conducted in 0.5 M H2SO4 and 0.5 

M HCl, respectively. In both cases, the electrodes were mounted in a hanging-meniscus 
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configuration to avoid contact of electrolyte with the sides of the crystals and subjected to 

a potentiostatic treatment (E = +1.50 V) for 60 min (Figure A4). A variety of different 

characterization techniques was utilized before and after the electrochemical treatment to 

evaluate structural, morphological and compositional changes of the model electrode 

surfaces. 

Diffracted intensities along the (10l) rod of RuO2 films were recorded for the fresh and 

tested electrodes. From the variation of the intensities of the Bragg reflections of the film 

along the l direction, it is possible to extract information about the impact of the EC 

treatment on the out-of-plane domain size of the RuO2 crystallites composing the RuO2(110) 

film (Figure 2.5a and Table 2.2). The FWHM of the relevant reflections was used to 

determine the out-of-plane crystallite domain size (i.e. the thickness of the RuO2(110) films) 

via the Scherrer equation (see equation A3). These sizes were determined to be 2.0 ± 0.1 

nm and 1.7 ± 0.1 nm for the samples exposed to testing in HCl and H2SO4, respectively, and 

remained nearly unaffected by the EC treatment.35 The difference in the thickness of the 

RuO2(110) layers in the fresh crystals is in line with XPS spectra (Figure 2.2a), which pointed 

at a higher oxide content on the crystal used in the CER experiment. The comparison of the 

results between fresh and tested samples indicate an overall preservation of the RuO2(110) 

thickness upon electrochemical treatment.  

 

 

 

Figure 2.5. a) Diffracted intensity of RuO2 film along the (10l) rod, recorded at (0.73 0 l) respect to the Ru(0001) 

surface unit cell and b)  XRR profiles of fresh and treated RuO2(110)/Ru(0001) electrodes. 
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Table 2.2. RuO2(110) crystallographic changes upon EC treatment. 

RuO2(110) 

CER 

(0.5 M HCl) 

OER 

(0.5 M H2SO4) 

fresh spent fresh spent 

Crystallite sizea 

(out-of-plane, l), nm 
2.0 ± 0.1 2.0 ± 0.1 1.7 ± 0.1 1.8 ± 0.1 

a Determined from the FWHM of RuO2 (110) peak. 

 

XRR experiments allow determining the roughness of the samples independently from their 

crystallinity. While the intensity along the RuO2 rod remains largely unchanged upon EC 

treatment, XRR data presented in Figure 2.5b show a slightly increased roughness of the 

surface, as evident from a steeper decrease of the reflectivity profiles of the spent 

electrodes accompanied by a decrease of Kiessig fringes.49 From the minima and maxima 

positions in the XRR plots, the RuO2(110) layer of the CER sample was found to be slightly 

thicker than that of the OER sample. Along the same lines, preservation of the RuO2(110) 

phase is visible in hk maps (Figure A5 and Figure A6a, b). Taken the SXS and XRR results 

together, we can conclude that, apart from the expected degradation of 

RuO2(110)/Ru(0001) model electrodes under OER and CER conditions, most of the 

RuO2(110) layer is stable. 

The SE micrographs of the spent electrodes (Figure 2.6a-d) reveal the presence of features 

with an average diameter of 1 μm on the surfaces of the tested electrodes, differently from 

the surfaces of the samples prior to the electrochemical treatments (Figure 2.2c, d). These 

features appear in the form of pits with a hole in the middle of each individual feature, 

which are assumed to be the centers of the initial corrosion. The islands are prone to form 

agglomerates located mostly along with defect sites of the crystal (e.g. nano-scratches, 

centers of mismatch between rotational domains of RuO2(110)).50 These features were 

observed both in HCl and H2SO4. However, the area of the surface covered with such islands 

(R1) was found to be dependent on the performed EC treatment. Particularly, in the case of 

the OER treatment, 58 ± 3% of the electrode surface was found to be covered with islands, 

while for CER this was only 16.5 ± 0.6%. EDXS analysis of the chemical composition of both 

island-covered (R1) and island-free (R2) surfaces points towards higher O content in R1 

relative to R2 (Figure A7a).  

For the OER-treated sample, Ru 3d XPS spectra taken at R1 areas show a significantly higher 

RuO2 to Ru ratio compared to that of R2. In the case of the OER treatment, an overall 
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increase of the RuO2-related XPS peak area in contrast to the fresh electrode was found to 

be 17 ± 4% (R1) and 6 ± 2% (R2). The X-ray spot size of the XPS spectrometer was too large 

to distinguish between R1 and R2 of the CER-treated sample. Thus, the observed increase 

of RuO2 peaks (2.3 ± 0.6%) was attributed to a combination of contributions from R1 and 

R2. As from the RuO2 rods we observed a similar thickness of the RuO2(110) layer, we can 

conclude that regions R1 correspond to corroded areas where an electrochemically grown, 

hydrous RuO2 was formed (Figure 2.7). The analysis of the O 1s spectra of the corroded 

regions reveal an increased area of the hydroxyl-related component in respect of the fresh 

electrode, indicative of the hydrous nature of the oxide formed upon electrochemical 

treatment (Figure A7c, d).51 We emphasize that this change is relatively small as most of the 

signal is arising from intact RuO2 (110) still present in the corroded regions. 

Morphology analysis of the spent electrodes by AFM confirms the presence of holes on both 

CER- and OER-treated samples. Particularly, loosely distributed pits with a depth variation 

of 20-120 nm were found on the surface of CER-treated sample (Figure A8a, c and Figure 

A9), while OER treatment yields a large number of smaller and shallower pits with an 

average depth of 6 ± 2 nm (Figure A8b, d). These pits can be attributed to the centers of 

corrosion previously observed in the SEM images (Figure 2.6a-d).  

Elemental analysis of the electrolytes after electrochemical testing by ICP-OES showed that 

Ru dissolved from the anodes in both HCl and H2SO4. Overall Ru dissolution rates were 

determined and showed that the anode operated in H2SO4 resulted in a much higher 

dissolution rate (6.27 ± 0.08 μmol·h–1·cm–2) compared to the anode operated in HCl (3.01 ± 

0.08 μmol·h–1·cm–2). This difference in dissolution rates is consistent with values found in 

the literature.6 The amount of dissolved Ru detected with ICP-OES after exposing the 

samples for 1 hour at E = 1.50 V (1 and 5 μmol in the CER and OER experiments, respectively) 

is orders of magnitude higher than expected from the dissolution of the RuO2(110) layer 

only, which would be less than 10 nmol. Thus, it is reasonable to state that the dissolution 

of bulk Ru(0001) has significantly contributed to the leaching of Ru by pitting corrosion. 

Moreover, the difference between OER and CER-caused Ru dissolution, measured by ICP-

OES, was found to be smaller (2.1 x) than that estimated from the surface coverage of 

corroded domains (SEM, 3.6 x) (Table 2.3). The reason for this is that CER leads to the 

formation of fewer but deeper corrosion pits, as observed in the AFM profiles. The pitting 

corrosion mechanism, which led to the exposure of the underlying, is similar to what has 

been recently observed in the case of an IrO2(110) layer deposited on RuO2(110/Ru(0001) 

template under OER conditions.52  
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Figure 2.6. SE micrographs of RuO2(110)/Ru(0001) electrodes treated at E = + 1.5 V for 60 min in a-b) 0.5 M HCl, c-

d) 0.5 M H2SO4. 

 

 

Figure 2.7. XPS spectra of combined Ru 3d/C 1s region of the spent electrodes. Components denoted with * 

represent the satellite peaks of RuO2. 

  

292 288 284 280 276

OER

R1

CER

OER

R2

50 k

* *

RuO2 Ru0

In
te

n
s

it
y

, 
a

.u
.

Binding Energy, eV

Ru 3d / C 1s



Chapter 2 

34 

 

Table 2.3. Estimation of Ru leaching based on ICP-OES and SEM results. 

 
CER 

(0.5 M HCl) 

OER 

(0.5 M H2SO4) 
Ratio OER/CER 

Corroded areaa 

(R1, SEM), % 
16 ± 1 58 ± 3 3.6 

Ru dissolution rate 

(ICP-OES), μmol·h–1·cm–2 
3.01 ± 0.08 6.27 ± 0.08 2.1 

a Area covered with corrosion domains (Figure 2.6). 

 

UV-Vis spectra of the spent electrolytes suggest that etched Ru is most likely present in form 

of Ru(III) chloride aqua complexes with the general formula [RuCln(H2O)6–n](3–n)+ as well as 

(per)ruthenates, in the case of CER and OER, respectively (Figure A10).26,29,53–55 Thus, ICP-

OES and UV-Vis analyses confirm the electrochemically induced ruthenium leaching at the 

critical potential, which is likely the reason for the change in the faradaic efficiency of both 

OER and CER observed by OLEMS. 

In order to relate the long-term stability of the model electrodes at the critical potential 

(Ecrit. = +1.50 V) with their EC activity, a sequence of anodic pulses was applied, while 

measuring the gas evolution by OLEMS. By combining these data with the results described 

above, we can correlate the stability of the model RuO2(110)/Ru(0001) anodes with their 

activity. For both types of acidic electrolytes, similar dependencies were observed (Figure 

2.8a, b). Firstly, repeated potential pulsing led to an increase of the electrocatalytic activity 

of the electrode reflected in a current increase. Secondly, both Cl2 and O2 production 

increased roughly proportionally with the current, in accordance with Faraday’s law. The 

correlation between gas production and total charge points towards constant selectivity of 

the major reaction at constant potential. From this, we can conclude that the corrosion rate 

was not changing over time and is only altered by changing the potential. A similar 

conclusion was drawn for the corrosion of IrO2(110) on RuO2(110)/Ru(0001) in H2SO4 

solution.56  
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Figure 2.8. Electric current and gas production probed under repeated potential pulsing at +1.50 V in a) 0.5 M HCl 

(product - Cl2) and b) 0.5 M H2SO4 (product - O2).  

 

An increase of electrode performance, observed in the form of the proportionally increasing 

current and gas production, can be caused either by an increase of the surface area or by 

the formation of catalytic sites with higher activity (e.g. Ru0 or electrochemically grown 

oxide). Higher values of the double-layer capacitance and of the calculated Electrochemical 

Surface Area (ECSA) were indeed observed in the electrodes after being exposed for 1 h at 

1.50 V in 0.5 M HCl and 0.5 M H2SO4 (Table 2.4). These results can be interpreted as an 

increase of the roughness factor after the electrochemical treatments (particularly in the 

case of the sample tested in 0.5 M H2SO4), supporting the results of XRR, AFM, and SEM, 

which highlighted an increased roughness of the spent electrodes. However, we highlight 

that the formation of hydrous oxide formed in the pits of corrosion could also contribute to 

higher the values of the capacitance of the tested samples with its enhanced proton 

mobility.50 The increased capacitive current is also reflected in the CVs of the tested 

samples, especially in the case of H2SO4 electrolyte (Figure A11). We can neglect the impact 

of metallic Ru on the observed increase in the catalytic activity since it would rapidly oxidize 

at E = +1.50 V.6,57 Indeed, no Ru0 related peaks were observed in the CV scans of the tested 

electrodes (Figure A11a, b).58 Apart from the larger roughness, the increase in the catalytic 

activity during time can also be a consequence of the observed formation of 

electrochemically grown hydrous RuO2, which is reported to be more active than thermal 

RuO2.27 
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 Table 2.4. Values of double-layer capacitance and roughness factors of the samples. 

 
CER 

(0.5 M HCl) 

OER 

(0.5 M H2SO4) 

Double-layer capacitance, μF 
15 (fresh) 

92 (tested) 

24 (fresh) 

334 (tested) 

Roughness factor 
1.12 (fresh) 

6.84 (tested) 

0.87 (fresh) 

12.15 (tested) 

 

 

2.4. Conclusions  

RuO2(110)/Ru(0001) single crystal model electrodes were prepared and employed for the 

evaluation of the stability of RuO2(110) under acidic CER and OER conditions in 0.5 M HCl 

and 0.5 M H2SO4 electrolytes, respectively. The onset potential of OER is shifted to higher 

anodic potentials in HCl electrolyte due to the competing CER, while at the same time the 

critical potential (i.e. the onset of RuO2 oxidation) remains independent from the primary 

electrochemical reaction, indicating that OER and RuO2 dissolution are not coupled. 

When electrodes were subjected to the critical potential, a significant dissolution of Ru was 

observed by elemental analysis of the electrolyte after testing. Pitting corrosion of bulk 

Ru(0001) can be considered as the main source of dissolved Ru. Despite the observed 

dissolution, electrode corrosion was found to be accompanied by the growth of hydrous 

RuO2 due to exposure of the bulk Ru(0001) substrate upon the corrosive treatment. 

Morphology evaluation of spent electrodes reveals that the corroded areas correspond to 

the formation of micrometer-sized features (pits), which contain a sub-micrometer pit in 

the center surrounded by randomly oriented flat petals. The corroded areas revealed 

significantly higher O content and a higher RuO2/Ru ratio, indicating an additional growth 

of electrochemically grown, i.e. hydrous, RuO2. ICP-OES, SEM, XPS, and EDX analyses all 

confirmed that the degree of corrosion was higher in the OER case (in H2SO4) than in the 

CER case (in HCl), because the latter reaction reduces the faradaic efficiency of O2 formation 

as well as anodic RuO2 oxidation. The areas not covered with pits showed a similar RuO2/Ru 

ratio compared with the fresh samples, indicating that the homogeneous RuO2(110) layer 

protects the underlying Ru(0001) from fast corrosion, and its thickness remains to a large 

extent unchanged after the electrochemical treatment (as seen from the RuO2 l-scans). The 

mechanism of RuO2(110)/Ru(0001) corrosion is proposed to consist of the following steps. 

Initially, the surface of RuO2(110) starts dissolving at the critical potential by the formation 
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of anionic Ru compounds in a higher oxidation state, preferably at surface defects (such as 

points where rotational domains of RuO2(110) meet). Then, the corrosion of the RuO2(110) 

layer causes the exposure of the bulk Ru(0001) substrate, which is more prone to corrosion 

than the RuO2(110) surface. Along with the dissolution, the exposed Ru(0001) is oxidized 

yielding the growth of additional hydrous RuO2 in the corroded areas. We emphasize that 

our findings relate to the corrosion behavior of the RuO2(110) layer on Ru(0001) system, 

while the corrosion of the underlying metallic substrate is observed as a side reaction and 

is only related to the nature of the model system. An inert substrate would be necessary to 

study the mechanism of corrosion of the RuO2(110) overlayer separately from the 

underlying substrate.  
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Appendix A  

Supporting information for Chapter 2 

 

A.1. Atomic Force Microscopy (AFM) – fresh electrodes 

 

 

Figure A1. AFM images acquired in non-contact mode of as-prepared RuO2(110)/Ru(0001) of a-b) CER fresh and c-

d) OER fresh samples at different magnifications. 

  



Appendix A 

41 

 

A.2. Online Electrochemical Mass Spectrometry (OLEMS) 

The ion current of fragment m/z (Im/z), observed in OLEMS, relates to the faradaic charge of 

a single reaction i, where m/z is the fragment of a product i, via the set of equations A1a-c. 

Equation (A1a) describes the dependence of the ion current on the partial pressure of the 

fragment m/z (pm/z), and eventually its proportionality to the amount of product i (ni). IE is 

the electron emission current, λm is the mean free path of electrons, sm/z is the differential 

ionization parameter, γi is the pressure-to-amount conversion factor, β is the OLEMS 

collection efficiency. The collection efficiency depends on multiple parameters, such as: 

effective tip-to-WE distance, permeability of gases, porosity of membrane, etc. Due to its 

complexity, β of each OLEMS tip cannot be quantitatively determined apart from reaction. 

The Faraday's law of electrolysis (A1b) describes the proportionality between the faradaic 

charge supplied in a single faradaic reaction i (Qi) and the amount of evolved product i. z is 

the number of electrons involved in the reaction and F is the Faraday constant. Combining 

equations (A1a) and (A1b) results in equation (A1c), which describes proportionality 

between faradaic charge of reaction i and the ion current of the fragment m/z detected by 

OLEMS. α is the proportionality constant. 

𝐼𝑚/𝑧 = 𝛽 ∙ 𝛾𝑖 ∙ 𝐼𝐸 ∙ 𝜆𝑚 ∙ 𝑝𝑚/𝑧 ∙ 𝑠𝑚/𝑧 ∝ 𝑛𝑖     (A1a) 

𝑛𝑖 =
𝑄𝑖

𝑧𝐹
         (A1b) 

𝐼𝑚/𝑧 ∝ 𝛼 ∙ 𝑄𝑖 ,     where 𝛼 =  
𝛽∙𝛾𝑖∙𝐼𝐸∙𝜆𝑚∙𝑠𝑚/𝑧

𝑧𝐹
      (A1c) 

The results of such a pulse experiment performed with OLEMS can be reported via a three 

dimensional representation of the gas production versus the potential and the charge (see 

Figure A2a, b). The Faraday plots reported in the main text correspond to the projection of 

the gas production versus the charge at a given potential.  
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Figure A2. Three-dimensional representations of the results of OLEMS experiments conducted in a) 0.5 M HCl and 

b) 0.5 M H2SO4, which report the gas production versus the applied potential and charge.   
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Figure A3. Potential-dependent ion currents of a) O2
+ (m/z = 32) recorded for the sample RuO2(110)/Ru(0001) 

subjected to anodic potential pulses in 0.5 M H2SO4. The onset potential of OER is better displayed in Figure 2.3a, 

which corresponds to a magnification of the left part of this figure.  

 

 

The OER selectivity in the case of competitive CER/OER (Table 2.1, Figure 2.4d) was 

determined from the OLEMS data in the following way: 

𝑆𝑂𝐸𝑅 =
100∗𝑚/𝑧32

𝑚/𝑧32+𝑚/𝑧36+𝑚/𝑧34
       (A2) 

where S is the OER selectivity and m/zi is the area of the fragment i. i = 32 corresponds to 

O2
+, i = 36 corresponds to H35Cl+ and i = 34 corresponds to H2O2

+. Although this formula does 

not include all possible products of the involved faradaic reactions (e.g. Ru0 and RuO2 

oxidation), it allows to evaluate how much faradaic charge was spent on formation of O2 

from all gaseous products.  
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A.3. Electrochemical treatment 

 

Figure A4. Chronoamperograms recorded on RuO2(110)/Ru(0001) electrodes subjected to E = +1.5 V for 60 min in 

two different electrolytes. Currents are normalized on the geometric surface area of the electrodes. Variations in 

current density are caused by bubbles formation. 

 

 

A.4. Surface X-ray Scattering 

The Scherrer equation was used for determination of the crystalline size from SXRD patterns 

reported in Figure 2.5a: 

𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
        (A3) 

where: d = coherent diffraction domain size, λ = the wavelength of the X-rays, β = the 

reflection width (2θ), θ = the Bragg angle and K = the shape constant. 
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Figure A5. Diffracted intensity of RuO2 film along the (h 0 1) rod recorded at (h 0 1.3) respect to the Ru(0001) 

surface unit cell. 

 

 

Figure A6. hk maps of RuO2(110)/Ru(0001) electrodes treated at E = +1.5 V for 60 min in a) 0.5 M HCl, and b) 0.5 

M H2SO4. 

 

From the analysis of hk maps we can observe a preservation of RuO2(110) phase (Figure 

A6a, b). This conclusion can be made based on the fact that the maps look similar to the 

initial LEED patterns (Figure 2.1). Particularly, we can observe the presence of RuO2(110)-

specific reflections (e.g. H ≈ 1.6 ± 0.1, K ≈ 0.0 ± 0.1 and H = 0.73, K = 0.0). A wide band at H 

≈ 1.0, K = 0.0 can be attributed to the polycrystalline Ru(0001) impurities which were also 

observed on the fresh single crystals.  
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A.5. X-ray Photoelectron Spectroscopy (XPS) 

 

   

Figure A7. Spectroscopic analyses of the spent RuO2(110)/Ru(0001) electrodes: a) EDX spectra, b) XPS survey; c) O 

1s (fresh) and d) O 1s (spent) XPS spectra. Components denoted with * indicate the satellite peak of RuO2 and OH-

groups of hydrous RuO2 (same binding energy).  
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A.6. Atomic Force Microscopy (AFM) – spent electrodes  

 

            

Figure A8. AF micrographs of spent RuO2(110)/Ru(0001) subjected to a) CER and b) OER treatments; c, d) 

corresponding histograms of depth distribution of pits. 

 

Figure A9. Selected linear depth profiles of Figure A8a (dashed lines correspond to surface plane). 
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A.7. Analysis of spent electrolytes 

 

Figure A10. UV-Vis spectra of 0.5 M HCl and 0.5 M H2SO4 electrolytes containing dissolved Ru after electrochemical 

treatments.1–6  

 

A.8. Cyclic Voltammetry (CV) 

  

Figure A11. Cyclic voltammograms of spent RuO2(110)/Ru(0001) electrodes subjected to E = +1.5 V pulses in a) 0.5 

M HCl and b) 0.5 M H2SO4 electrolytes. Scan rates are 50 mV/s in both cases. 
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Chapter 3 

Mn promotion of rutile TiO2-RuO2 anodes for water 

oxidation in acidic media  

 

 

 

Abstract 

A method to reduce noble metal content in oxygen-evolving electrocatalysts suitable to 

work in acidic media is presented. TiO2-RuO2 anodes can be promoted by Mn, resulting in 

increased activity and stability. The most active composition displayed an overpotential of 

386 mV at a current density of 10 mA cm–2, and a Tafel slope of 50 mV dec–1. This anode 

only included 17 at% Ru out of the total amount of metals included in the film. We 

investigated the influence of Mn addition to TiO2-RuO2 on the structure, morphology, and 

surface area, and related differences to catalytic activity and stability. We found that 

increased porosity of the anode film by Mn addition and Mn inclusion in the TiO2-RuO2 

lattice can explain the enhanced catalytic activity. A detailed characterization of fresh and 

used anodes provided insight into structural modifications induced by electrochemical 

treatment. 

 

 

 

 

 

 

This chapter has been published as:  

Etzi Coller Pascuzzi, M.; Goryachev, A.; Hofmann, J. P.; Hensen, E. J. M. Appl. Catal. B 

Environ. 2020, 261, 118225. 
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3.1. Introduction  

Concerns about CO2 emissions associated with burning fossil fuels to cover the ever-

increasing global energy demand require breakthroughs in renewable energy solutions.1 

Clean energy from wind turbines and solar photovoltaics will increasingly contribute to the 

global energy supply. As these sources are highly variable and cannot be predicted well, 

there is a growing need to store electricity for successive use. Among the available energy 

carriers, hydrogen has attracted a lot of interest because of its high gravimetric energy 

density and the possibility to use it as a fuel in electrochemical cells with important 

applications for transportation and stationary power generation.  

As the direct conversion of sunlight into hydrogen is still limited by the relatively low 

efficiency and stability of photoelectrochemical devices or photocatalysts,2–4 a promising 

alternative is to use electrolysis of water to convert (clean) electricity into chemical energy.5 

In a water electrolyzer, water is split into hydrogen and oxygen. Of the two half-reactions, 

the oxygen evolution reaction (OER), which takes place at the anode, is considered a 

bottleneck because of its slow kinetics due to the involvement of four protons and four 

electrons in the reaction mechanism.6,7 Anodic overpotentials are usually around three 

times higher than the overpotentials at the cathode, where the relatively simple and fast 

hydrogen evolution reaction (HER) takes place.8 The development of active and stable 

catalysts for anodic OER is crucial in order to improve the efficiency of the whole water 

splitting process. In the case of alkaline electrolysis, first-row transition metals, and 

particularly their oxides and oxyhydroxides, are promising OER electrocatalysts.9–11 The use 

of Ni,12–16 Co,17–21 and Mn22–26 has been investigated in depth, and the preparation and 

development of such electrocatalysts has been optimized so well that in some cases their 

performance is even better than that of IrO2 and RuO2 in alkaline environment.8,27–29 

However, in acidic media, relevant primarily to Proton Exchange Membrane (PEM) 

electrolyzers,30,31 the activity and stability of 3d metal oxides/oxyhydroxides are insufficient 

for large-scale applications. In these cases, only the rutile oxides IrO2 and RuO2 display 

sufficient stability, in particular when they are mixed with (rutile) TiO2, acting as a stabilizer. 

These so-called Dimensionally Stable Anodes (DSA®) are employed for the large-scale 

electrochemical production of chlorine (chlor-alkali process) and oxygen.32–34 However, in a 

hydrogen economy, it would be desirable to have anodes with the same performance but 

at a lower cost. Many strategies have been applied to reduce the noble metal content in 

the composition of DSAs®. The fabrication of IrO2 and RuO2 nanoparticles has been 

investigated as it allows for exposure of a larger number of active sites to the electrolyte 

while keeping the amount of active phase constant.35–39 Another promising option is to add 
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first-row transition metals in the composition of the electrodes. Ni,40,41 Co,42 Fe,43 and Zn44 

have been used in most of the cases as dopants for RuO2. Typically, only small amounts of 

these elements are added to iso-structurally replace Ru atoms in the rutile lattice of RuO2. 

In the case of manganese, instead, mixed ruthenium and manganese oxides have been 

shown to be active and stable electrocatalysts for the oxygen evolution reaction in alkaline 

media.45,46 Only in a few studies, the effect of Mn addition on the performance of DSA®-type 

electrodes in the acidic OER has been reported,47–49 but a comprehensive structural and 

electrochemical characterization is needed to understand the reasons behind the activity 

and stability changes. In the present work, we addressed this issue by studying the influence 

of manganese on mixed Ti-Ru oxide electrodes in acidic water oxidation, establishing 

composition and activity trends. We emphasize the impact of manganese on the structure 

and the catalytic performance of TiO2-RuO2 anodes.  

 

3.2. Experimental 

3.2.1. Preparation of mixed TiO2-RuO2 electrodes 

The preparation of TiO2-RuO2 anodes was carried out according to a procedure reported 

elsewhere.50 Briefly, titanium tetraisopropoxide (Sigma-Aldrich, 97%) and ruthenium(III) 

chloride hydrate (Sigma-Aldrich, ruthenium content 38% minimum) were used as 

precursors. Ti to Ru atomic ratio was kept close to the composition of industrial DSA® anodes 

(70:30). 2,4-pentanedione (Alfa Aesar, 99%), a chelating agent, was added to the solution 

(2.5 mmol/mmolTi+Ru) in order to prevent a fast hydrolysis of the precursors. The 

concentration of the precursor salts was then adjusted to 1 M by dilution with a 2:1 by 

volume ethanol/water mixture. The resulting solution was then stirred overnight prior to 

deposition.  

Titanium foil (Advent, purity 99.6+ %, thickness 0.25 mm) was used as a substrate. Before 

deposition, the Ti foils were washed in acetone and sonicated for 15 min and, finally, rinsed 

with ethanol and deionized water. The solution was deposited on the cleaned Ti substrates 

by using a spin coater (SPS-Europe). Spin coating was performed at 4000 rpm for 15 s. The 

deposition area was limited to 1 cm2. As-prepared anodes were dried in air at 80 °C for 10 

min and calcined at 500 °C in static air for 2 h. 

3.2.2. Mn incorporation  

In order to investigate the effect of Mn addition on the electrocatalytic performance of the 

DSA® anodes, manganese chloride tetrahydrate (Sigma-Aldrich, ACS reagent ≥ 98%) was 
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added to the previously described 1 M solution of the Ti-Ru precursor. The concentration 

of Mn2+ was chosen to be either 0.1, 0.5, 0.8, or 1.5 mol/L. Further preparation of Mn-

containing anodes was done in the same manner as described above. The composition of 

the precursor solutions, the atomic composition of the as-prepared anodes, and sample 

names are summarized in Table 3.1. 

Table 3.1. Sample names, concentrations of the precursors in the starting solutions and nominal atomic ratio of 

the metals. 

Sample 

Intended loading Nominal metal composition 

Ti(i-OPr)4, 

mol/L 

RuCl3, 

mol/L 

MnCl2, 

mol/L 

Ti, 

at% 

Ru, 

at% 

Mn, 

at% 

Mn00 0.7 0.3 0.0 70 30 0 

Mn09 0.7 0.3 0.1 64 27 9 

Mn33 0.7 0.3 0.5 47 20 33 

Mn44 0.7 0.3 0.8 39 17 44 

Mn60 0.7 0.3 1.5 28 12 60 

 

3.2.3. Characterization of MnOx-TiO2-RuO2 electrodes 

X-ray diffraction (XRD) patterns were obtained using a Bruker D2 Phaser diffractometer 

equipped with a Cu Kα radiation source. The diffractograms were recorded with a step size 

of 0.02° and an acquisition time of 1 s, in the 2θ range of 10° to 70°.   

Field-emission scanning electron micrographs (FESEM) were taken using a FEI Quanta 3D 

FEG microscope at an accelerating voltage of 5 kV without additional coating of the surface. 

Energy dispersive X-Ray (EDX) spectrometry was performed in a Phenom Pro-X microscope 

with an accelerating voltage of 15 kV. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a K-Alpha XPS 

spectrometer (Thermo Scientific) equipped with a monochromatic Al Kα (1486.6 eV) X-ray 

source. The spot size was 400 μm and the pass energy was set at 200 eV and 50 eV for 

survey and region scans, respectively. Spectra were calibrated by setting the binding energy 

of the RuO2 (Ru 3d5/2) component equal to 280.6 eV.51 Fitting of the XPS spectra was 

performed using CasaXPS software.  

XPS depth profiles were recorded on the same spectrometer by Ar+ ion sputtering (3 kV, 

high-current). The duration of the sputtering steps was 4 min and XPS spectra were taken 
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after each sputtering cycle. The depth profiles of each element were normalized to the 

highest intensity. In-plane and out-of-plane homogeneity of the samples was checked by 

XPS mapping and XPS depth profiling, respectively (see Appendix B). Ru 3d, Mn 2p, and Ti 

3p regions were used to determine the content of RuO2, MnOx, and Ti0, respectively. Due to 

the high reducibility of RuO2 under ion sputtering conditions, no deconvolution of the Ru 3d 

region was performed and the area of the entire region was used to construct a profile. 

Profiles of MnOx were constructed in the same way. The Ti 3p region was used instead of 

the Ti 2p region due to the overlap of the latter with Ru 3p peaks. The Ti0 peaks (binding 

energy, BE ≈ 32.9 eV) were used to track the location of the titanium substrate. 

3.2.4. Electrochemical characterization 

Electrochemical measurements were carried out in a standard three-electrode cell at room 

temperature with an Autolab PGSTAT302N potentiostat (Metrohm Autolab B.V.). Ti-

supported films with a geometric area of 1 cm2 were used as working electrodes (WE). 

Anodic currents of the bare Ti foil were found to be negligible in the range of the applied 

potentials (Figure B1a, b), making it unnecessary to mask the back of the working 

electrodes. A platinum foil (area: 5 cm2) was used as a counter electrode and an Ag/AgCl 

electrode (Radiometer Analytical, ERE = +0.24 V) was used as a reference electrode, if not 

mentioned otherwise. 0.1 M H2SO4 (H2SO4 Sigma Aldrich, 99.999%) was used as electrolyte 

in all the tests. Milli-Q water (18.2 MΩ·cm) was used in all the cleaning and dilution steps. 

All potentials are iR-corrected and reported versus the Reversible Hydrogen Electrode 

(RHE). Current densities are normalized using the geometric areas, if not mentioned 

otherwise. 

The catalytic activity was evaluated by linear sweep voltammetry (LSV) recorded with a scan 

rate of 0.5 mV s−1 in the anodic direction. The values of overpotential at current densities of 

1 and 10 mA cm–2 were used to compare the activity of the catalysts. Overpotentials (η) 

were calculated using the following equation: 

ƞOER = Vmeas + VAg/AgCl + 0.059 pH – E0
OER      (3.1) 

where Vmeas is the measured potential, VAg/AgCl is the potential of the reference electrode, 

and E0
OER

  = +1.23 V is the standard electrode potential for the Oxygen Evolution Reaction. 

The as-recorded voltammograms were used to construct Tafel plots, where we evaluated 

the Tafel slopes (with an error ± 1 mV dec–1). 
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Chronopotentiometry (CP) at a constant current density of 1 mA cm−2 and duration of 6 h 

was employed to assess the stability of the catalysts. The solutions were stirred during the 

measurements to avoid the accumulation of bubbles on the electrode surface. 

Electrochemical impedance spectroscopy (EIS) was carried out in a frequency range of 10−1 

to 105 Hz with an amplitude of 10 mV at the open circuit potential. The system was 

simulated with an Rs(RctCdl) circuit using Nova 1.10 software, where Rs represents the 

electrolyte resistance, Rct the charge transfer resistance, and Cdl the double layer 

capacitance of the electrode. The values of the Electrochemical Surface Area (ECSA) were 

calculated from the ratio of the double layer capacitances with the specific capacitance. For 

the latter, we employed a constant value of 35 μF cm−2 for all prepared electrodes, in 

accordance with literature.8,27 

When current densities were normalized using the values of ECSA, this is specifically 

mentioned reporting the values in “mA cm–2
ECSA”. 

Long-term electrochemical stability of the samples Mn00 and Mn44 was evaluated by 

chronoamperometry at E = +1.80 VRHE for 17 h. The amounts of dissolved Ru, Ti and Mn 

were determined by ICP-OES measurement of the spent electrolytes.  

3.2.5. Characterization of spent electrolytes 

The amount of Ru, Mn and Ti ions in the spent electrolytes was determined by ICP analysis. 

Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed on a 

SPECTROBLUE EOP spectrometer equipped with an axial plasma source (Ar). The following 

emission lines were used: 240.3 nm and 267.9 nm (Ru), 257.6 nm and 259.4 nm (Mn), 334.9 

nm and 336.1 nm (Ti). 

3.2.6. Online Electrochemical Mass Spectrometry (OLEMS) measurements  

OLEMS measurements were carried out in a three-electrode EC glass cell equipped with a 

Red Rod reference electrode (Radiometer Analytical, ERE = +0.225 V) and a Pt plate counter 

electrode. The working electrode slides with an average size of 0.5 cm2 were mounted into 

a PEEK holder and contacted from the top by a gold wire enclosed in a quartz tube. Ar-

purged 0.1 M H2SO4 (H2SO4 Sigma Aldrich, 99.999 %) was used as electrolyte. The 

temperature of the cell was maintained at 25 °C by a thermostat. EC treatment was 

performed using an Ivium Compactstat potentiostat (Ivium Technologies). OLEMS 

measurements were conducted on a quadrupole mass spectrometer (Balzers Quadstar, 

Prisma QME 200) at an operating pressure of approximately 4·10−7 mbar. The OLEMS tip 

was equipped with a porous PTFE plug with a probing area of 0.79 mm2. The tip was 
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approached to the surface of the working electrode at a distance of ca. 20 µm by a 

micrometer screw with the help of a video microscope. The working electrode (WE)-tip 

distance was optimized for the highest intensity of the O2
+ ion current (m/z = 32) measured 

during the OER. A more detailed description of the utilized OLEMS setup is given 

elsewhere.52,53 

Faraday plots52,53 (i.e. gas production vs. faradaic charge) were constructed by plotting 

integrated ion currents of relevant ions (proportional to the amount of evolved gases) 

versus anodic charge supplied in the form of potential pulses (step size: 10 mV). Ion currents 

of m/z = 32 (O2
+) and m/z = 34 (H2O2

+) were continuously recorded throughout the 

experiments. Potential pulses were separated by resting periods (open circuit, j = 0 mA cm–

2), necessary to achieve temporal separation of individual OLEMS peaks.   

 

3.3. Results and discussion 

3.3.1. Structural characterization of fresh electrodes 

The influence of Mn addition on the phase composition of the electrodes was evaluated by 

XRD (Figure 3.1). The reflections of the Ti substrate remain visible in all XRD patterns. 

Sample Mn00 contains a single rutile phase, demonstrating that a solid solution of TiO2 and 

RuO2 was formed.50,54 Upon addition of Mn, a gradual shift of the rutile peaks towards 

higher diffraction angles is seen, which can be explained by a contraction of the unit cell. 

This change is due to the incorporation of Mn(IV) in the solid TiO2-RuO2 solution.49 The ionic 

radii of Mn(IV), Ti(IV) and Ru(IV) are 67 pm, 74.5 pm, and 76 pm, respectively. As the 

differences in ionic radii among the elements are less than 15%, we can expect that Mn can 

easily enter into the solid solution of TiO2-RuO2. For Mn09 and Mn33 with a low Mn content, 

no diffraction patterns characteristic of Mn-oxides could be observed. This does not exclude 

the presence of very small domains of Mn-oxides or amorphous Mn-oxides. Samples with a 

higher Mn content (Mn44 and Mn60) exhibit diffraction peaks of Mn3O4 and Mn2O3. Thus, 

part of the Mn has segregated into separate Mn-oxide phases. The XRD patterns also show 

that a Mn content of the film higher than 9 at% results in a decrease of the rutile peak 

intensities, suggesting that the film becomes increasingly disordered due to the presence 

of Mn, as previously reported for RuO2 – MnOx electrodes.45  

The oxidation state of manganese was investigated by XPS. As Mn 2p region of mixed MnOx 

compounds is composed of broad overlapping features with nearly similar BE (binding 

energy) values due to the multiplet splitting of Mn 2p (e.g. Mn(II) – 641.4 eV, Mn(III) – 641.4 
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eV, Mn(IV) – 641.8 eV),55 we focused on Mn 3s spectra to determine the chemical 

composition and oxidation state of Mn in the samples (Figure B2a). The Mn 3s peak is split 

due to exchange coupling between the 3s hole and the 3d electrons of Mn.56 For the 

interpretation of these spectra, we followed the relevant literature.24,56–59 The observed 

splitting values for samples Mn33, Mn44, and Mn60 range from 5.22 to 5.40 eV (Table B1), 

typical for Mn(II) and Mn(III).56–58 This is in keeping with the presence of Mn3O4 and Mn2O3 

derived by XRD patterns of these samples. The lower splitting for sample Mn09 (5.05 eV) 

indicates an overall increase in the oxidation state of Mn, which can be attributed to the 

additional presence of Mn in higher oxidation state (Mn(IV), splitting value 4.5 eV). This 

result is consistent with the insertion of part of the Mn in the TiO2 – RuO2 solid solution as 

Mn(IV), as discussed above.  

For two selected samples, Mn00 and Mn44, survey spectra and fitted Ru 3d spectra are 

reported (Figure 3.2a, b). The analysis of the Ru 3d spectra of Mn00 and Mn44 samples, 

done in accordance with the model proposed by Morgan,51 shows that Ru is present in form 

of RuO2 (BE Ru3d5/2 = 280.6 ± 0.2 eV). Apart from the two RuO2 main peaks (Ru 3d5/2 and Ru 

3d3/2), we can also see two characteristic features (BE Ru3d5/2 sat. ≈ 282.5 eV) which can be 

ascribed to RuO2 satellite peaks.51 The asymmetry of the RuO2 lines is due to its metallic 

conductive nature. The absence of Cl-related peaks in Ru 3d (RuCl3·xH2O, BE Ru 3d5/2 = 282.2 

eV) and survey spectra (BE Cl 2p ≈ 200 eV) indicates that the Ru and Mn precursors were 

completely converted into oxides. Survey spectra show that the samples contain Ti, Ru, O, 

C and Mn (the latter only for Mn44), with no other elements present in detectable amounts. 

The presence of adventitious carbon (visible in the Ru 3d spectra) can be explained by the 

fact that the samples were handled in air.60 The metal content at the surface of samples 

Mn00 and Mn44 are reported in Table B2. Mn00 shows the same Ti:Ru ratio at the surface 

as the nominal composition of the sample. For Mn44, an enrichment of Mn is observed, 

which suggests that the Mn-oxides present in this sample tend to segregate toward the 

surface of the electrode.  
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Figure 3.1. X-ray diffractograms of the mixed TiO2-RuO2 samples. Dashed lines indicate the rutile peaks of the solid 

solution formed by TiO2 (JCPDS#21-1276) and RuO2 (JCPDS#40-1290). [*] Mn3O4 (JCPDS#24-0734), [+] Mn2O3  

(JCPDS#41-1442) peaks. 

 

 

Figure 3.2. a) Survey and b) Ru 3d XPS spectra of samples Mn00 and Mn44. Grey components in the Ru 3d region 

are related to C 1s peaks.  
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The effect of Mn addition on the morphology of the anodes was investigated by means of 

Field-Emission Scanning Electron Microscopy (FESEM). The images at low magnification 

(Figure B3) give an idea of how manganese modifies the surface morphology. In Figure 3.3, 

micrographs acquired both in SE (secondary electrons) and BSE (backscattered secondary 

electrons) are reported for all the investigated samples. TiO2-RuO2 anodes exhibit a mud-

cracked morphology (Figure B3a), well-known for this kind of materials45,54,61,62 and ascribed 

to the tensile stress induced by the applied thermal treatment.54,62 Indeed, Mn00 and Mn09 

(Figure B3a, b and Figure 3.3a, b) show a similar morphology, with a lower degree of 

roughness and fewer fractures on the outermost layer. In Mn09, a slight increase of the 

roughness can be seen compared to Mn00. By taking advantage of the compositional 

contrast arising from the BSE, it is possible to get an impression of the ruthenium dispersion 

(i.e., Ru has a higher atomic number than both Ti and Mn). Ruthenium-rich particles are 

observed both on the plain surface and in the cracks of the electrode (Figure 3.3f, g). This is 

in agreement with EDX elemental mapping of the sample Mn00 (Figure B4); for this reason, 

all other samples are discussed referring to micrographs acquired using the BSE detector.  

The sample morphology drastically changes when the Mn content is further increased 

(Mn33, Mn44, and Mn60): the structures become rougher and more porous (Figure B3c, d, 

e). In sample Mn33, some porous areas with smaller and more irregular cracks than 

observed for Mn00 and Mn09 are interconnected by a three-dimensional network of 

“sunflower”-like structures (Figure 3.3c). By looking at the compositional contrast (Figure 

3.3h), the sample appears quite homogeneous and Ru-rich particles disappear. This 

suggests that the cracks observed for the first two samples, Mn00 and Mn09, are mainly 

due to the crystalline growth and slight segregation of RuO2 particles. This effect is not 

observed for Mn33 sample, partially because of the reduced loading of ruthenium. A similar 

effect is found for samples Mn44 and Mn60 (Figure 3.3d, e): in these two samples, the 

porous surface of the electrodes presents some craters. Sample Mn60 also exhibits deep 

fractures of the film and a homogeneous Ru dispersion (Figure 3.3i, j), with a slight 

enrichment in Ru mainly in the rims of the circular craters. 

The porous structure of samples Mn33, Mn44, Mn60, with bubble-like features, is most 

likely due to differences in surface tension of the Mn-containing solution, a parameter that 

is well known to influence the morphology of the final material in DSA® anodes by changing 

the rate of evaporation.34 The addition of Mn chloride can alter the surface tension of the 

solution, promoting the formation of bubbles due to released gases during precursor 

decomposition. 
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Figure 3.3. Electron micrographs acquired in normal detection mode using secondary electrons (top) and back-

scattered electron (BSE) mode (bottom) of samples: a, f) Mn00; b, g) Mn09; c, h) Mn33; d, i) Mn44; e, j) Mn60. 

Scale bars are 2 µm. 

 

3.3.2. Electrochemical characterization 

The catalytic activity was assessed by linear sweep voltammetry (LSV) at a scan rate of 0.5 

mV s−1 (Figure 3.4a). This low scan rate was chosen to minimize the amount of current 

generated by the capacitive effect and in order to obtain the corresponding Tafel plots 

reported in Figure 3.4b. The bare titanium substrate exhibits negligible current densities in 

all potential ranges applied in this work (Figure B1a, b), and thus its contribution to the 

catalytic activity for OER can be ignored. 

The addition of manganese led to a significant cathodic shift of the voltammograms. Already 

the sample with the lowest Mn content (Mn09) showed a significant increase in the 

recorded current density compared to the Mn-free sample (Figure 3.4 and Table 3.2). This 

sample is also more active than a pure RuO2 sample prepared with the same method. For 

samples Mn33, Mn44, and Mn60, a further increase of the catalytic activity is observed. 

Before, it has been shown that the inclusion of Mn in the RuO2 lattice enhanced the catalytic 

activity of RuxMn1-xO2 anodes in water oxidation under acidic conditions and the synergy 

was most pronounced for x = 0.30.49 We demonstrate in this work that Mn also promotes 

the electrocatalytic performance of TiO2-RuO2 mixed anodes. Even though at higher content 

Mn addition leads to segregation of Mn-oxides, this is not detrimental to the synergistic 

effect between Mn and these dimensionally stabilized TiO2-RuO2 anodes.  

To confirm that the increased activity is due to a synergistic effect between Mn and Ru and 

not to Mn itself, we evaluated the activity of a Ru-free sample prepared from a solution 

containing 70% titanium and 30% manganese precursors (Ti0.7Mn0.3). This sample showed 
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negligible current densities compared to those recorded for Ru-containing samples (Figure 

B5).  

The performance of the electrodes was evaluated from the overpotential (η) required to 

reach a current density of 1 mA cm–2 or 10 mA cm–2. Clearly, η was significantly lowered, 

nearly proportionally with the Mn loading (Table 3.2 and Figure 3.5). The lowest 

overpotential at j = 10 mA cm–2 is observed for the Mn44 electrode (η = 386 mV). Its 

overpotential (386 mV) is only 26 mV higher than the overpotential reported for a thin film 

of pure RuO2 in 0.05 M H2SO4,63 and 46 mV higher than the value reported for an IrOx catalyst 

in 1 M H2SO4.8 We stress the promising performance of sample Mn44 prepared in a simple 

procedure, whose activity is comparable to that of pure ruthenium- or iridium-based 

systems. The benefit of our composition is that the noble metal content is considerably 

lower. We highlight that this sample, containing only 17 at% Ru, reaches the target of 

activity designated to highly promising catalysts (η10 < 400 mV) in an acidic electrolyte.64 

We also determined Tafel slopes for the different samples. Tafel slopes for Mn09 and Mn33 

are only slightly higher (44-56 mV dec–1) than for Mn00. Only sample Mn60 exhibited a slope 

higher than 60 mV dec–1. Mn44 exhibited a Tafel slope of 50 mV dec–1, close to the value 

determined for Mn00 (44 mV dec–1). The changes in the Tafel slopes are indicative of 

different reaction mechanisms. While Tafel slopes of about 40 mV dec–1 are typical for a 

second electron transfer being the rate-determining step of the reaction, values of about 

60 mV dec–1 indicate that a chemical step is taking place before the OER.65 For the sample 

Mn60, we speculate that electro-oxidation of Mn2+ as a chemical step prior to oxygen 

evolution, as already identified as the rate-determining step in pure MnOx-catalyzed water 

oxidation at pH < 8.25 The value of the Tafel slope of sample Mn44 of 50 mV dec–1 is in line 

with values reported for Ru-based OER catalysts, i.e. in the 30 – 60 mV dec–1 range,66,67 and 

lower than the Tafel slopes reported for Ir-based catalysts (typically 55- 65 mV dec–1 

range).68,69 

As the very different morphologies of the films can influence the current densities exposing 

more active sites, we also determined the electrochemical surface area (ECSA). Higher 

surface areas contribute to higher the observed current densities;70 it is therefore relevant 

to normalize the results based on the ECSA to gain insights into the intrinsic activity. The 

normalization with the geometric area only does not allow to distinguish whether an activity 

change is caused by extrinsic (different surface areas) or intrinsic factors (“real” 

electrocatalysis). The ECSA was evaluated from the ratio between the double-layer 

capacitance obtained by EIS and the specific capacitance of metal oxides in acidic 

electrolytes (35 μF cm−2), following the approach described by McCrory et al.27 We refer to 
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their work for the explanation of the assumptions and accuracy of the method.27 As follows 

from Table 3.2, the ECSA substantially increases when the Mn content is raised. The effect 

on the ECSA is most pronounced when the Mn content is increased from 0 to 33 at%. The 

nearly one order of magnitude increase shows a strong textural influence of Mn on the 

catalytic performance. The ECSA differences are in qualitative agreement with the FESEM 

images.  

However, even after normalization of the Tafel plots with the values of the ECSA instead of 

the geometric areas (Figure 3.4c), we can still observe a shift of the curves towards higher 

current densities. In particular, the trend in the low overpotential region is similar to the 

trend observed for the current densities normalized with the geometric area, where the 

catalytic activity increases with the Mn content. This finding shows that a higher content 

also affects the intrinsic activity of the anodes. In the high overpotential region, the sample 

with the highest intrinsic activity is Mn09. This may find its origin in the mass transport 

limitations for the samples Mn33, Mn44 and Mn60 by vigorous oxygen bubble formation at 

the surface.  

In Table 3.2 we evaluated the specific current densities normalized with the values of ECSA 

for all the samples at a fixed overpotential of 300 mV. The results show an increase of the 

specific activity upon Mn addition up to sample Mn44, which displayed the best 

performance. The recorded specific current density for sample Mn44 (3.85 μA cm–2
ECSA) is 

substantially higher compared to Mn00 (1.31 μA cm–2
ECSA). A further increase in Mn content 

did not yield to a further increase in the specific activity. To the best of our knowledge, no 

ECSA-normalized results of the catalytic performances of similar systems (i.e., RuO2 –MnOx) 

have been previously reported. Thus, our findings show that, in addition to the positive 

influence of manganese on the dispersion of Ru, there is also a qualitative influence of the 

Mn promoter on the Ru active sites. The activity enhancement can be due to the presence 

of defects in the rutile structure resulting from Mn insertion into the TiO2-RuO2 solid 

solution, as observed by XRD. The presence of disordered surface structures can lead to 

increased OER performance, because the higher density of unsaturated sites enhances 

reactant adsorption and the higher structural flexibility of the active sites stabilizes the 

formation of intermediates. This is for instance observed for RuO2, the amorphous form 

exhibiting a higher OER activity than its crystalline counterpart.71 The enhanced activity of 

catalysts with a high number of oxygen vacancies finds origin in the participation of lattice 

oxygen atoms in the oxygen evolution, which is also the reason of the higher dissolution 

rates usually recorded for these materials.72  
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Figure 3.4. a) Linear sweep voltammetries and b) corresponding Tafel plots of the anodes recorded in 0.1 M H2SO4. 

Linear Tafel regions are indicated by dashed lines. c) Tafel plots of the electrodes normalized with ECSA. 
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Table 3.2. Summary of overpotentials at 1 and 10 mA cm-2
geo (η1, η10), Tafel slopes, ECSA values, and specific 

current densities at an overpotential of 300 mV normalized with ECSA (jspec, η=300 mV). 

Sample ID 
η1, 

mV 

η10, 

mV 

Tafel slope, 

mV dec–1 

ECSA, 

cm2 

jspec, η=300 mV, 

μA cm–2
ECSA 

Mn00 404 609 44 54 1.31 

Mn09 338 448 50 180 1.65 

Mn33 290 416 56 497 2.78 

Mn44 273 386 50 594 3.85 

Mn60 268 402 61 669 3.51 

 

 

Figure 3.5. Overpotentials of mixed TiO2-RuO2-MnOx anodes required to reach current densities of 1 mA cm–2 and 

10 mA cm–2 determined by LSV in a 0.1 M H2SO4 solution at 25 °C. Current densities are normalized on the 

geometric areas of the electrodes.  

 

The stability of the catalysts was evaluated by chronopotentiometry (CP) conducted for 6 h 

in 0.1 M H2SO4 at a current density of 1 mA cm–2. The addition of Mn not only results in 

increased electrocatalytic activity but also in improved stability (Figure 3.6). This improved 

stability is already evident at a Mn content of 9 at%. The overpotential remains nearly 

constant during the CP measurement, in contrast to sample Mn00. Sample Mn33 shows an 

increase in the overpotential during time, yet still exhibiting lower values at the end of the 

test compared to the samples with a lower Mn content. We ascribe the increase of 

overpotential for this sample to its three-dimensional porous structure, which is 

substantially altered during the electrochemical treatment as will be shown below. Sample 
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Mn44 is not only the most active sample but also displays the highest stability, i.e. the 

overpotential remains below 300 mV after 6 h. A similar value was recorded for the sample 

with the highest Mn content (Mn60). 

 

 

Figure 3.6. Chronopotentiometries of mixed TiO2-RuO2-MnOx anodes recorded in 0.1 M H2SO4 at a constant current 

density of 1 mA cm–2. 

 

3.3.3. Effect of electrochemical treatment on the electrodes 

The influence of a prolonged electrochemical treatment on the electrode morphology was 

analyzed by means of FESEM. Micrographs of the anodes at high magnification are reported 

for all the samples in Figure 3.7 (micrographs at low magnification in Figure B3). The 

morphology of samples with no Mn or a low Mn content (Mn00 and Mn09) does not 

substantially change upon electrochemical treatment (Figure B3f, g, and Figure 3.7a, b, f, g). 

Mostly, a flattening of the surface and a reduced number of cracks are noticed. A severe 

morphology change is visible for sample Mn33, which can explain the substantial change in 

performance during the treatment. The ordered and porous structure characterizing the 

fresh sample Mn33 is unstable under OER conditions, as it is converted and replaced by a 

disordered and rougher structure (Figure B3h and Figure 3.7c, h) after the electrochemical 

treatment. The samples with a high Mn content (Mn44 and Mn60) maintain a morphology 
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with craters (Figure B3i, j and Figure 3.7d, e) with a homogenous dispersion of the elements 

(Figure 3.7i, j). 

 

Figure 3.7. Electron micrographs acquired in normal detection mode using secondary electrons (top) and back-

scattered electron (BSE) mode (bottom) of samples after 6 h of electrolysis at 1 mA cm–2 in 0.1 M H2SO4: a, f) Mn00; 

b, g) Mn09; c, h) Mn33; d, i) Mn44; e, j) Mn60. Scale bars are 2 µm. 

 

X-ray diffractograms of the tested samples (Figure B6) show for all the samples a decrease 

in peak intensities, which is an evidence of a lowered crystallinity of the electrodes due to 

the electrochemical treatment. The sharp peaks originating from the Mn-oxides observed 

in fresh Mn44 and Mn60 samples are absent in the spectra of the used anodes. Thus, the 

electrochemical treatment causes a substantial decrease in the crystallinity and, possibly, 

leaching of Mn from the anode surface. As the overpotential at the end of the stability tests 

remains lower for the Mn samples from which crystalline Mn-oxides were removed, it is 

likely that their higher catalytic activity originates from the inclusion of Mn in the lattice of 

the mixed TiO2-RuO2 rutile phase and the porous structure with a better Ru dispersion.  

XPS results (Table B2) show that the Mn content of sample Mn44 at the surface dramatically 

decreased from 71 at% in the fresh sample to 14 at% after electrochemical treatment. The 

peak splitting of the samples with a higher Mn content decreased significantly (Figure B2b, 

Table B1). From the values for the used catalysts, we infer that the remaining Mn is mainly 

present as Mn(IV),56–58 likely as a substituent in the TiO2-RuO2 lattice. The Mn(II) and Mn(III) 

species present in the fresh samples as segregated oxides were further oxidized during 

electrochemical oxidation and eventually dissolved in the solution as MnO4
–.73 The aspect 

of stability is further investigated in the remainder of this work. Based on the activity and 

stability results, we selected sample Mn44 for these further investigations, because this 

sample had the lowest overpotential at a current density of 10 mA cm–2 during the LSV, the 



Chapter 3 

68 

 

lowest overpotential at the end of the chronopotentiometry, lower Tafel slope compared 

to Mn60, and the highest specific current density at an overpotential of 300 mV. 

3.3.4. Online Electrochemical Mass Spectrometry (OLEMS)  

In contrast to conventional electrochemical analysis, OLEMS provides semi-quantitative 

information on the gases evolving at the electrode. A low detection limit and fast response 

enable instantaneous detection of reaction products during dynamic electrochemical 

treatment. We employed OLEMS to determine the OER onset potentials for samples Mn00 

and Mn44 by measuring the O2 signal as a function of the applied potential (Figure 3.8a, b). 

Surprisingly, the onset potentials of the O2 production were nearly similar for these two 

samples, i.e., 250 ± 10 mV and 260 ± 10 mV, respectively. Although this seems to be in 

disagreement with the overpotentials reported in Table 3.2, we suspect that, at this initial 

stage, a part of the charge is used to oxidize Mn, as we will discuss below. 

OLEMS can also be used for studying competitive reactions by means of Faraday plots.52 In 

Figure B7 we report the three-dimensional representations of the gas production versus 

potential applied and charge for both the samples Mn00 and Mn44. The projections in two 

dimensions of the gas productions versus the charge result in the Faraday plots, reported 

in Figure 3.8c, d. Faraday plots represent the potential dependence of the amount of 

product formed per amount of supplied faradaic charge, in accordance with the Faraday’s 

law of electrolysis. Linearity between the gas production and faradaic charge is expected 

for systems where only a single faradaic reaction occurs in the studied potential range. 

Deviations can occur when more than one faradaic reaction is involved. Figure 3.8c shows 

a linear behavior of O2 production against faradaic charge for sample Mn00, suggesting that 

the OER is the major electrochemical reaction occurring at E = +1.50 ÷ 1.63 V. On the 

contrary, a Faraday plot for sample Mn44 exhibits two distinct regions in E1 = +1.50 ÷ 1.54 

V and E2 = +1.54 ÷ 1.63 V with different slopes (Figure 3.8d). The lower slope in region E1 

compared to region E2 indicates that part of the charge is used for another reaction than 

the OER. Considering the Pourbaix diagram of Mn in water,74 we surmise that, at E1, part of 

the charge is consumed to oxidize Mn2+ and Mn3+ to Mn(IV) and Mn(VII) in accordance with 

XPS analysis (Figure B2 and Table B1). The formation of MnO4
- leads to partial dissolution of 

Mn into the electrolyte.25 



Chapter 3 

69 

 

 

Figure 3.8. Potential-dependent O2
+ (m/z = 32) ion currents of a) Mn00 and b) Mn44 samples recorded at low 

overpotential values (η > 240 mV); corresponding Faraday plots of c) Mn00 and d) Mn44 recorded at E = 1.50-1.63 

V.  

 

During the OLEMS experiment, we also monitored the signal of the fragment m/z = 34 

(H2O2
+). At the highest potential applied in our experiment (E = 1.63 VRHE, i.e. ηOER = 400 mV), 

this signal accounted for 0.4 ± 0.2 % of the sum between O2
+ and H2O2

+  for both Mn00 and 

Mn44. However, as the thermodynamic potential of the oxidation of water to H2O2 is +1.77 

VRHE, the formation of H2O2 has to be ascribed to the recombination of molecular H2 and O2 

present in the solution.75 
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3.3.5. Stability evaluation: XPS depth profiles and ICP-OES  

To compare the stability of sample Mn44 with sample Mn00 under more severe conditions, 

we subjected the two samples to a constant electrolysis at E = +1.8 VRHE for 17 h. These tests 

aimed to provide insights about the structural modifications occurring to the anodes during 

prolonged electrolysis. The chronoamperograms (Figure B8) show a significant decrease of 

the current density for the sample Mn44 at the beginning of the test. After this rapid 

decrease, the current density stabilizes and even after 17 h the recorded current density 

remains higher than for Mn00. To better understand the degradation process occurring 

during long-term electrolysis, we performed XPS depth profiling for fresh samples and those 

subjected to 3 h or 17 h electrolysis at E = +1.8 VRHE. XPS depth profiling analysis comprises 

cycles of high-energy ion sputtering alternated with XPS measurements. The sputtering 

time is proportional to the thickness of the layer removed during a sputtering cycle. As a 

direct correlation between sputtering time and thickness can only be obtained for systems 

with known sputtering constants, the thickness of the analyzed sample is usually only given 

in terms of sputtering times. Figure 3.9 shows XPS depth profiles for Mn00 and Mn44 before 

and after electrolysis for 3 and 17 h (more data in Figure B9). The changes in the depth 

profiles were more pronounced for Mn44 than for Mn00. For Mn44, leaching of Ru- and 

Mn-oxides is pronounced after 3 h with only limited changes after further electrolysis. From 

this, we conclude that the EC-induced dissolution of RuO2 occurs mostly at the initial stage 

of electrolysis, in keeping with literature.76–78 Mn leaching is much more severe than Ru 

leaching, indicative of the lower stability of the former in the film. The thickness of the films 

can be semi-quantitatively evaluated from the sputtering times needed to remove Ru and 

obtain the pure Ti0 substrate signal. Clearly, this sputtering time is much longer for Mn44 (ts 

≈ 3.5 h) than for Mn00 (ts ≈ 2 h), confirming that Mn addition increases the thickness of the 

film by modifying its morphology. 
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Figure 3.9. XPS depth profiles of a, b) Mn00 and: c, d, e, f) Mn44 subjected to E = 1.8 VRHE in 0.1 M H2SO4 for 3 h (a, 

c, e) and 17 h (b, d, f). 
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We also measured the elemental composition of the used electrolytes by ICP-OES after 17 

h electrolysis (Table 3.3). 

The potential applied in the chronoamperometry is higher than the thermodynamic 

potentials of Ru and Mn dissolution. Ru anodic dissolution involves the formation of RuO4 

thorough the following reaction:  

RuO2 + 2H2O → RuO4 + 4H+ + 4e–       (3.2) 

The formation of RuO4 has a thermodynamic potential of 1.387 VSHE
36,79 and its onset is 

typically observed close to the OER onset.80,81 

The dissolution of Mn2O3 and Mn3O4 in H2SO4 includes the formation of an oxyhydroxide,82 

which undergoes disproportionation through the following reaction:  

2MnOOH + 2H+ → MnO2 + Mn2+ + 2H2O     (3.3) 

At potentials higher than 1.7 VRHE, MnO2 is oxidized to MnO4
– through the following 

reaction: 

MnO2 + 2H2O → MnO4
– + 4H+ + 3e–      (3.4) 

The amount of dissolved metals and the dissolution rates normalized to the geometric 

surface area listed in Table 3.3 confirm that leaching of Ru, Mn and Ti is more pronounced 

for Mn44 than for Mn00. This higher dissolution rate can derive from the approximately 

one-order of magnitude higher ECSA of Mn44 in comparison to Mn00. The ruthenium 

dissolution rate for sample Mn44 (5.04 nmol cm–2 h–1), even though higher than for sample 

Mn00, is lower than what previously reported for pure RuO2.63
 This implies that this novel 

anode composition presents an increased activity compared to standard DSA®, still 

benefiting from the stabilizing effect of TiO2. 

 To take into account the different electrochemical surface areas exposed, we normalized 

the dissolution rates on the ECSA. The resulting data also given in Table 3.3 show that the 

surface-normalized Ru dissolution rate in Mn44 (0.008 nmol h–1 cm–2
ECSA) is two times lower 

than in Mn00 (0.019 nmol h–1 cm–2
ECSA). However, as the Ru content in the Mn00 is twice 

that in Mn44, we conclude that the dissolution rates are nearly similar. 

The Ti dissolution rate is higher for Mn44 than for Mn00, which is most likely due to the 

more extensive exposure of the Ti substrate in the more open Mn-containing film. 

Therefore, we infer from these data that dissolution of Ru is mainly more severe in the 
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porous film due to the higher surface area and also that Mn does not influence the intrinsic 

stability of the films.  

The elemental analysis results obtained by ICP-OES can be used to calculate the charge 

spent in metal dissolution processes by applying Faraday’s law and to derive the Faradic 

efficiencies of these reactions. Assuming that (3.2) and (3.4) are the oxidation reactions of 

ruthenium and manganese in sample Mn44, the Faradaic efficiencies of the dissolution of 

ruthenium and manganese are 0.007% and 0.025%. These extremely low values, in 

combination with the low selectivity of H2O2 measured by OLEMS (0.4 ± 0.2 %), led us to 

conclude that OER is the main reaction taking place at the anode. 

 

Table 3.3. Amount of metals dissolved during 17 h of constant electrolysis at E = 1.8 VRHE and leaching rates 

normalized with ECSA (metal content determined by ICP-OES elemental analysis). 

 Mn00 Mn44 

Ru, nmol cm–2 17.8 ± 0.4 85.6 ± 0.5 

Mn, nmol cm–2 n/a 412 ± 1 

Ti, nmol cm–2 42.1 ± 0.1 711.1 ± 0.9 

Ru, nmol h–1 cm–2 1.05 ± 0.02 5.04 ± 0.03 

Mn, nmol h–1 cm–2 n/a 24.26 ± 0.07 

Ti, nmol h–1 cm–2 2.47 ± 0.01 41.8 ± 0.1 

Ru, nmol h–1 cm–2 
ECSA 0.019 ± 0.001 0.008 ± 0.001 

Mn, nmol h–1 cm–2
 ECSA n/a 0.041 ± 0.001 

Ti, nmol h–1 cm–2 
ECSA 0.046 ± 0.001 0.070 ± 0.001 
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3.4. Conclusions 

In this work, we synthesized mixed TiO2-RuO2 electrodes for acidic water electrolysis by a 

sol-gel method and investigated the influence of Mn addition on the structure, morphology, 

activity, and stability of the electrodes for the oxygen evolution reaction. The presence of 

Mn in the preparation led to a more open structure of the mixed oxide film, evident from a 

strong increase of the electrochemical surface area. Surface-area corrected current 

densities suggest that Mn inclusion in the film results in a higher intrinsic electrochemical 

activity of the mixed oxide compared to TiO2-RuO2. Detailed characterization shows that 

Mn is predominantly inserted into the rutile phase, while the segregation of Mn-oxides is 

evident at higher Mn content. The most active sample contains 44 at% Mn and reaches an 

overpotential of 386 mV at a current density at 10 mA cm–2, and proved to be stable during 

electrolysis for 6 h. Its Tafel slope was 50 mV dec–1, close to the value recorded for Mn00 

(44 mV dec–1). This performance is high considering that the catalyst was obtained by a 

simple preparation method and the final film only contained 17 at% Ru. The presence of Mn 

not only contributes to boosting the electrochemical OER performance of TiO2-RuO2 but, at 

the same time, drastically decreases the precious metal content and thus the price of the 

anodes. As the segregated Mn-oxides are removed during long-term electrolysis, it is 

reasonable to conclude that the synergistic effect is due to the inclusion of Mn in mixed 

TiO2-RuO2 anodes. Detailed analysis of the anode surface during long-term electrolysis 

shows that Ru dissolution is higher in the more porous Mn-promoted film than for the TiO2-

RuO2 one. Normalization of dissolution rates suggests that the intrinsic dissolution rate of 

Ru is independent of the morphology and also does not depend on the presence of Mn.  
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Appendix B 

Supporting Information for Chapter 3 

 

B.1.  Electrochemical performance of Ti substrate 

The impact of anodic current densities of Ti substrate was evaluated in the wide range of 

anodic potentials used in this work (Figure B1a). Even at highest anodic potential (E = +1.8 

VRHE) the current density of the Ti substrate was found to be negligible (jTi ≈ 1.4 µA cm–2, 

Figure B1b) compared to the observed current densities of the tested electrodes (j > 1 mA 

cm–2, e.g. Figure 3.4a). 

 

 

Figure B1. a) Linear Sweep Voltammogram and b) chronoamperogram (E = +1.8 VRHE) of bare Ti substrate recorded 

in 0.1 M H2SO4. 
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B.2.  XPS analysis of Mn-doped anodes 

 

Table B1. Values of Mn 3s splitting (± 0.05 eV) for the electrocatalysts. 

Sample ID 

Δ Mn 3s (eV) 

Fresh anodes 
After 6 hours 

at j = 1 mA cm–2 

Mn09 5.05 5.05 

Mn33 5.29 5.16 

Mn44 5.22 4.85 

Mn60 5.40 4.81 

 

 

Figure B2. Mn 3s spectra of the samples subjected to 6 hours of electrolysis in 0.1 M H2SO4 at j = 1 mA cm–2. 

 

Table B2. Surface fraction of metals in samples Mn00 and Mn44 determined by XPS. Values in brackets indicate 

the values after the samples were tested at 1 mA cm–2 for 6 h in 0.1 M H2SO4. 

Sample ID Ti, at% Ru, at% Mn, at% 

Mn00 70 (68) 30 (32) - 

Mn44 18 (49) 11 (34) 71  (17) 
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B.3.  Morphology of electrodes 

 

 

Figure B3. Low magnification electron micrographs acquired in normal detection mode using secondary electrons 

for fresh samples (top) and samples after 6 h of electrolysis in 0.1 M H2SO4 at j = 1 mA cm–2 (bottom): a, f) Mn00; 

b, g) Mn09; c, h) Mn33; d, i) Mn44; e, j) Mn60. Scale bars are 20 µm. 

 

 

B.4.  Elemental distribution in Mn00 sample 

 

Figure B4. EDX elemental mapping of fresh sample Mn00 of titanium (red) and ruthenium (blue). Scale bars are 

equal to 10 µm.
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B.5.  Electrochemical performance of sample Ti0.7Mn0.3 

 

Figure B5. Linear sweep voltammogram of sample Ti0.7Mn0.3 recorded in 0.1 M H2SO4. 

 

 B.6.  XRD of electrochemically tested samples 

 

Figure B6. X-ray diffractograms of the samples after 6 hours of electrolysis at 1 mA cm–2 in 0.1 M H2SO4. Dashed 

lines indicate the rutile peaks of the solid solution formed by TiO2 (JCPDS#21-1276) and RuO2 (JCPDS#40-1290).
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B.7.  Online Electrochemical Mass Spectrometry (OLEMS) 

 

 

 

Figure B7. Three-dimensional representations correlating the O2 production with potential and charge for samples 

a) Mn00 and b) Mn44 in 0.1 M H2SO4. The projections of the O2 production versus charge result in the Faraday 

plots, which are reported in Figure 3.8c,d in the main text.  
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B.8.  Stability evaluation of the anodes 

 

Figure B8. Chronoamperograms of the samples subjected to long-term stability test (E = +1.8 VRHE, 0.1 M H2SO4, 17 

h). 

 

 

B.9.  Homogeneity of the elemental distribution in the anodes 

In order to evaluate the homogeneity of the as-prepared Mn00 and Mn44 films, XPS depth 

profiles were taken at different spots on the surface of the fresh anodes. To construct the 

depth profiles (DPs) for Ru, Ti and Mn, we used the integrated areas of Ru 3d, Ti 2p and Mn 

2p core levels, respectively. No additional deconvolution of the spectral regions was 

performed due to the artificial changes in oxidation states induced by high-energy Ar+ 

sputtering. Thus, the areas of Ti 2p and Ru 3p core levels were integrated as a single region 

due to their significant overlap.  

The differences in sputtering times within the sample were then compared to detect any 

possible deviation in bulk elemental distribution. Only slight changes in the bulk elemental 

distribution were observed for Mn00. Particularly, at the sputtering times higher than 50 

min (i.e. 42 % of the film thickness) some variations in Ru distribution were observed and 

did not exceed 5 % (Figure B9a). The same behavior was found for Ti distribution in this 

sample (Figure B9b). Mn44 electrode demonstrates a slightly higher degree of 

inhomogeneity, reaching 5-10% of DPs mismatch at most (Figure B9c, d). 
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Figure B9. XPS depth profiles of fresh a-b) Mn00 and c-d) Mn44 samples taken in different spots of the sample. 
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Chapter 4 

Promoting oxygen evolution of IrO2 in acid electrolyte 

by Mn 

 

 

 

Abstract 

IrO2 is considered one of the most active electrocatalysts for the oxygen evolution reaction 

(OER) relevant to electrochemical water splitting in, for instance, proton-exchange 

membrane electrolyzers. Scaling up of such catalysts is hampered by the high price of Ir. We 

demonstrate in this work that IrO2 can be promoted by Mn in terms of electrochemical 

performance at nearly similar stability. The enhancement in electrochemical performance 

can be attributed to a higher electrochemically active surface and a higher intrinsic activity 

of the Ir-Mn oxide surface. Mn promotion led to lower Tafel slopes and higher surface-

normalized current densities and can be related to the introduction of Mn in the crystalline 

structure of IrO2. Specifically, the introduction of Mn led to an increased amount of Ir3+ 

species at the surface, which are thought to be involved in the OER. Extensive 

characterization showed that the fresh anodes consisted of Mn-doped IrO2 with Mn3O4 at 

higher Mn content. The latter spinel oxides were easily removed during initial anodic 

polarization. The synergy between Ir and Mn is maintained during chronopotentiometric 

stability test.  
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4.1.  Introduction 

The increasing supply of energy obtained from fluctuating renewable sources requires 

proper solutions to store the excess of mostly electric energy for successive use. Water 

splitting is a promising technology to convert energy from intermittent sources into 

hydrogen, which can be used as fuel or chemical.1 The sluggish kinetics of the oxygen 

evolution reaction (OER) taking place at the anode constitutes a major hurdle in scaling up 

this process.2 Thus, improved OER catalysts are needed to increase the reaction rate and 

thus to maximize the overall efficiency of electrochemical water splitting reactors.3 The 

acidic conditions used in electrolyzers utilizing a proton-exchange membrane (PEM) limit 

the choice of suitable metals for OER catalysts.4,5 Ir-oxide represents the state of the art in 

terms of activity and stability among PEM-based OER catalysts.6 The high price of Ir, which 

is a by-product of Pt production, hinders the scalability of PEM water electrolysis 

technology.7 Two explored methods involve the tailoring of Ir-oxides in terms of crystallinity 

and the addition of cheaper transition metals towards higher activity and stability in the 

OER.  

Hydrous and amorphous IrO2 exhibited higher OER activity in comparison to crystalline and 

thermally prepared IrO2.8,9 The high activity of hydrous IrO2 has been attributed to bulk 

defects in the early work of Gottesfald and Srinivasan.10 A lower calcination temperature 

for thermally prepared Ir-oxides was also found to enhance OER activity, presumably due 

to the higher structural flexibility of the surface.11 More recently, Pfeifer et al. ascribed the 

higher activity of amorphous IrO2 compared with rutile IrO2 to increased amounts of Ir3+ and 

electrophilic oxygen (O-) species at the surface.12,13 On the other hand, less crystalline and 

hydrous IrO2 suffers from lower stability, because it is prone to a faster dissolution under 

OER conditions.11,14,15 With a few exceptions, a lower calcination temperature is reported 

to increase the activity of IrO2, albeit that the stability is impeded.9,14 Recently, Geiger at al. 

explained the low stability of amorphous Ir-oxide by the instability of Ir intermediates 

caused by oxygen vacancies.16 The authors mentioned that the strategies for the 

improvement of IrO2 OER catalysts should focus on the activity improvement of crystalline 

IrO2 or the stabilization of amorphous IrO2. Thus, it is important to assess the balance 

between activity and stability of Ir-based electrocatalysts.16,17 

The introduction of cheaper elements in Ir-oxide represents another interesting approach 

to lower the Ir content of OER catalysts. A requirement is that activity and stability of the 

resulting bimetallic oxides are not significantly impeded. For example, mixed Ir-Ni oxide 

catalysts for OER18–20 exhibited higher intrinsic activity when compared to IrO2.18 Despite a 

higher activity, these catalysts are less stable due to higher Ir dissolution rates. Recently, 
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Strickler et al. investigated a series of bimetallic Ir-based materials (Ir-Sn, Ir-Cr, Ir-Ti, Ir-Ni) 

and found that Cr is the most effective promoter for achieving a high intrinsic activity of Ir-

oxide.21 In a previous report, the use of Cr and Mn as dopants for IrO2 was also reported to 

be beneficial for alkaline OER, the photo-oxidation of thiol, and CO oxidation, because it led 

to a higher number of vacancies at the catalytic surface.22 Mixed rutile IrO2-MnO2 has also 

been proposed as a suitable material for acidic water splitting;23 in two follow-up studies, 

the promising performance of F-doped mixed IrO2-MnO2 for the acidic OER was mentioned. 
24,25 Similarly, it was found that Mn incorporation led to a higher activity of RuO2

26,27 and 

mixed TiO2-RuO2 anodes,28 which share the same crystalline rutile structure with IrO2. Ir was 

also used as a dopant to increase the OER activity of cryptomelane-type Mn oxide, which 

does not crystallize in a rutile structure; the tunnel structure of cryptomelane facilitates 

water insertion into the material, which results in an enhanced OER activity.29 

Here we present a systematic investigation of the Ir-Mn synergy in the OER. We aim at 

determining the overall performance of IrO2 and Mn-doped IrO2 anodes in acidic solutions 

relevant to PEM electrolyzers and establishing structural and electronic aspects that 

contribute to Mn promotion.  

 

4.2. Experimental  

4.2.1.  Film preparation 

Electrodes were prepared by spin-coating a solution containing the metal precursors on a 

Ti substrate, followed by a thermal treatment to form the desired oxides. Before deposition, 

the Ti foils (99.5%, Alfa Aesar) were sonicated in acetone for 15 min, rinsed with ethanol, 

and then with deionized water. Ir and Mn solutions were prepared by dissolving Ir(IV) 

chloride (99.95%, Alfa Aesar) and Mn(II) chloride tetrahydrate (≥ 98%, Sigma-Aldrich) in 

absolute ethanol at a concentration of 0.5 molmetal dm–3. The solutions were then mixed to 

give the desired atomic Ir:Mn ratios followed by spin-coating on the Ti substrates at 1500 

rpm. The substrates were then spun for another 60 s at 4000 rpm to complete the 

deposition process. The as-prepared samples were finally calcined at 400 °C for 1 h in air. 

The selected Ir:Mn atomic ratios were 100:0, 75:25, 50:50, 30:70, 15:85, and 0:100. The 

samples are denoted by Mnx, in which x represents the atomic percentage of Mn.  

4.2.2.  Electrochemical characterization 

Electrochemical measurements were carried out in a standard three-electrode cell at room 

temperature with an Autolab PGSTAT30 potentiostat (Metrohm Autolab B.V.). Ti-supported 
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films with a geometric area of 1 cm2 were used as working electrodes (WE). A Pt foil (area 

≃ 5 cm2) was used as counter electrode and a Ag/AgCl electrode (Radiometer Analytical, ERE 

= +0.24 V) as reference electrode. A 0.1 M H2SO4 (H2SO4 Sigma Aldrich, 99.999%) solution 

was used as electrolyte in all the electrochemical tests. Milli-Q water (18.2 MΩ·cm) was 

used in all cleaning and dilution steps. Potentials were iR-corrected and reported vs. the 

Reversible Hydrogen Electrode (RHE). Current densities were normalized using the 

geometric areas of the electrodes unless mentioned otherwise. After immersion in the 

electrolyte, the samples were firstly subjected to five cycles of cyclic voltammetry at a scan 

rate of 50 mV s−1 in the OER region. The catalytic activity was then evaluated by linear sweep 

voltammetry (LSV) recorded at a scan rate of 1 mV s−1 in the anodic direction.  

Step chronoamperometry was conducted by increasing the potential in 20 mV steps and 

applying a hold time of 30 s at each step. This method can be considered a “quasi steady-

state” measurement as the hold time is long enough to neglect transient currents due to 

double-layer charging and oxidation state changes of the catalyst, but short enough to 

prevent catalyst degradation.21,30 The current densities measured at the end of each 

potential step were then plotted vs. the overpotential (ƞ) to construct the Tafel plots.   

Cyclic voltammetry (CV) was performed at a scan rate of 50 mV s–1 between 0 and 1.4 VRHE. 

The anodic charge q* was determined by the integration of the voltammograms in the 

potential window 0.4-1.4 VRHE. The as-obtained values of q* were used to normalize the 

catalytic results on the electrochemically active surface area of the catalysts.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out at E = +1.58 

VRHE in the frequency range 0.1-103 Hz with an AC amplitude of 10 mV. The results were 

fitted with an Rs(RctCdl) equivalent circuit in Nova 1.10 Software, where Rs corresponds to 

the series resistance (solution, contacts, cables), Rct to the charge-transfer resistance, and 

Cdl to the double-layer capacitance of the electrodes. The values of Rs were used to iR-

correct the potentials of the activity and stability tests, while the values of Cdl were used to 

normalize the current densities on the electrochemical surface area, where specifically 

mentioned.  

Chronopotentiometry (CP) at a constant current density of 10 mA cm−2 for 16 h was 

employed to assess the stability of the catalysts. The solutions were stirred during the 

measurements to avoid the accumulation of bubbles at the electrode surface. The 

electrolytes were successively analyzed by ICP-OES elemental analysis (see section 4.2.3). 
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4.2.2.  Characterization of used electrolytes  

The amount of dissolved Ir and Mn species in the used electrolytes was determined by 

inductively coupled plasma optical emission spectrometry (ICP-OES) performed on a 

SPECTROBLUE spectrometer equipped with an axial plasma source (Ar).   

4.2.3.  Materials characterization 

X-ray diffraction (XRD) patterns were obtained using a Bruker D2 Phaser diffractometer 

equipped with a Cu Kα radiation source. The diffractograms were recorded with a step size 

of 0.02° and an acquisition time of 2 s per step, in the 2θ range from 15° to 60°.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a K-alpha XPS 

spectrometer (Thermo Scientific) equipped with a monochromatic Al Kα (1486.6 eV) X-ray 

source. The spot size was 400 μm and the pass energy was set at 200 eV and 50 eV for 

survey and high-resolution scans, respectively. No charge correction for the energy axis was 

applied because of the metallic conductive nature of the samples. Depth-profiling XPS 

experiments were conducted using consecutive Ar+ sputtering (75 s, 3 kV) and measuring 

cycles. Ir 4d and Mn 2p areas were used to calculate the content of Ir and Mn in the films. 

We used the Ir 4d peak instead of the more intense Ir 4f to avoid the overlap of the latter 

with the Ti 3s signal originating from exposure of the substrate after sputtering.  

Scanning electron micrographs (SEM) were taken using a FEI Quanta 3D FEG microscope at 

an accelerating voltage of 5 kV without additional coating of the surface. Energy dispersive 

X-Ray (EDX) spectrometry was conducted on a Phenom Pro-X microscope at an accelerating 

voltage of 10 kV.  

Raman spectra were acquired using a Witec Alpha 300R Raman microscope equipped with 

a monochromatic laser source (λexc = 532 nm). The laser was focused on the sample using a 

Zeiss 50x/0.55 lens. The spectra were acquired using a laser power of 10 mW and an 

accumulation time of 10 s. The reported spectra were obtained by averaging 10 

accumulations to obtain a good signal to noise ratio.     

 

4.3. Results 

The OER performance of the Ir-Mn oxide films prepared by spin-coating supported on the 

Ti foil was determined by linear sweep voltammetry (LSV). The results are shown in Figure 

4.1a. Compared to the pure Ir oxide sample Mn00, the incorporation of Mn significantly 

increased the current densities. Figure 4.1a demonstrates a cathodic shift of the 
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voltammograms and a decrease in the onset potential of the OER upon the addition of Mn. 

The highest current densities were obtained for samples Mn50 and Mn70. Further addition 

of Mn led to lower catalytic activity. These data and the negligible activity of the pure Mn 

sample (Mn100, Figure C1) point to a substantial synergy between Ir and Mn for the OER.   

Tafel plots obtained by a step chronoamperometry for all the samples are reported in Figure 

4.1b. The results of the Tafel plot analysis allow comparing the intrinsic activity of the 

different samples. The data summarized in Table 4.1 confirm the enhanced catalytic activity 

upon Mn addition. In the low-current density region (i.e. at j < 1 mA cm-2), the Tafel slope 

of Mn00 is 54 mV dec–1, which is in keeping with the typically reported values of IrO2 (~ 50-

65 mV dec–1).11,31–34 The Tafel slope of Mn25 is slightly lower (51 mV dec–1) than that of 

Mn00 sample, while the samples with higher Mn contents exhibit lower slopes (44-49 mV 

dec–1), pointing to faster OER kinetics or  more favorable adsorptive properties of the 

electrode with respect to oxygen intermediates. The sample with the highest concentration 

of Mn, Mn85, shows a higher Tafel slope than the other samples (60 mV dec–1).  

The Tafel plots of IrO2-based catalysts usually display a second Tafel region at higher current 

densities. The observed change in the slope can be interpreted as a change in the reaction 

mechanism.32 As we observed this behavior for all samples, we also evaluated the Tafel 

slopes in this second Tafel region. Lower Tafel slopes were also found upon Mn addition in 

the high current density region. The decrease is only minor for sample Mn25 with a slope 

of 122 mV dec–1 as compared with 128 mV dec–1 for Mn00. Mn50 and Mn70 exhibit even 

lower slopes (93 mV dec–1
 and 74 mV dec–1, respectively), while an increase was observed 

again for sample Mn85 (101 mV dec–1). In summary, the lower slopes in the two Tafel 

regions recorded for samples with intermediate Mn content confirm their favorable OER 

kinetics in a wide range of current densities. However, it is difficult to derive firm 

conclusions about the reaction mechanism based on these slopes as different coverages of 

adsorbed species can influence them. 

Table 4.1. Slopes of all the catalysts in the two linear regions of Tafel plots. 

Sample ID 
Tafel slope (j < 1mA cm–2), 

mV dec–1 

Tafel slope (j > 1mA cm–2), 

mV dec–1 

Mn00 54 128 

Mn25 51 122 

Mn50 44 93 

Mn70 49 74 

Mn85 60 101 
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Figure 4.1. a) Linear sweep voltammetry (LSV) of Ir-Mn films recorded in 0.1 M H2SO4; b) Tafel plots: experimental 

data (points) and linear fits (lines).   

 

The overall catalytic activity of the samples can also be evaluated by analyzing the geometric 

current densities recorded at a fixed overpotential. Figure 4.2a shows the current densities 

recorded at ƞ = 350 mV during the LSV measurements. The data are normalized to the 

geometric surface area of the films. Clearly, the addition of Mn substantially improved the 

overall activity, especially for intermediate Mn loadings. The most active sample Mn70 

reached an 8-times higher current density than the IrO2 reference (Mn00). Mixed Ir-Ni oxide 

anodes also showed a similar increase in intrinsic activity compared to pure IrO2.18 

In order to compare the specific activity of the samples, we need to know their 

electrochemically active surface areas. For this purpose, we determined the anodic charge 

q*, which represents the charge spent in surface modifications. The anodic charge is 

considered to be proportional to the accessible electrode surface area.35,36 This approach 

has been used before to normalize the electrochemical activity of Ir-based catalysts.8,18,35 

Typically, the anodic charge is determined from the integration of the voltammograms in 

the potential range of 0.4-1.4 VRHE.16,18,37 Figure 4.2b shows the anodic charge q* for the 

various samples. The maximum with respect to the Mn content is obtained for Mn70. 

Qualitatively similar trends were observed for bimetallic Ir-Mn oxides23 and Ir-Ni oxides.18 

We used these values to normalize the current densities recorded at ƞ = 350 mV during the 

LSV measurements and compared these data to the current densities normalized on the 

geometric area of the films (Figure 4.2a). The current density normalized on the anodic 

charge is a measure of the electrochemically active surface-specific activity of the samples. 

These values increased upon Mn addition, reaching a maximum for samples Mn50 and 
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Mn70. Their specific activities were roughly 2.5 times higher than that of Mn00. This 

increase is of the same order of magnitude as observed for Ni doping of IrO2.18 Increasing 

the Mn content to 85 at% resulted in a lowering of the specific activity. We validated the 

surface-normalization of the current densities by the anodic charge method by determining 

the double-layer capacitance (Cdl) obtained from EIS measurements. The double-layer 

capacitance is also assumed to be proportional to the electrochemical surface area.38–41 The 

trends of Cdl and specific current densities as a function of the Mn content (Figure C2a, b) 

are qualitatively similar to those shown in Figure 4.2a, b, thus further confirming the 

substantial intrinsic synergy between Ir and Mn in mixed oxides. 

 

 

Figure 4.2. Influence of Mn content on a) current densities at ƞ = 350 mV obtained from LSV normalized to the 

geometric area of the films (in black) and the anodic charge (in red) of the electrodes; b) anodic charge q* 

determined by integration of cyclic voltammograms from 0.4 to 1.4 VRHE. 

 

We next evaluated the stability of the tested anodes by chronopotentiometry at a 

(geometric) current density of 10 mA cm–2. Compared to the Mn00 reference, Mn25, Mn50, 

and Mn70 samples operated at a lower potential (Figure 4.3a), in agreement with the higher 

activity reported above. However, while the samples with concentration up to 50 at% of Mn 

displayed nearly similar increases in the potential during the 16 h stability test, the most 

active catalyst Mn70 showed a larger potential increase to maintain the current density. 

This difference points to a lower stability of the Mn70 sample. The response of the Mn85 

sample was different in the sense that a sharp increase in the potential occurred already in 

the first few hours of tests, indicating a very low stability in the OER. We analyzed the Ir 

content of the used electrolytes by ICP-OES analysis to determine the amount of Ir dissolved 

0 20 40 60 80 100
0

1

2

3

4

5

j 
@

 η
 =

 3
5
0

 m
V

 /
 m

A
 c

m
-2

 

Nominal Mn content / at%

0.0

0.2

0.4

0.6

0.8

1.0a

j s
p

e
c
 @

 η
 =

 3
5
0

 m
V

 /
 m

A
 m

C
-1

 

0 20 40 60 80 100
0

1

2

3

4

5

6
q

* 
/ 
m

C
 c

m
-2

Nominal Mn content / at%

b



Chapter 4 

93 

 

due to the prolonged anodic polarization. The data are collected in Figure 4.3b. The amount 

of Ir dissolved was highest for Mn50 and Mn70 when normalized to the geometric area of 

the films. Nevertheless, when normalized to the anodic charge q*, the amount of Ir 

dissolved is nearly the same within the accuracy of the measurements. Thus, differences in 

Ir dissolved during the stability test are mainly due to the differences in the 

electrochemically active surface area. This, however, cannot explain the stability differences 

observed in Figure 4.3a. The sharp deactivation observed for sample Mn85 could be due to 

the low amount of stable IrO2 phase, insufficient to provide adequate scaffolding and thus 

to stabilize the films,42 or to particle agglomeration, detachment, passivation, or blocking of 

active sites by oxygen bubbles, all leading to a potential increase in the 

chronopotentiometry.43 The analysis of dissolved Mn species by ICP-OES in the used 

electrolytes (Figure C3) showed low values of Mn dissolution (~7 nmolMn cm–2) for samples 

Mn25, Mn50, and Mn70. The amount of Mn dissolved for sample Mn85 was about three 

times higher than for the other samples. A similar ICP-OES measurement using a fresh 

sample Mn70 for reference showed a substantially higher Mn dissolution. Thus, Mn 

dissolution from the fresh catalyst is much higher (87 nmolMn cm–2) than from the used 

catalyst (7 nmolMn cm–2), indicating that substantial Mn leaching and surface modifications 

occurred during the initial stages of electrolysis. 

 

 

Figure 4.3. a) Chronopotentiometry of the samples recorded at 10 mA cm–2 for 16 h in 0.1 M H2SO4; b) Amount of 

dissolved Ir in the used electrolytes measured by ICP-OES analysis normalized to the geometric area (in black) and 

the anodic charge q* (in red) of the electrodes. 
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The structure and phase composition of the catalysts were investigated by XRD. The XRD 

patterns of all the samples and the bare Ti substrate are reported in Figure 4.4. Sample 

Mn00 shows the expected XRD pattern of rutile IrO2. At low Mn loadings, i.e. for samples 

Mn25 and Mn50, we can observe a shift of the IrO2 peaks toward higher diffraction angles, 

indicative of a contraction of the unit cell of IrO2. The shift can be caused by the insertion of 

Mn cations in the lattice of IrO2, similarly to what was observed for rutile RuO2.26–28 Such 

substitution of Mn for Ir can involve different oxidation states of Mn. For instance, low-spin 

Mn2+ and high-spin Mn3+ have similar radii as tetravalent Ir in octahedral coordination, while 

Mn4+ is slightly smaller. We applied Vegard’s law using the IrO2(110) peak at 2θ ≈ 28° to 

determine the substitution level, assuming for simplicity substitution with MnO2 (see 

Appendix C for more details). The results reported in Table 4.2 show a higher degree of 

substitution of Ir with Mn cations for sample Mn50 (33 at%) than for sample Mn25 (22 at%). 

The finding that the substitution level is not proportional to the Mn loading suggests the 

formation of segregated Mn oxide at higher Mn content. 

No reflections that can be ascribed to Mn oxide phases are observed in the diffractograms 

of the bimetallic samples, indicative of the poor crystallinity of the MnOx phases in these 

electrodes. Only for the MnOx sample Mn100, reflections due to Mn3O4 can be observed. At 

high Mn contents, i.e. for samples Mn70 and Mn85, the IrO2 peaks are hardly 

distinguishable anymore. To check whether the absence of IrO2-related peaks in samples 

Mn70 and Mn85 was caused by a lack of crystallinity or simply by an insufficient amount of 

crystalline phase, we prepared two thicker samples for XRD analysis (synthesis details can 

be found in Appendix C). The XRD patterns of thick Mn70 and Mn85 samples show the 

presence of IrO2-related peaks (Figure C4), which means that the IrO2 maintains its 

crystalline structure also at high Mn loadings. Nevertheless, the maximum substitution level 

was reached at a Mn content of 50 at% (Table 4.2). Thus, the samples with a higher Mn 

content contain also separate Mn oxides. Finally, we found that the crystalline structure of 

the samples was unaffected by the electrochemical treatment, as the diffractograms of the 

used samples were similar to those for the fresh electrodes (Figure C5). This indicates that 

the samples are relatively stable. 
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Figure 4.4. X-ray diffractograms of Ti-supported catalysts. Reference patterns of IrO2 (PDF #15-0870) and Mn3O4 

(PDF #24-0734) are reported in the bottom part of the figure.  

 

Table 4.2. Degree of Ir substitution by Mn in crystalline IrO2 according to Vegard’s law applied to (110) reflection 

with respect to Mn00.  

Sample ID Substitution IrO2 with MnO2, at% 

Mn25 22 ± 2 

Mn50 33 ± 2 

Mn70a 31 ± 2 

Mn85a 30 ± 2 
a Determined using thicker films. 

 

The electronic state of the surface was investigated by XPS. XPS spectra of the Ir 4f region 

of the fresh anodes are reported in Figure 4.5. These spectra were fitted in accordance with 

the recent model of Freakley et al.,44 using asymmetric line shapes for all the main 

photoemission peaks because of the conductive metallic nature of IrO2 and with satellite 

features to account for different screened and unscreened final states. With increasing the 

Mn content, broader Ir 4f peaks are observed, which points to the presence of Ir in different 

oxidation states. Deconvolution showed that Ir3+ was present in the Mn-containing samples. 
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The Ir3+ spectral features are located at binding energies (BE) 0.5 eV higher than the main 

Ir4+ features.44 While Ir3+ states in Mn00 could hardly be detected, the amount of Ir3+ 

increased with rising Mn content. The presence of Ir3+ at the surface is usually associated 

with oxygen vacancies in amorphous IrO2 and has also been linked to an increased activity 

of amorphous IrO2 in comparison with crystalline IrO2.12,45 

Changes upon Mn addition were also observed in the O 1s XPS spectra (Figure 4.6). The 

fitting model comprised three O2- components, which can be ascribed to oxygen anions of 

the IrO2 lattice (BE ≅ 529.9 eV), of hydroxyl groups (BE ≅ 531.2 eV), and of adsorbed water 

(BE ≅ 533 eV).44 An additional shoulder at lower binding energy (BE ≅ 529.2 eV) was used 

to fit the spectra of Mn-containing anodes properly. This feature was also reported by Reier 

et al. in O 1s XPS spectra of mixed Ir-Ni oxides and assigned to oxygen atoms bridging 

between Ir and Ni.18 A pre-edge feature in O K-edge NEXAFS spectra of amorphous IrOx was 

associated with the presence of electrophilic O- species, which find their origin in the O 2p 

hole states.12 Similarly, Zaman et al. attributed the shift of the O 1s peak toward lower BE 

in Ni-Co co-doped IrO2 as compared to pure IrO2 to the presence of oxygen vacancies.46 

Although we cannot firmly attribute the low-BE shoulder in the O 1s spectra of the mixed 

Ir-Mn samples to electrophilic O- species or oxygen bridging between Ir and Mn atoms, the 

changes in the O 1s spectra support the formation of different O species upon Mn addition 

to IrO2. To verify that the low BE component was not due to O2- species of lattice MnOx, we 

measured the O 1s spectrum of the Mn100 sample (Figure C6). The lattice oxygen peak 

appeared at similar BE (529.9 eV) as that of IrO2; thus, the low BE component in the mixed 

oxide anodes is related to the simultaneous presence of Ir and Mn and possibly relates to 

O- ions close to defects.  

Ir 4f XPS spectra of the samples after the stability tests are reported in Figure C7a-e. These 

spectra did not show substantial differences compared to those recorded for the fresh 

samples. Thus, the additional Ir surface state present before the electrochemical tests in 

the Mn-containing samples was maintained during anodic testing. The O 1s spectra of the 

used samples (Figure C7f-j) showed an increase in the amount of adsorbed hydroxyl groups 

and adsorbed water (except for Mn85). This can be linked to the applied electrochemical 

treatment in water. 
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Figure 4.5. Ir 4f XPS spectra of fresh anodes: a) Mn00, b) Mn25, c) Mn50, d) Mn70, and e) Mn85. 

 

 

Figure 4.6. O 1s XPS spectra of fresh anodes: a) Mn00, b) Mn25, c) Mn50, d) Mn70, and e) Mn85. 
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The oxidation state of Mn was also investigated by XPS. As Mn 2p peaks of mixed MnOx 

samples present overlapping features at similar BEs,47 the splitting of the Mn 3s peaks was 

used to determine the oxidation state of Mn. The splitting of Mn 3s peaks (spectra are 

reported in Figure C8) originates from the exchange coupling of 3s holes and 3d electrons 

of Mn.48 Its value can be used to determine the average oxidation state of Mn, with the 

advantage of being insensitive to surface charging and independent on spectrometer 

calibration. Reference values from the literature fall in the range of 4.5-4.8 eV for MnO2, 

5.3-5.4 eV for Mn2O3, 5.5-5.6 eV for Mn3O4, and 5.6-5.8 for MnO.49–51 The Mn 3s splitting of 

our samples (Table 4.3) became larger with increasing Mn content, indicating a lower Mn 

oxidation state in more Mn-rich samples. The trends can be explained by the predominance 

of Mn3+ and Mn4+ species in IrO2, and Mn2+ and Mn3+
 species in segregated Mn3O4, which is 

a spinel oxide of Mn2+ and Mn3+. The higher Mn 3s peak splitting values at high Mn loadings 

indicate that the fraction of segregated Mn3O4 increased with Mn content. Based on the 

XRD and XPS results, we can conclude that Mn is partially inserted as Mn3+ and Mn4+ in rutile 

IrO2 and partially segregates as Mn3O4. The amount of segregated Mn oxide strongly 

increases with the Mn content of the samples. We also evaluated the splitting of the Mn100 

sample, which was found to be equal to 5.6 eV, consistent with the presence of Mn in the 

mixed valence state spinel Mn3O4. This is also in line with the presence of Mn2+ and Mn3+ in 

the Ir-Mn samples with a higher Mn content. A similar analysis of the Mn oxidation state for 

the used anodes was not possible due to their lower Mn content (low signal-to-noise ratio). 

 

Table 4.3. Peak splitting of the Mn 3s peaks determined from the Mn 3s XPS spectra of the fresh anodes.  

Sample ID Δ Mn 3s (eV) 

Mn25 5.18 

Mn50 5.26 

Mn70 5.30 

Mn85 5.44 

Mn100 5.60 
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The composition of the samples before and after electrochemical tests was also 

investigated by depth-profiling XPS (Figure 4.7). The composition at the surface is 

represented in this figure by the data at sputtering cycle 0. All the samples exhibited a 

surface enrichment in Ir with the surface Mn content correlating to the nominal 

composition (Figure 4.7a). The surface enrichment of Ir in first-row transition metal-doped 

IrO2 was also observed for Ni-Co co-doped IrO2.46 The preferential exposure of Ir was 

mentioned to improve the electrochemical performance. Sputtering shows that, deeper 

into the film, the Mn content gradually increased to the nominal composition. For the used 

samples, the Mn content at the surface was similar (16 at%) for samples Mn25, Mn50, and 

Mn70, while that of Mn85 was slightly higher (21 at%). The Mn content at the surface was 

significantly lower than at the surface of fresh anodes, particularly for samples with high 

nominal Mn loadings. This finding suggests that especially segregated Mn oxide, whose 

presence is more pronounced in the anodes with a higher Mn content, could be easily 

removed by the electrochemical treatment. The Mn content of the used anodes increased 

deeper into the samples, although it remained lower than in the fresh samples, even after 

the last sputtering cycle. This finding indicates that for the used anodes a compositional 

change with an overall decrease in Mn content both at the surface and in the bulk of the 

electrodes occurred, as result of the applied electrochemical testing protocol.  

 

 

Figure 4.7. Composition of a) fresh and b) used electrodes derived from XPS depth-profiles. Sputtering cycle 0 

corresponds to the XPS measurement at the surface of the samples before any sputtering. 
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The morphology of the electrodes was further investigated by SEM. Figure C9 shows 

representative micrographs acquired for fresh and used anodes. Fresh Mn00 exhibited a 

relatively smooth surface, while the Mn25 and Mn50 samples exhibited a similar 

morphology with small grains visible at the surface. At higher Mn loadings (Mn70 and 

Mn85), the morphology of the electrodes changed. The formation of larger grains and 

micrometer-sized agglomerates was apparent. EDX mapping conducted on sample Mn70 

(Figure C10) showed that these agglomerates are Mn-rich, which are therefore most likely 

segregated Mn oxides. Similar morphologies were observed for the used anodes, with no 

significant changes except for fewer agglomerates on the surfaces of tested Mn70 and 

Mn85 samples. 

Raman spectroscopy was used to characterize the structure of fresh and used samples 

(Figure 4.8). The fresh sample Mn00 exhibited the typical Raman features of rutile IrO2, with 

bands appearing at ~ 550 cm–1 (Eg), 720 cm–1 (B2g), and 745 cm–1 (A1g).52 The latter two 

features were visible as a single broad feature in the spectra 22. Upon increasing the Mn 

content, the intensity of the IrO2-related bands decreased and a new feature at 645 cm–1 

became visible. This band is associated with the symmetric Mn-O stretching mode (A1g), 

which is due to the motion of oxygen atoms inside the MnO6 unit of manganese oxides.53,54 

The spectrum of Mn100 sample exhibited an intense band at ~645 cm–1 and an additional 

broad band at ~360 cm–1, which are both characteristic features of Mn3O4.55,56 After the 

stability tests, the intensity ratio between the bands related to IrO2 and Mn oxide increased, 

particularly for samples with high nominal Mn contents (Mn70 and Mn85). This finding 

indicates that the used samples were enriched in Ir as a result of the electrochemical testing, 

in agreement with the results of XPS depth profiling. Moreover, the Raman spectra indicate 

that the Ir enrichment is in the form of IrO2.   
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Figure 4.8. Raman spectra of a) fresh and b) used anodes.  
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4.4. Discussion 

The activity and stability of IrO2-based electrocatalysts for acidic OER can be improved by 

the addition of Mn. Both the overall activity based on the geometric electrode surface areas 

as well as the intrinsic activity based on the electrochemical surface area of Mn-containing 

samples are increased compared to pure IrO2 due to Mn. The promoting effect can be 

estimated by comparing the overpotential needed to reach a current density of 10 mA/cm2 

(η10). The optimal sample Mn70 exhibited an overpotential that was 58 mV lower compared 

to IrO2. The η10 for Mn70 was 383 mV, while that of Mn00 was 441 mV. A direct comparison 

of overpotentials to literature is hampered by the dependence of overpotential on the 

catalyst loading, testing protocols (e.g., standard vs. rotating disk-electrode configuration), 

and electrolytes. Nevertheless, a similar trend of decreased overpotential was achieved by 

the addition of Cr to an Ir catalyst (η10 for Ir: 430 mV, η10 for IrCr: 395 mV).21 Ir-Ni oxides 

presented different results: Reier et al. reported a η10 of ~300 mV,18 while in other works 

bimetallic catalysts did not perform better than pure IrO2 (i.e., η10 for Ir: 430 mV, η10 for IrNi: 

433 mV).21 Similar contradicting results were also found in alkaline OER.22,57 We can infer 

from this comparison that the Mn promoting effect is highly relevant to the application of 

IrO2-based oxygen-evolving anodes operating in acidic electrolytes. 

We determined that the synergy between Ir and Mn has several origins. The increased 

roughness of the surface leads to a higher electrochemically active surface area and thereby 

increases the overall activity of the Mn-doped IrO2 electrocatalysts. Evaluation by means of 

anodic charges showed that the samples with intermediate Mn content, Mn50 and Mn70, 

had the highest active surface area. We speculate that the higher surface area is brought 

about at the formation stage of the films and involves the formation of smaller crystals and 

the partial segregation of dopant oxides as earlier observed for Co-doped IrO2.58 Depth-

profiling XPS of fresh anodes showed a surface enrichment in Ir for all the bimetallic 

samples. Thus, we expect an optimal amount of exposed Ir active sites at intermediate Mn 

contents, because a too high Mn content likely covers part of the electrochemically active 

surface. 

Our data also show that the intrinsic electrocatalytic properties of the active materials were 

changed by Mn. Surface-normalized current densities and Tafel slopes provide insight into 

the intrinsic kinetic aspects of the various anodes. The surface-normalized current density 

at ƞ = 350 mV increased with Mn content and leveled off at 50 at% Mn. A qualitatively 

similar trend was obtained by normalization of the current densities to the values of double-

layer capacitance of the samples instead of the anodic charges. These results provide strong 

evidence for the intrinsic promoting effect that Mn has on IrO2 in the OER. From the 
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characterization point of view, we can correlate the improved performance to the 

substitution of Ir by Mn. This most likely occurs via insertion of Mn3+ and/or Mn4+ ions into 

rutile IrO2. While the substitution of Ir4+ by Mn4+ in rutile IrO2 has been reported,23,25 XPS 

results show that a significant part of the substitutions involves Mn3+. We cannot exclude 

that also Mn2+ can be included in the IrO2 lattice. Previous works showed that doping of IrO2 

by Ni, Co, and Cu in different oxidation states than 4 is also possible.46,58,59 

As to the nature of the active sites, XPS showed that the amount of Ir3+ species increases 

upon Mn addition. Such species have also been observed in amorphous Ir oxides,12,13
 which 

typically exhibits higher activity than crystalline IrO2 for the OER. In this respect, flexible Ir 

oxidation state and electrophilic surface oxygen species have been mentioned to facilitate 

nucleophilic attack by water.60 We demonstrate that the introduction of Mn in the rutile 

IrO2 lattice results in more Ir defects, which are likely involved in the OER. This could be 

relevant for the further development of iridium-based anodes because our results indicate 

that Ir3+ can benefit the OER reaction not only in amorphous but also in crystalline IrO2. The 

presence of lower valent ions such as Ir3+ and Mn3+ in rutile IrO2 leads to oxygen vacancies 

that neutralize the charge of the hosting crystal structure.46,61 Note that oxidation of Mn2+ 

to a higher oxidation state during introduction into IrO2 can also cause the reduction of Ir4+ 

to Ir3+. 

Tafel slopes can provide insight into the OER kinetics.23,62 In the low-current density region, 

Mn00 exhibited a Tafel slope of 54 mV dec–1. Doping with Mn led to lower values of Tafel 

slopes (except for Mn85), as a result of a change in the OER mechanism and/or in the 

adsorptive properties of the catalysts. The lowest Tafel slope was found for sample Mn50 

(44 mV dec–1). For instance, similar low Tafel slopes of 40 and 45 mV dec–1 were previously 

reported for pyrolyzed IrCoOx and Bi2Ir2O7, respectively.63,64 The enhanced intrinsic catalytic 

performance of the Ir-Mn catalysts is not only limited to the low current density regime. At 

high current densities, different Tafel slopes are observed due to higher surface coverages 

and a different OER mechanism. Low Tafel slopes at high current density are desirable in 

industrial applications, where generally high potentials and high current densities are used. 
65 The Tafel slopes of all Mn-containing samples were significantly lower, with the lowest 

value of 74 mV dec–1 observed for Mn70. These changes can be due to either a different 

rate-determining step or a change in the coverage of adsorbed species on the electrode 

surface. A change in the adsorptive properties upon first-row transition metal addition was 

previously explored by DFT calculations for Cr-doped IrO2. The results indicated that weaker 

binding energy of oxygen intermediates on the doped surface is beneficial for the OER.21 

Notably, a Tafel slope of 83 mV dec–1 was reported in the high-current density region, close 

to the values for samples Mn50 (93 dec–1) and Mn70 (74 mV dec–1). 
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From an application point of view, stability is also very important, and especially leaching of 

the expensive Ir component is a concern. Ir dissolution occurred during electrochemical 

polarization of all the anodes. Normalization on the geometric area showed that more Ir 

dissolved in the Ir-Mn samples, especially at intermediate and high Mn content. The 

changes in Ir dissolution were however much less pronounced than for Ir-Ni oxides.18 When 

normalized to the active surface area, it was observed that the amount of Ir dissolved was 

similar for pure IrO2 and Ir-Mn oxides. Thus, Mn promotion provides a way to increase the 

electrochemically active surface area and the intrinsic surface reactivity of IrO2 OER 

catalysts without impeding severely the anode stability. However, durability is adversely 

affected by a too high Mn content, as observed for sample Mn85.  

Finally, the characterization of the used anodes showed the extensive compositional 

changes at and below the surface of the anodes. Specifically, significant dissolution of Mn 

oxides takes place during electrochemical polarization as followed from depth-profiling XPS 

and Raman spectroscopy. Regardless of the differences between fresh and used bimetallic 

anodes, an important characteristic of the most active bimetallic samples was a high 

amount of Ir3+ species. 

 

4.5. Conclusions 

Bimetallic Ir-Mn oxide films deposited on a Ti foil substrate exhibited higher electrocatalytic 

performance for the OER compared to pure IrO2 in 0.1 M H2SO4. The best performance was 

achieved at intermediate Mn content (Mn50 and Mn70). The most active sample showed 

an 8-fold higher geometric current density at η = 350 mV compared to pure IrO2. The 

synergy can be attributed to an increased electrochemically active surface area as well as 

higher intrinsic catalytic activity. Low Tafel slopes of 44-49 mV dec–1 and 74-93 mV dec–1 

were recorded in the low- and high-current density region, respectively, for the promoted 

anodes. A 2.5-fold increase of the surface specific current density as compared to pure IrO2 

evidenced the synergy between Ir and Mn in these bimetallic oxide electrocatalysts. Mixed 

Ir-Mn oxide catalysts were found stable during a chronopotentiometric test, except when 

th Mn content was too high (Mn85). The increased Ir dissolution for bimetallic films could 

be mostly attributed to the higher exposed surface area. 

 Mn addition was found to affect the electronic structure of rutile IrO2. Mn partially entered 

the lattice of IrO2 as Mn3+ and Mn4+ ions, and partially segregated as separate Mn3O4. The 

latter phase was easily removed during the initial stages of anodic polarization. The 

presence of segregated Mn oxide was found more abundant in the high Mn content 
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samples. In all the Ir-Mn oxide catalysts, XPS revealed the presence of Ir3+ species, previously 

associated with the higher OER activity of amorphous IrOx. The amount of these Ir3+ species, 

which was negligible in pure IrO2, increased with Mn content. Ir3+ and associated oxygen 

vacancies can be linked to the introduction of Mn in the IrO2 rutile lattice and might stem 

from insertion as Mn3+. The strongly improved electrocatalytic performance and the lower 

noble metal content of these bimetallic Ir-Mn oxides can be used to maximize the efficiency 

of IrO2-based electrocatalysts for water oxidation in acid electrolyte.  
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Appendix C 

Supporting Information for Chapter 4 

 

 

Figure C1. Linear Sweep Voltammetry (LSV) of a pure MnOx sample (Mn100).  

 

 

Figure C2. a) Current densities recorded at ƞ = 350 mV in the LSV normalized to the geometric areas (black) and 

Cdl (red) of the anodes; b) values of double-layer capacitances. 
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 Figure C3. Amount of dissolved Mn during chronopotentiometry at 10 mA cm–2 for 16 h in 0.1 M H2SO4. 

 

Preparation of thick samples for XRD analysis 

Thick samples with the highest Mn contents were prepared in order to check whether 

they exhibited IrO2-related peaks.  These samples were not used for any other purpose. 

The samples were prepared by three consecutive depositions of the mixed Ir-Mn solutions 

on the substrates with intermediate calcination at 400 °C for 10 min. A final treatment at 

the same temperature for 1 h was applied.  

 

Calculation of the degree of MnO2 substitution in IrO2 

From the 2θ position of the (110) peak in the diffractograms of fresh samples we evaluated 

the d-spacing by the following equation: 

 λ = 2d sin(θ)      

with λ = 1.5406 Å for Cu K-Alpha radiation.  

For a rutile structure (a = b)      
1

𝑑2  =  
ℎ2+𝑘2

𝑎2 + 
𝑙2

𝑐2 

We calculated the values of the lattice parameter a (acalc.) for all the samples and used the 

following equation to evaluate the degree of substitution: 

𝑥 =  
𝑎𝑐𝑎𝑙𝑐.  𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑎𝑐𝑎𝑙𝑐.  𝐼𝑟𝑂2

𝑎𝑟𝑒𝑓.𝑀𝑛𝑂2
− 𝑎𝑐𝑎𝑙𝑐.  𝐼𝑟𝑂2

 

With 𝑎𝑟𝑒𝑓.𝑀𝑛𝑂2
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Figure C4. XRD diffractograms of thick Mn70 and Mn85 samples. 

 

 

Figure C5. XRD patterns of samples after reaction (a.r.).  
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Figure C6. O 1s XPS spectrum recorded for sample Mn100.  
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Figure C7. a-e) Ir 4f and f-j) O 1s XPS spectra of the samples after reaction (a.r.).  

  

 

 

Figure C8. Mn 3s XPS spectra of fresh anodes. 
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Figure C9. SEM images of as-prepared (left) and tested (right) anodes. Scale bar is equal to 1 μm.  
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Figure C10. EDX mapping of a selected area of sample Mn70. Scale bar is equal to 10 μm. 
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Chapter 5 

Investigation of the stability of NiFe-(oxy)hydroxide 

anodes in alkaline water electrolysis under industrially 

relevant conditions 

 

 

Abstract 

NiFe-(oxy)hydroxide is one of the most active electrocatalysts for the oxygen evolution 

reaction (OER) in alkaline conditions. Herein we investigated the stability of NiFe-

(oxy)hydroxide anodes at high current densities (100 mA cm−2) at different temperatures 

(25, 75 °C) and base concentrations (1, 5, 10 M KOH). While polarization led to minor 

structural and compositional changes under standard conditions (25 °C, 1 M KOH), the 

anodes were severely impacted at higher temperature (75 °C) and base concentrations (5, 

10 M KOH). Overall leaching and preferential leaching of Fe (resulting in a lower Fe/Ni ratio) 

led to decreased OER performance and increased charge transfer resistance for the samples 

tested at industrially relevant conditions. A dramatic loss in the catalytic activity occurred 

for the sample polarized at 75 °C in 10 M KOH: besides extensive leaching, a transformation 

of Ni(OH)2 into NiO was noted in this case.  For pure NiOxHy, incorporation of Fe impurities 

from the electrolyte during polarization at 75 °C in 5 M KOH led to an improvement in the 

catalytic activity and charge-transfer properties, approaching the performance of NiFeOxHy. 

 

 

 

 

 

 

 

This chapter has been published as:  

Etzi Coller Pascuzzi, M.; Man, A. J. W.; Goryachev, A.; Hofmann, J. P.; Hensen, E. J. M. Catal. 

Sci. Technol. 2020, 10, 5593-5601.    
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5.1. Introduction 

Electrochemical water splitting is a promising technology to convert excess electricity 

produced by intermittent renewable energy sources into a chemical fuel (hydrogen).1 The 

anodic oxygen evolution reaction (OER), being a counter reaction to the H2 evolution,  

constitutes a major bottleneck due to its sluggish kinetics.2 Electrocatalysts are therefore 

needed to overcome kinetic limitations and to increase the overall efficiency of 

electrochemical water splitting devices. An ideal OER catalyst should combine high catalytic 

activity and stability with earth-abundancy and low price. First-row transition metal oxides 

and hydroxides offer interesting opportunities to enhance the rate of the OER, especially in 

the alkaline regime, without the use of expensive and scarce metals such as Ir or Ru.3–6  

Fe-doped Ni oxides, and especially (oxy)hydroxides,7 are the most active among noble-

metal-free OER catalysts.8–11 Some have reported that the alkaline OER activity of such 

anodes can be higher than those based on IrO2 and RuO2.12–16 Fe impurities were found to 

enhance the OER activity of Ni-oxide already in 1987.17 Subsequently, most efforts were 

directed towards understanding the role of Fe and the synthesis of highly active and porous 

anodes to maximize the activity.18 Some reports mention that Fe enhances the activity of Ni 

sites by altering their redox properties,19,20 while others propose that Fe atoms are the 

active sites for the OER.21–24 Recent findings have pointed to the formation of mixed phase 

in which bridging Ni–O–Fe motifs are responsible for the enhanced catalytic activity..25 

Although the exact role of Fe is still debated, various synthetic strategies were developed 

to maximize the catalytic performance.18  

Despite the efforts made to enhance the activity and to understand the role of Fe in NiFe-

(oxy)hydroxide, the stability aspect of this material has not been extensively studied yet. 

Stability tests are usually conducted under standard conditions (T = 25 °C,  [KOH] = 1 M), 

whereas the industrial alkaline water electrolysis requires much higher temperatures and 

base concentrations (T = 70-80 °C, [KOH] = 25-30 wt%).26 These harsh conditions may cause 

structural changes in the electrodes and their premature degradation. These aspects are 

usually not captured in electrocatalyst evaluation protocols under standard conditions. 

However, performing experiments under such harsh conditions becomes challenging at the 

lab scale. 

Recently, Andronescu et al. reported that NiFe layered double hydroxide (LDH) is sensitive 

to the applied anodic treatment: operation in 5 M KOH at 60 °C transforms the LDH into a 

mixture of NiO and NiFe2O4.27 The same authors also studied the structural changes of a 

NiFe-LDH electrode upon immersion in 7.5 M KOH at 80 °C.28 Even without electrochemical 
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polarization, the activity decreased considerably due to chemical degradation. We can thus 

expect that electrochemical polarization in harsh conditions could considerably affect 

anode stability.  

Given the relevance of NiFe-(oxy)hydroxide for the alkaline OER, we investigated herein the 

stability of this material under electrochemical treatments conducted in non-standard, 

industrially relevant temperature and basicity regimes. The catalysts were comprehensively 

characterized by a combination of X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Raman 

spectroscopy, X-ray diffraction (XRD), and cyclic voltammetry (CV) to gain understanding 

into the structural, morphological, compositional, and activity change induced by anodic 

polarization under non-standard conditions. 

 

5.2. Experimental  

5.2.1. Anode preparation 

NiFe-(oxy)hydroxide films were prepared on Au-coated Si substrates (Sigma-Aldrich, 100 

nm) via electrodeposition, in accordance with previous literature.19,29 The substrates were 

cleaned with absolute ethanol and then rinsed with copious amounts of Milli-Q water prior 

to the deposition to remove contaminants. The solution for electrodeposition was prepared 

by dissolving 5 mM nickel(II) sulfate hexahydrate (≥99.0%, Merck) and 0.5 mM iron(II) 

sulfate heptahydrate (≥99.0%, Sigma Aldrich) in Milli-Q water (18.2 MΩ cm). Before 

dissolving the metal salts, the water was purged by N2 bubbling for 30 min to prevent the 

oxidation of Fe2+ into Fe3+. Each deposition was carried out from the fresh solution (20 mL) 

by applying a constant cathodic current density of 50 μA cm–2 for 1125 s.19 The geometric 

areas of the samples (in the range of 1.0-1.8 cm2) were evaluated from digital photographs 

using ImageJ software.30 The reproducibility of the preparation method was validated by 

XPS analysis of the fresh samples, which showed maximal deviations in the relative atomic 

Ni and Fe percentages of ± 3%. An iron-free Ni-(oxy)hydroxide anode (NiOxHy) was prepared 

using the same synthetic procedure but without the addition of iron salts to the 

electrodeposition bath. The as-prepared anodes were subjected to the stability tests 

described in the following section or tested for activity evaluation.  

5.2.2. Electrochemical characterization  

Electrochemical measurements were performed using an Autolab PGSTAT30N potentiostat 

(Metrohm Autolab B.V.). The stability tests were conducted in a two-electrode Teflon cell 
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under vigorous stirring, using a Pt foil (area 5 cm2) as counter electrode. A total of 6 NiFeOxHy 

anodes were used for the stability evaluation in different conditions. Each sample was 

subjected to a chronopotentiometry at 100 mA cm–2 for 1 h at different temperatures (25 

°C or 75 °C) and base concentrations (1, 5, or 10 M KOH).  

Activity evaluation of fresh and used samples was performed in 1 M KOH (KOH, Alfa Aesar, 

ACS reagent ≥85.0%) at room temperature. Milli-Q water (18.2 MΩ cm) was used in all the 

dilution and cleaning steps. The tests were conducted in a standard three-electrode 

configuration. A platinum wire and an XR440 Red Rod Electrode (Ag/AgCl without KCl, 

Radiometer Analytical, E = +0.48 VSHE) were used as counter and reference electrodes, 

respectively. Cyclic voltammetry (CV) was conducted with a scan rate of 50 mV s–1. Five 

cycles were applied in order to obtain stable voltammograms. The fifth cycle is reported in 

the graphs shown throughout the manuscript. Electrochemical Impedance Spectroscopy 

(EIS) measurements were conducted at E = +1.54 VRHE in a frequency range from 10–1 to 103 

Hz with an AC amplitude of 10 mV. Step chronoamperometry was conducted by increasing 

the potential in 20 mV steps and applying a hold time of 30 s: the values of current densities 

measured at the end of each step were plotted versus the iR-corrected values of 

overpotential to construct Tafel plots. Tafel slopes were evaluated by linear fits of the 

experimental data with an error of ±1 mV dec–1.  

5.2.3. Materials characterization  

XPS measurements were performed on a K-alpha XPS spectrometer (Thermo Scientific) 

equipped with a monochromatic Al Kα (1486.6 eV) X-ray source. The spot size was 400 μm 

and the pass energy was set at 200 eV and 50 eV for survey and high-resolution spectra, 

respectively. A flood gun was used for charge compensation. Binding energy calibration of 

the spectra was applied by setting the C 1s binding energy of the adventitious sp3 carbon 

component at 284.8 eV. Ni 2p and Fe 3p regions were used to determine the metal content 

at the surface of the electrodes. All the spectra were processed using CasaXPS software 

version 2.3.22 (Casa Software Ltd.).  

Scanning electron micrographs (SEM) were acquired on a FEI Quanta 3D FEG microscope at 

an accelerating voltage of 5 kV. Energy dispersive X-Ray (EDX) spectroscopy was performed 

on a Phenom Pro-X microscope with an accelerating voltage of 10 kV.  

Raman spectra were acquired on a Witec Alpha 300R Raman microscope with λexc = 532 nm 

using a Zeiss 50x, NA = 0.55 objective. Spectra were acquired at a power of 10 mW, with a 

collection time of 10 s, averaging 10 accumulations for each spectrum.   
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X-ray diffraction (XRD) patterns were acquired using a Bruker D2 Phaser diffractometer 

equipped with a Cu Kα radiation source, using a step size of 0.02° and acquisition time of 1 

s per step. 

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements of 

catalytic films and used electrolytes were conducted on a SPECTROBLUE spectrometer 

equipped with an axial plasma source (Ar).  The films were dissolved by immersing the 

coated substrates overnight in 1 mL of concentrated nitric acid (HNO3 65%, Sigma) under 

standard conditions and sealing with parafilm to prevent evaporation. Then, the solutions 

were diluted 20 times to reach a HNO3 concentration of ≈3% to prevent damage of the 

instrument. Four independent samples were measured using this protocol.  For ICP-OES 

analysis of used electrolytes, as KOH concentrations exceeding 0.1 M could damage the 

instrument, the solutions were diluted to this concentration prior to the analysis. Quantities 

below 5 μg L−1 could not be detected because of the sensitivity limit of the instrument.  

 

5.3. Results and discussion  

NiFe-(oxy)hydroxide films (NiFeOxHy) were deposited via cathodic electrodeposition from 

an aqueous solution of Ni(II) and Fe(II) sulfates. The deposition method is expected to form 

predominantly a Ni(OH)2 phase, with Fe3+ ions substituting Ni2+.  

Elemental analysis of four independent samples measured by ICP-OES revealed total metal 

loadings of 13.5 (± 2.6) μg cm−2, with Ni and Fe contents of 73 at% and 27 at% (± 5 at%), 

respectively.   

Surface analysis of the films was conducted by means of XPS. Ni 2p, Fe 2p, and O 1s XP 

spectra are reported in Figure 5.1. The Ni 2p spectrum reveals a major contribution from 

Ni2+ species in a Ni(OH)2 environment with the Ni 2p3/2 and Ni 2p1/2 contributions located at 

binding energies (BE) of 855.5 eV and 873.0 eV, respectively.14,15,31,32 Satellite peaks at 

higher binding energies than the main photoemission lines are an additional fingerprint of 

Ni2+ species and originate from the interaction of unpaired core electrons with unpaired 

electrons in the valence band.32,33 A small contribution of Ni3+ species (BE(Ni 2p3/2) =  857.3 

eV) indicates a minor presence of NiOOH in the fresh films.15 The fraction of Ni3+ was in the 

range of 9 – 20 % for the fresh samples. The Fe 2p spectrum shows two main peaks located 

at 711.7 eV (Fe 2p3/2) and 725.4 eV (Fe 2p1/2) and broad satellite features identified as shake-

up peaks. These peaks are a clear sign of the presence of Fe3+ in the fresh samples.31,34,35 It 

is however difficult to identify and quantify the presence of different Fe phases (oxides, 
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hydroxides) from the Fe 2p spectrum because of the multiple overlapping components in a 

narrow binding energy range.33 The O 1s spectrum was fitted with three components 

located at binding energies of 529.4 eV, 531.0 eV, and 533.1 eV, which can be ascribed to 

lattice oxygen, oxygen in hydroxides, and adsorbed water, respectively.32,36  

 

 

Figure 5.1. a) Ni 2p, b) Fe 2p, and c) O 1s XPS spectra of as-prepared NiFeOxHy films. The circles represent the 

experimental data, the lines represent the fittings. 
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The Ni:Fe ratio of the as-prepared samples was evaluated by XPS and EDX in order to 

determine the surface and bulk composition of the films, respectively. Both techniques 

revealed similar Ni:Fe ratios (74:26 by XPS vs. 70:30 by EDX), which is an indication of the 

absence of surface enrichment in any of the metals; the results are also in agreement with 

those of ICP-OES elemental analysis of the films (Ni:Fe ratio of 73:27). The composition 

evaluated by EDX can be considered as the bulk composition because the probing depth of 

EDX is higher than the thickness of the films. This assumption is confirmed by the strong 

signal arising from the underlying Au-coated Si substrate (Figure D1). The Fe content at the 

surface (26% as determined by XPS) of our samples is in the range reported to be optimum 

for the OER (15-50%).8,17,19,29 XRD revealed no other peaks than those arising from the Au-

coated Si substrate (Figure D2). The electrodes were then subjected to an anodic 

polarization at different temperatures and KOH concentrations (Figure D3). The impact of 

these electrochemical tests on the electrodes will be discussed in the following.  

As anodic polarization can lead to dissolution of the active metals, we analyzed the 

compositional changes of the anodes after the electrochemical treatment in terms of Ni:Fe 

ratio at the surface and in the bulk using XPS and EDX. XPS analysis (Figure 5.2a) shows the 

changes in the surface composition of the anodes upon electrochemical treatment under 

different conditions. After treatment at 25 °C, a very small increase in the Ni:Fe ratio at the 

surface is noted by XPS. The influence of the base concentration is very small. Similar 

treatment at 75 °C led to more substantial changes in the surface composition, which 

became larger with increased basicity. The sample anodically polarized in 10 M KOH at 75 

°C shows a very high Ni content (97%). The results of EDX analysis (Figure 5.2b) are in line 

with the XPS results. While the samples tested at 25 °C show a slightly higher Ni:Fe ratio as 

compared to fresh samples, the changes are more substantial for the samples tested at 75 

°C. These changes are also larger at higher KOH concentration, especially for the sample 

tested at 75 °C in 10 M KOH. The XPS and EDX results show preferential Fe leaching due to 

the electrochemical treatment. There is no large difference between these compositional 

changes at the surface and in the bulk, suggesting that the changes are uniform. This is likely 

because the films are very thin and composed of small particles. The overall changes before 

and after anodic testing are very minor in 1 M KOH, regardless of the temperature, showing 

that at low base concentration the electrodes are stable. Preferential Fe leaching is 

substantial for samples tested at 75 °C in 5 M KOH and 10 M KOH. As the films are very thin, 

it was not possible to quantitatively determine absolute leaching ratios by elemental 

analysis and, in this way, to establish how much Ni was leached. Fe leaching is most likely 

due to the applied electrochemical treatment rather than chemical dissolution, as no 
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significant changes in the Ni:Fe ratio were observed by XPS after 1 hour of electrode 

immersion in 10 M KOH at 75 °C (data reported in Figure D4).  

 

Figure 5.2. a) XPS and b) EDX analysis of NiFeOxHy films before and after OER polarization (aOER) conducted at j = 

100 mA cm–2 for 1 h at different temperatures and KOH concentrations.  

 

The Ni 2p, Fe 2p, and O 1s XPS spectra of the used samples reported in Figure D5, D6, and 

D7, respectively, do not show significant changes as compared to those of fresh samples, 

except for the sample polarized in 10 M KOH at 75 °C. For this latter sample, the Ni 2p3/2 

region contains an additional component at lower binding energy (BE = 853.9 eV) 

corresponding to NiO.32,37 Its appearance goes together with an increasing signal of the 

lattice O component observed in the O 1s XPS spectrum. Notably, the Fe signal in this 

sample was very weak (Ni:Fe ratio = 97:3). We can infer from this that part of Ni-hydroxide 

was converted into Ni-oxide during electrochemical treatment at the most severe 

conditions (10 M KOH, 75 °C). This finding is in keeping with a previous study where NiFe-

LDH was found to transform into a mixture of NiO and Ni2FeO4 after prolonged electrolysis 

(100 h) in 5 M KOH at 60 °C.27 The transformation of Ni-(oxy)hydroxide into Ni-oxide could 

negatively affect the anode performance because NiO has a lower OER activity than 

Ni(OH)2.38  

Moreover, after electrochemical polarization at 75 °C in 10 M KOH, the loss of active phase 

led to the exposure and corrosion of the underlying Au coating on the substrate. The XPS 

survey spectrum (Figure D8) showed an increase in the intensity of the Au peaks and the 
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appearance of Si peaks arising from the substrate after polarization at the harshest 

conditions.  

Changes in film morphology upon electrochemical treatment were investigated by SEM 

(Figure 5.3). The micrograph of the bare substrate is reported in Figure D9 as reference. The 

as-deposited sample exhibits a platelet-like morphology, characteristic of NiFe-

(oxy)hydroxide films,39 with some thicker agglomerates on the electrode surface. There 

were no substantial changes upon anodic polarization of the samples in 1 M KOH 

irrespective of the temperature. This is in line with the small chemical changes evident from 

XPS and EDX analyses under these conditions. Testing in 5 M KOH did not lead to 

morphological changes at 25 °C, although the number of platelets was lower after anodic 

polarization at 75 °C. Most of the platelets disappeared after anodic polarization at 10 M 

KOH. At 25 °C, the platelets were changed into small and compact flakes, while the sample 

obtained after testing at 75 °C only contained fine round grains on a flat surface. The 

absence of platelet-like features points toward a structural instability of the layered 

NiFeOxHy phase under electrochemical conditions relevant to the OER. The severe changes 

are consistent with a loss of material during the stability tests at high temperatures and 

KOH concentrations.  

 

 

 

Figure 5.3. SEM images of fresh and used NiFeOxHy films after the stability tests conducted at different 

temperatures and electrolyte concentrations (scale bars 500 nm). 
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The structure and phase composition of the NiFeOxHy films were also investigated by Raman 

spectroscopy (Figure 5.4). The Raman spectra of NiFeOxHy exhibit three characteristic bands 

at 458 cm–1, 540 cm–1, and 675 cm–1. The band at 458 cm–1 is ascribed to α-Ni(OH)2 and β-

Ni(OH)2 phases, which have Ni-O bands at similar frequencies (α-Ni(OH)2: 460-465 cm–1, β-

Ni(OH)2: 445-449 cm-1).19,21,40,41 The band at 540 cm–1 is ascribed to Ni-O vibrations in 

defective or highly disordered Ni(OH)2 with a low degree of crystallinity.19,40,41 The position 

of this band was found to be dependent on the amount of incorporated Fe in the Ni(OH)2 

films, shifting toward higher wavenumber at higher Fe incorporations.19 The feature at 675 

cm–1, due to the presence of Fe, can be attributed to Fe3O4, γ-Fe2O3, and γ-FeOOH, which 

all exhibit a band at nearly similar frequencies.42–44 The spectrum of NiFeOxHy after activity 

evaluation (CV) exhibits similar but more intense features compared to fresh NiFeOxHy, 

which can be attributed to enhanced Raman scattering on a roughened surface. The spectra 

of NiFeOxHy samples after anodic polarization in 1 M and 5 M KOH show some changes 

compared to the spectrum of NiFeOxHy. The lower intensity of the band at 458 cm–1 

indicates a loss of Ni(OH)2, while the shift of the band from 540 cm–1 to 530 cm–1 implies a 

lower substitution degree of Fe in the Ni(OH)2 structure. These changes are in line with the 

preferential leaching of Fe as discussed above. To confirm this hypothesis, we compared 

the position of this band with a NiOxHy measured as a reference. We used the Raman 

spectrum of a NiOxHy after the activity test (cyclic voltammetry) for this purpose because 

we could not identify any Raman feature in the spectrum of fresh sample, possibly because 

of the low roughness of the as-deposited material. NiOxHy showed the presence of the 

feature at 515 cm–1, confirming that the position of this band is sensitive to the amount of 

Fe. The negative shift occurred for NiFeOxHy after the stability tests is, therefore, an 

indication of lower Fe incorporation as a result of the electrochemical treatment. The lower 

amount of Fe in the tested samples is also reflected in the lower intensity of the band at 

675 cm–1, related to Fe oxide/oxyhydroxide. For the sample tested in 10 M KOH, we can 

observe differences depending on the temperature used in the electrochemical test. In the 

spectrum of the sample tested at 25 °C, in addition to the previous changes, we can also 

distinguish a broad band appearing at ~580 cm–1, potentially due to the oxidation of the 

underlying Au.45 This can be due to a lower amount of catalytic phase resulting in parts of 

the substrate left uncovered. This band appears as a very broad feature grouped with the 

Ni-O band in the Raman spectrum of the sample tested at 75 °C in 10 M KOH, resulting in a 

very weak and large band extending from 500 cm–1 to 600 cm–1. The decrease in band 

intensity suggests that a massive film leaching occurred during the electrochemical 

treatment at the harshest condition (75 °C and 10 M KOH).  
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Figure 5.4. Raman spectra of fresh NiOxHy, NiOxHy after CV, fresh NiFeOxHy, NiFeOxHy after CV, and NiFeOxHy after 

anodic polarization at j = 100 mA cm–2 at a) 25 °C and b) 75 °C.  

 

 

Figure 5.5. Cyclic voltammetry (CV) recorded at 25 °C in 1 M KOH at a scan rate of 50 mV s−1 of NiFeOxHy before 

and after anodic polarization at j = 100 mA cm–2 in alkaline conditions at a) 25 °C and b) 75 °C. 

 

The OER activity and redox properties of the samples before and after the electrochemical 

polarization were evaluated by cyclic voltammetry (Figure 5.5). The voltammogram of fresh 

NiFeOxHy anode contains a redox peak associated with Ni2+→ Ni3+ oxidation, followed by an 

increase of the current density ascribed to oxygen evolution at higher potentials. The split 

of the redox peak can be associated with the presence of α-Ni(OH)2 and β-Ni(OH)2 phases 

in the fresh films, which respectively oxidize to γ-NiOOH and β-NiOOH. The conversion of α-

Ni(OH)2 to γ-NiOOH occurs at a lower potential than the conversion of β-Ni(OH)2 to β-

300 400 500 600 700 800 900 1000

458

In
te

n
s
it

y
 /
 a

.u
.

Raman shift / cm-1

675b) 530-540

NiOxHy 

NiOxHy after CV

NiFeOxHy 

NiFeOxHy after CV 

NiFeOxHy (75°C, 1 M KOH)

NiFeOxHy (75°C, 5 M KOH)

NiFeOxHy (75°C, 10 M KOH)

300 400 500 600 700 800 900 1000

NiFeOxHy (25°C, 10 M KOH)

NiFeOxHy (25°C, 5 M KOH)

NiFeOxHy (25°C, 1 M KOH)
  

NiFeOxHy after CV 

NiFeOxHy 

NiOxHy 

NiOxHy after CV

675530-540

In
te

n
s
it

y
 /
 a

.u
.

Raman shift / cm-1

458a)

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
-20

-10

0

10

20

30

40

50

60

70  NiFeOxHy

 NiFeOxHy (25°C, 1 M KOH, 100 mA cm−2)

 NiFeOxHy (25°C, 5 M KOH, 100 mA cm−2)

 NiFeOxHy (25°C, 10 M KOH, 100 mA cm−2)

j 
/ 
m

A
 c

m
-2

E vs. RHE / V

a)

CV, T = 25 °C, 1 M KOH

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
-20

-10

0

10

20

30

40

50

60

70

j 
/ 
m

A
 c

m
-2

E vs. RHE / V

 NiFeOxHy

 NiFeOxHy (75°C, 1 M KOH, 100 mA cm−2)  

 NiFeOxHy (75°C, 5 M KOH, 100 mA cm−2)

 NiFeOxHy (75°C, 10 M KOH, 100 mA cm−2)

CV, T = 25 °C, 1 M KOH

b)



Chapter 5 

126 

 

NiOOH.21,39,46. The cyclic voltammograms of NiFeOxHy samples previously subjected to 

anodic polarization at 25 °C are reported in Figure 5.5a. The catalytic activity of the used 

anodes at 25 °C is lower than that of the fresh NiFeOxHy films, regardless of the different 

KOH concentration used in the stability test. We can also observe a decrease in the redox 

peak areas compared to the fresh anode, which is most likely due to dissolution of part of 

the active phase in the electrode. For samples previously tested at 75 °C (Figure 5.5b), the 

decrease in the catalytic activity is more pronounced than for samples tested at 25 °C. This 

is consistent with the more pronounced Fe leaching in the samples tested under more 

severe conditions. The KOH concentration in the stability test also affects the catalytic 

activity, a higher base concentration resulting in a lower OER activity, especially after 

treatment in 10 M KOH. Similar to the samples tested at 25 °C, the redox peak area of the 

samples tested at 75 °C is lower, which is also due to film degradation. In fact, for the most 

severely tested sample, the redox peak is hardly visible in the voltammogram.  

The important result is that anodic polarization at elevated temperature and increased base 

concentration leads to loss of the active metals with a preferential removal of Fe, negatively 

affecting the OER performance of NiFeOxHy anodes. Under the most severe testing 

conditions (75 °C, 10 M KOH), the conversion of Ni-(oxy)hydroxide to Ni-oxide was also 

observed, which will also contribute to the lowered activity.  

We next compared the stability of NiFeOxHy with that of NiOxHy after 1 hour of anodic 

polarization at 75 °C in 5 M KOH, similar to the conditions applied in commercial alkaline 

electrolyzers (Figure D10). The effect on the redox properties and electrocatalytic activity is 

shown in Figure 5.6a. In accordance with previous findings, the redox peak ascribed to the 

transformation Ni2+/Ni3+ in the voltammogram of NiOxHy is cathodically shifted and the 

catalytic activity is significantly lower as compared to NiFeOxHy.17,19,47 After anodic 

polarization at 75 °C in 5 M KOH, differently than in the case of NiFeOxHy, the activity of 

NiOxHy increased. The electrochemical test conducted at high temperature and molar 

concentration was thus beneficial for the performance of NiOxHy.  

The electrocatalytic behavior of the anodes was also evaluated by Tafel analysis (Figure 

D11). The values of Tafel slopes (summarized in Table 5.1) of fresh NiFeOxHy and NiOxHy 

clearly show the beneficial effect of Fe on the kinetics of OER on Ni(OH)2, resulting in a lower 

Tafel slope for the Fe-doped sample (37 mV dec−1) as compared to pure NiOxHy (48 mV 

dec−1).  The values of Tafel slopes are in agreement with previous findings available in 

literature;19,48 Tafel slopes of around 40 mV dec−1 indicate that a second-electron transfer is 

rate-determining in the OER reaction pathway.48,49 After an electrochemical treatment 

conducted at 75 °C in 5 M KOH, NiFeOxHy maintained the same Tafel slope (37 mV dec−1), 
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indicating that the reaction mechanism and the rate-determining step were unchanged by 

the applied electrochemical treatment. On the other hand, the Tafel slope of NiOxHy 

decreased after anodic polarization at 75 °C in 5 M KOH  (to 39 mV dec−1), exhibiting a slope 

comparable to that of NiFeOxHy (37 mV dec−1). This finding indicates improved kinetics for 

NiOxHy after anodic polarization. 

To further investigate the electrochemical properties of the samples, electrochemical 

impedance spectroscopy was applied (Figure 5.6b). Each point in the Nyquist plot 

represents the real (Z’) and imaginary (Z”) part of the impedance determined at different 

frequencies (decreasing from left to right) of a sinusoidal electrochemical perturbation of 

the voltage.50 The Nyquist plots of the fresh and tested samples show typical semicircles 

attributed to the charge-transfer resistance (Rct) at the electrode surface.13,51,52 The real 

value of impedance at low Z’ (i.e., at high frequencies) corresponds to the resistance of the 

electrolyte and the circuit (Rs). The spectra were fitted with an Rs(RctCdl) circuit, to account 

for the series resistance, the charge-transfer resistance, and the double-layer capacitance 

of the samples.50,53 The results are summarized in Table 5.1. Analysis of the values of Rct 

shows that the charge-transfer resistance of the Fe-doped sample increased by a factor of 

three after anodic polarization, while for pure NiOxHy the values of Rct were significantly 

lower after polarization. While the electrochemical test detrimentally affected the charge-

transfer properties of NiFeOxHy, improved charge transfer was found for NiOxHy. We also 

evaluated the double-layer capacitances (Cdl) of the samples, which are proportional to the 

electrochemical surface area of the samples.53–56 The values of Cdl of NiOxHy were higher 

than for NiFeOxHy before the electrochemical test; after anodic polarization, the values for 

both samples were roughly halved, indicating that a loss of surface area occurred due to 

applied electrochemical treatment. The lower electrochemical surface areas could be due 

to lower catalyst loading after the electrochemical treatment because of leaching. SEM 

images of NiOxHy after anodic polarization at 75 °C in 5 M KOH reveal a loss of active phase 

compared to fresh sample (Figure D12), similar to what we previously observed for 

NiFeOxHy.  

NiOxHy is known to incorporate Fe impurities present in KOH, which results in an activity 

enhancement.21,39,57 We thus evaluated the surface composition on fresh and used NiOxHy 

by means of XPS analysis. The results reported in Figure 5.6c conducted on NiOxHy show that 

after anodic polarization at 75 °C in 5 M KOH the NiOxHy sample incorporated a small 

amount of Fe during the electrochemical treatment, responsible for the increase in catalytic 

activity compared to fresh NiOxHy. These results indicate that differences in Fe content and 

electrocatalytic properties of NiOxHy and NiFeOxHy become small after electrochemical 

polarization at 75 °C in 5 M KOH, because of the similar final low Fe content.  



Chapter 5 

128 

 

Table 5.1. Summary of Tafel slopes (derived by step chronoamperometry) and values of Rct and Cdl obtained by 

fitting the EIS spectra of fresh and used NiOxHy and NiFeOxHy. 

Sample ID 
Tafel slope, 

mV dec–1 

Rct, 

Ω cm2 

Cdl, 

mF cm–2 

NiFeOxHy 37 3.14 7.05 

NiFeOxHy (75 °C , 5 M KOH, j = 100 mA cm–2) 37 10.29 3.20 

NiOxHy 48 61.2 20.8 

NiOxHy (75 °C, 5 M KOH, j = 100 mA cm–2) 39 26.8 12.0 

 

  

Figure 5.6. a) Cyclic voltammetry (CV) recorded in 1 M KOH with a scan rate of 50 mV s−1 of NiOxHy and NiFeOxHy 

before and after anodic polarization at 75 °C in 5 M KOH, j = 100 mA cm–2; b) experimental (points) and fitted (lines) 

Nyquist plots recorded at 25 °C in 1 M KOH at E = +1.54 VRHE; c) atomic Fe percentage out of the total (Ni+Fe) 

content measured by XPS before and after anodic polarization at 75 °C in 5 M KOH, j = 100 mA cm–2. 
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5.4. Conclusions 

We investigated the stability of thin NiFe-(oxy)hydroxide films upon alkaline water oxidation 

at a current density of 100 mA cm−2 at different temperatures and KOH concentrations, 

close to conditions prevalent in industrial alkaline water electrolyzers. Depending on the 

temperature and KOH concentration, the anodes were affected in terms of structure and 

performance. While anodic polarization at 25 °C did not significantly impact the anodes, a 

higher temperature (75 °C) caused faster degradation of the anodes, especially in 5 or 10 M 

KOH. XPS, EDX, and Raman characterization pointed to preferential leaching of Fe over Ni, 

especially when high temperatures and KOH concentrations were applied. The platelet-like 

morphology characteristic of NiFeOxHy disappeared during polarization at the harshest 

conditions, suggesting a loss of active phase, which was confirmed by a decreased 

electrochemical surface area. These changes also impacted the catalytic activity of the 

samples, which was decreased after electrochemical testing at high temperature and base 

concentrations. For the sample tested under the harshest conditions (75 °C, 10 M KOH), a 

conversion from Ni(OH)2 to NiO was observed, resulting in further deterioration of the 

catalytic properties of this sample. On the other hand, pure NiOxHy easily incorporates Fe 

from the KOH electrolyte impurities during anodic polarization at 75 °C in 5 M KOH, which 

leads to an increase of its catalytic activity despite the loss of surface area during the 

electrochemical test. The Fe content, electrocatalytic activity, and Tafel slope of NiOxHy 

approached those of NiFeOxHy after electrochemical treatment at industrially relevant 

conditions. These results highlight the importance of conducting stability tests at more 

realistic conditions to evidence degradation mechanisms of the electrodes during industrial 

operations.  
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Appendix D 

Supporting Information for Chapter 5 

 

 

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

Au 58.9 91.6 

O 18.5 2.3 

Si 18.3 4.1 

Ni 3.0 1.4 

Fe 1.3 0.6 

    

Figure D1. EDX analysis of as-deposited NiFeOxHy sample. 



Appendix D 

133 

 

 

Figure D2. XRD patterns of fresh supported NiFeOxHy sample and bare Au-coated Si substrate.  

 

 

Figure D3. Chronopotentiograms of NiFeOxHy conducted at j = 100 mA cm–2 at different temperatures and KOH 

concentrations. 
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Figure D4. XPS analysis of fresh NiFeOxHy and after 1 hour of immersion in 10 M KOH at 75 °C without anodic 

polarization.  
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Figure D5. Ni 2p spectra of NiFeOxHy samples after the stability tests performed under different conditions. 
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Figure D6. Fe 2p spectra of NiFeOxHy samples after the stability tests performed under different conditions. For the 

sample tested at 75 °C in 10 M KOH, no peak fitting was performed, because of the strong intensity of the Ni Auger 

LMM feature overlapping with the weak Fe 2p3/2 peak for this low Fe-containing sample. 
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Figure D7. O 1s spectra of NiFeOxHy samples after the stability tests performed under different conditions. 
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Figure D8. Low-binding energy region of XPS survey scan of NiFeOxHy before and after anodic polarization at 75 °C 

in 10 M KOH, j = 100 mA cm–2.  

 

 

 

 

Figure D9. SEM image of the bare substrate, prior to film deposition. Scale bar is equal to 500 nm. 
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Figure D10. Chronopotentiograms of NiOxHy (red) and NiFeOxHy (black) conducted at j = 100 mA cm–2, 75 °C, 5 M 

KOH. 

 

 

Figure D11. iR-corrected Tafel plots of NiOxHy and NiFeOxHy before and after anodic polarization at 75 °C in 5 M 

KOH, j = 100 mA cm–2. Measurements were carried out in 1 M KOH at 25 °C; the dots represent the experimental 

data, the lines represent the fittings.  
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Figure D12. SEM images of NiOxHy a) before and b) after anodic polarization at 75 °C in 5 M KOH, j = 100 mA cm-2, 

1 h. Scale bars are equal to 500 nm. 

 

 

b) a) 



Chapter 6 

141 

 

Chapter 6 

On the stability of Co3O4 oxygen evolution 

electrocatalysts in acid 

 

 

 

Abstract 

Oxygen evolution reaction (OER) electrocatalysts suitable to work in acid are typically 

restricted to platinum group noble metal oxides because of their high activity and, 

especially, stability. Co3O4 is currently explored as an alternative OER catalyst. We herein 

prepared Co3O4 films on fluorine-doped Sn oxide (FTO) glass and Ti foil via thermal 

decomposition of nitrate salts and evaluated their activity and stability in 0.05 M H2SO4. 

Crystalline Co3O4 films deposited on FTO were stable during chronopotentiometry at 10 mA 

cm−2 for over 16 hours. The dissolution rate was 61 ngCo cm−2 min−1. The choice of a stable 

support such as FTO is essential to ensure the stability of the catalyst-substrate interface 

and to prevent substrate passivation under OER conditions. Doping Co3O4 with Li resulted 

in a higher OER activity under acidic conditions to be attributed to the larger 

electrochemical surface area, although the stability was impeded compared to undoped 

Co3O4.  
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6.1. Introduction  

 Concerns about climate change have already led to a larger share of renewable energy to 

cover the global energy demand.1 To increase this share further, challenges related to the 

intermittent nature of renewable energy sources such as wind and solar need to be 

overcome, requiring effective energy storage. Water splitting is a technology to store excess 

electricity into chemical fuels such as H2, which can later be used to generate electricity 

back in a fuel cell, to generate work by combustion, or as a reactant.2 In an electrolyzer, 

water is split into H2 and O2 over cathodic and anodic catalysts, respectively, separated by 

a membrane or a diaphragm. Among the different technologies available, proton-exchange 

membrane (PEM) electrolyzers have been developed to an advanced stage and allow for 

flexible operation under dynamic conditions (e.g., frequent start-and-stops, partial load), 

which makes them ideally suited for coupling with solar panels or wind turbines.3,4 Between 

the two half-reactions involved in water splitting, the oxygen evolution reaction (OER) is the 

most energy-demanding because of its sluggish kinetics.5 OER catalysts are thus required to 

decrease the kinetic limitations and to increase the overall efficiency of water splitting.6 The 

acidic environment present in PEM electrolyzers poses serious limitations in terms of 

catalyst activity and, especially, stability. IrO2 is the state-of-the-art OER catalyst because of 

its activity and, especially, long durability in acidic media.7 Unfortunately, the scarcity and 

high price of Ir represent a major limitation for scaling up PEM electrolyzer technology to a 

size relevant to the storage of large amounts of renewable energy.8,9  

Mn- and Co-based catalysts have been investigated as potential alternative water oxidation 

catalysts under acidic conditions. Mn-based catalysts are moderately active and stable OER 

catalysts at low (~0.1 mA cm-2) and moderate (~1 mA cm-2) current densities in strongly 

acidic electrolytes.10,11 At high potentials, however, Mn rapidly dissolves in the form of 

permanganates and is therefore unsuitable for operation under the high current densities 

needed in a commercial electrolyzer.10 As Co-oxides and -hydroxides12,13 are more active 

than Mn-based catalysts in a wide range of pH and moderately stable at low pH, Co is 

considered a candidate to replace Ir as an OER catalyst in acid.14,15 Huynh et al. improved 

the stability of CoOx by the addition of Fe and Pb, that is to say that CoFePbOx deposited on 

FTO glass exhibited long-term acid stability (over 50 h at 1 mA cm-2, pH 2) with an activity 

comparable to that of CoOx.16 The authors highlighted the beneficial effect of combining an 

active metal (Co) with structural promoters (Fe and Pb), which ensured a sufficient 

scaffolding around the active sites. Highly crystalline Co3O4 prepared by electron-beam 

evaporation was also successively tested in 0.5 M H2SO4 for more than 12 h at 10 mA cm-

2.17 The authors emphasized the importance of a robust interface between the catalyst and 
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the substrate to ensure high durability. Besides assessing stability based on the 

chronopotentiogram, their study also determined the amount of Co leached into the 

electrolyte. Such an approach is important because high Co loadings can obscure 

deactivation effects.18   

In this work, we present a simple method to obtain Co3O4 films that are stable for over 16 

h at a relevant current density of 10 mA cm–2 under acidic conditions (0.05 M H2SO4). 

Catalyst optimization included (i) the selection of suitable and stable support materials, (ii) 

tailoring the thickness and crystallinity of Co3O4 to maximize its durability, and (iii) doping 

of the most promising Co3O4 sample with Li, which was previously reported to increase the 

OER activity of Co3O4 in the alkaline regime.19,20 Various electrochemical, spectroscopic, and 

structural characterization tools helped us establish and clarify the roles of catalyst 

dissolution and substrate passivation in the electrode deactivation.  

 

6.2. Experimental 

6.2.1. Synthesis  

Films of Co3O4 were prepared by thermal decomposition of metal salts deposited by spin 

coating on conductive substrates, being either Ti foil or fluorine-doped tin oxide (FTO) glass. 

The substrates were firstly sonicated in acetone for 15 min, following by rinsing with ethanol 

and Milli-Q water to ensure the removal of organic/inorganic contaminants. The precursor 

solution was prepared by dissolving Co(NO3)2·6H2O (>99%, Merck) in absolute ethanol at a 

concentration of 0.5 M. For Li-doped samples, a solution was prepared with LiNO3 (>98%, 

Merck), which was then mixed with the Co-containing solution in a proportion to give the 

desired atomic Li/Co ratio. The precursor solution was then spin-coated on the substrate at 

1500 rpm for 10 s, followed by a high-speed rotation (4000 rpm) for 60 s to complete the 

deposition process. One-layer samples (1L) were then directly calcined in air at 300 °C for 1 

hour. Three-layer samples (3L) were prepared via three cycles of deposition followed by 10 

minutes calcination at 300 °C. The samples were then finally annealed at 300 °C for 1 hour.  

6.2.2. Characterization 

 X-ray diffraction (XRD) was carried out on a Bruker D2 Phaser diffractometer equipped with 

a Cu Kα radiation source. XRD patterns were recorded in the 2θ range of 25-50° using a step 

size of 0.02° and a step time of 3 s.  
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X-ray photoelectron spectroscopy (XPS) measurements were performed on a K-alpha XPS 

spectrometer (Thermo Scientific) equipped with a monochromatic Al Kα (1486.6 eV) X-ray 

source. The spot size was 400 μm and the pass energy was set at 200 eV and 50 eV for 

survey and high-resolution spectra, respectively. All the spectra were processed in CasaXPS 

(v2.3.23, Casa Software Ltd) using a Shirley background. Binding energy calibration was 

performed by setting the position of the C 1s peak of adventitious sp3 carbon to 284.6 eV. 

XPS depth profiles were obtained by consecutive Ar+ sputtering (75 s, 3 kV) and measuring 

cycles. Co 2p, Ti 2p, or Sn 3d regions were used to determine the metal content as a function 

of the depth of probing. The depth profiles of each element were normalized to the highest 

intensity.  

Field-emission Scanning Electron Microscopy (SEM) images were acquired using a FEI 

Quanta 3D FEG microscope at an accelerating voltage of 5 kV.  

Raman spectra were acquired on a Witec Alpha 300R Raman microscope with λexc = 532 nm 

using a Zeiss 50x, NA = 0.55 objective. Spectra were acquired using a laser power of 10 mW, 

a collection time of 10 s, and by averaging 10 accumulations. 

6.2.3. Electrochemical characterization 

All the electrochemical tests were performed in a standard three-electrode cell using an 

Autolab PGSTAT30 potentiostat (Metrohm Autolab). Supported catalytic films with a 

geometric area of 1 cm2 were used as working electrodes (WE). A Pt foil (area ≈ 5 cm2) and 

an Ag/AgCl electrode were used as counter and reference electrodes, respectively. All the 

electrochemical tests were conducted in a 0.05 M H2SO4 solution (H2SO4 99.999%, Sigma-

Aldrich). Milli-Q water (18.2 MΩ·cm) was used in all the cleaning and dilution steps. 

Electrochemical impedance spectroscopy measurements were conducted at E = +1.78 VRHE 

in the frequency range 10–1 to 103 Hz with an AC amplitude of 10 mV. The spectra were 

fitted with an Rs(RctC) circuit, to account for the series resistance, the charge-transfer 

resistance, and the capacitance of the samples.21–23 The catalytic activity was evaluated by 

linear sweep voltammetry (LSV) recorded at a scan rate of 10 mV s–1. Cyclic voltammetry 

(CV) was conducted with a scan rate of 50 mV s–1: five cycles were applied to obtain stable 

voltammograms, and the fifth cycle is shown in the graphs. The stability of the catalysts was 

assessed by chronopotentiometry conducted at different current densities, 1 or 10 mA cm-

2, under vigorous stirring. Elemental analysis of the electrolytes was performed to quantify 

the metal dissolution during the stability tests. The potentials reported in the 

voltammograms and chronopotentiograms were iR-corrected using the values of series 
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resistance obtained by impedance spectroscopy conducted prior to each measurement and 

reported versus the reversible hydrogen electrode (RHE) scale. 

The double-layer capacitance (Cdl) of the samples was evaluated by performing cyclic 

voltammetries in a non-faradaic region (0.70-0.90 VRHE) at different scan rates (10, 20, 40, 

60 mV s–1). The anodic and cathodic charging currents recorded in the middle of the 

potential window were plotted versus the scan rate, where the slope is equal to the Cdl of 

the samples.22,24,25 

6.2.4. Elemental analysis of electrolytes and films 

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were 

conducted on a SPECTROBLUE EOP spectrometer equipped with an axial plasma source (Ar).  

Elemental analysis of the used electrolytes was performed without any additional 

preparation. The evaluation of the loadings of the 1L catalysts was performed by dissolving 

the uncalcined samples in 0.05 M H2SO4. The calcined 3L catalysts were dissolved in 

concentrated nitric acid by immersing the coated substrates in 5 mL of HNO3 65% (Sigma) 

for 2 hours under heating. The solutions were then transferred into a 50 mL flask and diluted 

with Milli-Q water (18.2 MΩ·cm).  

 

6.3. Results and discussion 

Co3O4 films deposited on different substrates were initially screened for stability at 1 mA 

cm−2 for 16 h in 0.05 M H2SO4 (Figure 6.1a). The sample deposited on Ti (1L/Ti) slowly 

deactivates during the first 8 hours of the test. Thereafter, a sharper increase in the 

potential to maintain the set current density was observed. Increasing the number of layers 

(3L/Ti) or depositing the sample on FTO glass (1L/FTO) results in more stable samples as 

evident from the nearly unchanged chronopotentiograms after the initial activation period.  

We determined the amount of Co dissolved in the used electrolytes and compared it with 

the initial Co loadings using elemental analysis (ICP-OES).  Figure 6.1b shows that the 

amount of Co dissolved during the stability test for 16 h is similar, regardless of the substrate 

or thickness. The fraction of dissolved Co is roughly 20-30% for the thin samples 

independent of the substrate. For the 3L/Ti sample, the dissolved Co amount represents a 

lower fraction of the initial loading (6%). We determined the Co:Ti and Co:Sn ratios at the 

surface of the electrodes by XPS to gain insight into the coverage of the substrate by the 

catalytic film. The results reported in Figure 6.1c show a decrease in the Co surface ratio for 

the 1L samples deposited on Ti and FTO glass after electrochemical treatment. This shows 
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that cobalt dissolution results in the exposure of the substrate in some areas. On the other 

hand, the 3L/Ti sample does not show any change in the Co:Ti ratio, indicating that the film 

is completely covering the substrate, even after the stability test. As this sample showed 

similar dissolution as the 1L/FTO sample but drastically different stability in the 

chronopotentiometry, these results suggest that the dissolution of the active phase is not 

the only responsible factor for the deactivation of the 1L/Ti sample. Despite metal 

dissolution is often regarded as the main cause of deactivation of non-noble metal-based 

catalysts in acid, other factors can also contribute to the activity loss such as mechanical 

layer detachment, sintering of the active phase, formation of a less active form of the active 

phase, and support passivation. Support passivation can result in the formation of an 

insulating layer at the catalyst-substrate interface.18  

To gain more insight into the deactivation mechanism of the 1L/Ti sample, we performed a 

detailed characterization comprising XPS, SEM, and Raman spectroscopy. The Co 2p XPS 

spectral region shows the typical features of Co3O4 (Figure 6.2a). The fitting procedure 

included components for Co3+ (binding energy, BE Co 2p3/2: 779.6 ± 0.2 eV) and Co2+ (BE Co 

2p3/2: 781.4 ± 0.2 eV). The inverse shift in the BE position of Co2+ and Co3+ components is 

due to the higher ionic character of the Co2+−O bond than that of Co3+−O, which results in a 

higher binding energy of Co2+ peak as compared to Co3+.26,27 The O 1s spectrum (Figure 6.2b) 

shows two main components at 529.7 ± 0.2 eV and 531.0 ± 0.2 eV, which can be ascribed 

to oxygen in the lattice and surface hydroxyl groups, respectively.28 The Co 2p spectrum of 

the deactivated catalyst shows the same spectral features of the fresh sample. In the O 1s 

spectrum, we can observe an increase in the intensity of the component ascribed to 

hydroxyl, which can be explained by the applied electrochemical treatment in water.  

The morphology of the fresh and used sample was investigated by SEM (Figure 6.2c, d). The 

fresh sample appears as a compact film with some cracks, possibly originating from tensile 

stress during the thermal treatment. This may leave already some parts of the Ti foil 

substrate uncovered. A similar morphology can be observed for the used sample, except for 

a slightly larger exposed area of the Ti foil. The Raman spectra of fresh and used samples 

(Figure E1) show similar Raman active modes at 190 cm−1 (F2g), 470 cm−1 (Eg), 515 cm−1 (F2g), 

610 cm−1 (F2g), 675 cm−1 (A1g), which are typical features of Co3O4.29–32 There are no 

substantial differences in the spectra of fresh and used catalysts.  
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Figure 6.1. a) Chronopotentiometry of supported Co3O4 samples conducted at j = 1 mA cm−2 in 0.05 M H2SO4; b) 

amount of leached Co in the electrolyte during the tests measured by ICP-OES compared to the initial Co loadings; 

c) surface metal ratio determined by XPS. 

 

 

Figure 6.2. a) Co 2p and b) O 1s XPS spectra of fresh and used (16 h, 1 mA cm−2) 1L/Ti samples; SEM images of c) 

fresh and d) used 1L/Ti samples (scale bars are equal to 1 μm). 
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Given the absence of clear indications of changes in the active phase, we speculate that 

deactivation is caused by exposure and passivation of the Ti substrate. Typically, for Ti-

supported RuO2 and IrO2 catalysts, the passivation of Ti is not an issue as TiO2 forms an 

electrically conductive solid solution with these rutile oxides.33,34 For spinel Co3O4, the 

passivation of Ti to TiO2 under reaction conditions can be prevented by depositing the 

sample on FTO glass, which is known to be stable under OER acidic conditions,16 or by the 

deposition of multiple layers of active phase, ensuring complete coverage of the substrate. 

It is, however, difficult to unambiguously identify the presence of an electrochemically 

grown layer of TiO2, because a thin layer of TiO2 is usually formed on Ti foil during exposure 

to air. The Ti 2p region (Figure E2) reveals, for both fresh and used Co3O4 1L/Ti samples, 

TiO2-related peaks (BE Ti2p3/2 = 458.9 eV).35 The higher intensity of the peaks in the used 

catalysts is due to a larger area of the substrate exposed in the used sample resulting from 

the partial dissolution of the active phase. To verify the influence of a layer of TiO2 on the 

electrocatalytic performances of supported Co3O4 catalysts, we annealed a Ti substrate at 

600 °C for 1 hour and then deposited a layer of Co3O4 on the pre-annealed substrate. This 

sample showed a much lower activity than the fresh 1L/Ti sample. The activity of this sample 

deposited on pre-annealed Ti was similar to that of the used 1L/Ti sample (Figure E3). The 

decrease in the activity of 1L/Ti after the stability test could be due to a higher resistance at 

the catalyst-substrate interface. Electrochemical impedance spectroscopy experiments 

(results reported in Figure E3b and Table E1) show that the charge-transfer resistances for 

the tested 1L/Ti sample (915 Ω cm2) and the fresh 1L sample deposited on the preannealed 

substrate (18.8 kΩ cm2) are significantly higher than for fresh 1L/Ti sample (14.4 Ω cm2). This 

finding indicates that the electron transfer process at the catalyst surface for these samples 

is significantly slower than for fresh 1L/Ti. 

The following step was to investigate the stability of Co3O4 anodes at 10 mA cm−2, which 

corresponds to the benchmark value of current density typically used in literature for 

comparing the performance of OER catalysts.22 For this purpose, we prepared three-layer 

(3L) samples deposited on Ti or FTO glass, in order to ensure the full coverage of the 

substrates. The activity of 3L samples is higher than that of 1L samples, as a result of the 

better coverage of the substrates (Figure E4).  

The chronopotentiometry of the samples conducted at 10 mA cm−2 (Figure 6.3a) shows that 

the 3L/Ti and 3L/FTO samples have significantly different stabilities. While 3L/FTO is stable 

for the entire duration of the test (16 hours), 3L/Ti exhibits a two-step deactivation 

behavior. We suspect that the first potential increase is due to the substrate passivation, 

while the second is related to dissolution. We analyzed the dissolution of Co during the tests 

by ICP-OES conducted on the used electrolytes (Figure 6.3b). After 16 hours of prolonged 
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electrolysis at 10 mA cm−2, 3L/Ti exhibits higher Co dissolution (91 μgCo cm−2) than 3L/FTO 

(59 μgCo cm−2).  

We also analyzed the catalyst dissolution for samples subjected to 5 hours of anodic 

polarization at 10 mA cm−2: the difference in dissolution between 3L/Ti and 3L/FTO samples 

is smaller. Also, the dissolution rate (i.e. the slope in Figure 6.3b) for 3L/Ti in the first 5 hours 

is lower than in the following 9 hours of testing. This increase can be related to the higher 

potential needed to maintain the same current density in the second part of the test, where 

the substrate is eventually passivated. On the other hand, the dissolution rate of the 3L/FTO 

sample is nearly constant during the duration of the test. We evaluated the Co dissolution 

rate of the 3L/FTO sample in order to compare it with previously reported values in 

literature. The average Co dissolution rate for this sample during 16 hours of anodic 

polarization at 10 mA cm−2 is 61 ngCo cm−2 min−1 (at pH 1.3). Mondschein et al. reported 

dissolution rates of 100 ngCo cm−2 min−1 and 50 ngCo cm−2 min−1 for a 300 nm thick crystalline 

Co3O4 prepared by electron-beam evaporation during 12 hours of polarization at 10 mA 

cm−2 at pH 1 and 2, respectively.17 The value that we found for our 3L/FTO sample prepared 

by thermal decomposition is falling in that range: we thus conclude that our facile synthesis 

method fully accomplishes the goal of making Co3O4 anodes with state-of-the-art stability 

in acid.  

 

 

Figure 6.3. a) Chronopotentiometry of 3L/Ti and 3L/FTO samples conducted at j = 10 mA cm−2 in 0.05 M H2SO4; b) 

amount of leached Co in the electrolyte during the tests measured by ICP-OES.  
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We then characterized the fresh and used samples to understand further the deactivation 

mechanism. The Co 2p XPS spectral regions (Figure E5a, c) show the features of Co3O4 for 

all fresh and used 3L/Ti and 3L/FTO samples. In the O 1s spectra (Figure E5b, d), the used 

samples show a slight increase in the component related to the hydroxyl groups as 

compared to lattice oxygen, as the polarization was conducted in an aqueous solution.  

We used depth profiling XPS to investigate the element distribution at different probing 

depths of fresh and used samples (Figure 6.4). The number of sputtering cycles is 

proportional to the probing depth of the sample. As the layer thickness removed in each 

sputtering cycle (or sputtering time) can be evaluated only for materials with known 

sputtering constant, the thickness is typically given in terms of sputtering cycles.34,36 We 

used the number of cycles where the Co signal was < 2 % (with respect to its highest 

intensity) to compare the Co3O4 film thicknesses. For 3L/Ti, we can observe a significant 

change in the distribution of the elements between fresh and used catalysts. The depth 

profile of the used sample exhibits a sharp decrease in the Co content already after a few 

sputtering cycles, meaning that the layer is thinner. A lower thickness is also shown by a 

lower number of cycles to extinguish the Co signal for the used sample (≈20) than for the 

fresh sample (≈40). For the fresh 3L/FTO sample, the depth profile shows that the Co signal 

does not extinguish even after SnO2 has been reached (sputter cycles > 30). This indicates 

deep penetration of Co3O4 among SnO2 grains. The used 3L/FTO sample shows a similar 

decrease of the Co signal in the first sputtering cycles. At higher sputtering cycles (> 20), i.e. 

at higher probing depths, the Co signal in the used sample decreases faster than for the 

fresh sample, indicating a lower overall film thickness.  

Raman spectroscopy was also used to characterize fresh and used 3L/Ti and 3L/FTO 

catalysts (Figure 6.5). The spectra of fresh samples exhibit the vibrations of Co3O4.29–31 In 

the spectrum of 3L/FTO after 16 hours of reaction (at 10 mA cm−2), we can observe a 

decrease in the intensity of the peaks, as part of the film has dissolved during the anodic 

polarization. A similar treatment conducted on 3L/Ti also leads to a lower peak intensity as 

compared to the fresh sample. Moreover, new peaks appear at 150 cm−1, 397 cm−1, 513 

cm−1, 632 cm−1. These Raman modes can be identified with the Eg, B1g, A1g, Eg vibrations of 

anatase TiO2.37–39 The formation of TiO2 can be related to prolonged exposure to anodic 

conditions, which leads to the oxidation of the Ti substrate after the Co3O4 film has 

dissolved. This finding suggests that the substrate is severely impacted by prolonged 

electrochemical treatment.  
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Figure 6.4. XPS depth profiles of a) 3L/Ti and b) 3L/FTO samples before and after anodic polarization at j = 10 mA 

cm−2 for 16 h. Horizontal lines placed at 2% were drawn to enable a better comparison of the Co3O4 thickness.  

 

 

Figure 6.5. Raman spectra of 3L/Ti and 3L/FTO samples before and after anodic polarization conducted at j = 10 

mA cm−2 for 16 hours. (+) peaks correspond to Co3O4-related vibrations, (*) correspond to anatase TiO2-related 

vibrations. 
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The morphology of fresh and used samples was investigated by SEM. Both fresh 3L/Ti and 

3L/FTO samples (Figure 6.6a, d) exhibit a morphology characterized by sub-micrometer 

spherical agglomerates. After the electrochemical tests, these agglomerates are hardly 

visible in some areas of the 3L/Ti sample (Figure 6.6b), while in other areas they have 

completely disappeared (Figure 6.6c). For used 3L/FTO, the active phase has largely 

maintained its structure and morphology (Figure 6.6e), although in some places the film has 

dissolved leaving cracks where grains of the underlying FTO are visible (Figure 6.6f). Changes 

in morphology in the used catalysts are caused by the partial dissolution of active phase 

during the applied electrochemical treatment. 

  

 

Figure 6.6. SEM images of fresh and used (16 h, 10 mA cm−2) 3L/Ti (top) and 3L/FTO samples (bottom). Scale bars 

are equal to 1 μm. 
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To further optimize the electrochemical performance of the 3L/FTO catalyst, we explored 

the effect of Li doping on the structure and catalytic performances of Co3O4. Higher OER 

activities were previously observed for Li-doped Co3O4 as compared to pure Co3O4 under 

alkaline conditions.19,20,40,41 The higher electrical conductivity and the distortion of the 

crystalline lattice upon Li addition contribute to increase catalytic activity.19,20,40  

We prepared samples with Li doping amounts in the range of 5 at% - 10 at% (out of the total 

metal content). Changes in the structure can be observed by analysis of the XRD patterns 

of pure and Li-doped Co3O4 samples (Figure 6.7a). Upon addition of Li, the intensities of 

Co3O4-related peaks are lower relative to those of the SnO2 peaks that originate from the 

substrate. This points to a lower crystallinity of Li-doped samples as compared to pure 

Co3O4. The spinel Co3O4 consists of Co2+ and Co3+ ions occupying tetrahedral and octahedral 

sites, respectively. Upon addition of Li+ ions, the charge can be balanced by replacement of 

Co2+ with Co3+ in the tetrahedral sites or by the formation of Co4+ in the octahedral sites,19,20 

thus increasing the average Co valence state.42 

The influence of Li doping on the catalytic activity is shown in Figure 6.7b. Li doping results 

in a slightly higher electrocatalytic activity with the maximum being reached at a 5 at% level 

of Li doping. The current densities recorded at a fixed overpotential (η = 500 mV) normalized 

to the geometric areas (Table 6.1) provide an estimate of the overall activity. Clearly, Li 

doping benefits the electrocatalytic activity. We also normalized the current densities to the 

Cdl values (Figure E6) measured in a non-faradaic region of CV to estimate the intrinsic 

catalytic activity,24,43,44 as the values of Cdl are proportional to the electrochemical surface 

areas of the samples.22 The intrinsic activity of Li-doped samples decreased upon Li addition, 

especially at high Li doping levels. This finding suggests that the main reason for the higher 

activity of Li-doped samples was the larger surface area, resulting in a higher number of 

active sites for OER.  

The redox properties of the samples were studied using cyclic voltammetry (Figure E7). 

Upon Li addition, we can observe a shift toward more negative potentials of the anodic and 

cathodic peaks related to the Co3+-Co4+ transition,19,20,40 indicating that Li addition promotes 

the oxidation of Co3+ to Co4+. The formation of Co4+ contributes to enhancing the 

electrocatalytic activity of the Li-doped samples, as Co4+ species were previously identified 

as the active sites for OER.19,42 
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Table 6.1. Normalization of the current densities recorded at η = 500 mV in the LSV to the geometric areas and 

Cdl of undoped and Li-doped 3L FTO samples.    

Sample ID 
Cdl, 

mF cm–2 

j at η = 500 mV, 

mA cm−2 

jspec at η = 500 mV , 

mA mF−1 

3L/FTO 0.90 5.56 6.18 

Li 5 at% 3L/FTO 1.34 7.91 5.93 

Li 7.5 at% 3L/FTO 1.78 6.89 3.87 

Li 10 at% 3L/FTO 1.99 6.20 3.12 

 

We then investigated the stability of Li-doped 3L/FTO catalysts during prolonged electrolysis 

in acid at 10 mA cm−2 for the two most active Li-doped samples (5 at% and 7.5 at% Li). While 

undoped Co3O4 is stable for 16 h with a slight increase in the potential observed, Li-doped 

samples exhibit lower stability with more pronounced increases of the potential (Figure 

6.7c). This is more visible at the highest Li doping level. We next evaluated the Co dissolution 

into the electrolyte by ICP-OES (Figure 6.7d). Upon Li addition, the amount of dissolved Co 

increases: for the 7.5 at% Li sample, the increase is around 30% compared to pure Co3O4. 

This indicates that Li addition has a negative impact on the stability of the samples by 

accelerating Co dissolution. This behavior can be attributed to a lower degree of 

crystallinity45 or higher electrochemical surface areas of the Li-doped Co3O4 electrodes. We 

cannot exclude that also changes in the electronic structure might be responsible for the 

lower stability: in this regard, it was recently suggested that a higher amount of Co4+ species 

could lead to lower durability during prolonged OER treatment.42 The high crystallinity of 

pure Co3O4 and the presence of a stable support such as FTO can explain the high stability 

of Co3O4 3L/FTO sample under prolonged polarization in acid environment.  Highly 

crystalline materials are usually more stable than less crystalline and amorphous 

materials.45–47 This behavior is common to many oxides used as OER catalysts and has been 

ascribed (for IrO2) to the lower number of oxygen vacancies and low-coordinated sites 

susceptible to fast dissolution in amorphous oxide rather than in crystalline oxide.45  
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Figure 6.7. Effect of Li doping on the structure and acidic OER activity and stability of 3L/FTO sample: a) XRD; b) 

Linear Sweep Voltammetry; c) Chronopotentiometry; d) c) Chronopotentiometry conducted at j = 10 mA cm−2; d) 

amount of leached Co in the electrolyte during the chronopotentiometry measured by ICP-OES. 
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6.4. Conclusions 

We investigated the electrochemical stability of Co3O4 catalysts for the oxygen evolution 

reaction in acid. The anodes were prepared by thermal decomposition of a solution 

containing the metal precursors deposited by spin-coating on different substrates, Ti foil or 

FTO glass. When tested at 1 mA cm−2, one-layer (1L) sample deposited on Ti foil deactivated 

rapidly. Depositing the sample on FTO or increasing the number of layers leads to increased 

stability, despite similar Co dissolution rates. We attributed this behavior to Ti substrate 

exposure and possible passivation upon reaction conditions. Tests at higher current 

densities were done for thicker samples to ensure complete coverage of the substrates. 

Analogously, 3L/Ti and 3L/FTO samples exhibit different stabilities in chronopotentiometric 

tests conducted at 10 mA cm−2: while 3L/Ti deactivated in a two-step fashion, 3L/FTO 

sample was stable for the entire duration of the test (16 hours). The instability of the 3L/Ti 

sample is due to substrate passivation, i.e. the formation of a TiO2 layer, as shown by Raman 

spectroscopy. An increase in the potential and a faster Co dissolution occurred as a result 

of the formation of the insulating interlayer. The 3L/FTO sample exhibits higher stability 

with lower Co dissolution than the 3L/Ti catalyst. Co dissolution for this sample, prepared 

by a simple and scalable method, is in line with that of other state-of-the-art Co3O4 catalysts 

reported in the literature. Further optimization of the 3L/FTO catalyst included doping with 

Li: although an increase in the catalytic activity was found, the stability of Li-doped samples 

was lower than that of pure Co3O4. The reason for this lowered stability can be found in a 

lower crystallinity, higher electrochemical surface area, and/or electronic modifications 

induced by Li doping, such as the stabilization of Co4+ species. 
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Appendix E 

Supporting Information for Chapter 6 

 

 
Figure E1. Raman spectra of fresh and used (16 h, 1 mA cm−2) 1L/Ti samples. 

 

 
Figure E2. XPS of Ti 2p region for spectra of fresh and used (16 h, 1 mA cm−2) 1L/Ti samples. 
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Figure E3. a) Linear Sweep Voltammetry (LSV) and b) experimental (points) and fitted (lines) Nyquist plots recorded 

at E = +1.78 VRHE for fresh and used (16 h, 1 mA cm−2) 1L/Ti samples and 1L sample deposited on preannealed Ti 

substrate (600 °C).   

 

 

 

 
Figure E4. Linear Sweep Voltammetry of 1L and 3L samples deposited on Ti and FTO-glass substrates. 
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Figure E5. XPS Co 2p and O 1s spectra of fresh and used (16 h, 10 mA cm−2) 3L samples deposited on a, b) Ti and 

c,d) FTO-glass. 
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Figure E6. Charging currents measured in the middle of the potential window (0.70-0.90 VRHE) plotted versus the 

scan rate used in the cyclic voltammetries. The slopes are equal to the values of Cdl of the electrodes. 

 

Table E1. Values of Rct obtained from the fitting of EIS spectra recorded at E = +1.78 VRHE. 

Sample ID Rct 

1L/Ti 14.4 Ω cm2 

1L/preannealed Ti at 600 °C 18.8 kΩ cm2 

1L/Ti – 16 h, 1 mA cm−2 915 Ω cm2 

 

 

 
Figure E7. Cyclic voltammetry (CV) of pure and Li-doped Co3O4 3L/FTO samples.  
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Chapter 7 

Summary and outlook  

Tailoring the activity and stability of oxygen evolution 

electrocatalysts 

 

Electricity will play a key role in the future energy market, driven by the boost in the 

production of renewable energy from solar and wind. Efficient solutions for energy storage 

are needed to overcome the fluctuating nature of these renewable energy sources. 

Electrochemical water splitting is a candidate to store electricity into H2, which can be later 

used as a fuel or reactant. In this process, water is dissociated and molecular hydrogen and 

oxygen are produced in the cathodic and anodic compartments, respectively. Between the 

two half-reactions, the oxygen evolution reaction (OER) is the most energy-demanding, as 

it involves the transfer of four electrons and four protons for the formation of one O2 

molecule. The development of Earth-abundant, active, and stable OER catalysts is thus a 

primary target for the large-scale implementation of electrolyzers. The two main types of 

electrolyzers are the alkaline electrolyzer and proton-exchange membrane (PEM) 

electrolyzer. The employed OER catalysts are different depending on the application. In the 

alkaline electrolyzers, first-row transition metal (e.g. Ni, Fe) oxides and (oxy)hydroxides can 

be used as OER catalysts as they are active and stable in basic environment. In PEM 

electrolyzers, due to the acidic environment, only noble metal oxides (especially IrO2) 

provide sufficient activity and stability. The scarcity and high price of Ir is a major limitation 

for the spread of PEM technology, which is considered to be ideal for coupling with solar or 

wind power generation. In this context, the development of highly active and stable OER 

catalysts, with reduced noble metal content, is a key challenge for the large spread of PEM 

technology.  

To overcome the sluggish OER kinetics, the chlorine evolution reaction (CER) could be an 

alternative reaction to replace the OER at the anode, as in the case of seawater electrolysis. 

Currently, Cl2 is an industrially more attractive intermediate than O2, but the high toxicity 

and corrosiveness of Cl2 imply that expensive materials for its handling and storage must be 

used. Thus, oxygen evolution is preferred in small-scale devices. The chlor-alkali process is 

worldwide used for the large-scale production of Cl2, NaOH, and H2 from salt-water brine. 
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The anodes consist of a solid solution of rutile TiO2 and RuO2 (typically in a 70:30 molar 

ratio), also called Dimensionally Stable Anodes (DSA®). These anodes are very active in both 

CER and OER: high chloride concentrations and low pH are thus required to maximize the 

CER selectivity. Although the presence of TiO2 contributes to increasing the stability by 

providing a structural matrix, RuO2 is prone to dissolution at anodic potentials. The stability 

issue of RuO2 at anodic potentials is crucial for both chlorine and oxygen evolution 

reactions. This aspect was investigated in Chapter 2, where a RuO2(110)/Ru(0001) was 

selected as a model electrode to study the electrochemical stability under pure OER (in 0.5 

M H2SO4) or CER-OER (in 0.5 M HCl) conditions. The use of a well-defined system allowed to 

precisely monitor the impact of electrochemical treatment on the structural, 

morphological, and compositional changes of the anode. The presence of chloride ions 

shifted anodically the onset of OER due to the competition between CER and OER. The onset 

potential of RuO2 dissolution and the degradation mechanism were however similar in both 

electrolytes. When the electrodes were subjected to a potential higher than the onset 

potential of RuO2 dissolution (i.e. oxidation of RuO2 to RuO4), corrosion of the RuO2(110) 

film occurred in some areas. Consequently, the Ru(0001) substrate was exposed to the 

electrolyte which led to rapid dissolution of Ru. The corroded areas formed pits surrounded 

by randomly-oriented petals, with higher oxygen content due to the electrochemical 

growth of a hydrous oxide. The degree of corrosion was found to be dependent on the main 

reaction taking place at the anode. The treatment in HCl was less severe than in H2SO4 due 

to the competition between RuO2 oxidation with the kinetically favorable CER. The 

RuO2(110) film was however intact to a great extent (with similar thickness and oxygen 

contents), thus protecting the underlying substrate from fast corrosion. The results of this 

chapter showed that the anode corrosion rate can be tailored by changing the selectivity 

although the degradation mechanism remains unchanged. 

As mentioned above, DSA® anodes are also active in the oxygen evolution reaction and can 

be used as anodes in fresh-water electrolysis. In Chapter 3 we proposed a strategy to 

increase the activity in acidic media and reduce the Ru content of DSA® anodes. We 

explored the effect of Mn addition on the structure, catalytic activity, and stability of DSA® 

anodes. A drastic increase in the catalytic activity was observed, with our best-performing 

anode made of TiO2-RuO2-MnOx needing only 386 mV overpotential to reach a current 

density of 10 mA cm−2. Mn was found responsible for the formation of a porous structure 

with high surface area and for the distortion of the rutile structure due to the insertion of 

Mn cations in the host lattice. This strategy allowed reducing the Ru content in the anode 

up to 17 at% together with a higher activity than both DSA® anodes and pure RuO2. 
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Although the presence of TiO2 in DSA® anodes increases the durability, RuO2 still suffers 

from lower durability issues as compared to IrO2, which is the state-of-the-art OER catalyst 

in acid because of its excellent stability. As RuO2 and IrO2 crystallize in the same rutile 

structure, we studied the influence of Mn addition on IrO2 as well. In Chapter 4, the use of 

IrO2-MnOx electrocatalysts for the acidic water oxidation was investigated. Similar to TiO2-

RuO2, the addition of Mn to IrO2 enhanced both the overall and intrinsic activities. Other 

than the substitution of Mn for Ir cations in the rutile lattice, we first showed a change in 

the electronic structure of IrO2 induced by Mn. X-ray photoelectron spectroscopy evidenced 

the presence of Ir3+ in all mixed Ir-Mn oxide electrocatalysts; these species were previously 

argued to be responsible for the higher OER activity of amorphous IrO2 with respect to 

crystalline IrO2. The stability of the catalysts was good, except at very high Mn contents. Ir 

dissolution was mostly dependent on the exposed electrochemical surface areas. The 

results of Chapter 3 and Chapter 4 demonstrated that the addition of first-row transition 

metal oxides to DSA® anodes and IrO2 can be used to boost the electrochemical 

performance of oxygen evolution catalysts in acid, relevant for PEM electrolyzers. This 

provides a strategy to decrease the noble metal content.  

Compared to PEM electrolysis, alkaline electrolysis is more mature and poses fewer 

limitations in the choice of suitable Earth-abundant OER catalysts. Fe-doped 

Ni(oxy)hydroxide is among the most investigated OER catalyst due to its excellent activity 

and the large availability of Ni and Fe. Although the activity aspect has been examined in-

depth, the stability of NiFeOxHy under industrially relevant conditions has not been well 

established. In Chapter 5 we studied the effect of anodic polarization conducted at high 

temperatures and KOH concentrations on the structure and performance of NiFeOxHy 

supported on Au/Si wafers. The impact of harsh electrochemical treatments on NiOxHy and 

NiFeOxHy were also compared. A decrease in the Fe content occurred for NiFeOxHy when 

tested under severe conditions, together with a decrease in the catalytic activity. On the 

other hand, NiOxHy incorporated Fe traces present in the electrolyte during anodic 

polarization at industrially relevant conditions (75 °C, 5 M KOH), leading to an activity 

improvement after the electrochemical treatment for NiOxHy. For both NiOxHy and 

NiFeOxHy, a loss in the electrochemical surface area occurred after electrochemical testing 

in harsh conditions. High temperature, KOH concentration, and current density do not only 

accelerate the deactivation process of NiFeOxHy but can also lead to different degradation 

phenomena than those observed at milder conditions: for the NiFeOxHy sample subjected 

to polarization at the harshest conditions (75 °C, 10 M KOH), a transformation of Ni-

(oxy)hydroxide into Ni-oxide also took place. These results indicate that a careful evaluation 

of the stability is of great importance for scaling-up catalysts from lab-based to practical 
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applications. Also, anodes with different compositions and activities could display more 

similar structure and performance after electrochemical treatments in severe conditions.  

In Chapter 6, we explored the behavior of Co3O4 as an Earth-abundant OER catalyst in acid. 

The anodes were prepared by thermal decomposition of metal precursors spin-coated on 

Ti foil or FTO glass substrates. Although the dissolution of active phase is often the reason 

for the fast degradation of non-noble-metal catalysts in acid, we showed that also the 

substrate plays an important role in the catalyst deactivation. A layer of TiO2 can be formed 

during anodic polarization in the case of Co3O4/Ti, leading to a sharp increase in the required 

potential during a chronopotentiometric stability test. On the other hand, Co3O4 films 

deposited on FTO glass were stable for more than 16 hours at 10 mA cm−2. Co dissolution 

for this catalyst was lower than for Co3O4/ Ti and similar to what was previously reported 

for Co3O4 prepared with other synthesis techniques. We also tailored the electrocatalytic 

OER performance of Co3O4 in acid by Li doping. The activity of Li-doped samples was higher 

than for pure Co3O4, mainly because of the larger electrochemical surface area (ECSA). On 

the other hand, the long-term stability decreased, as a result of the lower crystallinity, 

higher ECSA, and electronic modifications of Co3O4 (formation of Co4+ species) induced by 

Li doping.  

The results of this thesis provide directions for the development of active and stable oxygen 

evolution catalysts, needed to face the upcoming electrification of the energy market at a 

GW scale. Altering the selectivity, changing the level of transition-metal doping, selecting 

the optimal substrate are tools to tailor the electrocatalytic activity and stability of the 

anodes. The synthesis of nanoparticles and their deposition on high surface area supports 

are additional strategies that can be used to further enhance the electrocatalytic activity. 

These approaches can be combined in order to reduce and eventually replace the use of 

noble metals in the anodes of PEM electrolyzers, where IrO2 currently remains the only 

suitable choice. In situ/operando studies could better reveal changes in the catalyst 

structure and oxidation state and provide deeper insight into the dissolution mechanism. 

Successive testing of the catalysts in lab-based electrolyzers and pilot plants would provide 

additional understanding about their performance under more realistic conditions. The 

results could be used to further optimize the structure and morphology of the catalysts in 

view of their industrial application.  
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